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ABSTRACT: The source area or flux footprint  of a flux measurement is the area of ground 

over which that flux measured by the instrument is generated. It is akin to an instrument’s 

field of view and provides special context for measurements. A range of computational 

models exists to calculate the source area of an instrument, but many of these may be based 

on assumptions which do not hold for instruments very near the surface, in particularly those 

surrounded by heterogeneous terrain. Experimental validations of models in these situations 

are very limited. Presented here is wind tunnel work carried out to provide estimates of the 

extent of the source area of a rooftop meteorological instrumentation mast used in previous 

experimental work in central London. Measurement of concentrations from tracer releases 

around a 1:200 model measured at the location of the rooftop instrument mast are presented 

for a range of wind angles, with the spread of concentration measurements indicative of the 

source area distribution. Clear evidence of wind channeling by streets is seen with the shape 

of the source area distribution strongly influenced by buildings upwind of the measurement 

point.  

1       INTRODUCTION 

When taking measurements of fluxes of energy or concentrations using mast mounted 

instruments it is useful to know which area of ground contributes to that measurement. This is 

the source area of the instrument and is influenced by local roughness, terrain type, 

temperature, turbulence and wind conditions. In several previous studies (e.g. Christen et al. 

2009) instruments such as sonic anemometers or gas analysers have been mounted on masts 

within urban areas lying beneath the top of the roughness sublayer (2-3 times mean building 

height). It is an underpinning assumption of many source area models that the sensor lies 

above the roughness sublayer so that detailed knowledge of the local surface is not required 

(Vesala et al. 2008).  

Flux footprint models can be broadly categorised into four groups based on their 

mathematical approaches. Stochastic Lagrangian models use a differential equation to 

describe the velocity of a particle as a sum of drift and random terms. This can be 

computationally expensive but may be useable in any turbulence regimes. Wilson & Sawford, 

(1996) give a review of Lagrangian models whilst Kurbanmuradov et al. (2001) describe 

more direct application to footprint problems. Kljun et al. (2002) describe a more recent 3D 

Lagrangian backwards Plume Dispersion model, LPDM-B.  

Large Eddy Simulations (LES) which originated form the work of Moeng (1988) can be even 

more computationally expensive than Lagrangian methods but can produce a high level of 

accuracy for simple flow regimes without requiring wind field input. Cai & Leclerc (2007) 

combined LES and Lagrangian methods, using the Lagrangian to hand smaller scale 
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turbulence within the LES. An alternative to LES is ensemble averaging of the Navier Stokes 

equations and application of a closure method (Sogachev et al., 2004).  

The final category of models are more simplistic analytical tools which are easier to use and 

computationally inexpensive but may be particularly reliant on the instrument being situated 

in mixed air above the roughness sub-layer. Perhaps the best known such tool is that of  

Schmid (1994), though good examples are also found in Kormann & Meixner (2001) or 

Kljun et al. (2004) who based an analytical model on parameterisation of Lagrangian 

dispersion.  

Experimental verification of source area models has been carried out through wind tunnel 

simulation or at full scale. The most common method is controlled tracer release and 

mapping of the distribution of concentration signal obtained by a fixed receptor. Foken & 

Leclerc (2004) commented that most validations are done by cross comparisons of models 

and highlighted a lack of good datasets for validation, noting that particularly at full scale 

local factors well beyond the source area may have unpredictable effects. Gockede et al. 

(2005) experimentally validated an analytical and a Lagrangian stochastic model finding no 

significant disagreement between these and good agreement with field data. 

Kljun 2004b validated LPDM-B against wind tunnel data. Other validations (Leclerc et al. 

2003) often focus on agricultural settings. No literature evidence is found of experimental 

model validation in an urban area.  

To tackle one of the main problems associated with flux measurements close to an urban 

surface Kotthaus & Grimmond (2012) developed an algorithm to filter out the influence of 

micro-scale emissions very close to the measurement points. This enabled sudden changes in 

flux measurement due to individual anthropogenic point sources to be identified and 

separated from the observations influenced instead by the blended influences of sources 

within the instruments source area. The meteorological instrumentation covered in this paper 

were however mounted on higher masts than that considered in this work and so they lay 

above the local blending height. Despite this there is clear potential for their method to be 

applied to measurements made at the WCC site, as micro-scale sources (such as vents etc.) 

are present.  

2       Full Scale Field Work 

The Advanced Climate Technology Urban Atmospheric Laboratory (ACTUAL) project 

operates a meteorological mast on a rooftop in Westminster, central London. The building is 

an annex to the Westminster City Council (WCC) building on Marylebone Road, NW1 

(51.5215⁰N, 0.1389⁰W). This building has a height of 15m above street level, lower than the 

average height of surrounding buildings which is 21.5m. A single tower block lies across 

Marylebone Road otherwise the area is best described as compact mid-rise (or sometimes old 

core) according to the Local Climate Zone classifications described by Stewart & Oke 

(2010). Mounted on the rooftop mast was a Vaisala WXT520 weather station, Gill R3-50 

sonic anemometer, Kipp and Zonen CNR4 net radiometer and LICOR LI-7500+ CO2 and 

H2O analyser. These instruments had been logging data continuously from June 2006 until 

March 2013. The source area of the instruments measuring eddy covariances is of interest as 

fluxes may have arisen from a variety of surfaces; busy roads, rooftops, back streets or open 

spaces. The nearest large green space is Regents Park, just over 500m from the WCC. 

Because the rooftop mast clearly lies well within the roughness sublayer the source area will 

be dominated by local features such as the surrounding buildings. In such a setting the extent 

of the source area may depend on the wind direction.  
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3       Experimental Description 

3.1 Description of Setup 

Experimental source area measurements were made in the Enflo boundary layer wind tunnel 

at the University of Surrey. The tunnel has dimensions of 20 m by 3.5 m by 1.5 m. The x 

direction is defined as being along the tunnel with the air inlet at x = 0 m. A 1:200 scale 

model of the area of central London surrounding the intersection between Marylebone Road 

and Gloucester Place was mounted on a rotating turntable within the tunnel. The turntable 

had a diameter of 3.5 m, occupying the entire tunnel width. The centre of the turntable was  

14 m upwind of the air inlet. The model has its own coordinate system with its centre at the 

central point of the intersection and with Marylebone Road running along y = 0 and 

Gloucester Place along x = 0. When the turntable angle is set to 0° incoming wind blows 

along Marylebone Road from negative to positive x. In reality Marylebone Road runs from 

WNW to ENE and so real world wind angles are 73° above tunnel angles (i.e. true North is 

equivalent to a tunnel angle of 73°).  

The tunnel can simulate a range of stable, unstable or neutral boundary layers though only the 

latter was used in this work. The boundary layer was initialised by five Irwin roughness 

spires at the inlet and by rectangular roughness elements covering the distance up to the 

turntable, giving a roughness length of z0 = 0.01 mm. The tunnel speed was set to  

Uref = 2 ms
-1

. The location of the rooftop meteorological mast on the WCC annex building 

lies approximately 500 mm from the centre of the turntable, giving an upwind fetch of 1.3 to 

2.2 m depending on angle of rotation.  

3.2 Method 

The tunnel contained two mechanised traverses, mounted to tracks on the ceiling. A Fast 

Flame Ionisation Device (FFID) was mounted to one traverse and followed the position of the 

rooftop mast as the turntable rotated. The second traverse was upwind of the first (they were 

unable to cross) and carried a source pipe emitting propane gas. The emission rate was 

continually monitored for normalisation. This source was moved around an array of upwind 

positions from close to the FFID out to the edge of the model, releasing gas to be measured 

by the FFID. The FFID took routine background measurements approximately every 10 

minutes by diverting the gas inlet and calibrated itself approximately every 90 minutes with 

measurements of known concentrations in an enclosed chimney. An averaging time of 1 

minute was used, believed to be sufficient for concentration measurements in this set up. 

Measurement points were positioned both on building roofs and at street level. In the case of 

measurements over buildings the end of the source pipe was 5mm above the building roof, 

and for street level points 5mm above the turntable floor.   

4       Results 

Figure 1 shows maps of the concentration measurements made during the wind tunnel 

experimentation. Six different wind angles are shown to give a range of cases. The first three 

plots show angles parallel to the roads in the model, 90⁰, 180⁰ and 270⁰. The further three 

plots show wind angles across building blocks of 225⁰, 247.5⁰ and 337.5⁰. The axes are 

model coordinates in mm and the scale is non-normalised FFID output, a linear scale of 

propane concentration at the end point of the FFID gas collection column. The position of the 
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WCC mast (and therefore of the FFID) is indicated by a black x. Note that the axis for each 

of the six figures are adjusted to best show the data points in the particular case.  

Each point represents a single source release position with the marker type as indicated by the 

key showing which bin of concentration measurement made by the FFID that point falls in to.  

The positions of the buildings are shown on the plots so that it is clear which releases were 

made above these and which at street level.  

 

Figure 1 – Results of wind tunnel measurements showing the FFID signal for a range of tracer release points. 

The value in the key corresponds linearly to the concentration measurement. A wind angle of 0° will be 

approaching from the model left whilst 90° comes from the top. Axis lengths are in mm.  

5       Discussion 

The results shown give six examples of distributions of concentration measurements 

indicative of the source area of the rooftop mounted instrument. Rudimentary expectations 

such as stronger signals closer to directly upwind of the FFID and in closer proximity, 

particularly at roof level, are upheld. There are however some clear indications of the 

influences of individual buildings on the source area shape. 

The nature of any individual data point can be explained through consideration of the 

dispersion of the plume from that release point, whilst the range of points shows the extent of 

the source area. Source areas are most commonly displayed as a region in which a given 

percentage of the surface giving arise to a flux measurement falls, or may be displayed as 
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contours of percentage. It is difficult to translate our measurements into such a format, as 

plume releases are restricted to point measurements however find the grid of measurements is 

(at full scale only far coarser measurement spreading would be possible). It is possible to 

mark a region outside which any point measurement is below a particular threshold. 

Normalisation aids this analysis as the threshold is then a percentage of the maximum, but 

that relies on being confident of having a measurement close to the absolute maximum. 

Points in the lowest bin of <2 are close to or below 1% of the maximum for any angle and so 

the region of ground covered by points of higher bins is one good outline of where the vast 

majority of source area will lie.  

A visual observation of the plots is that the shape of the plume differs noticeably for wind 

angles across the building grid as opposed to in line with it. When the incoming wind is 

channeled by streets the plume appears narrower particularly within about 500mm upwind of 

the WCC. This is visible in the 180⁰ and 270⁰ cases. When the table was rotated through 90⁰ 
this observation does not hold as the plume is spread along Marylebone Road which is in this 

case immediately upwind. This is likely explained by recirculation within the canyon,  as 

observed using Laser Doppler Anemometry in previous works (Carpentieri et al. 2009) 

causing greater mixing of the gas before transport out of the canyon.  

A region of dense buildings categorised as compact mid rise such as this should experience 

skimming flow when there is little variation in obstacle height (Britter & Hanna 2003; 

Davenport et al. 2000). Greater spacing between obstacles results in greater low level 

turbulence. This means that streets can be very sheltered and street level flow is controlled by 

immediately upwind buildings. The observations support the presence of skimming flow 

because higher concentration values were measured for releases above roof height. At roof 

level the plume is seen to be closer to having a classical pear-drop shape, with small 

differences in building height having minimal effect. Many release points may have been 

higher than the FFID; a model designed to consider a larger scale situation with a mast high 

above a surface would not consider release of tracer from surfaces above ground level. In 

contrast to the clearer shaped rooftop plumes, there is visible evidence of street level sources 

being controlled by channeling and recirculation of flow from buildings. Particularly in the 

180⁰ case the plume is far from symmetrical. Wind channeling along Marylebone Road 

means very little signal from these releases reaches the FFID, but from the denser area of 

buildings on the other side of the upwind rhumb line the observations are very different. 

Releases from these streets are likely mixed into the skimming flow above and so a more 

spread plume shape appears. It is interesting that the street running approximately along y = -

750 (parallel to wind) shows entirely yellow points whereas along the x = 750 (perpendicular) 

street there is a close to Gaussian type spread of values extending further from the upwind 

line than the yellows on the street parallel to the wind. Similarly, the plume along the x = 0 

street drops very sharply to near 0 as the release position reaches Marylebone Road.  

6       Comparison with a Parametric Model 

The footprint prediction model of Kljun et al. (2004) is used here to provide estimates of the 

upwind extent of the source area. This tool is available online at 

http://footprint.kljun.net/footprint.php and requires as inputs the measurement height, 

boundary layer depth, roughness length, standard deviation of vertical velocity fluctuations 

σw and friction velocity U*. Parameterisation was based on the LPDM-B (Kljun et al. 2002). 

This tool was run for three separate days of data, selected manually based on wind direction. 

These days were chosen for having close to consistent wind direction during the day and 

because they covered three different wind angles.  Table 1 below shows the input parameters 
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from the rooftop sonic anemometer and the output upwind distance of the maximum of the 

across wind integrated source area (Rmax) and the upwind extent of the area containing 75% 

of source area (R75).  

 

Date Wind Direction, ° σw, ms
-1 

U*, ms
-1 

Rmax, m R75, m 

03/02/2013 274 0.49 0.30 156.9 312.7 

16/03/2013 210 0.87 0.50 148.9 296.7 

24/03/2013 97 0.64 0.44 172.0 342.8 

Table 1 – Input conditions and output for the Kljun online parametric footprint prediction tool. 

These three cases give a range of angles as well as a range of turbulence conditions. The 

extent of the source area is greatest in the third case where the middling vertical velocity 

fluctuations and friction velocity occur. The highest values produce a shorter footprint. This 

is an energy flux rather than concentration footprint model, and so comparison with data must 

be done with this in mind. In future a concentration source area model such as that of Schmid 

(1994) may be run for better comparison. This tool considers only ground level sources, with 

the height of the mast specified as 18m above ground level. The extent of the source area 

appears to be similar to that shown by observations in figure 1. 300m at full scale 

corresponds to 1500mm at model scale. This is close to the radius of the turntable. At these 

upwind distances points above the lowest bin exist in some streets. The distance of maximum 

crosswind integrated source area may be less in the tunnel results than the model predictions. 

The presence of buildings may have caused tracer to rise more sharply into the skimming 

flow, whereas a model considers flux from the ground very near to the sensor to rise slowly 

and pass underneath its measurement volume.  

7       Conclusions and Further Work 

Wind tunnel measurements have been presented which give an indication of the size and 

shape of the source area of a rooftop mounted instrument. The effects of channeling of wind 

by streets are clearly visible and  can give rise to strong asymmetry in the footprint shape. 

The extent of the source area agrees to some extent with the predictions of a parametric 

model but the instrument height relative to the size of upwind obstacles (buildings) is such 

that these may individually affect its shape, which cannot be accounted for by a general 

model.  

In future it would be interesting to compare results with a footprint model designed 

specifically for concentrations, though without the ability to account for specific large 

obstacles similar problems may persist.   
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