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Abstract
Differences in particle mass and number concentrations between a busy urban street canyon (north-south
orientation, about 50,000 vehicles 24 h−1) and an adjacent backyard were measured with optical particle
counters. The influence of meteorological quantities, especially turbulent flow within the urban canopy layer,
was also studied. Particle mass concentrations PM10 and PM1 were consistently larger within the street canyon
due to enhanced emission and resuspension. For the study period this resulted in higher concentrations in the
canyon of on average 30 % (PM10) and 22 % (PM1). Although elevated transport of submicrometer particles
was related to easterly wind directions, the largest relative concentration differences between both sites were
associated to cross-canyon flow from westerly wind directions. This is due to the canyon vortex being able
to direct polluted air masses to the measurement site duringflow being directed perpendicular to the canyon
axis. For less polluted air within the backyard the backyardvortex is of minor influence. We found different
influence of thermal and mechanical turbulence on the temporal evolution of concentration differences at
both sites. Thermal turbulence was positively correlated with particle concentrations, while the latter was
characterised by negative correlation coefficients.

Zusammenfassung
Unterschiede in der Partikelanzahl und Partikelmassenkonzentration zwischen einer stark befahrenen
Straßenschlucht (N-S Exposition, ca. 50.000 Kfz 24 h−1) und einem angrenzenden Hinterhof wurden mit-
tels kontinuierlicher Messungen mit optischen Partikelzählern untersucht. Der Einfluss meteorologischer
Größen auf Konzentrationsunterschiede zwischen Straßenschlucht und Hinterhof stand im Fokus der Arbeit.
Dabei wurden insbesondere turbulente Strömungsprozesse innerhalb der Stadthindernisschicht untersucht.
Im Beobachtungszeitraum zeigte die Straßenschlucht aufgrund erhöhter Emission und Resuspension von Par-
tikeln im Mittel ein um 30 % (PM10) bzw. 22 % (PM1) höheres Konzentrationsniveau im Vergleich zum Hin-
terhof. Trotz erhöhter Einträge von Partikeln < 1µm während östlicher Anströmung des Untersuchungsgebi-
etes, wurden die größten relativen Konzentrationsdifferenzen während Queranströmung der Straßenschlucht
aus westlichen Windrichtungen festgestellt. Dabei transportierte die sich unter Queranströmung innerhalb
der Straßenschlucht einstellende Rotorzirkulation die belasteten Luftmassen gegen die Straßenseite, an der
die Partikelzähler installiert waren. Im weniger vorbelasteten Hinterhof war die Rotorzirkulation von unterge-
ordneter Bedeutung. Weiterhin konnten unterschiedliche Einflüsse von thermisch und mechanisch induzierter
Turbulenz auf die zeitliche Dynamik der Konzentrationsunterschiede im Tagesgang festgestellt werden. Für
den fühlbaren Wärmefluss zeigte sich eine positive Korrelation mit der Partikelmassenkonzentration, mecha-
nische Turbulenz war negativ korreliert.

1 Introduction

The spatial and temporal distribution of air pollutant
concentrations within urban areas is complex and highly
variable. This is mainly due to the degree of urban diver-
sity, i.e. diurnal courses of different pollutant emissions
from anthropogenic and natural sources as well as hori-
zontal and vertical variations due to the complex three-
dimensional structure and flow regime within cities (e.g.
OKE, 1987; ARYA, 2001).
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To analyse the distribution of particulate pollutant
concentrations within cities a number of studies concen-
trating on different spatial scales were published in re-
cent years (e.g. HARRISON et al., 2001; RUUSKANEN

et al., 2001; HUEGLIN et al., 2005; GIUGLIAN o et al.,
2005; KAUR et al., 2007). However, relatively little is
known about particle concentration differences between
urban street canyons and adjacent backyards.

Backyards are discussed to be somewhat privileged
in comparison to the urban neighbourhood in terms of
e.g. climate comfort, pollutant concentrations or envi-
ronmental noise levels (e.g. BAUER and ALEXANDER,
1996; FORSSENand HORNIKX, 2006). While in some
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Figure 1: Overview of the measurement sites and the surrounding

urban environment in Duesseldorf, Germany (Base map: topograph-

ical map 1:25,000 TK25). Arrows point to the measurement sites in

the street canyon and backyard. The different sectors (solid lines)

indicate wind direction sectors for flow classification into along and

cross-canyon flow (ALC, CRCE and CRCW ) as described in section

3.3.

regions around the globe significant pollutant emission
in backyards might be introduced due to the uncon-
trolled burning of domestic waste (e.g. WEVERS et al.,
2004; HEDMAN et al., 2005), the majority of urban
backyards is used as recreational area or storage space
(in this study we refer to backyards that are completely
enclosed by buildings/walls). Therefore most of them
are characterised by little or no traffic movements and
local emissions of pollutants.

Until now studies on the behaviour of urban
street canyon and backyard microenvironments were
focussing on differences of thermal or bioclimatic
quantities and gaseous air pollutant concentrations
(MAHRINGER, 1963; GERTIS et al., 1983; POPP, 1996;
SCHWEGLER, 1999; SHASHUA-BAR et al., 2006).
Backyards were generally characterised by conditions
of enhanced thermal comfort in comparison to the sur-

Figure 2: Three-dimensional sketch of the measurement sites at

CAN and BAY (1: CAN, 2: BAY, 3: BAYt ). Roofs areas are not

depicted in this figure.

rounding street canyons/neighbourhood, e.g. decreased
direct downward shortwave radiation due to shading ef-
fects, lower radiation temperatures and damped daily
temperature amplitudes (e.g. GERTIS et al., 1983). The
concentrations of air pollutants were shown to be sig-
nificantly lower within backyards. Average daily week-
day concentration of gaseous pollutants CO, NO and
NO2 were lower by 43 %, 78 % and 36 %, respectively,
in comparison to an urban street canyon (BAUER and
ALEXANDER, 1996). VOGT et al. (2006) observed CO2
concentration differences of about 15 ppm between a
street canyon and a backyard in Basel, Switzerland, dur-
ing flow perpendicular to the canyon.

Although local emission of pollutants is normally
limited within backyards, dispersion also is restricted
due to the enclosed building structure. Wind tunnel re-
sults indicate that wind speed within a backyard de-
creases to about 13 % of the wind speed at the top
of the model atmosphere (for flow being directed per-
pendicular to the backyard, e.g. SHARPLES and BEN-
SALEM, 2001). This value declines to about 6 % with
increasing plan area density (ratio of plan area of build-
ings/roughness elements to plan area of total surface) in
the vicinity of the model backyard. Similar results were
reported by HALL et al. (1999).

The foregoing observations indicate that meteorol-
ogy might significantly influence particle concentration
differences between canyon and backyard sites. Earlier
results demonstrated important effects of different mete-
orological situations, especially the turbulent state of the
near-surface boundary layer, on particle concentrations
in an urban street canyon (WEBERet al., 2006a, 2006b).
Therefore focus in this study was put upon the conse-
quences of different meteorological forcing and turbu-
lent mixing on particle concentrations in a street canyon
and a backyard.
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Table 1: Overview of instrumentation and measurement heights (in m above ground level) during the study.

Quantity Modell, Manufacturer CAN BAY BAYt REIS 

u, v, w, Ts Sonic USA1, Metek (Germany)  3.7 m  3.7 m  – – 

Dp OPC 1.107, Grimm-Aerosol (Germany) 3.2 m  3.8 m 13 m – 

T, rH Temp./Humidity Sensor, Grimm-Aerosol 3.2 m 3.8 m 13 m – 

φ, u vane, cup anemometer, Lambrecht (Germany) – – – 22 m 

 1 

2 Study site

Measurements were performed from 20 September to
14 November, 2006 within an urban street canyon and
an adjacent backyard in Duesseldorf, Germany (Fig. 1).
The street canyon is situated in the central part of Dues-
seldorf about 3.5 km E of river Rhine. The surroundings
of the measurement sites can be characterised as typi-
cal urban land-use, e.g. residential housing, backyards,
urban parks.

The street canyon (CAN) is symmetric with pitched
roof houses at both sites (mean building height H at roof
level ∼17 m above ground level). Due to a road width
(W) of about 30 m the height to width ratio is about
H/W = 0.59. Total daily traffic intensity in the canyon
adds up to about 50,000 vehicles 24 h−1. The canyon is
orientated North-South (Fig. 1).

The backyard (BAY) is situated to the E of CAN
and is completely enclosed by buildings and brick walls
(Fig. 2). It covers a surface area of around 400 m2. The
building/wall heights vary between 17 m in the western
part of the backyard (adjacent to CAN) and 4 m in the
eastern parts of BAY. The height to width ratio therefore
varies between 0.17 and 0.68. The backyard is sparsely
vegetated and is used as a hotel car park with a low traf-
fic intensity of < 10 vehicle movements per day. A solid
rolling gate (no air movement possible) which allows
access to the backyard is permanently closed unless a
vehicle enters the hotel car park.

3 Material and methods

3.1 Instrumentation

Particle concentrations were measured at heights of 3.2
m above ground level (agl) in CAN and at 3.8 m (BAY)
and 13 m agl (BAYt) in the backyard with three optical
particle counters (OPC, see Tab. 1 and Fig. 2 for details).
At both sites the instruments were mounted at a distance
of approximately 3 m off the westward house walls. The
horizontal distance between the measurement sites CAN
and BAY is about 50 m.

The OPC measures number concentrations in the size
range 0.25µm < Particle Diameter (Dp) < 32 µm by a
light scattering technique. The signal of a single parti-
cle passing a laser beam is counted by a recipient diode.

The pulse height of the signal is detected by a multi-
channel classifier and measured as particle size distrib-
ution in 32 size channels. The size distribution is then
converted into the mass fractions PM10, PM2.5 and PM1
by the instrument software assuming appropriate densi-
ties of urban aerosol for the different size classes. Above
a threshold of 70 % relative humidity dry and particle-
free air is mixed to the aerosol sample to prevent humid-
ity effects (e.g. condensational growth). Particle concen-
trations were sampled at a 6 s time resolution and stored
as 1 min averages to data storage cards.

Air temperature (T) and relative humidity (rH) were
measured by a sensor attached to the OPC. Both quan-
tities were estimated as 1 min averages and stored to
data storage cards. Horizontal and vertical wind vec-
tors u, v, w and acoustic temperature Ts were measured
at a sampling rate of 10 Hz by two three-dimensional
sonic anemometers at 3.7 m agl in CAN and BAY. The
raw data files were stored to a desktop computer. Dur-
ing the post-processing half-hourly averages and covari-
ances for both sonics were calculated from the raw data.

Since it was not possible to perform above roof
wind measurements on-site, data of the suburban sta-
tion Duesseldorf-Reisholz (REIS) of the North Rhine
Westphalia State Agency for Nature, Environment and
Consumer Protection (LANUV NRW) at 22 m agl was
used. The station is situated in the SE of Duesseldorf
at a distance of 6 km from the study site. Wind speed
(uREIS) and direction (φREIS) were measured by a wind
vane and cup anemometer, respectively. Due to the low
building density in the surrounding of REIS wind data
can be characterised as undisturbed and will be used as
reference wind in further data analysis. For all meteoro-
logical quantities and particle data 30 min averages were
calculated and used in subsequent data analysis.

Precipitation data was also not available on-site. To
check for any influence of precipitation on measured
particle concentrations data from the German weather
service station at Düsseldorf-Airport was used (station
No. 10400, Lat. 51◦ 17’, Lon. 06◦ 46’, daily precipita-
tion sums). It is situated in the N of Duesseldorf at a
horizontal distance of about 8 km from the study site.

3.2 Quality check of OPC measurements

To check for possible deviations of particle concentra-
tions between the OPC’s used in this study, instruments
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Table 2: Intercomparison of OPC’s prior to the measurement campaign at the street canyon site. Data from the period 9–14 August 2006

(data basis: 1 min averages, n = 3940, independent variable: OPC BAY). OPC’s are labelled according to the later measurement site.

Mass fraction OPC slope offset r
2
 slope r

2
 

  y = ax + b y = ax 

PM10 BAYt 0.97 1.02 0.93 1.01 0.92 

 CAN 0.98 2.05 0.93 1.06 0.92 

PM2.5 BAYt 1.06 -0.55 0.97 1.04 0.97 

 CAN 1.07 0.59 0.97 1.09 0.97 

PM1 BAYt 1.08 -0.61 0.98 1.05 0.98 

 CAN 1.08 0.45 0.98 1.10 0.98 

 

Figure 3: Comparison of three OPC’s prior to the measurement cam-

paign at the CAN site (based on 1 min averages). OPC’s are labelled

according to the later measurement site.

were collocated at the CAN site prior to the experiment.
The sampling heads were separated less than 0.5 m from
each other. PM10 mass concentrations during this period
spanned a range from about 5 to 65µg m−3 (Fig. 3). The
measurements indicated good comparability and statis-
tical relationship between the three instruments (Tab. 2).
In order to compare absolute concentrations between
measurements sites in subsequent data analysis a sim-
ple linear correction based on the regression analysis (r2

> 0.92) was used to correct for small deviations between
the OPC’s.

The absolute accuracy of the OPC mass concen-
trations was evaluated by comparison to TEOM mea-
surements at the CAN site. The TEOM data was taken
from routine observations performed by the North Rhine
Westphalia State Agency for Nature, Environment and
Consumer Protection (LANUV NRW). During a period
of 20 days the OPC’s were installed at the roof of the
LANUV measurement container in close proximity to
the TEOM sampling inlet. Based on daily averages cal-
culated from the raw data of TEOM and OPC, the three
optical counters underrepresented TEOM PM10 concen-
trations by less than 10 % (r2 > 0.89, data not shown
here). However, due to the lower OPC cut-off at 0.25
µm a certain amount of ultrafine/fine particle mass is
‘not seen’ by the instrument. Ultrafine/fine particles <
0.18µm were observed to be responsible for up to 12 %
of PM2.5 mass in Pittsburgh, US (CABADA et al., 2004).
With a characteristic PM2.5/PM10 ratio of around 0.7 in
a similar urban street canyon (WEBER et al., 2006b) the
underestimation of absolute PM10 particle mass by the
present OPC can be estimated to be about 15 %. How-
ever, since this study focuses on spatial differences and
dynamics of PM concentrations between sites equipped
with optical counters identical in construction, underes-
timation of absolute particle mass is negligible in this
study.

3.3 Data handling

In order to study possible effects of different wind di-
rections on the coupling of particle concentrations be-
tween BAY and CAN we classified situations of cross-
canyon and along-canyon flow at CAN according to the
reference wind directions at REIS. We classified cross-
canyon flow at CAN from easterly directions (CRCE)
when 30◦ <φREIS < 150◦ and from westerly directions
(CRCW ) when 210◦ <φREIS < 330◦ (cf. Fig. 1). Along-
canyon flow (ALC) was classified for a sector of 20◦

around the street canyon axis from either north 350◦ <
φREIS < 10◦ or south 170◦ < φREIS < 190◦.

A sector of 120◦ chosen for classification of CRC
flow is relatively large and does incorporate flow situa-
tions which are not strictly perpendicular to the canyon.
During those situations flow regimes inside canyons
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Figure 4: Average wind speed at the different measurements sites

(top) and normalised wind speeds at CAN and BAYb (bottom) clas-

sified in 22.5◦ direction sectors according to the wind direction at

REIS.

are known to be rather ‘corkscrew-like’ than being
a single-vortex circulation (JOHNSON and HUNTER,
1999; KASTNER-KLEIN et al., 2004). However, a
smaller angle for classification of CRC-flow of, say 45◦

around the street canyon axis, would have resulted in a
relatively small data set for subsequent analysis. With
the present method of flow classification we extracted
data covering 37 % and 33 % of the entire data set for
CRCW and CRCE respectively. ALC flow situations ac-
counted for 7 % of the study period.

4 Results and discussion

4.1 Meteorological conditions and urban
canopy layer flow regimes

The wind direction frequency distribution at REIS had
its maximum from south easterly directions (43 %) with
a second peak from W and SW (28 %) during the study
period. Due to channelling effects of the Rhine valley
direction frequency distributions with maxima from SE
are typical for this region of Germany.

Figure 5: Vector averaged wind directions (arrows) at CAN and

BAY calculated from sonic data in relation to the wind direction

at REIS in an x-y plane (see inlet), e.g. westerly flow from 270◦

at REIS demonstrates the vortex circulation in both CAN and BAY

by wind from north-easterly/easterly directions with 55◦ (BAY) and

105◦ (CAN). Data is bin-averaged into 22.5◦ direction sectors. Due

to the N-S orientation of the street canyon flow from 90◦ and 270◦

at REIS indicates flow perpendicular to the street canyon axis.

While the wind speed at REIS is about 3 m s−1 on
average (cf. Tab. 3) the highest wind speeds are mea-
sured for SW directions (Fig. 4 top). However, at CAN
and BAY wind speeds are considerably reduced by ur-
ban roughness. This agrees with published wind tunnel
results (HALL et al., 1999; SHARPLESand BENSALEM,
2001). Average wind speed reaches 0.63 m s−1 (CAN)
and 0.27 m s−1 (BAY) respectively (Tab. 3). The max-
imum reduction of flow within the urban canopy layer
(UCL) is observed for SW flow decreasing to only 4 %
(BAY) the value at REIS (Fig. 4 bottom). While at CAN
the direction sectors NW, N and NE are reduced to about
50 % of the reference wind speed the reduction for the
remaining sectors is considerably larger.

In comparison to CAN reduction of average wind
speed within the UCL is even more pronounced at BAY
but is less dependent on the direction of the approach-
ing flow. Wind is reduced to between 10 to 20 % of the
reference wind in the western sectors and 5 to 10 % in
the other sectors. Therefore dispersion of air pollutants
is limited at both sites due to considerable reduction of
UCL wind speeds.

Another important factor for dispersion of pollutants
is associated with local scale circulations within the
UCL, e.g. street canyon vortex circulations transporting
pollutants towards or away from a measurement loca-
tion (e.g. BODDY et al., 2005; WEBER et al., 2006a). A
vortex develops at CAN during periods when the flow is
directed perpendicular to the street canyon axis (Fig. 5).
With wind being directed from the remaining direction
sectors flow is more or less channelled into the orien-
tation of the street canyon at CAN. However, at BAY
a vortex circulation develops regardless of the direction
of the reference wind due to the completely enclosed
building/wall structure at BAY. The deviation between
the wind direction at REIS and BAY is about 189◦ ( 23◦)
on average indicating opposite wind directions at BAY
in relation to REIS.
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Table 3: Overview of mean meteorological conditions during the study period. Standard deviations are given in brackets (n/a: data not

available).
Quantities CAN BAY REIS 

u [m s
-1

] 0.63 (± 0.36) 0.27 (± 0.15) 3.0 (± 1.46) 

φ [°] 174 (± 33) 19 (± 52) 185 (± 54) 

u* [m s
-1

] 0.16 (± 0.07) 0.16 (± 0.10) n/a 

σw [m s
-1

] 0.26 (± 0.08) 0.34 (± 0.15) n/a 

''Tw  [K m s
-1

] 0.009 (± 0.019) 0.010 (± 0.010) n/a 

 

4.2 Coupling of particle concentrations
between street canyon and backyard

Particle mass concentrations

For the eight week study period average concentrations
for PM10 (PM1) of 26.6 µg m−3 (16.2 µg m−3), 33.5
µg m−3 (18.9µg m−3) and 22.5µg m−3 (12.7µg m−3)
were measured at BAY, CAN and BAYt , respectively.
Apparently the different sites are characterised by dis-
tinct concentration differences for coarse and fine parti-
cles. On average CAN shows concentrations which are
higher by 30 % for PM10 and 22 % for PM1 in rela-
tion to BAY (Fig. 6). The concentration difference be-
tween both sites agrees with the results presented for
gaseous pollutants (BAUER and ALEXANDER, 1996).
Similar observations for particulate pollutants are not
published according to the authors’ knowledge.

When comparing concentration differences between
CAN and BAYt an increase to 34 % and 32 % for PM10
and PM1 respectively can be observed. In a street canyon
in Hannover, Germany, PM10 concentration differences
up to a factor of 2 between canyon and roof-top sta-
tion were reported (SCHATZMANN et al., 2006). This
is due to the roof areas being prone to increased tur-
bulent exchange (e.g. CHRISTEN, 2005; ELIASSON et
al., 2006) making dilution and mixing of particles with
less polluted urban background air more effective at
roof level. The vertical difference within the backyard
(BAY/BAY t) is near unity for the coarse fraction on av-
erage but slightly larger by about 7 % for PM1 at ground
level (Fig. 6).

For particle concentrations classified to the direction
of the approaching flow (cf. section 3.3) different pat-
terns of concentrations emerge (Fig. 7). In general the
canyon site is characterised by larger average concen-
trations in comparison to BAY during all flow classifi-
cations. However, some differences can be observed for
the coarse and submicrometer particle fractions. During
CRCW the canyon vortex transports particles to the west-
ward wall where the measurement site is located. This
results in highest absolute PM10 values for CRCW . This
is in agreement to other studies reporting higher concen-
trations by factors of 1.5 to 2 for the leeward side of the
canyon (BODDY et al., 2005; WEBER et al., 2006a).

Figure 6: Mean ratios of particle concentrations between the differ-

ent measurement sites for the study period from 20 September to 14

November, 2006. Vertical error bars indicate standard deviations.

Figure 7: Average concentrations of PM10 and PM1 at BAY and

CAN classified to different directions of flow during the study period

as defined in section 3.3 of the text. Vertical error bars indicate the

standard deviation.

The PM10 values at BAY do not notably differ be-
tween CRCW and CRCE . The average difference in
PM10 concentrations is only 0.6µg m−3. Therefore the
vortex which also develops in BAY during CRCW (cf.
Fig. 5) and transports air towards the measurement de-
vice apparently has minor influence on resulting con-
centration differences. This points out that air within the
backyard is generally less polluted since local emissions
of coarse particles (e.g. brake and tyre abrasion from
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traffic, JOHANSSON et al., 2007) are negligible within
BAY. Above that, background air transported from ei-
ther westerly or easterly directions seems to be rela-
tively similar in terms of coarse particle loading since
vortex circulation of backyard air towards the OPC (dur-
ing CRCW ) and away from the OPC (during CRCE) has
no significant influence on particle concentrations.

For the submicrometer fraction the maximum aver-
age concentration occurs during CRCE both in CAN and
BAY (Fig. 7). This seems not to be related to any mi-
croscale circulation pattern but to some enhanced trans-
port of submicrometer particles from E.

Both PM10 and PM1 show minimum concentrations
during ALC which is mainly due to enhanced venting
of canyon and backyard air. Average horizontal wind
speeds in CAN are larger by a factor of 1.35 during ALC
in comparison to the average of the entire study period
(data not shown here).

A plot of the differences in concentration ratios be-
tween CAN and BAY stresses the influence of urban
canopy layer flows, namely the vortex circulation. Re-
gardless of the direction of the approaching flow the con-
centration ratio CAN/BAY is always larger than unity.
However, the highest differences between CAN and
BAY occur during westerly flow with ratios of up to
1.42 and 1.32 for PM10 and PM1, respectively (Fig. 8).
This effect is due to the vortex circulation within CAN
and BAY. More polluted air masses within CAN are di-
rected towards the OPC situated at the westward house
wall. The same holds for BAY, however, air within BAY
is less polluted as discussed above. Even if more sub-
micrometer particles are transported with easterly flow,
higher PM1 concentration differences between both sites
also occur for westerly flow since the vortex during east-
erly flow transports particles away from the BAY OPC.
This stresses the fact that the vortex has significant influ-
ence on the particle concentration in polluted air masses,
while for the less polluted air masses in BAY the canopy
layer vortex is of minor influence.

Particle number concentrations

Elevated concentrations in the submicrometer size range
for flow from the E are also supported when plotting
number concentrations classified according to the flow
directions (Fig. 9). Situations during CRCE are char-
acterised by larger concentration in comparison to the
other classifications and entire study period respectively.
Average total particle numbers in the size range 0.3 <
Dp < 1 µm are 105 cm−3 and 90 cm−3 for CAN and
BAY during the entire study period. They increase to
about 116 cm−3 and 103 cm−3 for CAN and BAY dur-
ing CRCE flow. In the previous section we discussed
micrometeorological influences not to be responsible for
increase of submicrometer particles during easterly flow.

Figure 8: Average ratios of particle concentrations between CAN

and BAY for PM10 and PM1 in dependence of the reference wind

direction at REIS. Data is binned into 22.5◦ wind direction classes.

Vertical error bars indicate the standard deviation.

Figure 9: Average particle number concentrations at BAY (top) and

CAN (bottom) plotted as dN/dlogDp according to the different di-

rections of flow and the average of the entire study period.

Therefore some medium or long-range transport of sub-
micrometer particles must be responsible for elevated
concentrations during CRCE .
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Table 4: Pearson correlation coefficients of meteorological quantities and particlemass and number concentrations at the measurement

sites. Data is significant on the p = 0.05 level.

  PM10 [µg m
-3

] PM1 [µg m
-3

] 0.3<Dp<0.5 [# cm
-3

] 0.5<Dp<1 [# cm
-3

] 

uREIS [m s
-1

] 
BAY –0.30 –0.38 –0.31 –0.21 

CAN –0.30 –0.39 –0.34 –0.26 

σw [m s
-1

] 
BAY –0.20 –0.17 –0.05 – 

CAN –0.15 –0.25 –0.17 –0.08 

''Tw  [K m s
-1

] 
BAY 0.14 0.12 0.17 0.12 

CAN 0.23 0.20 0.20 0.15 

 1 

Figure 10: Mean ratios of particle concentrations between the spec-

ified sites for PM10 (top) and PM1 (bottom) during the study period.

Vertical error bars indicate standard deviations. For reasons of clarity

of the plot only positive standard deviations are shown

Influence of precipitation

Precipitation events during the study period were
mainly associated to westerly flow directions as doc-
umented by a correlation of precipitation measure-
ments at Duesseldorf-Airport (cf. section 3.2) with
large-scale circulation regimes as classified according
to GERSTENGARBE et al. (1999). Events with the
highest precipitations sums were linked to the circu-
lation regimes NWA (northwest-anticyclonic), NWZ
(northwest-cyclonic) and SWZ (southwest-cyclonic).
These circulation regimes accounted for 85 % of the
precipitation amount during the study period (data not

Figure 11: Average diurnal courses of the PM10 time series nor-

malised by average wind speed at REIS (top) PM10 andσw (mid-

dle), PM10 andw′T ′ (bottom) at BAY and CAN for the entire study

period from 20 September to 14 November, 2006.

shown here). Scavenging or wash-out effects of particles
during precipitation will lead to particle concentration
decreases, which are more effective for the coarse par-
ticle fraction due to a higher wet-deposition velocity of
coarse particles in comparison to fine particles by about
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two orders of magnitude (MAQUA et al., 1987; SEIN-
FELD and PANDIS, 1998). Since time periods of west-
erly flow are apparently more influenced by wash-out
than easterly flow a stronger decrease of particle con-
centrations during westerly flow becomes likely. How-
ever, this was not subject of the present analysis which
is more interested in concentration differences between
the street canyon and the backyard.

4.3 Temporal coupling of particle
concentrations and influence of
turbulence

In this section we try to shed light on the temporal evo-
lution of particle concentrations over the diurnal course.
Generally, the temporal evolution of concentration dif-
ferences between CAN and BAY is similar for both fine
and coarse particles (Fig. 10). The difference CAN/BAY
is greater than unity throughout the course of day, i.e.
concentrations measured at CAN are consistently larger.
Significant impact of traffic on the PM10 and PM1 con-
centration differences during the morning and afternoon
rush-hours can be observed (Fig. 10). In the time peri-
ods from around 06 to 09 CET and 16 to 19 CET con-
centration increases by about 10 to 15 % are evident at
CAN. During these periods atmospheric dilution is weak
and can not compensate for the strong increase of parti-
cle emission/resuspension from traffic. In order to eval-
uate the effect of atmospheric dilution by mean wind
the PM10 time series was normalised by average wind
speeds at REIS (Fig. 11 top). The temporal evolution of
this time series is in phase with the temporal evolution of
the CAN/BAY ratio (Fig.10). This is due to both weaker
wind speeds and a more stably stratified atmosphere es-
pecially during the morning and strong increase of par-
ticle emission from traffic.

During noon hours increasing ambient wind speed
and mechanical turbulence, indicated by the standard de-
viation of vertical wind speedσw (Fig. 11 middle), going
along with the general growth of the mixing layer height
through the course of the day dilute pollutant concentra-
tions within the urban boundary layer (e.g. SCHÄFER et
al., 2006). This can be observed both in the normalised
and the absolute PM10 time series (Fig. 11).

The vertical concentration differences in the ’back-
yard atmosphere’ (BAY/BAYt) are characterised by a
peak of the near surface concentrations around noon
(11 to 15 CET, Fig. 10). The relative concentration dif-
ference increases by about 15 %. Since this increase
is not coupled to the peak of traffic intensity during
the morning/afternoon rush hours some other mecha-
nism has to trigger this local peak. It seems that influ-
ences of thermal turbulence can explain the evolution
of the concentration time series. Fig. 11 (bottom) indi-
cates the temporal coherence of the increase of both the
kinematic sensible heat flux and PM10 concentrations.

Similar observations were reported from particle num-
ber concentration/flux measurements performed within
a street canyon and above a city (DORSEY et al., 2002;
LONGLEY et al., 2004).

Considering more effective dilution at roof level
height due to higher wind speeds and turbulent exchange
(e.g. ROTH, 2000; CHRISTEN, 2005) the vertical near-
surface concentration difference about noon can be sat-
isfyingly explained by the different effects of mechani-
cal and thermal turbulence.

The meteorological influence of turbulence parame-
ters was further studied by means of a correlation analy-
sis (Tab. 4). Generally, the magnitude of the correlation
coefficients is not large which is due to a high day-to-day
variability in PM concentrations often forced by consid-
erable variations in the background aerosol, e.g. vari-
ations in background aerosol due to long-range trans-
port (JOHANSSONet al., 2007; SALVADOR et al., 2007).
However, we found a clear negative correlation of parti-
cle concentrations with mechanical turbulence and dilu-
tion of the urban boundary layer as indicated by the hori-
zontal wind speed at REIS (uREIS) andσw (Tab. 4). Ther-
mal turbulence on the other hand is positively correlated
to particle mass and number concentrations. However,
it should be noted that besides the effects of thermal
turbulence other processes (e.g. photochemistry, gas-to-
particle conversion) will also be important in affecting
the temporal evolution of particle concentrations in the
UCL.

Nocturnal vertical structure in BAY

The nocturnal PM10 backyard ratio which is smaller than
unity (Fig. 10 top) shows that coarse particles are able to
deposit to the backyard during night time. With a noc-
turnal BAY/BAYt ratio of about 0.96 deposition is not
large, however, similar effects are not observed for nei-
ther CAN PM10 nor submicrometer particles. This is be-
lieved to be due to two factors: there is still traffic move-
ment within CAN at night which leads to emission and
resuspension of particles into the near-surface layer. On
the other hand, deposition velocity of PM10 is about two
orders of magnitude larger than PM1 (e.g. FINLAYSON-
PITTS and PITTS, 2000) resulting in more effective de-
position of coarse particles to the surface of the back-
yard.

5 Summary and conclusions

During an eight week study period particle concentra-
tion differences between a busy urban street canyon and
an adjacent backyard were measured by means of optical
particle counters. On average, distinct concentration dif-
ferences between the sites were obvious for both coarse
and submicrometer particles. The ratio of CAN/BAY is
generally larger than unity due to enhanced emission and
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resuspension of particles within the canyon. BAY on the
other hand is characterised by a negligible influence of
local particle emissions.

By classifying particle concentrations to the subur-
ban reference wind direction a significant influence of
the canyon vortex circulation on concentration differ-
ences between CAN and BAY was evaluated. Aver-
age maximum differences between CAN and BAY can
amount up to 42 % (PM10) and 32 % (PM1) during west-
erly flow although both sites are separated only 50 m
horizontally.

However, the vortex has important influence on the
more polluted air masses within the canyon while mix-
ing of less polluted air inside the backyard showed
only little influence. The temporal evolution of parti-
cle concentration differences between canyon and back-
yard was influenced by thermal and mechanical turbu-
lent mixing. While the first quantity was positively cor-
related to particle concentrations (mixing of particles
into the near-surface air) the latter was negatively cor-
related to particle concentrations due to dilution of pol-
luted air. This study demonstrates that micrometeorolog-
ical quantities, i.e. mechanical and thermal turbulence,
can have important influence on the evolution of particle
concentration within the UCL. They have to be taken
into account for adequately monitoring, modelling and
forecasting particle concentrations in the urban environ-
ment.
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