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Abstract: The street canyon is a canonical form which hétpsexplain flow and dispersion patterns in manyithap urban areas. The
helical type flows which form in such canyons hé&een shown to impact on the development and latatidraffic related pollution hot
spots. These features have been demonstratedstan jidealised canyons, but also in real urbaeesér Street intersections are a second
basic element of urban geometry that could becatith driving dispersion processes. Local hot-smdttraffic-related pollutants also occur
at traffic signal controlled junctions, where vdbgctend to be accelerating causing elevated emnissit is therefore important to assess
whether generic air flow features occur at inteises and can be accurately represented within detting framework. Understanding their
impact on in-canyon flows is also important. Thigpr presents field measurements of air flows fiteenvicinity of two urban intersections
(in Central London and Leeds) as well as adjoirsitiget canyons. The data will be used to demoestrav asymmetries in local building
geometry around the intersection, and small chamgdmckground wind direction can have substantifilences on the behaviour of
intersection and adjoining canyon flow patternsatbees such as flow convergence within the int¢éi@eand the presence of corner
vortices will be shown. Reversed in street chamgelhvith respect to the above roof parallel flowmgmnent is also shown at a distance of
2-3H from the Leeds intersection. The influencsladrt time-scale variability in background windedition and speed will also be explored,
highlighting the multimodal features of the in-strélow around intersections. The challenges ofesgnting such features within urban air
flow and dispersion models will be discussed, idirig short time-scale features of relevance to gerery response models.
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INTRODUCTION

Many applications of dispersion e.g. air qualitydaemergency response, require knowledge of how séonis are
transported through networks of urban streetss Well understood that urban buildings interachviiackground winds to
modify the turbulent flow structures within theest network. The street canyon is a commonly stuget of the urban
form and simple models describing flows within streanyons have been proposed which aim to desthibénelical
recirculating flows that form within them (Ahmaa al, 2005). The conceptual model of Dobre for exanfplebreet al,
2005, Barlowet al, 2009) attempts to describe the in-street floveaion as a function of the parallel and perperdicu
components of the above roof flow and has been stiowive a reasonable representation of the nmears fin real streets.
However, street networks also contain intersectiand several studies have demonstrated the infuerdicthe flow
characteristics at such junctions on how pollutarts distributed to the adjoining streets (Scapem@tad Colvile, 1999,
Scaperdast al, 2000, Robin®t al, 2002, Boddyet al, 2005, Soulhaet al, 2009). It is therefore important to understarel th
flow structures within intersections and how thegyndepend on the local building geometry, and baxkgd wind speed
and direction.

Figure 1 Site schematic for (a) the DAPPLE siteg@ight Edina map) (b) the Headingley interseciioheeds.

METHODOLOGY

The study uses in-street and reference flow daten ftwo separate field campaigns conducted in Cehatdon (the
DAPPLE site) and Leeds to explore the influencentdrsection geometries on air flows through thersection and into the
adjoining streets. At the DAPPLE site, centred arbuhe intersection between Marylebone Rd. and Glstec Place
(Lat/Long: 51° 3119’ N, 00° 09 35" W), a 6 week field measurement campaign was cdadua the spring of 2007
between 22 May and 4 July. An overview of the DAERkroject and comprehensive description of the oreasent site
and set-up have been presented in Arredlél (2004) for the 2003 campaign and Woeidal (2009) for the 2007 field
measurements. Further information is also availablevww.dapple.org.ukMarylebone Road is a busy seven lane dual
carriageway, approximately 38 m wide and orientd&W—-ENE. Gloucester Place is a three-lane roacbappately 20 m
wide and with the traffic flow one-way towards tNNW (as marked by dashed lines in Figure 1a). Tde&s intersect
perpendicularly and have a similar vehicle traffensity of approximately 500 vehicles per hour laee (Scaperdas and
Colvile, 1999). Data from five in-street ultrasomicemometers (‘sonics’) operating at a frequency®Hz and a roof-top
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reference sonic operating at 20Hz were investigdtedr sonics were deployed at the intersectiome@hts of 7.90 m for
the top sonics at sites 1 and 2 (see Fig. 1a) &% and 4.15 m for the bottom sonics at sitesdLZarespectively on two
opposite lampposts in the central reservation ef Marylebone Road and Gloucester Place interse¢tiea Fig. 1a).
Another sonic (site 3) was deployed at 4.15m oanapbost within the Marylebone Road street canyortdonparison. The
reference roof-top sonic was located on the SWearoohthe WCH library roof and is marked by S inuig la.

The second data set is from a permanently instrtedesite in North Leeds centred around the junchietween
North Lane and the Headingley Lane. North Lane foamcomplex, irregular street canyon approximal&gn wide and
lined by a mixture of two and three story buildingibe approximate heights of these are 10m and ($Bown as 2 storey
buildings in white) and 20m (3 storey buildingshiack), giving a canyon geometry of H:#0.67-1.3, depending on the
direction of the approaching winds. Also lying ditlg behind the buildings lining the North of thanyon is the large
building of Headingley church. Three sonics arated around the Headingley junction in Leeds, agaasuring at 10 Hz,
and the two used in the following discussion arekerhin Figure 1b with star symbols. Data used eakected July 2008-
Feb 2009. Sonic 1 is located within the North Latreet canyon, approximately 35m west of the ietdisn at a height of
4m and a distance ef3m from the nearest wall. Sonic 2 is directly witthe intersection at a similar height. Referenatad
in this case is taken from the roof of the Houldgtvdouilding at the north end of Leeds Universippeoximately 2 km to
the south of the site (represented by subscri) hld

All reported wind directions use a Cartesian vesi@mtem with respect to either Marylebone Road otiNbane
(Dobreet al 2005), so that the roof-top reference wind digeeti @,.r, 6n49) are positive anti-clockwise from 0° when the
wind blows along North Lane/Marylebone Road (rougtdwards the East) and +90° when the wind is blgwimp
Gloucester Place at the DAPPLE site (from SSE toWNNand presented in the wind vector sense (pantm the
downstream flow direction).

RESULTS AND DISCUSSION

Mean flow patterns
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Figure 2 Plot showing the relationship betweenréference wind directiofi.s and the instreet wind direction for (a) DAPPLEes3t(b) the
North Lane canyon, Leeds. The gray symbols are it averages of the measured data and the bjadkods the fitted model of (Dobre
et al., 2005).

The first question addressed is whether the meansflat the sites resemble the flow patterns prediébr the usual
canonical street geometry, the street canyon. Huteiaverage data was used for this purpose angasons were made
with the model of Dobret al (2005) which predicts the best-fit in-street wididection compared to the reference wind
direction @) based on assumptions of helical flow patternguiéis 2a and 2b show that for DAPPLE site 3 inLthvedon
Marylebone Rd. canyon and the North Lane canyoneieds, the helical flow assumption is reasonablerfost6,e with a
combination of flow channelling and flow reversaiedto cross canyon re-circulation being presetténflow patterns. The
recirculation part of the in-street flow leads t@madual decrease in in-street flow directionfgsincreases due to flow
reversal at the canyon floor. Switching (channgllof recirculated weak mean flow in either direatialong the street
canyon) of the channelled component of the flowrfear perpendicular roof-top wind directiofigs around +120° and —
120°, leads to large scatter in the mean in-sfl@atdirection at site 3. For North Lane, thereignificant scatter in the flow
between wind angles (£30°-120°) which suggestsfiratomparabld,ys there can be a complete switching of the mean in-
street channelled flow component. Figure 3 showslai scatter plots for the intersection sites #l @in Marylebone Rd.
Again, although there is evidence of in-street fldvannelling and some flow reversal, there aresandegere a narrow region
of background flow directions can lead to a hugeeta of in-street mean flow angles. The scattesvien greater for lower
background wind speeds where additional sourcesirbilence such as that produced by passing traffiy begin to
dominate. The intersection sites do not show thelimear negative relationship between in-streat eoof-top direction
consistent with helical flow. The neat picture offé by the conceptual helical flow model does hetéfore seem to explain
the relationship between background wind directind in-street mean flows for sites within or clés¢he intersections. To
further explore the influences on fluctuationsrirstreet flow angles, short time-scale analysis thasefore performed at the
sites using 10 Hz data.
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Figure 3. 15-minute mean wind directid})(against roof-top wind directio){) for in-street sonics, (a) Site 1 lower, (b) Sitewer.
Thresholds of roof-top wind speed ) ¢ Ues <1.1m &, ¢ 1.1< U <2.5m &, ande U, > 2.5m S.
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Figure 4. Wind direction pdfs for 1 hour segmerfts®Hz data at the DAPPLE intersection sitestfgiwind sectors a) —752 8¢ < —105°
b) —105°< B,¢<—135°. Top left: roof-top wind direction pdf whdegend indicates mean flow direction, bottom Isite layout with arrow
pointing in the direction of flow, top right: sife(lower sonic) and bottom right: site 2 (lower &)n

Pdf plots of in-street wind direction are shown Tenour segments of 10 Hz data from DAPPLE sitasd 2 in Figure 4. In the
plots the large arrow overlaying the aerial phapbrindicates the mean background wind directioedgh case study. In the top
left of the plots the pdf of the background windedtion is shown. The width of this distributionggests that there can be
significant short time-scale variability éasthroughout the hour of sometimes up to 180°. lufégta the mean background wind
is channelling down Gloucester Plaég¢(~ -90°). It might be expected that under theselitions, flow would channel through
the intersection towards the southern section ofi@ster Place. However, the pdf's of the in-stnéetl angles for the lower
sonics at site 16(,) and site 2€,) show multi-modal characteristid}, shows two sharp peaks including one which suggests
channelling along Marylebone R@y{~ 0°) due to the rectification of the fluctuatiansbackground flow by the buildings along
Marylebone Rd. The second peak at -60° is assdargth deflected flow to the ESE. Dobeeal (2005) also reported a peak at -
60° in the pdf at site 2 for reference roof-top d@nn the sector -90° &, < 0° observed during the DAPPLE 2003 field
campaign. They attributed the flow deflection te firesence of a car park next to the NNE corntrenintersection that deflects
the flow at negative angles into Marylebone Rd. fldw is also less constrained on the NNE cornehisfintersection due to the
arc in the building of Dorset House. A third broageak is also present aroufig ~ +90° which represents flow reversal with
respect to the background wind. This would eitfeedbe to the influence of the helical flow reginséablished in the canyon part
of the Marylebone Rd., or perhaps to the effectsnafway traffic travelling up Gloucester PlacesA¢ 1, in-street flow angles
are observed in all sectors, despite the meantopodirection being constrained to a 30° sectanrgt peaks exist fdi =~ -90°
illustrating channelled flow along Gloucester PJaad0,~ 0° illustrating channelled flow along Maryleboned®. While flow
channelling along Gloucester Place could be exgdéotdominate, there is also clear channellinggaMarylebone Road at site 1
on short time-scales, showing that even slightlygab components of roof-top flow in this sectondaad to bifurcation type
flows. It is the averaging of these modal peaks ltes to the scatter in the longer time-averatstd shown in figure 3. This
suggests that the mean flow direction data based dB-minute average does not give an accurater@iof the bifurcation
behaviour which occurs at the intersection anetitebdemonstrated by the multi-modal peaks irpttis. When the background
flow becomes oblique (Figure 4b), the multi-modahaviour of the in-street flows persists, again aestrating peaks in the
channelled directions of the adjoining streets.tAapinteresting feature of Figure 4 is that vemall changes in the meép; and
its pdf can dramatically change the relative stiterad the modal peaks in the in-street pdf's. Thitita to represent such multi-
modal behaviour and its sensitivity to backgrouriddwspeed and direction would be a challenge fgrraadel attempting to
represent the air flow through an asymmetric ieigtisn. It is therefore worthwhile to ask the gisgstvhether such multi-modal
features are a common feature of intersectiondl&8iemalysis was therefore carried out for theditegley canyon.
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Figure 5 (a) Distribution of reference horizontahdidirection in three different 2 hr time perioddth legend indicating the mean wind
speeds and directions. (b) Corresponding distibstdf the wind direction within North Lane, wittetlegend indicating the predominant
sign of the vertical velocity. (c) Correspondingtdbutions of the wind direction recorded at thiisection.

Figure 5 shows similar pdf's for the North Lane yam for three background wind directioby,gy) distributions which are
oblique to the street as shown on the schematic Bifferent background wind speeds are also explaindicated in the
legend for Figure 5a. Bimodal in-street channelimg@articularly common for this particular sectdroblique background
winds, potentially due to the combination of thémdrpendicular orientation of the intersectionvieetn the streets, and the
high windward building on the South side of Northnke. Period 1 (thick, solid line) was a period ighhbackground wind
speeds. Within this period it can be seen from feidgsb that the flow within North Lane was chanmgliup the street
towards the intersection (0°) for the entire periadd the predominately +ve distribution of in-streertical velocities was
consistent with an in-street recirculation as shawthe schematic in Figure 6a. The widely disttéaliintersection wind
directions in Figure 5c implied that the dominaltwf at the intersection fluctuated within the peribetween flows
channelled from Headingly Lane and North Lane. Bemlgd wind speeds in period 2 (thin, solid line)revenuch lower
than period 1, and the in-street and interseclimn €haracteristics are more complex. This is paltérly true within North
Lane, where the relatively symmetric bi-modal disttion of wind directions implies channelling isdtuating both up and
down the street. As a consequence of this varyinectibn of in-street channelling, both updraftsd asowndrafts are
frequently observed, with the former correspondingthe formation of an in-street recirculation, athek latter to a
convergence of flow within the street and henceealkdown of the recirculation (see Figure 6a,b)Figure 5c, although
widely spread, the distribution of intersection @idirections is shown to be predominantly dominaigdlow from the
direction of North Lane. Potentially, this is due ftow over the roofs of the buildings lining therth of North Lane,
dominating the flow at the intersection anemometerthe period 3 (dotted line), despite the dimetof the background
winds within this period lying significantly moreblique to North Lane than those in period 1, thanctelling within North
Lane was observed to be reversed for almost thieeepériod (Figure 5b). The suggested reason far ith the low
background wind speeds within the period, and aqumesetly the weak in-street recirculation. Also, fredominantly —ve
vertical velocities recorded were consistent withoavergence of flow within North Lane. At the irgection, due to the
reversed channelling in North Lane, Figure 5¢c shtheswind direction is frequently dominated instéadflow channelled
up Headingley Lane (+90°). It is suggested thatcbmpetition between flows from the two streetsi$eto a downdraft at
the sonic site but a forced updraft of flow comfrgm North lane (see schematic in Figure 6b). Bhdimensional feature
indicates that flow in the vicinity of intersect®is not always planar as suggested by Sowhat(2009).
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Figure 6 - Schematic diagram illustrating (a) tleétdoidal flow within North Lane for oblique back@md winds approximately within the
sectorz 175° <0pgs < 240° when in-street flow is being channelleddays the intersection (210°r..t < 300°), and (b) the convergence of
flow within North lane when the in-street chanmalirecorded is away from the intersection (3@f,s < 120°).

CONCLUSIONS

High temporal resolution air flow data from two arbintersections has been presented and has deatedsthe
complexities of flow patterns formed due to the petition of flows from the adjoining streets. 15Auie mean in-street
wind direction data shows a wide degree of scdtierquite narrow ranges of background wind anglégher time
resolution analysis suggests that this is due ecatreraging of multi-modal distributions of in-gtevind angle that occur
due to the competition within the intersection lofafs channelling from each of the perpendiculaoauijg streets. Time-
average data does not therefore seem to give agjotde of the flow directions which occur withiine intersections. The
multi-modal behaviour of the flows represents cleanim the relative strength of flows from the adiog streets, which is
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highly sensitive to fluctuations in the backgroumidd speed and direction. When the adjoining fleeaverge, downdrafts
and updrafts can occur within the street dependimghe height of the measurement. Evidence of corogices was also
observed within the intersection leading to dewiagi of angle from the directly channelled direcsiomhe complexities of
the features observed and their strong sensitigighort term fluctuations in background wind dii@e pose challenges for
even time-resolved dispersion models such as thased on Large Eddy Simulation, let alone timetatistically averaged
network models (Soulhac, 2009). The flow featuresdwver, could determine the relative strength spdision of pollutants
down streets adjoined to the intersection and nsotietrefore need to be able to represent suchrésatéppropriate
specification of the inlet boundary conditions whis representative of fluctuations in the backgaélow would seem to
be crucial.
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