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RESUMEN

En las ciudades, principalmente en los cafiones urbanos, se pueden presentar altos niveles de concentracion
de contaminantes en aire. El flujo del aire en los cafiones urbanos esta modificado por efectos aecrodinamicos
y térmicos, y por el movimiento de los vehiculos que influyen sobre los niveles de contaminacion. En este
trabajo, se analizan valores horarios de concentraciones de CO y NOx medidas a 1.5 m de altura en el lado
oeste de un cafion urbano de Gottinger Strasse en Hannover (Alemania) y de concentraciones de fondo de CO
y NOx observadas en el techo de un edificio lateral. Asimismo, se incluyen en el analisis las observaciones
horarias de velocidad y direccion del viento ambiental en el techo de ese edificio lateral e informacion horaria
de volumen de transito en la calle del caidn. Los resultados permiten inferir la presencia de un vortice en el
aire dentro del cafion urbano, cuando el viento ambiental es mayor que 1.8 m/s y es perpendicular al eje de
la calle. Se realizan algunas evaluaciones de la influencia de las turbulencias ambiental e inducida por los
vehiculos sobre las concentraciones locales en el cafion. Los resultados muestran que cuando la velocidad
del viento es menor que 2 m/s, el efecto de la turbulencia inducida por los vehiculos afecta la dispersion de
los contaminantes dentro del caiidon urbano.

ABSTRACT

In urban areas high air pollutant concentrations may be observed, mostly within street canyons, where
buildings and other obstacles disturb the airflow and turbulence. Air motions inside the street canyons are
influenced by aerodynamic and thermal effects and by the movements of the vehicles. In this article, we
analyze hourly CO and NOx concentrations measured at 1.5 m height on the west side of a street canyon of
Gottinger Strasse in Hannover (Germany) and background CO and NOx, wind speed and direction that have
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been measured on the roof of a nearby building. Information of traffic flow in the street is also available.
Results show the presence of a vortex cell inside the street canyon when the ambient wind is greater than
1.8 m/s and is mainly perpendicular to the street axis. We evaluated of the relative influence of ambient and
traffic-induced turbulences on local concentrations inside the canyon. The results show that traffic-induced
turbulence becomes important when the wind is lower than 2 m/s.

Keywords: urban air quality, street canyons, traffic pollution.

1. Introduction

The concentration of air pollutants in urban areas due to motor vehicles has become of increasing
concern. Urban pollution involves physical and chemical processes over a wide range of space and
time scales. Cities have typical scales up to 10 to 20 km and possibly even larger when surrounding
areas are added. The spatial scale of the pollution processes at the streets may be up to 100 or 200 m. This
scale is representative of street canyon air pollution. The geometric arrangement of the buildings,
the dimensions of the street canyon and the intersections affect the atmospheric dispersion processes
corresponding to this spatial scale (Xie et al., 2005). The most characteristic feature of the street
canyon wind flow is the formation of a wind vortex so that the direction of wind at street level is
opposite to the flow above roof level (ambient wind). The presence of a canyon vortex has been
demonstrated by Albrecht (1933) and later on verified by Georgii et al. (1967). When the street
canyon is relatively deep the primary vortex will not extend to the ground and there may be a
weak contra-rotating vortex near the ground. The primary vortex may not extend completely across
the street if the street canyon is relatively shallow. There are variations on this flow due to wind
directions not normal to the street axis, to the real rather than the simple idealized geometry of the
street canyon and to the mean flow and turbulence generated by traffic within the street canyon
(Pavageau et al., 2001).

Wind measurements in a street canyon were reported by Nakamura and Oke (1988). Wind speed
and direction were measured both above and within the canyon. These observations confirmed
the formation of a vortex when the ambient flow (N) was normal to the street axis. For oblique
roof-level winds, a spiral wind flow through the canyon should be observed. Other complex
channelling effects might be produced by winds parallel to the street axis. Additional low-pressure
areas and wind circulations are created near intersections, resulting in horizontal corner vortices.
The dispersion of pollutants in street canyons depends generally on the rate at which the street
exchanges air vertically with the above roof-level atmosphere and laterally with connecting streets.
Skimming flow, a feature of regular canyons, provides minimal ventilation of the canyon and is
relatively ineffective in removing pollutants. Field measurements (DePaul and Sheih, 1985; Qin
and Kot, 1993; Schatzmann et al., 2001; Berkowicz et al., 2002) show increased concentrations of
traffic-related pollutants on the leeward side of the canyon, and decreasing concentrations along
with height above the ground on both sides of the street. The increased leeward concentrations
are due to the accumulation of pollutants locally advected by the large wind vortex that covers
most of the canyon. Profiles of mean wind speed and turbulence statistics in and above the urban
street canyon are presented by Rotach (1995), Louka et al. (2000) and Eliasson et al. (2006).
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Their observations indicate that the profiles exhibit a strong dependence on atmospheric stability
conditions. However, the effects of thermal stratification on the pollutant dispersion in a street
canyon are not completely known. In addition, vehicles in movement might change the natural
conditions of stratification.

Pollutant emissions from vehicles will dilute as they exit the vehicle exhaust initially through
jet-like mixing processes, then by the turbulence in the vehicle wakes and then by turbulence in
the street canyon as a whole. Vehicle-induced turbulence can be an important factor of pollutant
dispersion in street canyons, in particular under conditions of low wind speed. The air turbulence
generated by the movement of vehicles has been theoretically and experimentally studied in wind
tunnel and full-scale experiments (Eskridge ef al., 1991; Ketzel et al., 1999; Kastner-Klein ef al.,
2000; Stern and Yamartino, 2001; Vachon et al. 2002; Di Sabatino et al.; 2003; Kastner-Klein et al.,
2003; Mazzeo and Venegas, 2005; Kalthoff ef al., 2005; Baumer et al., 2005). Most of treatments
of vehicle-induced turbulence have been developed for simple, single lane, flat terrain roading
situations. In the canyons there is a high density of vehicles and the turbulence induced by their
motion is not a simple overlapping turbulent produced by each vehicle (Berkowicz et al., 1997).

In this article, we analyze both observational data on carbon monoxide (CO) and nitrogen oxides
(NOx) concentrations measured in a street canyon in Hannover (Germany) and the background
concentrations (measured on the roof of one of the lateral buildings). We relate these values
with ambient wind speed and direction. Background concentrations and local concentrations
(concentrations observed within the canyon minus background concentrations) observed in leeward
and windward situations are compared. We analyze the variation of local concentration with traffic
flow considering different wind speed conditions, for leeward and windward situations. We study
the relative importance of both traffic-induced and ambient turbulences on local concentrations.

2. Data

Traffic pollution measurements in Gottinger Strasse (Hannover, Germany) have provided one of
the most important datasets of airflow and pollutant concentrations in a typical urban street canyon.
The information includes wind speed and direction measured by a sensor located on the top of a
nearby building, CO and NOx concentrations [C]i measured inside the street canyon at a sampling
height of 1.5 m, background concentrations [C], measured on the roof of the building and traffic flow
(NLO, 1993). Géttinger Strasse has four lanes (two in one way and two in the opposite direction).
The mean value of hourly traffic flow (N) for the nocturnal period is 385 veh/h (working days) and
485 veh/h (weekends and holidays) and during day hours it is 1827 veh/h (working days) and 1625
veh/h (weekends and holidays). The street axis is oriented 163 - 343° with respect to north. The
width (W) of the canyon is 25 m and the height (H) of the buildings on both sides of the street is
approximately 20 m. Therefore, the aspect ratio (H/W) is 0.8. In this way, it is possible to expect
a vortex cell (Oke, 1988), when the ambient wind has a perpendicular component to street axis
and its speed is higher than 1.5-2.0 m/s. The background concentrations [C], have been subtracted
from the values measured inside the street [C]; in order to obtain the local concentrations
[C]s = [C]; —[C]s, inside the street canyon which are considered in the analysis.
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3. Background CO and NO\ concentrations

Pollutants emitted by vehicles that run on the different streets of a city and that are introduced in
the atmospheric urban boundary layer contribute to “background” pollution. At roof level air is
exchanged between the street and the boundary layer. Experimental evidence (Louka et al., 2000)
shows that the re-circulation in the street is coupled to the wind aloft through a shear layer that
develops at the roof-level. The shear layer is unstable, as Kelvin-Helmholtz instability, which leads
to intermittency in the re-circulation in the street, and hence to ventilation of the air in the street
(Louka et al., 2000). The background pollution wind roses for CO and NO, measured on the roof
of a building of Gottinger Strasse (Hannover) are included in Figures 1 and 2, respectively. These
diagrams show isopleths of [CO]J, and [NOx]» concentrations for sixteen wind directions and a
number of wind-speed classes. The central point in the diagrams represents calm winds while the
concentric circles are at intervals of 2.0 m/s. Mean values of background and local concentrations

Fig. 1. Background pollution wind rose for
CO. The central point represents calm winds
while the concentric circles denote speeds at
intervals of 2.0 m/s. The isopleths represent
mean [CO]J» in mg/m®. The straight line indi-
cates the orientation of the street canyon.

Fig. 2. Background pollution wind rose
for NOx. The central point represents calm
winds while the concentric circles denote
speeds at intervals of 2.0 m/s. The isopleths
represent mean [NOx]» in mg/m?®. The straig-
ht line indicates the orientation of the street
canyon.
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of CO and NOy and ambient wind speed observed with ambient wind direction within £11.25°
from the direction perpendicular to the street axis are shown in Table I. When wind direction is
from (73° &+ 11.25°) (towards the sampler) mean concentrations are higher and mean wind speed
is lower than the mean values obtained when the wind direction is from (253° & 11.25°). In order
to compare the mean background concentrations [C], for both wind directions considering quite

Table I. Mean values of background and local concentrations of CO and NOx and ambient wind speed ob-
served with ambient wind direction within £11.25° from the direction perpendicular to the street axis

Background concentration Local concentration
Wind directions (253°+£11.25°) (73° £ 11.25°)  (253°+£11.25°)  (73°+11.25°)
leeward windward
CO (mg/m?) 0.565 0.638 1.943 0.556
NOx (mg/m?3) 0.036 0.054 0.354 0.096
Mean wind speed (m/s) 5.0 3.1 5.0 3.1

similar mean ambient wind speeds (U,,), the ratio I = [Cloesse = 11259/ [Cloee = 11252 has been
evaluated for Um = 2, 3, 4, 5 m/s. The variation of I obtained for CO and NOx with Um are
presented in Figure 3. The difference between both curves may be due to differences in the emission
of CO and NOx outside the street canyon. Figure 3 shows that, for this canyon, when Um < 3.1 m/s
(for CO) and Um < 3.4 m/s (for NOy), [ < 1.0. In this case, when ambient wind speed is low, air
circulations developed within the street canyon may transport air pollutants from within the street
upwards to the boundary layer aloft. These results show that mean background concentrations of
both pollutants (Figs. 1 and 2) are slightly higher when the substances, once out of the canyon,
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Fig. 3. Variation of the ratio between mean background concentration values
I = [Clbesse+ 11252/ [Clozze = 11252 with mean ambient wind speed (Um).
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are transported towards the sampler located on the roof of the building on the west side of the
street, by low ambient wind speeds. On the other hand, when ambient wind speed is high, I > 1.0,
background air pollution can be entrained into the circulation within the street canyon.

4. Local CO and NOx concentrations
4.1. Local pollution wind roses

Figures 4 and 5 show the local pollution wind roses for CO and NOx, respectively. Each plot
included in Figures 4 and 5 corresponds to a different class of traffic flow: a) <600 veh/h, b) 600-
1200 veh/h, ¢) 1200-1800 veh/h, d) >1800 veh/h. In these figures a clear distinction between the

Fig. 4. Local pollution wind roses for CO considering different traffic flow: a) N < 600 veh/h, b) N: 600-1200
veh/h, ¢) N: 1200-1800 veh/h and d) N > 1800 veh/h. The central point represents calm winds while the
concentric circles denote speeds at intervals of 2.0 m/s. The isopleths represent mean [CO]s in mg/m?. The
straight line indicates the orientation of the street canyon.
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Fig. 5. Local pollution wind roses for NO, considering different traffic flow a) N < 600 veh/h, b) N: 600-
1200 veh/h, ¢) N: 1200-1800 veh/h and d) N > 1800 veh/h. The central point represents calm winds while
the concentric circles denote speeds at intervals of 2.0 m/s. The isopleths represent mean (NO,), in mg/m?.
The straight line indicates the orientation of the street canyon.

values of the concentrations corresponding to leeward (wind directions from the western side of
the street) and windward (wind directions from the eastern side of the street) cannot be observed
when wind speed is weak. In general, it is accepted that when the wind speed is lower than 1.5-
2.0 m/s, the vortex does not develop completely (Berkowicz et al., 1997). At higher wind-speeds,
concentrations at leeward are higher than at windward side. These results are consequence of the
dynamics of the vortex cell developed inside the street canyon. This effect intensifies when the
direction of the wind gets perpendicular to the street axis. The mean values of [CO] =
([COJ; - [CO]Jy) and [NOy]s = ([NOx]i — [NOx]v) estimated for leeward conditions (wind directions
from 253°+11.25°) and windward conditions (wind directions from 73° & 11.25°) are also included
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in Table I. Mean local CO and NOx concentrations for leeward cases are considerably higher (about
four times) than for windward cases. Taking into account that mean ambient wind speed is greater
for leeward conditions than for windward conditions (Table I) and that traffic motions in the street
also affect dilution of pollutants mainly in leeward cases, the vortex inside the street canyon is
the main responsible for the different concentration values obtained. The mean concentrations
obtained when the wind blows in both opposite directions (163 and 343°) parallel to the street
canyon are very similar.

4.2. Windward conditions

The variation of [CO]sand [NOy]s with hourly traffic flow (N), for four ranges of wind speed (U):
(a) <1.8 m/s; (b) 1.8-3.0 m/s; (¢) 3.0-5.0 m/s; (d) >5.0 m/s, when sampler is located at windward
can be seen in figures 6 and 7, respectively. Except for wind speeds <1.8 m/s (Figs. 6a and 7a), the
increase of [CO]s and [NOy]s values with hourly traffic flow is very little. For U £ 1.8 m/s, [CO]s
and [NOy]s values at windward side are low, probably as a consequence of the dilution originated
by the vortex circulation inside the street canyon. In these conditions, [CO]s values are lower than
1.0 mg/m? and [NO,]s values are lower than 0.160 mg/m?. However, when U < 1.8 m/s, there
are several values of [CO]s and [NOx]s greater than 1.0 mg/m? and 0.160 mg/m3, respectively,
indicating that for very low wind speeds, the vortex is not completely developed, being capable
to exist other turbulent structures.
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The values of local concentrations [CO]s (Fig. 8) and [NOx]s (Fig. 9) are plotted against the
ambient wind speed (U) with wind direction within 73° £ 11.25°, for N < 600 veh/h and N > 1800
veh/h. These figures show, as examples, the situations of lowest and highest traffic flow in this
street. As expected, concentrations are higher for lower wind speeds and larger traffic flows. For
high Reynolds numbers, usually found in urban-canopy flows, street-canyon concentration values
can be scaled by a reference wind velocity ([C]s < U™) (Ketzel et al., 1999; Kastner-Klein et al.,
2001). However, Ketzel ef al. (1999) considered a general form ([C]s < U™) and using data from
Gottinger Strasse, suggested that for windward conditions may be n # 1. Local concentrations
shown in Figures 8 and 9 have been fitted to a power-variation given by [C]se U™, obtaining n =
0.55 (for CO) and n = 1.0 (for NOx). The difference between the values of the exponents for both
pollutants is not clear. The few cases and the scatter of the measured data might contribute to this
difference.

4.3. Leeward conditions

The variations of [CO]s and [NOx]s with hourly traffic flow (N), for four ranges of wind speed (U):
(a) <1.8 m/s; (b) 1.8-3.0 m/s; (c) 3.0-5.0 m/s; (d) >5.0 m/s, when sampler is located at leeward are
presented in Figures 10 and 11. Local [CO]s and [NOy]s concentrations increase non-linearly with
traffic flow. This non-linear variation comes from the combination between emission from vehicles
circulating in the street and the air turbulence (natural as well as traffic-induced) dispersion effects.
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Three regimes can be distinguished in the plots included in Figure 10 (for CO) and in Figure 11 (for
NOx). For low and high traffic volumes the increment of local concentrations with the number of
vehicles is greater than the observed for the intermediate range of traffic volume. Values of traffic
volume that define these three regimes depend on wind speed. Natural air turbulence is always
present and affects local concentrations within the street canyon. Nevertheless, we may assume
that this effect is almost similar for each wind speed range considered in each plot in Figures 10
and 11. Under light traffic conditions, an increase in emission rate increases concentration levels,
as dilution effect of traffic-induced turbulence generated by the few cars circulating in the street
is limited. In the case of high traffic densities, vehicles can be assumed to be densely packed and
traffic-induced turbulence effect is expected to become independent of the number of vehicles (Di
Sabatino et al., 2003) while emission rate increases with N. For intermediate traffic flows, local
concentration levels result from the interaction of both emission rate and traffic-induced turbulence
dilution effect.
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As mentioned before, the pollutant dispersion within a street canyon is influenced by the joint
action of both ambient and traffic-induced turbulences. On the leeward side, concentration level is
the result of direct contribution of vehicle emissions and dilution of pollutants governed by ambient
and traffic-induced turbulences. In particular, for low wind speeds, traffic-induced turbulence
may become an important factor for the dilution of pollutants in streets and should affect the
concentration value. The problem is complex and a separately quantification of the influences of
ambient turbulence and of traffic-induced turbulence on the pollutants dispersion using full-scale
measurements have not been obtained yet.

Assuming that traffic-induced velocity fluctuations contribute to the dilution of street-canyon
pollutants in addition to wind-induced dispersive motions, Kastner-Klein et al. (2003) introduced
the following dispersive velocity scale (Us) that account for both dispersion mechanisms:

Us = [6.2 + 62]"” (D

where 6.2 is the contribution of ambient turbulent energy and G is the contribution of turbulent
energy produced by the traffic motion.

Based on the analysis of wind-tunnel and full-scale concentration data, Kastner-Klein et al.
(2003) proposed that the turbulent motions related to wind and traffic are mixed inside the canyons
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so that the dispersive velocity scale can be taken proportional to a linear combination of the squares
of wind speed (U) and traffic velocity (V):

Us = [a U2+ b V2]? (2)

where a depends on the street geometry, wind direction and sampling position and 4 is a function
of vehicles characteristics, average drag coefficient of the vehicles and the number of vehicles per
unit length. For the Gottinger Strasse canyon conditions, Kastner-Klein et al. (2003) found out
that a = 0.00035.
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Figure 11. Variation of [NOx]q with hourly traffic flow (N) for: a) U < 1.8m/s, b) 1.8 <U <3.0 m/s,
¢) 3.0 m/s < U< 5.0 m/s and d) 5.0 m/s < U. Leeward conditions.

Some authors (Berkowicz et al., 2002; Kastner-Klein et al., 2003) propose that for high
Reynolds numbers, which are typical in street canyons, even with weak winds, the leeward local
concentration with ambient wind perpendicular to the street axis, must be inversely proportional
to the dispersive velocity scale:

C o 1/Us (3)

Considering Eq.(2) in Eq.(3), the variation of local concentrations with ambient wind speed can
be obtained. In particular, our interest is to study the patterns of C vs U for low and high traffic flow
conditions. As examples, we include the variation of [CO]s (Fig. 12) and [NOy]s (Fig. 13) with U at
leeward conditions, with ambient wind direction within =11.25° from the direction perpendicular
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versus ambient wind speed for
two traffic flows. Leeward con-
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Fig. 13. Local NOy concentra-
tion versus ambient wind speed
for two traffic flows. Leeward
conditions.

to the street axis, for low (N < 600 veh/h) and high (N > 1800 veh/h) traffic flows. It can be seen
that for ambient wind speeds lower than 6 m/s the fitting curve considerable deviates from [C]s o
U™ (a straight line in a log-scale plot). The deflection is more pronounced for higher traffic volume
and lower wind-speed. The [C]s values represented in Figures 12 and 13 have been adjusted to a

general expression with the following functional form (full line):

[C]s =p (0.00035 U? + G2)1”

(4)

where p depends mainly on the pollutant emission strength (proportional to the vehicular flow)
and on the canyon dimensions. For high wind speeds, [C]s = p (0.00035)""> U™'. According to the
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results reported in previous studies, in this street canyon traffic influence is less important for U
> 6 m/s (Ketzel et al., 1999) or U > 5 m/s (Kastner-Klein et al., 2003). Using [C]s data observed
during high wind speed (U > 6 m/s) we estimated the value of p for CO and NOx, corresponding
to each traffic class. Then, knowing p and fitting Eq.(4) to all data, we obtained 6 (included in
Figs. 12 and 13). From Egs. (1) and (2), 62 = V2. Then, for N < 600 veh/h considering V = 50
km/h, we obtain 4 = 0.0000089 (for CO) and b = 0.0000079 (for NOx), and for N > 1800 veh/h
with V =40 km/h, the values of b are 0.0000406 (for CO) and 0.0000418 (for NOy). The obtained
values of b for CO and NOx are quite similar (differences might be due to the fact that they are
obtained from experimental data) and are of the same order of magnitude than the values obtained
by Kastner-Klein ef al. (2003) using another methodology.

Dotted lines in Figures 12 and 13 represent the form [C]so = p (a U?)™"2. This variation would
represent the hypothetical condition with “zero” traffic-induced turbulence, in which only the
fluctuations caused by the ambient wind affect the pollutant concentration levels (usually when U
> 6m/s). In this way, [CO]s and [NOy]s data can be used to isolate the influences of ambient and
vehicle induced turbulences. For weak winds (when 6.2 << ¢¢) traffic-induced turbulence is an
important factor for the dilution of pollutants in streets, and for high wind speeds (when G.> >>
6¢%) ambient turbulence become the more important factor. The variation of local concentration
ratio between the expressions of [C]s (with traffic-induced turbulence) and [C]s, (without vehicle
turbulence) with wind speed, for leeward conditions and N < 600 veh/h and N > 1800 veh/h, is
shown in Figure 14. The curves obtained for both pollutants, CO and NOy, are very similar. [CO]s
/[CO]so and [NOx]s/[NOx]so rapidly increase with wind speed for U <2 m/s (N < 600 veh/h) and
U <4 m/s (N > 1800 veh/h) and increase very slowly for U >4 m/s (N < 600 veh/h) and U > 6
m/s (N > 1800 veh/h). At higher wind speeds, the importance of the vehicle turbulence diminishes
relative to ambient turbulence levels.

Fig. 14. Local concentration
ratio between [C] (with tra-

6(% ffic-induced turbulence) and

Ty [Cls, (without traffic-indu-

e —— N< 600 vehih (for CO) T ced turbulence) versus wind
— — N> 1800 veh/h (for CO) 4 speed for the two traffic flow
— N< 600 veh/h (for NQ) ] considered. Leeward condi-
-— N> 1800 veh/h (for NQ,) tions.

L 1 -

5 6 7 8 9 10 11 12 13 14 15
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A comparison with data obtained from a wind tunnel study (Kastner-Klein et al., 2000) and
numerical model results (Stern and Yamartino, 2001) is shown in Figure 15. In this figure the ratios
[CO]s/[CO]so and [NOx]s/[NOx]so are plotted against X = [(N/V)/0.067]"* (V/U), where velocity

1.0 peg — —
0.9\ 4 [NOx]s/INOxlso| 1
08} + [COJs/[COlso Fig. 15. Comparison of on site
07k Stern and Yamartino (2001) values of local concentration
ratio between [C]g (with tra-
3 08¢ Equation (5) ffic-induced turbulence) and
o o5t [Cls, (without traffic-indu-
9"20 04} ced turbulence) and the fitted
0.3 | Kastner-Klein et al. (2000) function (Eq.(5)) with wind
N S tunnel (Kastner-Klein, 2000)
0zf Nﬁw and model simulation (Stern
01} N and Yamartino, 2001) results.
0.0L— Ll

01 23456 7 8 9 1011 12 13 14 15 16 17 18 19 20
X=[(N/V)/0.0671"2 (viu)

ratio (V/U) has been scaled by the dimensionless factor [(N/V)/a]'? (Kastner-Klein et al., 2000,
Stern and Yamartino, 2001) which accounts for the traffic density (N/V) and the wind tunnel to
full-scale scaling factor oo = 0.067 m~'. Data can be adjusted to the following functional form:

@: [NOX] _ 1
[COlgo [NOx]go 1=0.079X'

)

The representation proposed by Kastner-Klein et al. (2000), C/Co =1 — 0.18X, and by Stern
and Yamartino (2001), C/Co = 1/(1 + 0.24X), are also shown in Figure 15. In general, Eq.(5) may
be closely related to the physical picture of ambient turbulence acting on a vehicle-turbulence
generated well-mixed zone (or initial 6, in the Gaussian plume sense).

Figure 16 shows the values of 6,> (ambient turbulence) and 6 (traffic-induced turbulence)
against wind speed (U) for different traffic conditions. It can be observed that for N < 600 veh/h,
62> 6.2 when U <2 m/s and for N >1800 veh/h, 62 > 6.2 when U < 4 m/s.
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0.03 . . . . : . T :
—— ambient turbulence
—e— N< 600 veh/h [CO]
—o— N> 1800 veh/h [CO]
=== N< 600 veh/h [NOx]
o — - N> 1800 veh/h [NO,]
£ o.02f 4 L .
C aUu> Fig. 16. Comparison of traffic-
Z induced turbulence (o= bV?)
e for two traffic flow conditions
2 (dashed and dotted lines) with
0.01r b2 1 ambient turbulence (c.>= aU?)
\‘ for different wind speeds.
0.00 . X X . X L .
0 1 2 3 4 5 6 7 8 9 1C
U (m/s)

5. Conclusions

This paper presents an analysis of CO and NOx concentrations observed within a street canyon,
CO and NOx background concentrations, traffic flow and wind speed and direction data obtained
in Gottinger Strasse (Hannover, Germany). The main observed features are summarized below:

* The analysis of background concentrations of both pollutants showed evidence that, when
ambient wind speed is low, air circulations developed within the street canyon may transport
air pollutants from within the street upwards to the boundary layer aloft and, when ambient
wind speed is high, background air pollution can be entrained into the circulation within the
street canyon.

* Local concentrations of CO on the leeward side can be three or four times the background CO
concentrations and local concentration values of NOx may be an order of magnitude greater
than background values.

* For both pollutants, mean local concentration observed on leeward side is about four times
the one observed on windward side of the street.

* When the wind speed is weak (<1.8 m/s) and its direction is perpendicular to the street axis
there is no indirect evidence of the presence of the typical vortex cell inside the canyon.

* For windward situations, the variation of local concentrations of both pollutants with ambient
wind speed can be fitted to a power law of the form [CJs o U™,

* For leeward situations, the variation of local concentrations with hourly traffic flow, for diffe-
rent wind speed ranges, show three different regimes. For low and high traffic volumes local
concentrations increase with the number of vehicles more rapidly than for the intermediate
range of traffic flow.

* Traffic-induced turbulence is more important than ambient turbulence when the wind speed
is lower than 2.0 m/s.



Analysis of full-scale data obtained in a street canyon 109

* We obtained an empirical relationship for the ratio [C]s/ [C]s. (between local concentrations
with traffic-induced turbulence [C]s and without vehicle turbulence [C]s,) as function
of X =[(N/V)/0.067]"* (V/U). The results have been compared with data obtained from a
wind tunnel study and numerical model results.
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