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Abstract. High-rise buildings, increasingly a feature of many large cities, impact local atmospheric flow conditions. Tall build-

ing wakes affect air quality downstream due to turbulent mixing and require parametrization in dispersion models. Previous

studies using numerical or physical modelling have been idealised and under neutral conditions. There has been a lack of data

available in real urban environments due to the difficulty in deploying traditional wind sensors. Doppler wind lidars (DWLs)

have been used frequently for studying wind turbine wakes but never building wakes. This study is a year-long deployment of a5

DWL in a complex urban environment studying tall building wakes under atmospheric conditions. A HALO Photonic Stream-

line DWL was deployed in a low- and mid-rise densely packed area in central London. From its roof-top position (33.5 m agl

compared to mean building height 12.5 m), Velocity Azimuth Display (VAD) scans at zero-degree elevation intersected with

two, taller nearby buildings of 90 and 40 m agl. Using an ensemble averaging approach, wake dimensions were investigated

in terms of wind direction, stability and wind speed. Boundary-layer stability categories were defined using eddy covariance10

observations from the BT Tower (191 m) and mixing height estimations from vertical stare scans. A method for calculating

normalised velocity deficit from VAD scans is presented. For neutral conditions, wake dimensions around both buildings for

the prevailing wind direction were compared with the ADMS-Build wake model for a single, isolated cube. The model under-

predicts wakes dimensions, confirming previous wind tunnel findings for the same area. Under varying stability, unstable and

deep boundary layers were shown to produce shorter, narrower wakes. Typical observed wake lengths were 120-300 m and15

widths were 80-150 m and were reduced by 50-100 m downwind. Stable and shallow boundary layers were less frequent and

produced an insignificant difference in wake dimensions to neutral conditions. The sensitivity to stability was weakened by

enhanced turbulence upstream (i.e., due to other building wakes). Weakened stability dependence was confirmed if there were

more obstacles upstream as the wind direction incident on the buildings changed. The results highlight the potential for future

wake studies using multiple DWLs deploying both vertical and horizontal scan patterns. Dispersion models should incorporate20

the effect of a complex urban canopy within which tall buildings are embedded.
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1 Introduction

As the urban population increases, cities grow both horizontally and vertically. High-rise buildings, increasingly a feature of

many large cities, impact local atmospheric conditions. Tall building wakes determine near-surface wind climate and pollutant25

dispersion as they alter momentum and scalar exchange within and above the urban canopy. However, they have mostly been

studied under idealised conditions using numerical modelling (e.g. Nozu et al., 2015; Liu and Niu, 2016) or physical modelling

(e.g. Sheng et al., 2018; Mishra et al., 2023). Other studies have focused on isolated tall buildings (Nozu et al., 2015), or

examined flow interference effects between a few tall buildings for wind loading considerations (Lam et al., 2008). Hence,

there is a lack of research into tall building wakes embedded in a real urban canopy under varying atmospheric stabilities.30

The impact of tall buildings on local flow and pollutant dispersion within the surrounding urban canopy is significant (Heist

et al., 2009; Brixey et al., 2009) and extends several streets away (Fuka et al., 2018; Aristodemou et al., 2020). The urban

canopy also alters the wake structure: Hertwig et al. (2019) used wind tunnel experiments under neutral conditions to study

the influence of the surrounding urban roughness on tall building wakes. Compared to an isolated tall building they found

the turbulent structure of wakes from high-rise buildings within urban canopies to be altered and wake dimensions to be35

dependent on upstream urban roughness. Huang et al. (2021) used CFD simulation to show that street-level pollutant dispersion

is enhanced compared to the case with no tall buildings. They found that the wake also alters significantly in size and turbulence

intensity when atmospheric stability is varied.

Confirming these results by measurements in real urban areas is challenging due to restrictions in instrument placement

and representativeness within a complex microclimate (Oke, 1998; Stewart, 2011). Measuring tall building wakes using mast-40

based instrumentation is logistically unfeasible. However, remote sensing methods are well-suited to profiling urban boundary

layers (Barlow et al., 2011a; Kotthaus et al., 2022).
:::::
These

::::::::::
instruments

::::
have

::::
been

::::
used

::::::
before

::
in

::::::::
studying

::::::::
dispersion

:::
in

:::::
urban

:::::
areas,

:::
e.g.

::
in

::::
Salt

::::
Lake

::::
City

:::::::::::::::::
(Allwine et al., 2002)

:
.
:::::
More

::::::::::
specifically, Doppler lidars have been used to measure boundary layer

depth and turbulence profiles (Barlow et al., 2015; Kongara et al., 2012) under different atmospheric stabilities and analyse the

response of the urban wind profile to surface roughness (Drew et al., 2013; Kikumoto et al., 2017; Ortiz-Amezcua et al., 2022;45

Filioglou et al., 2022). Dual Doppler lidars have potential for improving pollution dispersion models (Collier et al., 2005) due

to more accurate retrieval of the wind field in highly turbulent urban flows. Calhoun et al. (2006) used dual lidars to create

"virtual towers" upstream of a cluster of tall buildings and observed deceleration of the vertical wind profile due to their drag.

::::::::::
Additionally,

::::::::::::::
Liu et al. (2022)

::::
used

::
a

::::::
doppler

::::
lidar

::
to

::::::
detect

:::
the

:::::::
influence

:::
of

:::::::
buildings

:::
on

:::
the

::::
flow

::
at

::
an

:::::::
airport.

Doppler lidars have increasingly
:::::
Even

::::::
though

:::::::
doppler

:::::
lidars

::::
have

::::
not

::::
often

:
been used to

:::::::
measure

:::::::
building

:::::::
wakes,

::::
they50

::::
have

::::
been

::::
used

::
to

:::::
study

::::::
wakes

::::
from

::
a

::::::
bridge

:::::::::::::::::::
(Nafisifard et al., 2023)

:::
and

:::::
used

:::::::::
extensively

::
to

:
observe wind turbine wakes to

validate instantaneous wake models for wind loading assessment and wind-farm layout optimisation (see review by Sun et al.,

2020). They
::
To

:::::::
measure

:::::
wind

::::::
turbine

::::::
wakes,

:::
the

::::
lidar

:
can be nacelle-mounted (Bingöl et al., 2010; Trujillo et al., 2011) or

ground-based, using combinations of profiling and scans to build up a 3D picture of the wake (Banta et al., 2013; Barthelmie

et al., 2014, 2018). Dual Doppler lidars have been used to give greater accuracy of wind retrieval in the highly turbulent wake55
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(Iungo et al., 2013; Iungo and Porté-Agel, 2014) or non-homogeneous �ow over complex terrain (Vasiljević et al., 2017).

Single scanning lidars have also been effective in analysing wake dimensions (Aitken et al., 2014; Bodini et al., 2017).

:::
The

::::::::
extensive

::::::
studies

::
of

:::::
wind

::::::
turbine

:::::
wakes

:::::
using

:::::::
Doppler

:::::
lidars

::::
have

::::::::
quanti�ed

:::
the

::::::
effects

::
of

:::::::
stability

:::
on

::::
wake

::::::::::
dimensions

:::
that

::::
have

::::::::
informed

:::
the

:::::::
present

:::::
study

::
of

::::::::
building

::::::
wakes. Wind turbine power output has a complex dependency on stability

(Wharton and Lundquist, 2012) due to wind shear and turbulence, however, overall wind farm performance is reduced in stable60

conditions (Hansen et al., 2011) as wakes are longer and more intense due to a lack of turbulent mixing to erode the velocity

de�cit. However, Aitken et al. (2014) found little dependence of wake structure on atmospheric stability or upstream turbulence

intensity, suggested to be due to the heterogeneous upstream terrain reducing the range of stability. Wildmann et al. (2020)

found that observed wake turbulence intensity was higher than upstream turbulence intensity until the latter was around 25%. It

remains to be seen whether these results relate to tall building wakes in warmer, rougher urban areas where the stability range65

is smaller.

To the authors' knowledge, this is the �rst study to analyse a long time series of Doppler lidar observations of tall building

wakes at an urban site under different atmospheric conditions. The study took place in central London as part of the MAGIC

�eld campaign (Song et al., 2018), of which the measurements used here are described in Section 2. In Section 3 the wind,

stability and mixing height climatology for the site is presented. In Section 4 a new methodology for de�ning velocity de�cits70

using a spatially-averaged wind�eld is described. Wakes during neutral conditions are described in Section 5 and in Section 6

the impacts of stability, wind speed and wind direction are presented.

2 Measurements

2.1 Site Description

Measurements took place in the London Borough of Southwark, just south of the River Thames, as part of �eldwork associated75

with the MAGIC project (Song et al., 2018, see Fig. 1). Instruments were located on top of a building belonging to London

South Bank University (LSBU, 51� 29'53.4”N; 0� 06'07.2”W) of where the roof height is 36.5 m above sea level, asl (33.5

m above ground level, agl).
::
A

:::::
digital

::::::::
elevation

::::::
model

::::
was

::::::
created

:::::
using

::::::
google

:::::
street

:::::
view

::::::
images,

:::::
using

::::
the

:::::::::::
methodology

::
as

::::::::
described

:::
by

::::::::::::::::::
Morrison et al. (2020)

:
. The study area consisted of low-rise residential and mid-rise of�ce and commercial

buildings with occasional tall buildings. The mean canopy heightzh = 12.8 m, standard deviation� h = 9.5 m, and plan area80

index � p=0.54. Therefore
:
,

::::::::
calculated

:::
in

:
a
::::::

radius
::
of

::::
500

:::
m

:::::
using

:::
the

::::::
Urban

:::::::::
Multi-scale

:::::::::::::
Environmental

::::::::
Predictor

::::::::
(UMEP)

::::::::::::::::::
(Lindberg et al., 2018)

:
.

::::::::::
Considering

:::
the

::::::::::
surrounding

::::::::
buildings, the lidar was located at about2:6zh and most likely within the

roughness sub-layer.

In the direct vicinity of the lidar there are several tall buildings, especially to the southeast. Between bearings of 080 to 135�

a plant room on the roof of the building prevents the lidar from retrieving reliable signal when scanning horizontally (see Fig85

1(b), left hand side). Between 135 and 175� a cluster of taller buildings between 100 and 400 m away also limit the range of

retrievable signal. Therefore, this paper will focus on tall buildings to the north-west of the lidar: in particular, two buildings

approximately 200 m and 300 m away from the lidar, building A and B respectively. Building A has a height of 93 m a.s.l.
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(90 m a.g.l.). Therefore, the measurement height of the horizontal scans agl (Sec. 2.2) is0:37� HA . Building B has a height of

43 m a.s.l. (40.2 m a.g.l.), and the measurement height is0:83� HB . Hertwig et al. (2019) studied the wake of Building A for90

northerly �ow simulated in a wind tunnel.

2.2 Doppler Lidar

A 1.5� m pulsed, heterodyne Doppler lidar (HALO Photonics Streamline) was located on the roof-top (pulse repetition rate 10

kHz, pulse duration2:0 � 10� 7 s). The lens diameter is 75 mm and thefocal length
:::::
focus

:::::::
distance

:
was set to in�nity for all

scan patterns. The lidar was con�gured with arangeresolution
:::::::::::::
non-overlapping

:::::
range

::::
gate

::::::
length of 18 mwith 6 pointsper95

rangebin. The sampling frequencyis
:::
was 50 MHz, the velocity resolution was 0.382 m/s

:::
s� 1, and the Nyquist velocity was

19.456 m/s
::
s� 1. Measurements were valid from a range of54m

::
54

::
m, returns from the �rst three gates being spurious due to

the geometry of transmitter and receiver. The lidar was aligned with the long axis of the building (bearing 140� ) to ensure a

precise orientation. All data have been rotated towards true north for the analysis.

Data from 7 March 2019 to 31 March 2020 are used for the analysis in this study. During this year, the lidar was almost100

fully operational with the exception of 4 days in September 2019. A long period of data was required over a large range of

atmospheric stability, mixing height, wind speed and direction.
:::::
Three

:::::::
scanning

::::::
modes

::::
were

:::::
used:

::
a

::::::
6-beam

:::::::
Velocity

::::::::
Azimuth

::::::
Display

::::::
(VAD)

::::
scan

::
at

::::
75�

::::::::
elevation

:::::
(every

::
6

::::::::
minutes),

:
a
::::::::
72-beam

::::
VAD

:::::
scan

::
at

::
0�

::::::
(every

::
12

::::::::
minutes),

::::
and

:::
the

::::::::
remainder

:::
of

::
the

:::::
time

::
in

::::::
vertical

:::::
stare

:::::
mode.

::::
The

::::
VAD

::::
scan

::
at

:::
0�

::::::::
elevation

::::::::
intersects

::::
with

::::::::
obstacles

::::::
higher

::::
than

::::
36.5

::
m

::::
a.s.l.

:::
(as

::::::
shown

::
in

:::
Fig

:::::
1(a)).105

Before 9 September 2019 the integrationtime per ray
:::
(or

:::::::::
averaging)

::::
time

:
was 1 s for stare mode, 2 s for VAD scans and

maximum range was 200 gates. After that date, integration time was changed to 3 s to improve the signal to noise (SNR). Max-

imum range was changed to 555 gates
::::
(9990

:::
m)

:
to allow correction of instrument background shape according to Manninen

et al. (2016). Analysis here is con�ned to the lowest part of the boundary layer where observations were rarely limited by SNR

due to high pollution levels, therefore the accuracy of the wind retrievals before and after the change was comparable.110

Threescanningmodeswere used:a 6-point Velocity Azimuth Display (VAD) scanat 75� elevation(every 6 minutes),

a 72-pointVAD scanat 0� (every12 minutes),and the remainderof the time in vertical staremode.The VAD scanat 0�

elevationintersectswith obstacleshigherthan36.5m a.s.l.(asshownin Fig 1(a)).

The Halo Lidar Toolbox, developed at the Finnish Meteorological Institute, was used to process retrieved data (Manninen,

2019). A description of all modules in the processing chain is given in Ortiz-Amezcua et al. (2022), only ones applied in the115

current study are described here:

1) Background corrections were applied to raw signal intensity according to Manninen et al. (2016) and Vakkari et al. (2015).

Instrumental precision of radial velocities was estimated with the method given by Pearson et al. (2009); Rye and Hardesty

(1993). Attenuated backscatter coef�cient was computed with uncertainty according to Manninen et al. (2018).

2) Wind vector pro�les were calculated from VAD scans by assuming a stationary and horizontally homogeneous wind �eld120

and using a least squares method (Päschke et al., 2015) with uncertainties estimated using the method of Newsom et al. (2017).
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Mixing height was derived from vertical velocity measurements taken in vertical stare mode. Vertical velocity variance

was used to calculate the mixing height as in previous studies (Barlow et al., 2015; Halios and Barlow, 2018; Theeuwes

et al., 2019a). Statistics were calculated in periods of 30 minutes.Data whereSNR + 1 < 1:01(< 20dB)
::::::
Periods

:::
of

::::
rain

::
are

:::::::::
excluded,

:::::
using

:::
the

::::::::::::
meteorological

::::::
station

:::
on

:::
the

::::
roof

::
of

::::::
LSBU.

::::
Data

::::::
where

::::::::::::::::::::::
SNR + 1 < 1:01(< 20dB) were �ltered out125

and only 30 minute periods with more than 30% ofdatapoints
::::
data

:::::
points

:
available were accepted

:
(a

:::::::::
minimum

::
of

::::::::
180–540

:::
data

:::::::
points). Mixing height was determined as the height in the vertical pro�le where the velocity variance dropped below

a threshold. Following Barlow et al. (2015), 21 thresholds around 0.1 m2s� 2 (0.069 to 0.129 m2s� 2) were used to evaluate

uncertainty due to choice of threshold. The �nal mixing height was taken to be the median of the 21 values.
:::
The

::::::
spread

::
in

:::
the

::::::
mixing

:::::
height

::::::
values

::
is

::::::::
generally

:::::
small,

::
as

:::::::::::
demonstrated

::
in

:::::::::::::::::
Barlow et al. (2015).

:
130

2.3 Flux Measurements

Eddy covariance measurements at two sites were used in this study. The �rst is located on top of the British Telecom (BT)

Tower (191 m agl, 218 m asl, 51� 31'17”W, 0� 08'20”N) which is 3.6 km to the northeast of the LSBU site. Flux data presented

here were measured by a sonic anemometer (R3-50, Gill Instruments Ltd) with a sampling rate of 20 Hz. For a full description

of other instruments and the site see Lane et al. (2013). The instruments were placed on a mast on top of an open-lattice135

scaffolding tower of height 12.3 m to minimise �ow distortion (Barlow et al., 2011b). Turbulent �uxes were calculated in

half-hourly averages using the methodology set out by Wood et al. (2010).

The second set of instruments was located near to the lidar on the LSBU roof-top (see Fig 1 b). A 3D sonic anemometer

(R3-50, Gill Instruments Ltd) was logged at 20 Hz and mounted on a mast so that the centre of the measurement head was 3.83

m above the roof. Alongside this was an automatic weather station, logged at 1Hz (Vaisala WXT520) whose uppermost 2D140

sonic anemometer and rain sensor were at 2.96 m. Due to limited options for safe installation of the mast it was located to the

west of a plant room of approximate height 1.6 m. It is acknowledged that the LSBU turbulence measurements are well within

the roughness sub-layer and in�uenced by the plant room for easterly winds. Placing a �ux tower within the inertial sub-layer

(ISL) is unfeasible practically as the minimum height of the ISL is likely to be at least twice maximum building height, i.e.,

around 180 m based on Building A.145

All data are averaged in 30-min periods, including the lidar wind pro�les derived from the VAD 75� scans every 6 minutes

and the 2–3 VAD 0� scans measured every 12 minutes. Processing all data in 30-minute averages facilitates straightforward

�ltering of periods based on mixing height, stability at the BT Tower site, or other meteorological parameters as described in

the following sections.

3 Wind and Stability Climatology150

The wind rose above the roughness sub-layer at around2:5� HA (Fig. 2(b)) was derived from the VAD 75� scans by averaging

wind speed from three 18 m gates, i.e. from 195.5 m to 249.5 m agl with a midpoint height of 222.5 m agl. During the

measurement year, the predominant wind direction at the site was west – southwesterly, with a median windspeed of 7.7 m
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s� 1. The 0� elevation scan intersects with taller buildings, suggesting that the height of this scan (36.5 m asl) is in the roughness

sub-layer. Hence, a spatially-averaged wind vector was approximated by a) �tting a sinusoid to radial velocities with azimuth155

angle to give a wind vector at each range gate (Päschke et al., 2015), and b) averaging the wind vectors across all range gates

out to 500 m. An example of this method is shown in Fig. 4. Fig. 2(a) shows that the wind speed at 36.5 m is lower compared to

222.5m (median windspeed = 2.6 m s� 1) and the most frequent wind direction is backed slightly (south-westerly). Compared

to the wind-rose at 222.5 m, there is an increase in the frequency of southwesterly and northeasterly winds and a decrease in

northwesterly and southeasterly winds. As Fig. 1 shows, most tall buildings are located to the northwest and southeast of the160

site, which might create a neighbourhood-scale channelling effect.

The effect of atmospheric conditions on building wakes will be analysed according to two measures. The urban Monin

Obukhov stability parameter was calculated using BT Tower eddy covariance measurements, wherez � zd = 180 m (displace-

ment heightzd estimated to be 11 m) andL is the Obukhov length. The frequency of different stability classes was as follows

:::::::
(selected

::
to

:::
be

::::::::::::
proportionally

:::::::::
distributed

::::
with

:
a

:::::::::
minimum

:::::::
coverage

::
of

:::
15

:::
%): very unstable (z� zd

L < � 0:5, 27.4 %), unstable165

(� 0:5 < z� zd
L < � 0:1, 17.5 %), near neutral (� 0:1 < z� zd

L < 0:1, 17.1 %), stable (0:1 < z� zd
L < 0:5, 15.9 %), and very stable

( z� zd
L > 0:5, 21.6 %). Most stability classes occur in similar frequencies, although very unstable cases occur most often.

When conditions are stable according to the local measurements at the BT Tower, they may be located in the residual

layer above a shallow, night-time boundary layer which can even be weakly convective due to delayed heat release from the

urban surface (Barlow et al., 2015; Halios and Barlow, 2018). It should be noted that temperature pro�ling by radiosondes,170

tethersondes or RASS is not permitted in central London. Therefore, the mixing height is also used to categorise atmospheric

conditions. An estimate of the mixing heightzMH was derived from the vertical velocity variance as explained in Sect. 2.2. As

�ow patterns around buildings can be sensitive to the height of the building relative to the boundary layer depth (Bächlin et al.,

1983) the height of building A (H ) is divided by the mixing height (zMH ). Here, three classes are chosen: shallow mixing height

that is no more than twice the building height (H
zMH

> 0:5, 14.7 %)
:::::::
typically

:::
the

::::::::
minimum

:::::
depth

::
of

::::
the

::::::::
roughness

::::::::
sublayer175

::::::::::::::::::
(Raupach et al., 1991), moderate mixing height (0:1 < H

zMH
< 0:5, 31 %) and deep mixing height (HzMH

< 0:1, 13 %)
:
,

:::::
when

::::
there

::
is

:
a

::::::::::
well-mixed

:::::::::
convective

::::::::
boundary

:::::
layer.

The method of retrieving the mixing height cannot return an accurate result in cases where the vertical velocity variance

threshold is not reached. This can occur when the variance is less than 0.1 m2s� 2 in the lowest gate where signal can be

retrieved (gate 4, mid-point height98.5
:::
96.5

:
m agl) which is often the case when there is a very stable, shallow boundary layer.180

Alternatively, mixing height is not determined when the SNR reduces below the threshold for ensuring data quality but the

vertical velocity variance has not yet reduced below 0.1m2s� 2. This may occur when clean air is entrained at the top of a deep

convective boundary layer, causing low SNR, or when there is a cloud present, causing large attenuation of signal. Filtering

out these cases (41.2 %) reduces uncertainty in the ratioH
zMH

and analysis in the following sections is done on the remaining

58.8 % of 30 minute time periods.185

As mixing height is strongly correlated with stability, the two measures are combined to classify the boundary layer affecting

wakes: stable and shallow, neutral and moderate, and unstable and deep (Fig. 3). Fig. 3 shows that for the data �ltered by

available mixing height, the predominant wind direction is still southwesterly, with approximately equal partitioning between

6



the three boundary layer classes. For westerly to northerly directions there are few cases where the boundary layer is stable and

shallow. This is in contrast to easterly wind directions where the majority of the cases have a stable and shallow boundary layer.190

In the United Kingdom, easterly �ow is often associated with high pressure, stable conditions and shallow boundary layers due

to enhanced subsidence. During the �rst part of this study the focus lies on the predominant wind direction (� � 220� ) as there

is a large amount of data and all stability classes are observed in approximately equal frequencies.

4 Analysis of Horizontal VAD Scans at 0� Elevation

In order to identify building wakes in the VAD 0� scans, the velocity de�cit is estimated from the radial velocity �eld. Velocity195

de�cit can be de�ned as the decrease in velocity behind an object compared to the undisturbed �ow (Hertwig et al., 2019)

or upstream/ambient �ow (Aitken et al., 2014), which are not available in the present study. Instead, a neighbourhood scale

spatially-averaged velocity is estimated and the derivation is illustrated in Fig. 4.
::
We

:::::::::::
acknowledge

::::
this

:::::
makes

:::
the

::::::::::
comparison

::
of

::
the

:::::::::
magnitude

::
of

:::
the

:::::::
velocity

::::::
de�cit

::::
with

:::::::
previous

::::::
studies

:::::::
dif�cult.

::::::::
However,

:::::::::
measuring

::
in

::
an

:::::
urban

::::
area

:::::
limits

:::
the

::::::::::
possibilities

::
for

:::::::::
measuring

::::::::::
undisturbed

:::::
�ow.

:
The instantaneous radial velocity as a function of range and azimuth angleV� (r ,� ) for one200

scan is shown in Fig. 4a. Negative and positive radial velocities are towards and away from the lidar respectively, hence the

�ow is northeasterly in the example. Next, the wind vector was derived for each range gate using a least squares method

(Paeshke) to �t a sine function to the rays of the scan (every 5� in azimuth) for which there was a good retrieval. The wind

vectors were then averaged across range out to a chosen radius (typically 500 m) around the lidar to give a neighbourhood

scale spatially-averaged velocity,V , from which spatially-averaged radial velocity was calculated using205

V� = V sin(� � � + 3=2
::

� )V : (1)

where� is the azimuth angle and� the wind direction. ProjectingV� across all gates gives the
:::::::::::::::
spatially-averaged radial velocity

�eld
::
V� :

pertaining to the spatially-averaged velocity
::
V, i.e. what the lidar would measure if the wind �eld were homogeneous

(Fig. 4c). The instantaneous velocity de�cit �eld is then de�ned asV� � V� (i.e. Fig. 4a minus Fig. 4c) which is then normalised

by the spatially averaged radial velocityV� (Fig. 4d).210

Buildings that intersect the lidar beam are clearly visible in the attenuated backscatter coef�cient,
:::::::::
calculated

::::
using

::::::::::::::::::::
Manninen et al. (2016)

(Fig. 4(b)) where they are denoted by� > 10� 4m� 1sr � 1
::::::::
� > 10� 4

:::::::
m� 1sr� 1. Obstacles are thus simply located by applying

this threshold. Obstacles can be buildings, trees or masts and may vary throughout the measurement period, as trees lose their

leaves and new structures are built throughout the measurement year.

Southeast of the lidar there is no signal, because a plant room and other instruments on the roof blocked the �eld of view of215

the lidar (see Fig. 1(b)). Therefore, this study will focus on building wakes to the north and west of the lidar. Behind obstacles

no reliable signal was returned and these radial velocities are �ltered out. The velocity de�cit of a single scan varies greatly

spatially (Fig. 4d) and wakes of individual obstacles are not easily distinguishable. Given that building wakes persist over time

whereas passing turbulent coherent structures are transient, averaging over an ensemble of scans is proposed.
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When averaging an ensemble of radial velocity scans for the predominant wind direction where� = 220� � 10 � , the220

effect obstacles have on the �ow becomes clearer (Fig. 5).
:
It

::
is

::::::::::::
acknowledged

::::
that

::::
there

:::::
might

:::
be

::::
large

:::::
errors

::
in

::::::::::::
instantaneous

:::::::::
normalised

:::::::
velocity

::::::
de�cits

::::
for

:::
this

:::::
wind

:::::
angle

::
as

:::
the

::::
line

::
of

:::::
sight

:::::
radial

:::::::
velocity

:::::
may

::
be

::::::::
near-zero

::::
due

::
to

:::
the

:::::
lidar

:::::
beam

:::::::
scanning

::::::::::::
perpendicular

::
to

:::
the

:::::
wind

:::::::
direction

::
in

::::
the

:::::::
building

::::::
wakes.

::::::::
However,

::
in

::::::
taking

::
an

::::::::
ensemble

::::::
mean,

:
a
::::::::
coherent

:::::
wake

:::::::
structure

::::::::
emerges. Most of the obstacles identi�ed by high attenuated backscatter values show a wake in the radial velocity �eld

along the predominant wind direction. As mentioned in Sec. 2.1, the focus will be on buildings A and B as these are closest to225

the lidar where there is better data quality and resolution, and generally the wakes were not obstructed by other objects. Fig.

5(b) shows the ensemble mean of the normalised velocity de�cit. Both buildings clearly exhibit a wake oriented stream-wise

with the wind direction. To the south of building A there is a speed-up of the wind. For this wind direction the wake of building

B possibly affects the wake of building A due to deceleration upstream of building A.

By comparison with Fig. 1(a), wakes from other buildings can be identi�ed. The 75 m tall building approximately 580 m to230

the west of the lidar also shows a distinct wake stretching at least 300 m downstream. To the south of this building there are

two smaller obstacles that also generate a disturbance in the �ow. At 500 m southwest of the lidar is a small cupola on top of

the Imperial War Museum. The weaker downstream in�uence of these smaller obstacles can nevertheless be detected in the

ensemble mean.

Given that building wakes can be identi�ed in the ensemble-averaged VAD 0� scans, we now choose to quantify wake235

dimensions using ensemble means rather than instantaneous scans (as used in wind turbine studies to identify wind patterns

associated with loading). This is more relevant to pollution dispersion over longer timescales.

5 Wake Characteristics During Neutral Conditions

The magnitude of the velocity de�cit during neutral conditions will now be assessed. Since Hertwig et al. (2019) do not report

wind tunnel measurements for the predominant wind direction which would be directly comparable, we follow their analysis240

by comparing wake data with the ADMS-Build model, which is a small-de�cit wake model based on constant eddy-viscosity

theory (Robins and McHugh, 2001). For a full description of the model, see Appendix 1 of Hertwig et al. (2019). The building

dimensions used in the calculation are height (A = 93m, B = 41m), width (A = 28m, B = 42m) and length (A = 33m, B = 42m),

taken from the data used for Fig. 1(a).

As inputs, the ADMS-Build model requires the wind speed at building height H, which is here approximated by the245

::::::::
magnitude

:::
of

:::
the spatially-averaged windspeedV� ::::::

velocity
::::
jV j from each instantaneous VAD 0� scan. Also, the 30 minute

averaged friction velocity at the LSBU roof-top site. The friction velocity at the LSBU site is a measurement in the roughness

sublayer and may be underestimated compared the friction velocity in the inertial sublayer (Rotach, 1999; Kastner-Klein and

Rotach, 2004). However, the local �ow around the buildings could enhance the friction velocity (e.g. Christen et al., 2009;

Theeuwes et al., 2019b). Using the friction velocity from the BT Tower site at 191m height had a negligible difference in the250

magnitude of the modelled wake (not shown).
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Fig. 6 shows that the
::::
width

:::
of

:::
the

:::::
wake

:::::::::::
(y-direction)

::
is

::::::::
measured

::
to

:::
be

:::::
about

:::
115

:::
m

:::
for

:::::::
building

::
A

::::
and

::
on

:::::::
average

::::
110

::
m

:::
for

:::::::
building

:::
B.

::::
The

:::::
length

:::
of

:::
the

::::::
wakes

:::::::::::
(x-direction)

::
is

:::::
more

::::
than

::::
150

::
m.

::::::
Here,

:::
we

:::::
de�ne

::::
the

:::::
wake

:::::::::
dimension

::
to

:::
be

::::
when

:::
the

:::::::
median

::
of

:::
the

:::::::::
normalised

:::::::
velocity

::::::
de�cit

::
in

:::
the

::::::::::::
measurements

:::
and

:::
the

::::::
model

::
is

:::
less

::::
than

::::::
� 0.06.

::::
The ADMS model

underestimates the intensity and physical extent of the normalised velocity de�cit due to the wakes of Buildings A and B, at255

relative heights0:37� HA and0:83� HB . The intensity underestimate might partly be explained by the wind-speed input being

less than the wind speed at the building, however, the modelled lateral spread is narrower and decay downstream is more rapid

than the observed wake. Hertwig et al. (2019) also showed an underestimation of the velocity de�cit intensity and spread by

ADMS compared to wind tunnel measurements, especially close to the urban canopy. Their measured wind pro�les showed

that the wake structure is altered by the presence of the roughness sublayer, which is not represented in the simple ADMS260

wake model. A full test of the model formulation requires three-dimensional measurements to explore whether diffusivity is

enhanced due to urban canopy turbulence, causing wakes to spread further. Whilst the present result is limited, it con�rms

the trend for model underestimation from the (Hertwig et al., 2019) study. Nevertheless, it is encouraging that a simple wake

model can capture such complex wakes to some degree.

6 Sensitivity of Wake Characteristics To Atmospheric Conditions265

Having presented a methodology for observing building wakes using Doppler lidar and shown that they exhibit similar dimen-

sions to those modelled for a simple, cubic building under neutral conditions, we return to our hypotheses that stability and

upstream roughness affect wake dimensions. The sensitivity to wind speed and direction are also tested in this section.

6.1 Effect of Stability on Wake Dimensions

We expect that enhanced upstream turbulence intensity leads to higher momentum diffusivity and therefore a velocity de�cit270

that decays more rapidly with distance, i.e. a shorter wake (Castro and Robins, 1977). This might occur with larger upstream

obstacles, and/or more unstable atmospheric conditions. A second hypothesis is that the effect of stability would be less if

upstream roughness is large (Aitken et al., 2014). As mentioned in Sec. 3, two parameters (mixing height and Obukhov length)

were used to classify the boundary layer as stable and shallow; neutral and moderate; or unstable and deep. The differences

between wake structure for the three stability classes appear minor (Fig. 7 and 8). However, the wake of building B is shorter275

for deep and unstable boundary layers compared to the other two stability classes (Fig. 8d), with the normalised velocity de�cit

reaching zero by 100 m downstream. This is not the case for building A (Fig. 8b). From our prior hypotheses, it seems that

the wake from building B enhances turbulence intensity upstream of building A, causing stability to impact wake dimensions

less for building A. The wake of building A is also asymmetrical and is not directly parallel to the wind direction, exhibiting

accelerated �ow just to the south–southeast. The magnitude of this �ow acceleration is similar across all three stability classes.280

::
At

:::
this

:::::
time

::
the

:::::
cause

:::
of

:::
the

:::::::::
asymmetry

::
of

:::
the

:::::
wake

::
is

::::::::
unknown.

::
It

::
is

:::::::
possible

::
it

:
is

::::::
caused

:::
by

:::
the

:::::::::::::
inhomogeneous

::::
�ow

::::
due

::
to

::
the

:::::
wake

::
of

:::::::
building

::
B

::
or

::::
due

::
to

:::::::::
channeling

:::::
from

::
the

:::::
taller

::::::::
buildings

::
in

:::
the

::::::::::
south–north

:::::
street

::
of

:::::::
building

:::
A.
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6.2 Wind Speed

We also analysed the results by wind speed, using the spatially-averaged velocity derived from the 0� degrees elevation scans,

V . This analysis includes more data than the previous �gure, because the data is independent of the mixing height, which285

is not always able to be classi�ed. The expectation is that wake behaviour in light winds would be very variable as the �ow

is unstable or stable, but behaviour should converge as wind speeds increase, turbulence intensity decreases, and �ow tends

towards neutral. However, the in�uence of the wind speed on the length, width, and magnitude of the wakes is not signi�cant

(Fig. 9). For building B, this is perhaps because the previously demonstrated dependence on unstable conditions is averaged out

by stable conditions within the lower wind speed classes. These results are again similar to the study by Iungo and Porté-Agel290

(2014), who did not �nd large differences in the length of the wind turbine wake for different background wind speeds. This

provides con�dence that the wake length of building B for� � 220� is shorter due to unstable conditions.

6.3 Wind Direction

As the wind changes direction, the lidar can have a better viewing angle of the wake and better spatial resolution. This section

addresses whether wake characteristics change with �ow direction. Fig. 10 shows ensemble mean normalised velocity de�cit295

for non-prevailing wind directions with suf�cient scans, averaged over all stabilities. Fig. 11 and 12 show selected cross-

sections and their dependence on stability and wind speed. The wind direction used for �ltering the data is the spatially

averaged wind direction from the0� elevation scans.
::::
Only

::::::
classes

::::
with

::::
more

::::
than

:::
10

:::::
scans

:::
are

:::::::
included

::
in

:::
the

:::::::
analysis.

:

During a northerly �ow the wake from building A is weak (Fig. 10a) due to the buildings upstream obstructing the �ow.

The building is almost symmetrical, therefore its shape is unlikely to explain a difference with oncoming �ow direction. Figure300

1(a) shows several tall buildings directly north of building A at distances of 500 and 600 m. The wake from building B is not

visible, as the wind direction is northerly and the radial velocity around 270� is near zero.

For a wind direction of 60� there is a much longer wake behind building A (Fig. 10b) compared to� = 220� where building

B wake was upstream. The streamwise cross-section shows that the wake takes up to approx. 300 m to decay towards the spatial

mean velocity (Fig. 11b). There are very few tall obstacles obstructing the �ow upwind of building A. The results suggest a305

longer, wider, stronger wake with higher wind speeds (Fig. 12 a and b), and that unstable conditions produce a shorter wake

(Fig. 11b), which supports the �nding for� = 220� .

For a wind direction of 250� the wake from building B is shorter and weaker than for 220� (Fig. 10b compared to Fig.

8), shows a similar sensitivity to stability (Fig. 11b) and strengthens with wind speed (Fig. 12b). The width of the building

presented to the wind is similar, to 220� therefore the width is similar.310

For a wind direction of 290� , which is uncommon, there are fewer scans but similar dependencies are found for the wake

of building A (Figs. 10e, 11e-f, and 12e-f). The data that is available shows unstable and low wind speed conditions lead to a

shorter and narrower wake compared to neutral and high wind speed conditions.

Finally, for a wind direction of 315� (Figs. 10f, 11g-h, and 12g-h) building A is exactly upwind of the lidar, leading to

maximum changes in radial velocity and a well-resolved wake. There is a less clear dependency on stability or wind speed.315
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However, the wake is considerably shorter than for� = 290� : there is a tall building c. 600 m directly upstream of A that may

enhance turbulence intensity (Fig. 1(a)). The regions of speed-up on each side of building A indicated by positive values of

velocity de�cit are stronger and the wake is narrower, perhaps in�uenced by channelling �ow induced by building B.

Overall, analysis of the data categorised by wind speed is affected by uneven and small samples across the categories.

Nevertheless, the results broadly support the conclusions summarised in the previous section, that unstable conditions produce320

shorter wakes, neutral conditions with higher winds speeds produce longer wakes. However, the most notable conclusion

might be that inhomogeneity in the built environment is often the dominant factor and changes with wind direction. Boundary

layer stability and wind speed only appear to in�uence wake behaviour when the fetch upwind of the obstacle is relatively

homogeneous.

7
:::::::::::
Implications

:::
for

:::::::
Further

:::::
Field

:::::::
Studies325

:::::::::::::::
Methodologically,

::::
there

:::
are

::::::
several

:::::::::
limitations

:::
of

:::
this

::::::
study:

:::::
results

::::
may

:::
be

:::::::
sensitive

::
to

:::
the

::::::::::::::::
spatially-averaged

:::::
radial

:::::::
velocity

::::::
de�ned

::
as

:::::::::
reference

::::
wind

::::::
speed,

::::::::
although

::::::::::
uncertainty

::::::
ranges

::::
have

:::::
been

::::::::
presented.

::::::::::
Resolution

:::::::
depends

:::
on

:::::::
viewing

::::::
angle,

:::::
which

::
in

::::
turn

:::::::
depends

::
on

::::::::
obtaining

::::::::::
permission

::
to

:::::
locate

:::
the

:::::::::
instrument

:::
on

:
a

::::::
certain

::::::::
building.

:::::
Errors

::
in

:::::::
velocity

:::::::
de�cits

:::::
could

::
be

:::::::
reduced

::
by

::::::::
selecting

:::::::
scanning

:::::::::
directions

::::::
aligned

::::
with

:::
the

::::::::
prevailing

::::::
winds,

::
if

::
an

:::::::
optimal

:::::::::::
building-lidar

:::::::::::
con�guration

:::
can

:::
be

:::::
found.

:::::::
Relative

::::::
height

::
of

::::
lidar

:::
and

::::::::
building

::
in

:::
this

:::::
study

:::::
limits

:::
the

::::::::::
conclusions

::
to

:::
one

:::::::::
horizontal

::::::
“slice”

:::::::
through

:::
the

:::
3D

:::::
wake.330

:::
The

::::::::
ensemble

::::::::
averaging

::::::::
approach

::::::
should

:::
be

:::::::
explored

::::
for

::
its

::::::::::
relationship

::
to

::::
e.g.,

:::::
wind

:::::
tunnel

:::::::::
ensembles

::::
with

::::::::
stationary

:::::
�ow.

:::::
Future

::::::::::::
observational

:::::
work

::::::
should

::::::
explore

::::::::
different

::::
lidar

:::::
scan

:::::::
patterns

:::
and

::::::::::::
building-lidar

:::::::::::::
con�gurations.

::::
This

::::::
raises

:::
the

:::::::
question

::
of

:::::
which

:::::::::
archetype

::
is

:::::::
relevant

::
to

:::::
study:

:::
an

::::::
isolated

:::
tall

::::::::
building

::::
with

:
a

::::
fully

:::::::::
developed

:::::
wake

::
is

:::::::
probably

::::
rare

::::::
within

:::::
cities;

::::::
clusters

::
of

::::::
similar

:::
tall

::::::::
buildings

:::
can

:::
be

:::::
found;

:::::
more

:::::::
common

::
is

:
a

::::::
sparse

::::
array

::
of

:::::
taller

:::::::
buildings

::
of

::::::::
different

:::::
shapes

::::::
where

:::::
wakes

::::::
overlap

::::
and

:
a

::::
deep

:::::::::
roughness

:::::::
sublayer

:
is

::::::
found.

:::
For

::::::
certain

:::::
cities,

::::
e.g.,

::::
New

:::::
York,

:
a

:::::::
compact

:::::
array

::
of

:::
tall

::::::::
buildings

:::::
forms335

:
a

:::::
dense

:::::::
canopy.

8 Conclusions

Observations of tall building wakes in urban areas are important for determining their impact on local wind microclimate and

pollutant dispersion. To our knowledge, this is the �rst year-long study to observe tall building wakes in a real and complex

urban environment under atmospheric conditions using a Doppler lidar. The results from this study can be used to inform340

dispersion modelling and numerical weather prediction.

A Doppler lidar was located in central London at a height of 33.5 m above ground level, while the dense low to mid-rise

urban canopy surrounding the site had a mean height of 12.8 m with occasional tall buildings higher than the measurement

height. It was demonstrated that velocity de�cits due to tall building wakes were detectable in Velocity Azimuth Display scans

at an elevation of 0� . An ensemble averaging approach was used to obtain mean wake characteristics as a function of wind345

direction and atmospheric conditions.
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Two buildings in close proximity to the lidar were studied; one of 90 m height with a slender, symmetrical plan shape,

and one of 40 m agl height with a rectangular plan shape. Typical observed wake lengths were 120-300 m and widths were

80-150 m under different atmospheric conditions. Under neutral conditions, wake dimensions were compared with predictions

using the ADMS-Build dispersion model. Compared to the observations, the model under-predicted the wake width, length350

and velocity de�cit, which is consistent with the wind tunnel study of Hertwig et al. (2019) for the same site. This suggests that

simple dispersion model assumptions of wake shape and mixing should be revisited for high aspect ratio buildings embedded

within urban canopies.

In the �eld, unstable conditions co-exist with a deeper boundary layer, and stable conditions with a shallower boundary layer,

therefore the effect of these in�uences cannot be separated. Eddy covariance measurements at 191 m on top of a telecommu-355

nications tower (BT Tower) combined with the mixing height derived from vertical Doppler lidar scans, were used to de�ne

three stability classes. Unstable conditions with a deeper boundary layer produced a shorter wake unless turbulence upstream

of a building was enhanced (e.g., by the wake of an upstream building). This is similar to the �ndings of Hertwig et al. (2019)

under neutral conditions and the wind turbine studies of Aitken et al. (2014) under atmospheric conditions.

The weakened stability dependence was con�rmed as the wind direction incident on the buildings changed and there were360

fewer or more obstacles upstream. This result is understandable as under unstable conditions, stronger mixing reduces the

velocity de�cit. However, a local enhancement of mechanically produced turbulence due to an upstream obstacle dominates

over buoyant production, causing locally neutral conditions in the wake. Stable and shallow boundary layer conditions were

insuf�ciently sampled (being less common in urban areas) or produced wake dimensions not signi�cantly different to neutral

conditions.365

Building wakes for the predominant wind direction (south-westerly) showed little sensitivity to wind speed but for most

other wind directions the wake length and width increased with increasing wind speed. This is consistent with the previous

result that under near neutral conditions (higher wind speeds), turbulence intensity is reduced and wakes are longer than under

unstable conditions.

Site-speci�c �ow patterns due to other roughness elements in�uenced wake structure. In particular, �ow speed-up effects370

were observed around the wake when wake interference or channelling �ow between buildings was apparent. Methodologically,

thereareseverallimitationsof thisstudy:resultsmaybesensitiveto thespatially-averagedradialvelocityde�ned asreference

wind speed,althoughuncertaintyrangeshavebeenpresented.Resolutiondependsonviewingangle,which in turndependson

obtainingpermissionto locatethe instrumenton a certainbuilding. Relativeheightof lidar andbuilding in this studylimits

theconclusionsto onehorizontal“slice” throughthe3D wake.Theensembleaveragingapproachshouldbeexploredfor its375

relationshipto e.g.,wind tunnelensembleswith stationary�ow.

Futureobservationalwork shouldexploredifferent lidar scanpatternsand building-lidar con�gurations.This raisesthe

questionof which archetypeis relevantto study:anisolatedtall building with a fully developedwakeis probablyrarewithin

cities;clustersof similartall buildingscanbefound;morecommonis asparsearrayof tallerbuildingsof differentshapeswhere

wakesoverlapandadeeproughnesssublayeris found.Forcertaincities,e.g.,NewYork, acompactarrayof tall buildingsforms380

adensecanopy.
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The implications for modelling or theoretical work is that for isolated tall buildings, stability effects seem to be more

important compared to when simulating clusters of tall buildings, when wake interference appears to dampen stability effects.

In all cases, the presence of an urban canopy at low levels modi�es tall building wakes Hertwig et al. (2019). As previous studies

(Heist et al., 2009; Brixey et al., 2009) have established that tall buildings also alter nearby �ow within the urban canopy, two-385

way coupling between the two under different stability conditions and building heating patterns should be a priority in future

work.

Code availability. Codes will be available upon request

Data availability. Data will be available upon request

Author contributions.TEXT390

Competing interests.The authors declare no competing interests

Acknowledgements.The authors acknowledge the kind permission of London Southbank University (LSBU) and BT for installing equip-

ment. In particular we thank Dr Elsa Aristodemou, Chris Barnes, and Peter Robinson at LSBU. Technical support was provided by Dr Hannah

Gough, Jessica Brown, Ian Read, Eric Mathieu, and Maria Broadbridge at University of Reading. Special thanks to Dr William Morrison for

supplying logging software and data for Figure 1. N. Theeuwes was funded under the Engineering and Physical Sciences Research Council395

(EPSRC) Grand Challenge grant "Managing Air for Green Inner Cities (MAGIC)" [grant number EP/N010221/1] and NWO Rubicon grant

"Clouds above the city" [019.161LW.026]. J. Barlow was supported under the EPSRC grant "Fluid dynamics of Urban Tall-building clUs-

ters for Resilient built Environments (FUTURE)" [EP/V010166/1] and equipment was bought under the EPSRC grant "Advanced Climate

Technology Urban Laboratory" [EP/G029938/1].

13



References400

Aitken, M. L., Banta, R. M., Pichugina, Y. L., and Lundquist, J. K.: Quantifying Wind Turbine Wake Characteristics from Scanning Remote

Sensor Data, Journal of Atmospheric and Oceanic Technology, 31, 765–787, https://doi.org/10.1175/jtech-d-13-00104.1, 2014.

Allwine, K. J., Shinn, J. H., Streit, G. E., Clawson, K. L., and Brown, M.: Overview of URBAN 2000: A multiscale �eld study of dispersion

through an urban environment, Bulletin of the American Meteorological Society, 83, 521–536, 2002.

Aristodemou, E., Mottet, L., Constantinou, A., and Pain, C.: Turbulent Flows and Pollution Dispersion around Tall Buildings Using Adaptive405

Large Eddy Simulation (LES), Buildings, 10, 127, https://doi.org/10.3390/buildings10070127, 2020.

Bächlin, W., Plate, E., and Kamarga, A.: In�uence of the ratio of building height to boundary layer thickness and of the approach �ow

velocity pro�le on the roof pressure distribution of cubical buildings, Journal of Wind Engineering and Industrial Aerodynamics, 11,

63–74, https://doi.org/10.1016/0167-6105(83)90090-9, 1983.

Banta, R. M., Pichugina, Y. L., Kelley, N. D., Hardesty, R. M., and Brewer, W. A.: Wind Energy Meteorology: Insight into Wind Properties410

in the Turbine-Rotor Layer of the Atmosphere from High-Resolution Doppler Lidar, Bulletin of the American Meteorological Society, 94,

883–902, https://doi.org/10.1175/bams-d-11-00057.1, 2013.

Barlow, J. F., Dunbar, T., Nemitz, E., Wood, C. R., Gallagher, M., Davies, F., O'Connor, E., and Harrison, R.: Boundary layer dynamics over

London, UK, as observed using Doppler lidar during REPARTEE-II, Atmospheric Chemistry and Physics, 11, 2111–2125, 2011a.

Barlow, J. F., Harrison, J., Robins, A. G., and Wood, C. R.: A wind-tunnel study of �ow distortion at a meteorological sensor on top of the415

BT Tower, London, UK, Journal of wind engineering and industrial aerodynamics, 99, 899–907, 2011b.

Barlow, J. F., Halios, C. H., Lane, S., and Wood, C. R.: Observations of urban boundary layer structure during a strong urban heat island

event, Environmental Fluid Mechanics, 15, 373–398, 2015.

Barthelmie, R., Pryor, S., Wildmann, N., and Menke, R.: Wind turbine wake characterization in complex terrain via integrated

Doppler lidar data from the Perdigão experiment, Journal of Physics: Conference Series, 1037, 052 022, https://doi.org/10.1088/1742-420

6596/1037/5/052022, 2018.

Barthelmie, R. J., Crippa, P., Wang, H., Smith, C. M., Krishnamurthy, R., Choukulkar, A., Calhoun, R., Valyou, D., Marzocca, P., Matthiesen,

D., Brown, G., and Pryor, S. C.: 3D Wind and Turbulence Characteristics of the Atmospheric Boundary Layer, Bulletin of the American

Meteorological Society, 95, 743–756, https://doi.org/10.1175/bams-d-12-00111.1, 2014.

Bingöl, F., Mann, J., and Larsen, G. C.: Light detection and ranging measurements of wake dynamics part I: one-dimensional scanning, Wind425

Energy, 13, 51–61, https://doi.org/10.1002/we.352, 2010.

Bodini, N., Zardi, D., and Lundquist, J. K.: Three-dimensional structure of wind turbine wakes as measured by scanning lidar, Atmospheric

Measurement Techniques, 10, 2881–2896, https://doi.org/10.5194/amt-10-2881-2017, 2017.

Brixey, L., Heist, D. K., Richmond-Bryant, J., Bowker, G., Perry, S., and Wiener, R.: The effect of a tall tower on �ow and dispersion through

a model urban neighborhood. Part 2. Pollutant dispersion, Journal of Environmental Monitoring, 11, 2171–2179, 2009.430

Calhoun, R., Heap, R., Princevac, M., Newsom, R., Fernando, H., and Ligon, D.: Virtual Towers Using Coherent Doppler Li-

dar during the Joint Urban 2003 Dispersion Experiment, Journal of Applied Meteorology and Climatology, 45, 1116–1126,

https://doi.org/10.1175/jam2391.1, 2006.

Castro, I. P. and Robins, A. G.: The �ow around a surface-mounted cube in uniform and turbulent streams, Journal of Fluid Mechanics, 79,

307–335, https://doi.org/10.1017/s0022112077000172, 1977.435

14



Christen, A., Rotach, M. W., and Vogt, R.: The budget of turbulent kinetic energy in the urban roughness sublayer, Boundary-layer Meteo-

rology, 131, 193–222, 2009.

Collier, C. G., Davies, F., Bozier, K. E., Holt, A. R., Middleton, D. R., Pearson, G. N., Siemen, S., Willetts, D. V., Upton, G. J. G., and

Young, R. I.: Dual-Doppler Lidar Measurements for Improving Dispersion Models, Bulletin of the American Meteorological Society, 86,

825–838, https://doi.org/10.1175/bams-86-6-825, 2005.440

Drew, D. R., Barlow, J. F., and Lane, S. E.: Observations of wind speed pro�les over Greater London, UK, using a Doppler lidar, Journal of

Wind Engineering and Industrial Aerodynamics, 121, 98–105, https://doi.org/10.1016/j.jweia.2013.07.019, 2013.

Filioglou, M., Preissler, J., Troiville, A., Thobois, L., Vakkari, V., Auvinen, M., Fortelius, C., Gregow, E., Hämäläinen, K., Hellsten, A.,

Järvi, L., O'Connor, E., Schönach, D., and Hirsikko, A.: Evaluating modelled winds over an urban area using ground-based Doppler lidar

observations, Meteorological Applications, 29, https://doi.org/10.1002/met.2052, 2022.445

Fuka, V., Xie, Z.-T., Castro, I. P., Hayden, P., Carpentieri, M., and Robins, A. G.: Scalar Fluxes Near a Tall Building in an Aligned Array of

Rectangular Buildings, Boundary-Layer Meteorology, 167, 53–76, https://doi.org/10.1007/s10546-017-0308-4, 2018.

Halios, C. H. and Barlow, J. F.: Observations of the morning development of the urban boundary layer over London, UK, taken during the

ACTUAL project, Boundary-layer Meteorology, 166, 395–422, 2018.

Hansen, K. S., Barthelmie, R. J., Jensen, L. E., and Sommer, A.: The impact of turbulence intensity and atmospheric stability on power450

de�cits due to wind turbine wakes at Horns Rev wind farm, Wind Energy, 15, 183–196, https://doi.org/10.1002/we.512, 2011.

Heist, D. K., Brixey, L. A., Richmond-Bryant, J., Bowker, G., Perry, S., and Wiener, R.: The effect of a tall tower on �ow and dispersion

through a model urban neighborhood. Part 1. Flow characteristics, Journal of Environmental Monitoring, 11, 2163–2170, 2009.

Hertwig, D., Gough, H. L., Grimmond, S., Barlow, J. F., Kent, C. W., Lin, W. E., Robins, A. G., and Hayden, P.: Wake characteristics of tall

buildings in a realistic urban canopy, Boundary-Layer Meteorology, 172, 239–270, 2019.455

Huang, X., Gao, L., Guo, D., and Yao, R.: Impacts of high-rise building on urban air�ows and pollutant dispersion under different temperature

strati�cations: Numerical investigations, Atmospheric Pollution Research, 12, 100–112, https://doi.org/10.1016/j.apr.2021.02.001, 2021.

Iungo, G. V. and Porté-Agel, F.: Volumetric lidar scanning of wind turbine wakes under convective and neutral atmospheric stability regimes,

Journal of Atmospheric and Oceanic Technology, 31, 2035–2048, 2014.

Iungo, G. V., Wu, Y.-T., and Porté-Agel, F.: Field Measurements of Wind Turbine Wakes with Lidars, Journal of Atmospheric and Oceanic460

Technology, 30, 274–287, https://doi.org/10.1175/jtech-d-12-00051.1, 2013.

Kastner-Klein, P. and Rotach, M. W.: Mean �ow and turbulence characteristics in an urban roughness sublayer, Boundary-Layer Meteorology,

111, 55–84, 2004.

Kikumoto, H., Ooka, R., Sugawara, H., and Lim, J.: Observational study of power-law approximation of wind pro�les within

an urban boundary layer for various wind conditions, Journal of Wind Engineering and Industrial Aerodynamics, 164, 13–21,465

https://doi.org/10.1016/j.jweia.2017.02.003, 2017.

Kongara, S., Calhoun, R., Choukulkar, A., and Boldi, M.-O.: Velocity retrieval for coherent Doppler lidar, International journal of remote

sensing, 33, 3596–3613, 2012.

Kotthaus, S., Bravo-Aranda, J. A., Coen, M. C., Guerrero-Rascado, J. L., Costa, M. J., Cimini, D., O'Connor, E. J., Hervo, M., Alados-

Arboledas, L., Jiménez-Portaz, M., Mona, L., Ruf�eux, D., Illingworth, A., and Haeffelin, M.: Atmospheric boundary layer height470

from ground-based remote sensing: a review of capabilities and limitations, Atmospheric Measurement Techniques, 16, 433–479,

https://doi.org/10.5194/amt-2022-14, 2022.

15



Lam, K., Leung, M., and Zhao, J.: Interference effects on wind loading of a row of closely spaced tall buildings, Journal of Wind Engineering

and Industrial Aerodynamics, 96, 562–583, 2008.

Lane, S., Barlow, J. F., and Wood, C. R.: An assessment of a three-beam Doppler lidar wind pro�ling method for use in urban areas, Journal475

of Wind Engineering and Industrial Aerodynamics, 119, 53–59, 2013.

Lindberg, F., Grimmond, C. S. B., Gabey, A., Huang, B., Kent, C. W., Sun, T., Theeuwes, N. E., Järvi, L., Ward, H. C., Capel-Timms, I.,

et al.: Urban Multi-scale Environmental Predictor (UMEP): An integrated tool for city-based climate services, Environmental modelling

& software, 99, 70–87, 2018.

Liu, J. and Niu, J.: CFD simulation of the wind environment around an isolated high-rise building: An evaluation of SRANS, LES and DES480

models, Building and Environment, 96, 91–106, 2016.

Liu, X., Zhang, H., Wu, S., Wang, Q., He, Z., Zhang, J., Li, R., Liu, S., and Zhang, X.: Effects of buildings on wind shear at the airport: Field

measurement by coherent Doppler lidar, Journal of Wind Engineering and Industrial Aerodynamics, 230, 105 194, 2022.

Manninen, A.: HALO Lidar Toolbox, https://github.com/manninenaj/HALO_lidar_toolbox, accessed: 1 Sep 2019, 2019.

Manninen, A., Marke, T., Tuononen, M., and O'Connor, E.: Atmospheric boundary layer classi�cation with Doppler lidar, Journal of Geo-485

physical Research: Atmospheres, 123, 8172–8189, 2018.

Manninen, A. J., O'Connor, E. J., Vakkari, V., and Petäjä, T.: A generalised background correction algorithm for a Halo Doppler lidar and its

application to data from Finland, Atmospheric Measurement Techniques, 9, 817–827, 2016.

Mishra, A., Placidi, M., Carpentieri, M., and Robins, A.: Wake Characterization of Building Clusters Immersed in Deep Boundary Layers,

Boundary-Layer Meteorology, 189, 163–187, 2023.490

Morrison, W., Yin, T., Lauret, N., Guilleux, J., Kotthaus, S., Gastellu-Etchegorry, J.-P., Norford, L., and Grimmond, S.: Atmospheric and

emissivity corrections for ground-based thermography using 3D radiative transfer modelling, Remote Sensing of Environment, 237,

111 524, 2020.

Na�sifard, M., Jakobsen, J. B., Snæbjörnsson, J. T., Sjöholm, M., and Mann, J.: Lidar measurements of wake around a bridge deck, Journal

of Wind Engineering and Industrial Aerodynamics, 240, 105 491, 2023.495

Newsom, R. K., Brewer, W. A., Wilczak, J. M., Wolfe, D. E., Oncley, S. P., and Lundquist, J. K.: Validating precision estimates in horizontal

wind measurements from a Doppler lidar, Atmospheric Measurement Techniques, 10, 1229–1240, https://doi.org/10.5194/amt-10-1229-

2017, 2017.

Nozu, T., Tamura, T., Takeshi, K., and Akira, K.: Mesh-adaptive LES for wind load estimation of a high-rise building in a city, Journal of

Wind Engineering and Industrial Aerodynamics, 144, 62–69, 2015.500

Oke, T.: Observing urban weather and climate, in: WMO Technical Conference on Meteorological and Environmental Instruments and

Methods of Observation (TECO-98), Instruments and Observing Methods Rep.70, WMO/TD NO. 877, 1998.

Ortiz-Amezcua, P., Martínez-Herrera, A., Manninen, A. J., Pentikäinen, P. P., O'Connor, E. J., Guerrero-Rascado, J. L., and Alados-

Arboledas, L.: Wind and Turbulence Statistics in the Urban Boundary Layer over a Mountain–Valley System in Granada, Spain, Remote

Sensing, 14, 2321, https://doi.org/10.3390/rs14102321, 2022.505

Päschke, E., Leinweber, R., and Lehmann, V.: An assessment of the performance of a 1.5 m Doppler lidar for operational vertical wind

pro�ling based on a 1-year trial, Atmospheric Measurement Techniques, 8, 2251–2266, https://doi.org/10.5194/amt-8-2251-2015, 2015.

Pearson, G., Davies, F., and Collier, C.: An Analysis of the Performance of the UFAM Pulsed Doppler Lidar for Observing the Boundary

Layer, Journal of Atmospheric and Oceanic Technology, 26, 240–250, https://doi.org/10.1175/2008jtecha1128.1, 2009.

Raupach, M., Antonia, R., and Rajagopalan, S.: Rough-Wall Turbulent Boundary Layers, Applied Mechanics Reviews, 44, 1, 1991.510

16



Robins, A. and McHugh, C.: Development and evaluation of the ADMS building effects module, International Journal of Environment and

Pollution, 16, 161–174, 2001.

Rotach, M. W.: On the in�uence of the urban roughness sublayer on turbulence and dispersion, Atmospheric Environment, 33, 4001–4008,

1999.

Rye, B. and Hardesty, R.: Discrete spectral peak estimation in incoherent backscatter heterodyne lidar. I. Spectral accumulation and the515

Cramer-Rao lower bound, IEEE Transactions on Geoscience and Remote Sensing, 31, 16–27, https://doi.org/10.1109/36.210440, 1993.

Sheng, R., Perret, L., Calmet, I., Demouge, F., and Guilhot, J.: Wind tunnel study of wind effects on a high-rise building at a scale of 1: 300,

Journal of Wind Engineering and Industrial Aerodynamics, 174, 391–403, 2018.

Song, J., Fan, S., Lin, W., Mottet, L., Woodward, H., Davies Wykes, M., Arcucci, R., Xiao, D., Debay, J.-E., ApSimon, H., et al.: Natural

ventilation in cities: the implications of �uid mechanics, Building Research & Information, 46, 809–828, 2018.520

Stewart, I. D.: A systematic review and scienti�c critique of methodology in modern urban heat island literature, International Journal of

Climatology, 31, 200–217, 2011.

Sun, H., Gao, X., and Yang, H.: A review of full-scale wind-�eld measurements of the wind-turbine wake effect and a measurement of the

wake-interaction effect, Renewable and Sustainable Energy Reviews, 132, 110 042, https://doi.org/10.1016/j.rser.2020.110042, 2020.

Theeuwes, N. E., Barlow, J. F., Teuling, A. J., Grimmond, C. S. B., and Kotthaus, S.: Persistent cloud cover over mega-cities linked to surface525

heat release, npj Climate and Atmospheric Science, 2, 1–6, 2019a.

Theeuwes, N. E., Ronda, R. J., Harman, I. N., Christen, A., and Grimmond, C. S. B.: Parametrizing Horizontally-Averaged Wind and

Temperature Pro�les in the Urban Roughness Sublayer, Boundary-Layer Meteorology, 173, 321–348, 2019b.

Trujillo, J.-J., Bingöl, F., Larsen, G. C., Mann, J., and Kühn, M.: Light detection and ranging measurements of wake dynamics. Part II:

two-dimensional scanning, Wind Energy, 14, 61–75, https://doi.org/10.1002/we.402, 2011.530

Vakkari, V., O'Connor, E., Nisantzi, A., Mamouri, R., and Hadjimitsis, D.: Low-level mixing height detection in coastal locations with a

scanning Doppler lidar, Atmospheric Measurement Techniques, 8, 1875–1885, 2015.
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