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Abstract

Quantification of the terms in the transport equations of turbulence kinetic energy k and
heat in the real urban roughness sublayer is inherently difficult due to variation of terms
with thermal stability, wind speed, wind direction, and horizontal heterogeneity of most
urban sites concerning morphometric parameters and land use. There is also a paucity
of observations in the real urban environment, specifically pertaining to the heat budget,
which motivate such budget analyses to understand the physical processes, inform urban
development, and parametrize microclimate models. The budget terms of k and heat in the
urban roughness sublayer were quantified using field observations conducted in the Reek
Walk, Guelph, Canada, inside a quasi two-dimensional urban canyon located at the Univer-
sity of Guelph, from 15 July 2018 to 5 September 2018. The budget terms were analyzed
under four stability classes, from thermally unstable to stable conditions, and under dif-
ferent wind speeds, from very low to high wind speed conditions. The budget terms were
further analyzed under varying wind directions in eight sectors with respect to the can-
yon axis. For k, the budget terms quantified were storage, advection, buoyant production/
consumption, shear production/consumption, turbulent transport, and dissipation. It was
found that the main transport mechanism for k was driven by the turbulent transport that
relocated k from the shear layer above roof (speculated but not measured) to the urban can-
yon, where it was balanced by shear production/consumption and dissipation terms. The
advection term had lower magnitude to other terms but was greater in magnitude than the
buoyant production/consumption term. For heat, the budget terms quantified were storage,
advection, and flux divergence. It was found that the main transport mechanism for heat
was driven by advection, where either warm or cold air masses were transported to the
urban canyon depending on wind direction. The advection was found to be balanced by
flux divergence. For both k and heat the storage terms were at least one order of magnitude
smaller than other budget terms. For k it was found that with decreasing wind speeds, the
residual (unexplained) portion of the budget increased, suggesting more difficulties in the
Reynolds decomposition approach and budget apportionment in such cases. The findings
for the k& budget were in agreement with previous studies, while the findings for the heat
budget could inspire further investigations. It was noted that the advective transfer mech-
anisms for heat could be overlooked in simplified urban microclimate models, but such
transfer mechanisms need to be accounted for.
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1 Introduction

Airflow and temperature dynamics in the urban environment exhibit numerous complexi-
ties unlike typical atmospheric boundary layers observed in rural areas over flat and homo-
geneous lands. Specifically, the urban roughness sublayer (RSL), where individual rough-
ness elements including buildings, trees, and vehicles influence the airflow and temperature
dynamics, needs to be understood in greater detail [47]. One way to understand the com-
plexities of the urban RSL is to conduct budget analysis of transport equations for momen-
tum, heat, and turbulence kinetic energy k, where each term in the equations is experimen-
tally or numerically approximated, hence quantifying the relative magnitude of transport
mechanisms such as advection, flux divergence, diffusion, or various other source and sink
terms. Below, first previous experimental attempts to perform budget analyses of the trans-
port equations in flows with urban-like roughness elements are reviewed. Then research
challenges are identified in these and other relevant investigations which warrant the need
for alternative methodologies for budget analysis of transport equations. Finally, the objec-
tives and the structure of the present paper are provided.

1.1 Budget analyses in the literature

Budget analyses of k for flows associated with urban-like or real urban elements have been
conducted either at reduced scale [10, 11, 14, 49] or full scale [16, 32, 38]. Most studies
describe a few persistent transport mechanisms for k. It has been found that at higher levels
above roofs the shear or buoyancy production/consumption balance the dissipation rate,
as expected in horizontally-homogeneous boundary layers [14, 16, 32]. Toward the sur-
face, however, buoyancy or shear production/consumption reach a maximum level at roof
level while turbulent transport relocates the produced k upward and downward away from
this layer hence thickening the shear layer [10, 14, 16, 32, 49]. Dissipation rate reaches
the maximum amount toward the canopy layer [32, 49]. It has been found that the layer
within the canopy exhibits turbulent transport, pressure transport, and wake production/
consumption from above, but negligible local production/consumption due to shear and
buoyancy [16]. Studies have found that generally buoyancy production/consumption and
storage terms are smaller in magnitude compared to other terms involving turbulent trans-
port, shear production/consumption, and dissipation [38].

Budget analysis of heat for flows associated with real urban elements have been con-
ducted at full scale [46]. Such investigations are much more limited compared to budget
analysis of k. The only proposed transport mechanism within the canyon is the balance
between flux divergence and heat storage [46]. Other transport mechanisms, such as advec-
tion, have not been studied.

1.2 Non-regularity of urban morphology

In the idealized urban morphologies, such as those found in regular two-dimensional can-
yons with cross-flow conditions, airflow modes are categorized in isolated roughness,
wake interference, or skimming regimes, depending on the spacing of buildings relative
to their characteristic lengths [42]. For convenience and the ability to generalize, many
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observations of budget analysis or other flow properties are conducted over regular or
staggered building arrays, either at partial scale [11, 14, 21, 23, 24, 49] or full scale [32].
However such idealization is seldom realized in real non-regular urban morphologies [58].
Real street canyons may be surrounded by tall or short buildings, parks, or other urban
sites. Streets in many old cities are not positioned at right angles. Even in newer cities
with right-angle street networks, building development is highly heterogeneous, involving
the development of buildings with various heights. Such features create complex flow pat-
terns involving down wash, wake, stagnation, edge-corner vortices, separation, reattach-
ment, tunneling, and other effects. Further, complex heat exchange patterns may occur as
a result of non-regular urban morphologies. In fact many studies carrying analysis in real
urban fields noted the heterogeneity of the urban morphology, which implicated spatial
variability or wind-direction variability of flow statistics [16, 25, 27, 28, 37, 38, 45, 46, 48,
59]. Although inconvenient, this necessitates more observations involving site-specific and
non-regular building morphologies for budget analysis to apportion the terms of transport
equations.

1.3 Field versus wind tunnel or scale model observations

Among the studies investigated, only four performed budget analysis at the full scale urban
environment [16, 32, 38, 46], while others used wind tunnel or scale model observations.
Reduced-scale observations suffer from few limitations because comprehensive scale-sim-
ilarity with full scale observations cannot be achieved to ensure invariance of the Navier-
Stokes equations with scale change. Even though geometric similarity may be achieved
conveniently, aerodynamic and thermodynamic similarities are more difficult to achieve
[24]. For aerodynamic similarity the earlier evidence suggested that reaching a building
Reynolds number of Re ~ 11,000 is sufficient for a scale model, while recent observations
provide evidence that a building Reynolds number as high as Re ~ 87,000 may be neces-
sary, which is more difficult to achieve in a scale model [15]. Achieving thermodynamic
similarity is even more problematic for scale models, since Richardson Ri or Grashof Gr
numbers are seldom matched with a full scale observation [26]. This necessitates more
observations at full scale for budget analysis to apportion the terms of transport equations.

1.4 Effects of thermal stability

For full scale observations, among the studies investigated for budget analysis and other
flow properties, six considered various thermal stability levels [16, 27, 28, 38, 46, 59],
while others only presented data records for near-neutral or thermally unstable conditions
[25, 32, 36, 37, 45, 52, 55]. Klein and Clark [27] observed that under thermally stable
conditions, the mean and turbulent transport mechanisms for momentum, &, and heat can
change. Also the integral time and length scales as well as variances and fluxes of turbu-
lence were observed to reduce under thermally stable condition [6]. Further, thermal stabil-
ity impacts the flux-gradient relationships for momentum and heat [55, 59], apportionment
of the terms of k equation [16], vertical profiles of mean and turbulence statistics for dif-
ferent variables [46, 55], and the turbulent Prandtl number [55]. This necessitates more
observations at full scale for budget analysis to apportion the terms of transport equations
considering thermally unstable, near neutral, and stable conditions.
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1.5 Role of wind direction and speed

For full scale observations, and among the studies investigated for budget analysis, only
three considered the impact of wind direction on the apportionment of the terms of trans-
port equations [16, 38, 49]. Particularly in heterogeneous urban morphologies, mean build-
ing height, plan area density, and frontal area density may vary greatly according to the
wind direction. Observations of Klein and Clark [27] and Klein and Galvez [28] showed
great variability for components of wind speed and k as a function of wind direction for
heterogeneous urban sites. Observations of Theeuwes et al. [55] also indicated variations
in the profiles of wind speed and friction velocity as a function of wind direction. Also,
budget analyses and the Reynolds decomposition approach become problematic when wind
speed is too low, where record-to-record variability of terms in the transport equations are
observed and the meteorological variables are subjected to low-frequency sub-mesoscale
motions [52]. Such evidence calls for more rigorous analysis of the dependency of terms
in the transport equations as a function of wind direction and speed (particularly low wind
speed) for budget analysis.

1.6 Sparsity of heat budget investigations

From the reviewed literature, only one performed budget analysis to apportion the terms of
the heat transport equation [46]. Even in that study, only the components of the flux diver-
gence term were apportioned, while the components of the advection term were ignored.
Observations of Theeuwes et al. [55] indicated that profiles of temperature, vertical turbu-
lent sensible heat flux, and turbulent Prandtl number can vary greatly as a function of wind
direction and thermal stability. Such limited evidence calls for more rigorous investigation
of the dependency of terms in the transport equation for heat by budget analysis.

1.7 Horizontal components of terms in the transport equations

For full scale observations, and among the studies investigated for budget analysis, there
was a lack of studies placing sensors at a horizontal distance to apportion the horizon-
tal components of the terms in transport equations. Only two studies attempted horizon-
tal placement of sensors nearby for budget analyses [38, 46] while others only relied on
single-tower measurements [16, 32]. It must be noted that most real urban sites are highly
heterogeneous, exhibiting spatial variation for most mean and turbulence statistics of the
flow at the neighborhood scale and beyond [25, 59]. Even at the street canyon scale, hori-
zontal variation of the mean and turbulence statistics of the flow variables can be expected
given the fact that flows within the urban canopy can be understood as bluff body flows.
For instance, placing two towers in the same street, Klein and Clark [27] found along-
canyon and vertical variations in components of flow that persisted under various wind
directions and created complex flow patterns in a street canyon, where the typical can-
yon vortex under idealized conditions could not be observed. Horizontal variations of the
mean and turbulence statistics of the flow variables are important from the point of view
of budget analysis to apportion the terms of the transport equations. For instance concern-
ing the k equation, the advection, shear production/consumption, and turbulent transport
terms are three directional and consist of terms in the cross-canyon, along-canyon, and ver-
tical directions. Likewise in the heat equation, the advection and flux divergence terms are
three directional and consist of terms in the the cross-canyon, along-canyon, and vertical
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directions. If only a single tower is used, the horizontal components of the terms in trans-
port equations may either be ignored [32] or approximated by a surrogate method from a
large ensemble of measured values under different conditions (e.g. wind direction) [16].
An alternative way is supported by placing limited number of sensors at a horizontal dis-
tance along and across a street canyon, forming a control volume, to quantify the horizon-
tal components of the terms in the transport equations.

1.8 Objectives

From this review and identification of research challenges, it is imperative that more full
scale observations should be conducted for budget analysis to understand the relative
importance of the terms in transport equations of k and specifically heat inside a street
canyon. The detailed questions to be answered are as follows. How can heterogeneity of a
specific urban site with drastic change in land use and morphometric parameters affect the
apportionment of the terms in the transport equation for k and heat? What are the effects of
varying thermal stability, wind direction, and wind speed (particularly low wind speed) on
the apportionment of the terms in the transport equations? How can the horizontal compo-
nents of terms in the transport equations be approximated by placing sensors at a horizon-
tal distance in the along-canyon and cross-canyon directions?

The current study aimed to apportion the budgets of k and heat inside a specific street
canyon in a heterogeneous site with morphometric and land use variations along different
directions. The budget terms in each of the k and heat equations were approximated using
five ultrasonic anemometer measurements distributed along the three axes of the canyon
coordinate system. For budget analysis, terms of the transport equations were analyzed
either under four stability classes, from thermally unstable to stable conditions, or under
different wind conditions from very low to high wind. In addition, the budget terms were
further analyzed under varying wind directions in eight sectors with respect to the can-
yon axis. To explain, at depth, the physical processes influencing the apportionment of the
terms in the heat transport equation, thermal imaging was conducted at the street-canyon
and neighborhood scales to identify land surface temperatures.

In Sect. 2 we describe the transport equations for k£ and heat followed by the urban envi-
ronmental monitoring site and instrumentation details. This section also provides the meth-
odology for data processing, numerical approximation of the terms, and data classification.
In Sect. 3 we provide the results and discussion. Sample numbers, background meteoro-
logical conditions, and error estimates are detailed in Sect. 3.1. Budget of k is discussed
in Sect. 3.2. In Sect. 3.3 we provide results of thermal imaging analysis and land surface
temperatures to further interpret the apportionment of the terms in the heat transport equa-
tion. Budget of heat is discussed in Sect. 3.4. In Sect. 4 we provide the conclusions and
suggestions for future work.

2 Methodology

In this study Reynolds decomposition was used for analysis, i.e. ©® = O + 0, where ©
was the potential temperature (hereafter temperature), and U; = U; + u;, where U; = U,
U, =V, and U; = W were cross-canyon, along-canyon, and vertical components of wind
velocity vector, respectively. Due to the lack of the availability of the ensemble average of a
variable, i.e. (U;), the half-hour time average of the variable, i.e. Ui, was used instead.
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2.1 Turbulence kinetic energy budget

Using Einstein’s notation, turbulence kinetic energy can be expressed as k = %uiui. Note that
k is by definition one half of the sum of the variances of wind velocity vector components, so
use of over-bar on k should be avoided. The k equation is formulated as [53]

_ _ oU. ouuu o(up
ok +U.a_k =+5i3§(ui9> _W_I_M —€ _;M
ot ! ox; ! ox; 0X; o~ p Ox (1)
Y\W_J — N —— D N
A Pb Ps Tt Pc

Term S is the local storage of k and is found to be negligible compared to other terms under
quasi-statistically-stationary conditions, which is typical of half-hourly or hourly k& budget
analysis in the urban RSL [16, 38]. Nevertheless, it can be considered for our budget analy-
sis. Term A is the advection of k that can be further decomposed into the sum of advection
components from each of the three directions, i.e. A =A; +A, +A;or A=A, +A, +A,.
Note that if components of the advective term are apportioned, there is no need to appor-
tion the budget terms due to dispersive transport. Rather, the dispersive transport phenom-
ena are included in the advective terms [4]. Term Pb is the buoyant production/consump-
tion of k that is non-zero only in the vertical direction. Here © is a reference temperature,
in Kelvin, that can also be taken as the control volume average temperature. Term Ps is
defined as shear production/consumption of k [53] that can further be decomposed into
the sum of components from each of the three directions, i.e. Ps = Ps, + Ps, + Ps_, with
components given by

Ps,=—u?— —vu— — wu—, (2)
0x ox 0x
__oU 9V __oW
Ps, =—uv$ —vza—y —wva—y, 3)
Ps, =l _ 5V 2V 4)

‘ 0z 0z 0z

Note that in simple boundary layers over flat terrain for flows with sufficient inertia, Ps,
usually exhibits an opposite sign to the mean vertical wind shear, because momentum flux
is directed opposite to the gradient of the mean flow. Thus, the shear production/consump-
tion term results in a positive contribution to k when multiplied by a negative sign. How-
ever, in complex geometries one cannot make this claim and assert that Ps (in any of the
three directions) should always remain as a production term (i.e. make a positive contri-
bution to k). In fact some components of Ps can be either positive or negative depend-
ing on the wind direction and placement of the sensors that quantify this term in complex
three dimensional geometries such as in a street canyon. Term 7% is turbulent transport of &,
describing how k is moved around by turbulent eddies. This term, also, can be decomposed
into the sum of components from each of the three directions, i.e. Tt = Tt, + Tt, + Tt,, with
the components given by '
_ Ouuu _ duyv  duww

Tt = s
u 0x 0x 0x )
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y ay ay ay ’ (6)
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Term D is viscous dissipation of k, i.e. characterizing the conversion of k into heat. Term
Pc is a pressure correlation term that describes how k is redistributed by pressure per-
turbations. It is often associated with oscillations in the air. Here p is the averaged den-
sity of air and p is pressure fluctuations. Of all the terms described above, the last term
could not be directly quantified using field measurements in this work. This term, plus
any other terms neglected and sources of error, can be grouped in a residual term R, i.e.
R = Pc + Neglected Terms and Errors. With these considerations, the k budget equation
can be written as

S=-A+Pb+Ps+Tt+D+R. 8)

2.2 Heat budget

Heat conservation equation and Reynolds averaging result in the transport equation for tem-
perature as [53]

00 | — 00 75 190 e )
—_— +Uj_=+Vg_____ -_ .
ot 0x; ax]_z pC, ox;  pC, ox; 9
\S’_/\z—/ —_—— —— N —
A Me Rd Lh Fd

Term S is the local mean storage of heat but cannot be necessarily considered as negligible
in comparison to other terms in half-hourly or hourly heat budget analysis in the urban
RSL due to paucity of heat budget analyses in the literature. Term A describes the advec-
tion of heat by mean wind that can be further decomposed into the sum of advection com-
ponents from each of the three directions, i.e. A=A +A, +A_. Term Mc is mean molecu-
lar conduction of heat and can by assumed negligible in comparison to other terms due to
advection and turbulent mechanisms transporting heat in the canyon scale. Term Rd is the
mean net body source/sink term associated with radiation divergence. Term L# is the body
source/sink term associated with latent heat. Term Fd is the divergence of the turbulent
heat flux that can be further decomposed into the sum of components from each of the
three directions, i.e. Fd = Fd, + Fd, + Fd,. Of all the terms discussed above, terms Rd and
Lh could not be directly quantified using field measurements in this work. These terms,
molecular conduction of heat Mc plus any other neglected terms and sources of error can
be grouped in a residual term R, i.e. R = Mc + Rd + Lh + Neglected Terms and Errors.
With these considerations, the heat budget equation can be written as

S=-A+Fd+R. (10)
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Fig. 1 View of the urban area for the microclimate field campaign in Guelph, Canada; a neighborhood view
of the Reek Walk, where urban measurements were conducted, and the surrounding areas; b canyon view of
the Reek Walk adjacent to the Rozanski Hall on the east of the street canyon and the Landscape and Archi-
tecture building on the west of the street canyon

Table 1 Classification of morphometric parameters as a function of wind direction in eight sectors with
respect to the canyon axis north direction. The parameters are determined considering a radius of 200 m
around the urban measurement site

N NE E SE S SW w NW Average
H [m] 17 14 14 20 7 7 13 14 13.25
A, -] 0.61 0.32 0.20 0.33 0.24 0.47 0.60 0.36 0.39
Apl-] 0.16 0.18 0.10 0.23 0.04 0.09 0.11 0.15 0.13

2.3 Urban environmental monitoring site

The urban microclimate field campaign was conducted from 15 July 2018 to 5 Septem-
ber 2018 in Guelph, Canada. Guelph is situated in south-western Ontario, Canada, char-
acterized by cold winters and humid summers. The measurements were conducted in the
Reek Walk, a typical quasi two-dimensional urban canyon, located at the University of
Guelph (43.5323°N and 80.2253°W). Figure 1 shows the view of the urban area for the
microclimate field campaign, featuring the measurement locations and the surrounding
environment.

Table 1 shows the classification of morphometric parameters including average build-
ing height H, plan area density 4,, and frontal area density 4, associated with wind direc-
tion in eight sectors with respect to the canyon axis north (4, and 4, defined by Oke et al.
[43]). These parameters are calculated using buildings identified in Google Earth within a
radius of 200 m around the urban measurement site. According to this table the urban site
is highly heterogeneous since morphometric parameters change according to the wind sec-
tor. The average building height of the urban area is H = 13.25 m. The average plan and
frontal area densities are 4, = 0.39 and A, = 0.13, respectively.

Figure 2 shows the location for the urban measurements and the control volume consid-
ered for budget analysis of k and heat in detail. The road, Reek Walk, where meteorological
instruments were installed, is covered by grass and asphalt in equal fractions. The building
height and width for the urban canyon, in which measurements took place, are H = 13 m
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Fig.2 View of the locations for the urban measurements and the control volume considered for budget
analyses of k and heat

and W = 13 m, respectively. The urban canyon axis is oriented north-west-south-east. The
x and y coordinate directions are cross- and along-canyon, respectively. Given the wind
direction, the wind flow pattern classification in the canyon should have alternated between
skimming flow and wake interference regimes [19, 58]. However, the actual wind flow pat-
tern could be more complicated given the heterogeneity of the urban environment.

2.4 Instrumentation

The list of instrumentation is provided in Table 2. In the urban site, meteorological
information was collected within and above the canyon using five ultrasonic anemom-
eters (81000, R. M. Young Company, Traverse City, Michigan, USA) distributed hori-
zontally and vertically. The accuracy and resolution of measurements for wind speed
were +1% and 0.01 m s~', respectively, and for temperature were +2 K and 0.01 K,
respectively. In the canyon coordinate system, the x, y, and z axes were cross-canyon,
along-canyon, and vertical directions, respectively. As shown in Fig. 2, four anemom-
eters (A-D) were deployed within the canyon to form a rectangular box-shaped control
volume aligned with the street canyon. Anemometers A, C, and D were deployed at a
height of 2.4 m from ground while anemometer B was deployed at 5.4 m above ground.

Table 2 Instrumentation used in the field monitoring campaigns; locations are specified in Fig. 2; the tem-
perature calibration for all ultrasonic anemometers were conducted in the same location (A) before each
anemometer was placed in its designated location; the ground-based thermal camera (E4) took images from
location (A); the airborne thermal camera (Zenmuse XT) was launched from location (A)

Instrument Model (Manufacturer) Location Measurements
Ultrasonic anemometers 81000 (R.M. Young) A-E Wind, air temperature
Dataloggers CR6 (Campbell Scientific) A-E Wind, air temperature
Termperature sensor HMP60 (Vaisala) A Air temperature
Thermal camera E4 (FLIR) A Surface temperature
Thermal camera Zenmuse XT (FLIR) A Surface temperature
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Anemometers A, B, and D were at the central axis of the canyon, 6.5 m away from the
south-west and north-east walls. Anemometer C was situated 2.8 m from the north-east
wall. The control volume dimensions were 3.7 m X 3 m X 15.2 m and the control volume
side was at a distance of 12.5 m away from the street intersection. The roof anemometer
E was positioned at a height of 17 m above ground (2 m above roof level) and it was 10
m away in both x and y directions from the corner of a nearby roof. The positioning was
arranged so each anemometer was at least 2 m away from any surface to avoid measur-
ing any wall effects. The control volume box was elongated along-canyon since previous
evidence suggested that the turbulent structures exhibited greater integral length and
time scales along-canyon in comparison to cross-canyon and vertical directions [6]. For
turbulence studies, it has been suggested to sample micro meteorological variables at a
frequency greater than 10 Hz [2, 7, 18]. The anemometers were set to sample data at 20
Hz using data loggers (CR6, Campbell Scientific, Logan, Utah, USA). Throughout the
campaign, the anemometers were frequently adjusted using a level device and oriented
along the canyon axis using a compass to ensure they remained horizontal and measured
the correct components of wind velocity vector. Ideally, more ultrasonic anemometers
could have been deployed on a flux tower, covering multiple elevations below and above
the canyon height, to observe the shear layer above the canyon; however, having access
to only five ultrasonic anemometers, in this study the measurements were focused on
inside the canyon.

Wind tunnel tests were conducted to calibrate the wind velocity components measured
by the ultrasonic anemometers against a reference pitot tube. In an extended outdoor exper-
iment, a temperature sensor (HMP60, Vaisala, Helsinki, Finland) was used as the reference
temperature to calibrate all other temperatures measured by the ultrasonic anemometers
[35]. This sensor measured the temperature with an accuracy of +0.6 K, with a sampling
frequency of 10 min during the calibration.

Thermal imaging was conducted at the street canyon and neighborhood scales to quan-
tify surface temperatures to assist understanding of the physical processes related to budget
analysis of the terms in the heat transport equation. At the street canyon scale, thermal
imaging of the urban surfaces was performed using a thermal camera (E4, FLIR, Wilson-
ville, Oregon, USA) in a campaign that was conducted in the previous year from 13 to 25
August 2017 [6]. During intensive observation periods on 14 and 23 August 2017, this
camera was pointed at multiple locations including the roof (one location), canyon walls
(six locations), asphalt (two locations), and grass (two locations). During these periods
three measurements at each location were made at 1-h time intervals. Images collected
were processed statistically by calculating mean temperatures and the standard devia-
tions at every location for every hour. More than 1,500 thermal images were analyzed (see
Aliabadi et al. [6] for more details). These two days corresponded to conditions representa-
tive of clear skies with moderate wind speeds.

At the neighborhood scale, thermal imaging of the urban surfaces was performed using
a thermal camera (FLIR Zenmuse XT Radiometric, Wilsonville, Oregon, USA) on-board
of a Tethered Air Blimp (TAB) [13, 35]. This system mapped earth surface temperatures
with an accuracy of 0.5 K. It was launched every hour (except for 0000 to 0400 Local
Standard Time (LST = UTC - 5)) on 28 July 2018 and 13 August 2018 to collect more than
7,000 images. The images were processed and their pixels were georeferenced (using the
camera’s altitude, latitude, longitude, tilt, and yaw angles) to provide surface temperatures
at a horizontal resolution of 50 m X 50 m. This method allowed collecting numerous meas-
urements in tiles of this resolution and calculating the four-hourly mean temperature in
each tile (see Byerlay et al. [13] for more details).
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2.5 Data analysis and quantification of terms in the budget equations

Figure 3 outlines the steps taken in the workflow demonstrating the record preparation,
calculation of terms in the budget equations, and classification of data. Letters A-E in this
figure correspond to anemometers shown in Fig. 2. Sections 2.5.1 to 2.5.3 provide detailed
explanations for each step of the workflow and a process to estimate errors in measuring
each of the budget terms.

2.5.1 Data processing and numerical approximations to calculate the budget terms

Various periods of averaging have been used in the literature for micro meteorological tur-
bulence studies ranging from 15 min [7], to 30 min [6, 8, 9, 28] and 1 hr [8, 16]. Throughout
the analysis, half-hour averaging was used to calculate the flow mean and turbulence statis-
tics variables [20]. The averaging time ensured enough number of records were collected
for statistical analysis. Also, compared to 1-hr averaging, 30-min averaging was expected
to reveal micro meteorological processes with a lower influence from meso scale meteoro-
logical processes. Records associated with rain condition or traffic in the street canyon were
eliminated. The friction velocity of the flow u, = (Wz + Wz)l/ 4 was determined using the
roof level anemometer (anemometer E in Fig. 2). Data was discarded if u, < 0.1 m s~!
given the difficulty to determine wind direction and wind velocity vector components accu-
rately at low velocities [16, 20]. While calculating turbulence statistics, many previous
studies linearly detrended the variable signals [6, 23, 52], however we did not detrend the
variable signals to ensure no amount of energy was removed so that the energy conserva-
tion was not violated [16].

To determine the time derivatives, i.e. storage terms, first a second order polynomial
was fitted to three consecutive half-hour measurements of k or ®, and then the slope of the
fitted polynomial at the mid point was taken. Calculation of the budget terms require either

Record Calculation of terms Data
preparation in budget equations classification

Calculate Half-hourly budget
Collect data Calculate Y g
‘ Mean/turbulence terms

statistics: average A-D

Time average mean ‘
variables and Calculate Time
turbulence statistics derivatives: 2-nd order - -
for 30 min (A-E) polynomial fitting, Classify by 4 Classify by 4
average A-D ranges of stability ranges of
J ‘ parameters from wind speeds
Eliminate records E fromE
associated with rain Calculate Spatial

conditions and traffic derivatives: finite

differencing,
‘ A-C, B-A, or A-D
Elimi d { ¥ "
wiltrrTSaieorelC;rs‘sl — Classify data by Classify data
* . Calculate Dissipation wind direction by wind
rate: energy spectrja of from E in 8 direction from
stream-wise velocity, .
average A-D sectors Ein 8 sectors

Fig.3 Workflow demonstrating the record preparation, calculation of terms in the budget equations, and
classification of data; letters A-E refer to anemometers identified in Fig. 2
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mean or turbulence statistics (e.g. w;u; in the shear production/consumption term

— U, . — - v, .
Py = —u;u;—) or spatial derivatives of mean or turbulence statistics (e.g. = in the shear
X i — J
. . — U . . .
production/consumption term P, = —uiuja—‘). The mean or turbulence statistics in the
t "
J

transport equations were calculated by averaging the measurements every half hour using
anemometers A, B, C, and D (Fig. 2). This approach was justified given the spatial varia-
bility of flow in the urban canyon, where spatial averaging provided more representative
quantities throughout the control volume. However, spatial derivatives were computed with
respect to the canyon coordinate system shown in Fig. 2. In our case, since only two meas-
urement locations were available to determine the spatial derivatives in each direction, we
used simple finite differencing, where derivatives in the x direction were calculated using
anemometers A and C (A-C), derivatives in the y direction were calculated using anemom-
eters A and D (A-D), and derivatives in the z direction were calculated using anemometers
A and B (B-A), according to Fig. 2. To determine the spatial derivatives, various method-
ologies have been used in the literature. When analyzing the vertical profiles of wind speed
in the surface layer, Nieuwstadt [39] suggested using a logarithmic plus linear law, while
Hogstrom [20] suggested a second-order polynomial to calculate the vertical wind speed
gradient using at least three measurement points. These methods were close to each other
while estimating the vertical gradient of wind speed [59]. Christen et al. [16] approximated
the vertical gradient of wind velocity by the local derivative of a parametric cubic spline
interpolation with the lower boundary set to zero at the ground and a relaxed upper bound-
ary at the topmost measurement level. While these methods apply to determining the verti-
cal gradients, only the second-order polynomial method can be applied to determine the
horizontal gradients [38]. Use of finite differencing in determination of spatial derivatives
were reported by Ramamurthy et al. [46]. Numerical errors associated with this methodol-
ogy would be absorbed in the residual term for each transport equation.

The spectral energy density of horizontal stream-wise wind velocity have been typically
used to calculate the dissipation rate in the inertial subrange of the energy cascade [10, 14,
16, 38]

SIS

e= (%EU(K)K%) , (1)

where € is the dissipation rate, x is the wave number, and E (k) is the spectral energy den-
sity function for the along-wind component of wind velocity vector. Here C is a constant
taken to be close to 0.53 [10, 38, 52]. Here the stream-wise component of velocity is typi-
cally chosen since it has the longest sampled inertial subrange, providing a more accurate
estimate of the dissipation rate [31, 52]. In this study the wave number was estimated using
the Taylor’s hypothesis [54] by k¥ = 2zn/(PU), where n was the number of cycles in the
time period of analysis, P = 30 min was the period of analysis, and U was the time-aver-
aged horizontal velocity component of the flow at each half-hour interval [5]. The dissipa-
tion rate was calculated considering the average of calculations from anemometers A-D in
Fig. 2, which defined the control volume. Before calculating the spectral energy density,
the coordinate reference frame was rotated around the z axis such that a new x axis was
aligned with the half-hour-averaged wind direction [16]. To specify the wave number at
which the dissipation rate is evaluated, a wave number should be used where Ey,(k)/E (k)
reaches a value of 4/3 [16, 38, 49], and the wave number should fall within the inertial
subrange with a slope of —5/3 for the energy spectrum versus the wave number in logarith-
mic scale [22, 52]. The sampling frequency of 20 Hz deemed sufficient for identification
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of the inertial subrange of turbulence for determination of the dissipation rate. The same
sampling frequency was used by Christen et al. [16] using the same method of determining
the dissipation rate. Of course the use of Taylor’s hypothesis for flows inside urban canyons
has limitations, but this assumption is typically used for lack of a better assumption [6, 16,
36, 37, 44].

Figure 4 shows the spectral energy density function for the along-wind component
normalized by the along-wind variance as well as the ratio of the vertical to along-wind
components of the spectral energy density functions. These spectra are associated with the
quality-controlled records throughout the campaign. The slope of —5/3 associated with the
inertial subrange is observed for all anemometers over two orders of magnitude for the
wave number. However, the theoretical value of 4/3 for the ratio of spectra is only observed
for the roof anemometer E while the lowest ratio is observed for anemometer C closest to
the canyon wall. This is in agreement with observations of Christen et al. [16] who also
reported a lower ratio for measurements inside an urban canyon (see their Fig. 6). The
dissipation rate inside the canyon is estimated using the wave number for which ratio of
spectra is maximized.

2.5.2 Error estimation for budget terms

Various errors can be identified in quantificaiton of the budget terms. Such errors arise
from accuracy of anemometers, finite temporal averaging, and estimation of spatial deriva-
tives by finite differencing using anemometers A-D. The instruments were calibrated for
their accuracy of measuring wind velocity components and air temperature, and the cali-
bration curves were used to correct the data, so we exclude errors due to instrument accu-
racy from this section.

Due to finite temporal averaging, it is expected to encounter random and systematic
errors in the measurement of turbulence statistics such as second (e.g. u? and uv) or third
order (e.g. uuu) moments and fluxes [3, 30]. Random errors can result in both overestima-
tion or underestimation of the turbulence statistics, and they reduce by a factor of 1/ \/ZV s
when turbulence statistics are averaged over N records [3]. On the other hand, systematic
errors always result in underestimation of the magnitude of the turbulence statistics, and

0 5 v
107! 10° 10! 10% 107! 10° 10! 10°
K [m™] K [m™Y

(a) Along-wind component (b) Vertical to along-wind components

Fig.4 a Spectral energy density function for the along-wind component normalized by the along-wind var-
iance; b ratio of vertical to along-wind components of the spectral energy density functions; letters A-E
refer to anemometers identified in Fig. 2
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they do not reduce when averaged over multiple records [3]. The random relative errors
associated with second and third order turbulence statistics can be computed as 4/ 1%/17 and

1/ ]%ET respectively, subject to 7> 7, where 7 is the integral timescale associated with the

statistics being measured and 7 is the length of the record [3, 30]. Each integral time scale
can be calculated by integrating the normalized autocorrelation function p(s) associated
with the turbulence statistic from a time shift of s = 0 to a time shift s*, where the first zero
crossing of the function occurs, i.e. 7 = A io p(s)ds [1]. More details about the computation
of 7 and p(s) can be found [2, 3, 30]. The systematic relative error associated with second
and third order turbulence statistics can be computed as 23T and 5§[, respectively, subject to
the same conditions. These errors can be computed and reported separately for each budget
term using the theory of error propagation.

Estimation of the errors due to finite differencing to compute the spatial derivatives is
more difficult. The most common technique to measure spatial derivatives is to deploy
many sensors (> 3) along a coordinate direction (x, y, or z) and fit a polynomial, logarith-
mic, or spline curve through the measurements. The gradient can then be found by differ-
entiating the curve at a desired point [16, 20, 38, 39, 59]. Once this gradient is known, the
error associated with estimating the spatial derivative by finite differencing can be com-
puted. In the present work only two anemometers were spanned in any given direction, so
fitting of higher order curves to determine the gradient was not possible, nor was it pos-
sible to precisely quantify the error associated with estimating the spatial derivatives by
finite differencing. In an experimental setup similar to the present work, Nelson et al. [38]
reported relative errors due to finite differencing to be in the order of 0.1 in estimating spa-
tial derivatives. In the present analysis we assume a fixed relative error of 0.1 due to finite
differencing in the estimation of the spatial derivatives. This error can be computed and
reported separately for each budget term using the theory of error propagation.

2.5.3 Data classification

Data classification was performed according to thermal stability, wind speed, and wind
direction measured by the roof anemometer (E). For each classification, a further sub-
classification was made according to wind direction. Two choices were available for ther-
mal stability classification: 1) the stability parameters and 2) the bulk Richardson num-
ber. The thermal stability parameter { = (z — z;)/L was determined using the roof level
anemometer. Here z = 17 m was the height of the anemometer from the canyon floor, while
zq = 0.7H was a rough estimate of the displacement height [19]. The Obukhov length was
L= —@uz/ (xgw®), where © was the half-hourly-averaged temperature, x = 0.41 was the
von Karmin constant, g = 9.81 m s> was the gravitational acceleration, and wé was the
vertical component of kinematic turbulent sensible heat flux, all measured by anemometer
E. This provided the local Obukhov length (and not the Obukhov length for the surface
layer, which must be computed at the bottom of the inertial sublayer, or equivalently the
top of the urban RSL). Ideally Obukhov length should be computed at an elevation where
z/ H > 2, however the present study is limited in this regard. The choice of thermal stabil-
ity parameter using Monin—Obukhov similarity theory above roof level has been justified
in literature by the fact that above roof level turbulence is typically mainly dependent on
shear and buoyancy production/consumption [16]. The other choice of classification for
thermal stability was the bulk Richardson number Ri, calculated between street level and
roof level [6], where typically a critical bulk Richardson number is used to define the sta-
ble versus unstable condition [41]. However, for consistency with other budget analyses
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in the literature we used the thermal stability parameter. Data was discarded if { < —10 or
¢ > +10 based on the justification that such thermal stability conditions are rare and that
those conditions do not provide enough samples for statistical analysis. Four data groups
were considered: unstable (—10 < ¢ < —=0.5), weakly unstable (—-0.5 < { < —0.1), near
neutral (—0.1 < { < 4+0.1), and stable (+0.1 < { < +10). The cut-off values of { = +0.1
and +0.5 are typically used in urban RSL studies to classify thermal stability levels and
group data with a large enough statistical sample in each group [16, 55].

For classification of data based on wind speed, thresholds for wind speed should be
defined. One of the problems in budget analysis and the Reynolds decomposition approach
occurs when the wind speed is too low. As wind speeds decrease, large record-to-record
variability occurs for urban climate variables, and the variables become subjected to low-
frequency sub mesoscale motions [52]. Therefore, of particular interest was to classify the
data to include such conditions. Low wind speed conditions are typically identified by cal-

culating the statistic o,/ WS where 6;; = \/ u? + v2 is the horizontal velocity standard devi-

ation and WS =/ 52 + 1_/2 is the mean horizontal wind speed. This quantity is related to
the relative strength of the sub mesoscale motions compared to that of the mean flow. Low
wind conditions occur when this quantity is at least twice as that under high wind condition
[52]. For a suburban area with similar morphometric variables to this study the thresh-
old wind speed for low wind conditions was calculated as 1 m s~! [52, 57]. In our study
the threshold wind speed for low wind conditions was also calculated as 1 m s~! based
on the roof anemometer (E). This formed the basis of defining the following thresholds
in this study based on the roof anemometer (E) wind speed measurement: very low wind
(WS < 0.5ms™Y), low wind (0.5 < WS < 1 m ™), moderate wind 1 < WS < 1.5ms™}),
and high wind (WS > 1.5m s™1). These ranges also ensured there was a large enough statis-
tical sample in each group. Such classification of data based on wind speed was also used
by Trini-Castelli et al. [57] and Schiavon et al. [52].

For each type of classification, data was further sub classified based on the wind angle
at roof level a with respect to the canyon axis. In this sub classification the canyon north
was along the +y direction and eight 45-degree sectors were considered: north (a > 337.5°
and a < 22.5°), north-east (22.5° < a < 67.5°), east (67.5° < a < 112.5°), south-east
(112.5° < @ < 157.5°), south (157.5° < a < 202.5°), south-west (202.5° < a < 247.5°),
west (247.5° < a < 292.5°), and north-west (292.5° < a < 337.5°). As shown in Fig. 1 and
Table 1, in each sector the morphometric parameters, building types, vegetation cover, and
land use change, hence justifying the sub classification. The number of sub classifications
and the ranges defined were also selected in a way to provide enough samples in each set
for statistical analysis.

3 Results and discussion

3.1 Background meteorological conditions, number of samples, and error
estimates

To understand the background meteorological conditions in connection with the thermal

stability and wind speed classifications, it is first necessary to study diurnal variation of
wind speeds and wind direction as measured by the roof anemometer E. Figure 5 shows
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Canyon N Canyon N

0-0.5 0.5-1 1-1.5mm >15ms™! 0-0.5 0.5-1 1-1.5mm >15ms™t
(a) 0000-0400 LST (b) 0400-0800 LST
Canyon N Canyon N

0-0.5 0.5-1 1-1.5mm >1.5ms™! 0-0.5 0.5-1 1-1.5mmm >1.5ms™!
() 0800-1200 LST (d) 1200-1600 ST
Canyon N Canyon N

0-0.5 0.5-1 1-1.5mm >15ms™! 0-0.5 0.5-1 1-1.5mm >15ms™t

(e) 1600-2000 LST (f) 2000-2400 LST

Fig.5 Wind rose plot showing frequency of wind speed and direction observations with respect to the can-
yon north axis, as measured by the roof anemometer E, specified as the +y axis in Fig. 1, over the duration
of the campaign; wind frequency plots were classified in four-hourly time windows; a 0000-0400 LST;b
0400-0800 LST;c 0800-1200 LST; d 1200-1600 LST; e 1600-2000 LST; f 2000-2400 LST; times in Local
Standard Time (LST = UTC - 5)
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the wind rose plot specifying the frequency of wind speed and direction with respect to
the canyon north axis, specified as the +y axis in Fig. 1, over the duration of the cam-
paign. Wind frequency plots were classified in four-hourly time windows. There was a
higher frequency of wind directions along the canyon axis, i.e. from canyon north or south,
while there was a lower frequency of wind directions across the canyon (east or west) or at
oblique angles (north-east, south-east, south-west, and north-west). Beside the north-south
axis, it was noted that wind direction from other sectors could be asymmetric. For instance
during thermally stable conditions in the early morning (0000-0400 and 0400-0800 Local
Standard Time (LST = UTC - 5)), a higher frequency of wind directions were noted from
south-west in comparison to north-east. The implications of such patterns in wind direction
on the budget terms will be discussed later.

Table 3 shows the number of samples collected under different thermal stability and
wind speed conditions. The table further breaks down the number of samples associated
with each wind direction, with respect to the canyon north. The classification ranges are
fully specified in Sect. 2.5.3. Each sample was collected for 30 min, and in total, 2119
samples (1059.5 hr of data) were processed for the budget analyses. It can be seen that
the lowest number of samples were associated with south-east and west wind directions,
where 55 and 87 samples were collected, respectively. The table shows that for most ther-
mal stability, wind speed, and wind direction conditions, at least ten samples were identi-
fied, with the exception of seven cases out of 64 in the entire table, where less than ten
samples were collected. Budget analyses for these cases should be performed with care. In

Table 3 Number of samples, each collected for 30 min, under different thermal stability and wind speed
conditions; number of samples further shown under different wind directions, with respect to the canyon
north, for each thermal stability or wind speed condition; classification ranges specified in Sect. 2.5.3

Unstable Weakly unstable Near neutral Stable Total
North 66 170 348 106 690
North-east 10 73 132 34 249
East 7 51 88 30 176
South-east 8 22 16 9 55
South 38 164 268 60 530
South-west 10 13 85 41 149
West 10 29 32 16 87
North-west 57 49 61 16 183
Total 206 571 1030 312 2119

Very low wind Low wind Moderate wind High wind Total
North 15 121 183 371 690
North-east 72 128 39 10 249
East 72 90 14 0 176
South-east 32 22 1 0 55
South 43 118 126 243 530
South-west 23 65 40 21 149
West 22 43 18 4 87
North-west 12 52 55 64 183
Total 291 639 476 713 2119
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the subsequent analyses, all wind directions are reported with respect to the canyon north,
unless otherwise stated.

Table 4 shows estimates of median random and systematic errors due to finite temporal
averaging as well as the error associated with finite differencing to calculate spatial deriva-
tives. Random errors are computed assuming an average sample size of N = 66, i.e. 2119
records divided by 32 sub classifications. For most budget terms, except for the residual
term, random errors are typically lower than 10 %, while systematic errors could be higher.
Errors due to finite differencing for the calculation of spatial derivatives are on average
about 10 %. Systematic errors for the k budget terms can reach up to 41 % for determina-
tion of turbulent transport terms due to their dependency on third order turbulence statis-
tics, which exhibit larger integral time scales compared to other turbulence statistics. The
systematic errors for the turbulent transport terms are the main contributor to the residual
term. This indicates that in fact the turbulent transport terms should contribute a greater
amount toward the budget since systematic errors always result in underestimation of the
magnitude of the turbulence statistics. Systematic errors for the heat budget terms can
reach up to 17 % for the flux divergence terms, particularly for the along-canyon direc-
tion. This is due to the long integral time scale for the turbulent flux of heat in the along-
canyon direction. Given the limitations of this study, the combined effect of the three types
of errors cannot be estimated reliably, but in the subsequent analysis we expect the percent
contribution of the residual terms to the overall budget be in the same order of magnitude
as the computed errors for the residual term.

3.2 Turbulence kinetic energy budget
3.2.1 Diurnal variation

Although the day-to-day diurnal variability of stability parameter, wind speed, and wind
direction could be significant, it is informative to study the diurnal variation of the terms
in the k equation before the budget analysis of the terms classified per stability param-
eter, wind speed, and wind direction. Figure 6 shows the medians of the budget terms as
they varied diurnally. These statistics were calculated based on all observations at the same
hour.

The storage term S was two orders of magnitude smaller than other terms in agree-
ment with previous findings [38], so it could be assumed that k met the quasi-statistically-
stationary condition. This assumption has also been common in previous studies of the k
budget [10, 12, 14, 16, 32, 56]. The negative of advection term —A had the tendency to be
positive making a contribution in increasing k, indicative of the fact the k could be trans-
ported from locations with higher intensities of k than the canyon. Although not directly
measured, it is speculated that the shear layer above roof height was a major contributor for
advection of k into the canyon. Although less in magnitude compared to other budget terms
(Ps, Tt, and D), the advection mechanism of transport for k was only reported by Blackman
et al. [10]. The buoyant production/consumption term Pb, too, was lower in magnitude
compared to other budget terms (—A, Ps, Tt, and D), but it had the tendency to be positive
at most diurnal times. This behaviour has been justified by the fact that, under certain cir-
cumstances, urban surfaces could be at higher temperatures compared to the air above sur-
face even at nights, resulting in a positive Pb at nighttime too [38]. The other budget terms
exhibited higher magnitudes than S, —A, and Pb, and indicated a balance between shear
production/consumption Ps, turbulent transport 7%, and dissipation D. During daytime, it
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Fig.6 Diurnal variation of terms in the budget of k; budget apportioned according to terms described in
Eq. 8; the medians are shown for every half-hour period; times are in Local Standard Time (LST = UTC -
5)

appeared that 7t (positive) transported k into the control volume from locations with higher
intensities of k, possibly above the control volume and elsewhere, while it was balanced by
Ps and D. This behaviour has been commonly reported in previous studies [10, 12, 14, 16,
17, 32, 49]. As evidence was provided in Table 4, the main contributor to the residual term
is the turbulent transport term, for which the magnitude is underestimated due to the large
systematic error.

3.2.2 Variation by thermal stability

Figure 7 and Table 5 show the apportionment of the budget of k according to different
thermal stability parameters and wind directions. The relevant statistic in this case was the
median of each term of Eq. 8 for a combination of thermal stability parameter and wind
direction with ranges specified in Sect. 2.5.3. The budget contributions [% C], for either the
total budget or the budget associated with directional terms, are presented as the percent
contribution of the median of each term to the summation of the magnitude of the median
of all terms, i.e.

100 x Budget term

%C = ,
) [S| + | — Al + |Pb| + |Ps| + |Tt| + |D| + |R|

(12)

100 x Budget term

%C = ,
TS AL+ = A [+ = A+ [Ps, + [Ps, | + [Ps | + |Tt, + Tt | + [Tz 13

respectively. Note that with this definition, ignoring the sign of the contribution of each
term, the percent magnitude contribution of all budget terms should exactly add up to 100
% for each combination of thermal stability parameter and wind direction.

In the figure, first, in panels (a), (b), (c), and (d) the budget terms in Eq. 8§ were quan-
tified and visually demonstrated based on different ranges of thermal stability parameter
and wind direction. Next, in panels (e), (f), (g), and (h), the directional components of the
budget were broken down along the x (cross-canyon), y (along-canyon), and z (vertical)
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Fig.7 Budget of k under different thermal stability conditions; budget apportioned according to terms
described in Eq. 8 a, b, ¢, d; directional terms in the budget decomposed into the cross-canyon direction (x),
the along-canyon direction (y), and the vertical direction (z) e, f, g, h; budget normalized using the sum of
magnitude of all budget terms; wind direction with respect to the canyon north; classification ranges speci-
fied in Sect. 2.5.3

directions for the same ranges of thermal stability parameters and wind directions. These
include the negative of advection —A, shear production/consumption Ps, and turbulent
transport 7z. The width of each bar chart is precisely 100 although the bar chart may be
shifted to either positive or negative sides of the zero axis.

From the table, on average, the percent contributions of the magnitude of the residual
term R under all wind directions was 33.43, 29.14, 18.77, and 23.05 % for the unstable,
weakly unstable, near neutral, and stable cases, respectively. The residual term quantified
here was in the same range as other studies that reported the average residual term approxi-
mately from 20% to 40% of the total budget of k [14, 32, 38]. As noted in Table 4, the high
residuals result from underestimation of the magnitudes of the turbulent transport terms,
since they exhibit large systematic errors compared to other terms. This provided some
confidence in the methodology adopted to apportion the terms of the budget of &, based on
the premise that less accurate methodologies would result in higher errors and therefore
higher percent contribution from the residual term.

From the table, and setting aside the residual term, it can be seen that for all thermal
stability conditions, and averaged for all wind directions, the budget terms could be listed
as dissipation D, turbulent transport 7t shear production/consumption Ps, negative of
advection —A, buoyant production/consumption Pb, and storage S, in decreasing order of
magnitude. Some of these budget terms were consistently positive or negative, regardless
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Table 5 Budget of k under unstable, weakly unstable, near neutral, and stable conditions; total budget
apportioned according to terms described in Eq. 8; budget normalized using the sum of magnitude of all
budget terms; wind direction with respect to the canyon north; classification ranges specified in Sect. 2.5.3

Case S -A Pb Ps Tt D R
Unstable % % % % % % %
North 0.01 -3.35 3.80 =7.02 17.17 —40.26 28.39
North-east —0.00 —0.77 1.47 —5.45 0.95 —44.63 46.73
East —0.02 —2.30 2.44 —0.62 9.57 —41.22 43.83
South-east 0.01 —0.64 1.56 —1.46 1.12 —44.66 50.55
South 0.01 -0.19 2.33 1.21 —0.73 —42.81 52.72
South-west 0.02 3.34 4.70 9.82 —3.91 —45.52 32.69
West 0.01 10.71 3.71 17.36 8.90 —58.43 —0.88
North-west 0.01 6.91 4.16 6.89 15.64 —54.76 11.62
Average magnitude 0.01 3.53 3.02 6.23 7.25 46.54 33.43
Weakly unstable % % % % % % %
North 0.00 —-1.66 1.72 —6.53 18.59 —43.59 27.90
North-east 0.00 1.45 1.31 —23.65 9.21 —30.24 34.14
East 0.01 3.09 1.37 —11.43 6.66 —37.27 40.17
South-east 0.02 2.12 1.44 —6.19 —2.53 —41.45 46.26
South 0.00 0.21 1.27 3.01 5.56 —49.49 40.45
South-west 0.06 18.17 2.32 23.59 7.48 —29.66 —18.73
West 0.00 21.29 0.60 20.34 6.23 —33.77 —-17.76
North-west —0.01 6.15 2.07 7.42 23.24 —53.44 7.68
Average magnitude 0.01 6.77 1.51 12.77 9.94 39.86 29.14
Near neutral % % % % % % %
North 0.01 —0.23 0.99 —4.87 24.99 —49.06 19.86
North-east —0.03 2.34 0.40 —14.08 14.99 —35.63 32.53
East —0.01 4.44 0.42 —6.40 9.88 —48.56 30.29
South-east —0.01 1.21 0.58 —3.08 5.35 —54.88 34.88
South —0.01 0.20 1.17 15.97 20.67 —56.71 5.28
South-west 0.04 19.08 0.54 26.38 393 —46.14 —3.89
West 0.02 21.02 1.86 20.05 5.44 —51.07 —0.54
North-west —0.02 2.06 1.89 6.15 18.48 —48.54 22.86
Average magnitude 0.02 6.32 0.98 12.12 12.97 48.82 18.77
Stable % % % % % % %
North —0.02 —0.26 2.87 —0.72 24.95 —52.75 18.44
North-east 0.01 0.57 0.82 —1.43 6.88 —48.66 41.63
East —0.01 1.87 0.64 —0.78 7.05 —52.23 37.42
South-east —0.02 1.25 2.19 —0.32 7.08 —48.93 40.22
South 0.01 1.00 3.21 9.48 15.41 —59.10 11.79
South-west —0.05 9.24 6.48 15.00 10.55 —57.18 —1.48
West 0.09 12.01 5.08 20.01 4.29 —56.77 -1.75
North-west 0.01 1.41 2.97 3.66 11.30 —48.98 31.67
Average magnitude 0.03 345 3.03 6.42 10.94 53.07 23.05
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of the wind direction, such as the buoyant production/consumption. However, some other
terms showed a clear dependence on wind direction, such as shear production/consump-
tion, where the contribution to the budget was negative under north, north-east, east, and
south-east directions, while the contribution to the budget was positive for south, south-
west, west, and north-west directions (with respect to canyon north in Fig. 1). We speculate
that this could be due to the position of the control volume defined by the anemometers
with respect to the main canyon vortex (with axis along the street). This canyon vortex
was identified for the same street canyon in a previous field campaign [6]. Note that the
control volume was closer to the north-east wall (with respect to true north). When wind
was approaching from south-west, west, and north-west, (with respect to the canyon north),
the control volume was situated on the updraft segment of the vortex. Air parcels reaching
this segment had experienced shear production of k due to sufficient interaction of the air
parcel with street-canyon surfaces. On the other hand, when wind was approaching from
the north-east, east, and south-east (with respect to canyon north), the control volume was
situated on the downdraft segment of the vortex. Air parcels entering this segment were
speculated to have been transported from the shear layer above canyon (not measured) with
high levels of k, which would subsequently be lost due to shear consumption when enter-
ing the canyon. Other terms showed mixed trends for the sign given the thermal stability
condition and wind direction.

From the figure, the budget analysis of the directional terms is informative in explaining
the budget of k. One can note that all terms —A, Ps, and Tt had both positive and nega-
tive contributions to k, albeit these contributions were made from different components
of each term. The greatest component of Tt was Tt,, which was usually positive, indica-
tive that the turbulent transport in the vertical direction transported & into the control vol-
ume, from above the control volume (perhaps the shear layer above roof level). On the
other hand, Tt, and T, could be positive or negative depending on thermal stability condi-
tion and wind direction. Under unstable and weakly unstable conditions, Tty was negative,
while under stable conditions, T, was positive, suggesting that turbulent transport along-
canyon reduced k from the canyon under unstable and weakly unstable conditions, while
it increased k into the canyon under stable conditions. The greatest component of Ps was
Ps_, which was usually negative, suggesting a sink mechanism for & in the canyon under
most thermal stability conditions and wind directions. This could be due to the complex
structure of the flow inside the canyon. For instance, formation of a vortex structure was
observed in the same canyon for many wind directions in a previous field campaign [6].
If the control volume is positioned below the center of such a vortex, then mean velocity
gradients in the vertical direction would be negative, hence possibly explaining the nega-
tive sign of Ps,. On the other hand, Ps, was positive for many thermal stability conditions
and wind directions, suggesting that a thin boundary layer could develop along the surface
of a canyon contributing to shear production of k. Ps, showed mixed signs, especially influ-
enced by the thermal stability condition and wind direction. While it acted both as a source
or sink of k under unstable, weakly unstable, and neutral condition, it acted as a source of
k under stable conditions. The components of —A played a lesser role in transport of k into
and out of the canyon with a tendency of the contribution to be positive, i.e. a source for
k, except for the thermally unstable condition. The vertical component of —A_ was even
further less in magnitude than the horizontal components —A, and —Ay. All considered, the
combined effect of the directional components of the budget terms, —A, Ps, and Tt, behaved
in a very complicated manner and could create, overall, sink or source mechanisms for k in
the canyon given the thermal stability condition and wind direction.
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The findings were in qualitative agreement or complementary to those reported by other
investigators. It has been noted that compared to the shear layer above roof height, where
local production/consumption terms such as shear and buoyant production/consumption
can be significant, the main source term for k in the lower street canyon was the turbulent
transport, which brought k into the canyon from the rooftop level [16, 38, 46] or other
locations. The present study provides similar evidence, where k is transported to the con-
trol volume from locations above the control volume, possibly from roof-top shear layer
(speculated but not measured). Also it was found that both the thermal stability condition
and wind direction influence the apportionment of the budget. For example, although neg-
ligible in comparison to the turbulent transport term, a higher level of buoyancy produc-
tion/consumption term for the along-canyon wind direction was observed in this study and
elsewhere, possibly due to more turbulent heat transfer within the canyon under those wind
directions [16]. Also the thermal stability condition was responsible for diurnal variation of
the budget terms, such as the buoyant production/consumption, where higher values were
observed during daytime thermally unstable conditions [38].
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Fig. 8 Budget of k under different wind speed conditions; budget apportioned according to terms described
in Eq. 8 a, b, ¢, d; directional terms in the budget decomposed into the cross-canyon direction (x), the
along-canyon direction (y), and the vertical direction (z) e, f, g, h; budget normalized using the sum of mag-
nitude of all budget terms; wind direction with respect to the canyon north; classification ranges specified in
Sect. 2.5.3
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Table 6 Budget of k under very low wind, low wind, moderate wind, and high wind conditions; total budget
apportioned according to terms described in Eq. 8; budget normalized using the sum of magnitude of all
budget terms; wind direction with respect to the canyon north; classification ranges specified in Sect. 2.5.3

Case S -A Pb Ps Tt D R
Very low wind % % % % % % %
North 0.00 —0.88 0.67 —3.65 8.15 —43.22 4343
North-east —0.02 1.19 0.61 —4.65 9.86 —46.43 37.24
East —0.01 2.65 0.66 —2.47 9.32 —48.26 36.63
South-east —=0.00 0.41 0.74 —2.49 0.89 —50.46 45.01
South —0.00 0.11 1.10 0.06 3.34 —56.11 39.28
South-west —0.06 2.25 7.17 7.02 25.71 —47.80 10.00
West 0.03 7.62 7.09 17.04 8.01 —52.65 7.57
North-west —0.00 1.00 431 2.16 9.35 —50.23 32.94
Average magnitude 0.02 2.01 2.79 4.94 9.33 49.39 31.51
Low wind % % % % % % %
North 0.01 0.14 0.57 —4.11 9.99 —45.07 40.11
North-east —0.01 1.80 0.65 -17.32 11.89 —33.41 34.92
East 0.01 3.37 0.64 =7.76 7.80 —43.98 36.43
South-east 0.00 0.50 1.39 —4.82 2.02 —45.43 45.84
South 0.00 0.35 0.89 2.16 3.24 —55.59 37.76
South-west 0.02 15.36 2.67 26.23 =3.90 —43.25 8.57
West 0.00 21.99 1.44 23.36 3.37 —43.42 —6.42
North-west 0.00 2.34 2.67 5.51 11.84 —59.52 18.12
Average magnitude 0.01 5.73 1.36 11.41 6.76 46.21 28.52
Moderate wind % % % % % % %
North 0.02 —0.40 1.91 —6.50 17.05 —47.28 26.84
North-east —0.01 2.17 0.94 —26.73 9.10 —27.84 33.21
East 0.00 5.41 0.31 —18.99 —1.80 —26.98 46.52
South-east —0.04 6.03 1.16 —17.31 27.80 —32.69 14.95
South 0.00 0.29 1.29 6.67 6.08 —58.22 27.45
South-west 0.02 18.02 1.67 23.72 6.26 —42.64 —7.67
West 0.00 23.46 0.31 21.41 6.23 —34.77 —13.81
North-west —=0.01 7.10 2.18 6.98 17.89 —54.79 11.05
Average magnitude 0.01 7.86 1.22 16.04 11.53 40.65 22.69
High wind % % % % % % %
North 0.01 -1.26 1.33 —3.65 27.70 —47.42 18.64
North-east —0.01 —2.23 1.25 —21.40 21.56 —26.50 27.05
East - - - - - - -
South-east - - - - - - -
South —0.01 —0.08 1.39 16.68 23.24 —54.84 3.77
South-west 0.02 14.84 —0.37 25.92 13.95 —27.08 —17.82
West 0.04 25.08 0.45 16.46 5.47 —32.71 —19.80
North-west —0.01 3.26 1.15 5.28 2221 —51.95 16.16
Average magnitude 0.02 7.80 0.99 16.26 19.02 40.08 17.21
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3.2.3 Variation by wind speed

Figure 8 and Table 6 show the apportionment of the budget of k according to different
wind speed conditions and wind directions. Again, the relevant statistic in this case was
the median of each budget term for a combination of wind speed and wind direction with
ranges specified in Sect. 2.5.3.

In the figure, first, in panels (a), (b), (c), and (d) the budget terms in Eq. 8 were quanti-
fied and visually demonstrated based on different ranges of wind speed and wind direction.
Next, in panels (e), (), (g), and (h), the directional components of the budget were broken
down for the same ranges of wind speeds and wind directions. The percent contribution
of each budget term to the total budget was calculated in the same manner as the previous
section.

From the table, on average, the percent contribution of the magnitude of the resid-
ual term R under all wind directions was 31.51, 28.52, 22.69, and 17.21 % for the very
low, low, moderate, and high wind conditions, respectively. It can be seen that the resid-
ual decreases with increasing wind speed, suggesting that the Reynolds decomposition
approach and budget apportionment is more successful with increasing wind speed.

From the table, and setting aside the residual term, it could be seen that the relative
contribution of the budget terms depended on the wind speed. For the very low wind speed
condition, the budget terms could be listed as dissipation D, turbulent transport 7¢, shear
production/consumption Ps, buoyant production/consumption Pb, negative of advection
—A, and storage S, in decreasing order of magnitude. For the low and moderate wind speed
conditions, the budget terms could be listed as dissipation, shear production/consumption,
turbulent transport, negative of advection, buoyant production/consumption, and storage,
in decreasing order of magnitude. Finally, for the high wind speed condition the order
was dissipation, turbulent transport, shear production/consumption, negative of advection,
buoyant production/consumption, and storage. The increase in shear production/consump-
tion, negative of advection, and turbulent transport terms with increasing wind speed can
be explained by more local production/consumption of k and more effective transport of it
into the urban canyon under windy conditions.

Some of these budget terms were consistently positive or negative, regardless of the
wind direction, such as the buoyant production/consumption (with the exception of high
wind speed condition with wind direction from the south-west). However, some other
terms showed a clear dependence on wind direction, such as shear production/consump-
tion, where the contribution to the budget was negative under north, north-east, east, and
south-east directions, while the contribution to the budget was positive for south, south-
west, west, and north-west directions (with respect to canyon north). A similar explanation
can be provided for this as in the last section. Other terms showed mixed trends for the sign
given the wind speed condition and wind direction. This behaviour was similar to what was
observed under different thermal stability conditions.

From the figure, the analysis of the directional components of the terms is insightful.
As seen, all budget terms —A, Ps, and Tt made both positive and negative contributions to
the total budget, albeit these contributions were made from different components of each
term. Again, the greatest component of Tt was Tt,, which was usually positive, indicative
that the turbulent transport in the vertical direction transported k into the control volume,
from above the control volume (perhaps from the shear layer above roof level). On the
other hand, T, and Tt, could be positive or negative depending on wind speed and wind
direction. Under moderate to high wind speed conditions, Tz, was negative, while under
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very low wind speed condition, 77, was positive, suggesting that turbulent transport along-
canyon reduced k from the canyon under moderate and high wind speed conditions, while
it increased k into the canyon under very low wind speed conditions. The greatest compo-
nent of Ps was Ps,, which was usually negative, suggesting a sink mechanism for k in the
canyon under most wind speed conditions and wind directions. On the other hand, Ps, was
positive for many wind speed conditions and wind directions, suggesting that a boundary
layer could develop along-canyon contributing to shear production of k. Ps, showed mixed
signs, especially influenced by wind speed condition and wind direction. While it acted
both as a source or sink of k under low, moderate, and high wind speed conditions, it acted
as a source of k under very low wind speed conditions. The components of —A played a
lesser role in transport of k into and out of the canyon with a tendency of the contribu-
tion to be positive, i.e. a source for k. The vertical component of —A_ was even further less
in magnitude than the horizontal components —A, and —Ay. All considered, the combined
effect of the directional components of the budget terms, —A, Ps, and 7%, behaved in a very
confounding manner and could create, overall, sink or source mechanisms for k in the can-
yon given the wind speed condition and wind direction.

The findings were in overall agreement with those reported by other investigators. It has
been reported that the turbulent transport term below the roof level was positive, implying
downward transport of k from the rooftop shear layer and elsewhere into the urban canyon
[32]. Results here also showed this overall behaviour, particularly for the vertical compo-
nent of turbulent transport, which dominated the horizontal components. As stated earlier,
the transport terms in the lower street canyon ought to be larger than other production/con-
sumption terms [16, 38, 46]. The findings here confirmed this although the shear produc-
tion/consumption term was also found to make a high positive contribution under moderate
and high wind speed conditions for certain wind directions.

3.3 Thermal imaging at canyon and neighborhood scales

Before the analysis of the heat budget, it is insightful to study the surface temperatures at
the street-canyon and neighborhood scales, as such analysis will provide physical explana-
tions for the behavior of the heat budget terms. The surface temperature observations were
on selected, but representative, days, so the subsequent interpretations can be understood
as being approximate. The results for surface temperature analysis at the street-canyon
scale were visualized in Aliabadi et al. [6] and are not reproduced here for brevity. These
observations corresponded to conditions representative of clear skies with moderate wind
speed conditions. The top of north-east and south-west walls (with respect to true north)
experienced a temperature difference by up to 10 K as a function of diurnal time, where the
south-west wall exhibited higher temperatures than the north-east wall (with respect to true
north) from sunrise to noon LST, while the wouth-west wall exhibited lower temperatures
than the north-east wall (with respect to true north) from noon LST to sunset. The top and
bottom of each wall also experienced a temperature difference up to 5 K. These observa-
tions were in agreement with those performed by Offerle et al. [40] and Santamouris et al.
[51]. The difference between grass and asphalt surface temperatures at street level during
the day was as much as 10 K, with the grass being cooler than the asphalt.

Figure 9 shows the areal view of land surface temperatures at neighborhood scale
at 50 m X 50 m horizontal resolution. The mean surface temperature in each tile is
shown for four-hourly observation windows of 0400-0800, 0800-1200, 1200-1600,
1600-2000, and 2000-2400 LST. During 1200-1600 and 1600-2000 LST, warm surface
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Fig.9 Areal view of land surface temperature at 50 m X 50 m horizontal resolution measured by the Teth-
ered Air Blimp (TAB); a 0400-0800 LST; b 0800-1200 LST; ¢ 1200-1600 LST; d 1600-2000 LST; e 2000-
2400 LST; f map view of major campus areas and buildings specified using a white inset in panels a—e
showing the Reek Walk (RW: red circles in panels a—e), Gryphon Centre Arena (GCA: black circles in pan-
els a—e), University Centre (UC: magenta circles in panels a—e), Athletic Centre (AC: blue circles in panels
a—e), Varsity Field (VF: yellow circles in panels a—e), Johnston Green (JG: cyan circles in panels a—e), and
Field House (FH: white circles in panels a—e); times in Local Standard Time (LST = UTC - 5)

temperatures on the north-west of the street canyon were observed (with respect to can-
yon north), where surface temperatures were higher than the surroundings by ~ 10 K.
These warm surfaces are associated with impervious surfaces (parking lot) and large
energy consuming buildings (Athletic Centre (AC) and Gryphon Centre Arena (GCA),
which is an ice hockey arena). During 2000-2400 LST slightly warmer temperatures
were noted on the east of the street canyon (with respect to canyon north), where surface
temperatures were higher than the surroundings by ~ 5 K. We speculate that this behav-
iour was related to the different land use conditions and morphometric parameters on
the east and west sides of the street canyon (with respect to canyon north). On the west
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side of the canyon (with respect to canyon north), the mainly large impervious surfaces
gained higher temperatures (compared to the surroundings) with abundance of incom-
ing solar shortwave radiation during midday and reached lower temperatures with long-
wave radiation loss at nighttime. On the other hand, on the east side of the canyon (with
respect to canyon north), the built-up areas with vegetation gained lower temperatures
(compared to the surroundings) due to shading and evapotranspiration during daytime
and reached higher temperatures due to radiation trapping at nighttime. Morphomet-
ric parameters support this speculation. Averaged over north-east, east, and south-east
direction (with respect to canyon north) the mean building height and frontal area den-
sity are H =16 m and ﬂf = 0.17, respectively, while averaged over south west, west,
and north-west directions (with respect to canyon north) the corresponding values are
H=113mand A = 0.12, respectively. Note that thermal images at very oblique angles
associated with locations too far from the street canyon (where TAB was launched) did
not provide accurate measurements of the surface temperatures.

3.4 Heat budget
3.4.1 Diurnal variation

Similar to k, it is informative to study the diurnal variation of the terms in the budget
of heat before the analysis of the budget terms classified per stability parameter, wind
speed, and wind direction. Figure 10 shows the medians of the budget terms as they
varied diurnally. These statistics were calculated based on all observations at the same
hour.

Again, the storage term § was two orders of magnitude smaller than other terms, so
it could be assumed that ® met the quasi-statistically-stationary condition. Although
not being directly measured, the storage term in a previous study was suggested to be
mainly proportional to the flux divergence term [46]. The other two terms in the budget,
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Fig. 10 Diurnal variation of terms in the budget of heat; budget apportioned according to terms described

in Eq. 10; the medians are shown for every half hour period; times are in Local Standard Time (LST =
UTC-5)
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i.e. the negative of advection term —A and the flux divergence term Fd, seemed to be
two orders of magnitude larger than the storage term and seemed to balance each other,
particularly during the daytime thermally unstable condition. In contrast to the previous
speculation by Ramamurthy et al. [46], it is reasonable to suggest that the advection
term was more important than the storage term in balancing the budget. Nevertheless,
a great portion of the budget was still apportioned as the residual R because it was not
possible to estimate the other terms using the methodology of this study.

3.4.2 Variation by thermal stability

Figure 11 and Table 7 show the apportionment of the budget of ) according to Eq. 10
for different thermal stability parameters and wind directions. Again, the median of each
budget term was used for a combination of thermal stability parameter and wind direction
with ranges specified in Sect. 2.5.3. The budget contributions [% C], for either the total
budget or the budget associated with directional terms, are presented as the percent contri-
bution of the median of each term to the summation of the magnitude of the median of all
terms, i.e.
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Fig. 11 Budget of heat under different thermal stability conditions; budget apportioned according to terms
described in Eq. 10 a, b, ¢, d; directional terms in the budget decomposed into the cross-canyon direction
(x), the along-canyon direction (y), and the vertical direction (z) e, f, g, h; wind direction with respect to the
canyon north
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Table 7 Budget of heat under unstable, weakly unstable, near neutral, and stable conditions; total budget
apportioned according to terms described in Eq. 10; budget normalized using the sum of magnitude of all
budget terms; wind direction with respect to the canyon north; classification ranges specified in Sect. 2.5.3

Case S —-A Fd R
Unstable % % % %
North 2.09 33.42 —29.53 —34.97
North-east 0.26 51.63 —11.03 —37.08
East 0.80 49.27 7.57 —42.36
South-east 0.22 50.43 —6.09 —43.27
South 0.92 50.43 =20.79 —27.86
South-west 1.04 —12.18 —31.73 55.04
West 1.48 —31.27 —9.94 57.31
North-west 0.22 —45.80 —5.94 48.04
Average magnitude 0.88 40.55 15.33 43.24
Weakly unstable % % % %
North 0.17 49.75 —2.20 —47.88
North-east 0.02 47.16 1.09 —51.73
East 0.18 48.00 1.60 =50.22
South-east 0.45 48.42 —0.94 —50.18
South 0.37 47.05 —10.86 —41.72
South-west 0.68 —40.32 —2.35 56.65
West 0.26 —42.01 =7.65 50.07
North-west 0.10 —35.80 —9.99 54.11
Average magnitude 0.28 4481 4.59 50.32
Near neutral % % % %
North —0.15 48.83 2.25 —48.77
North-east —0.13 48.83 1.18 —49.86
East —0.06 49.06 1.33 —49.55
South-east —0.17 47.74 3.72 —48.36
South -1.53 9.38 —45.51 43.58
South-west —0.20 —49.31 0.56 49.93
West —0.28 =50.87 1.25 47.60
North-west —0.55 =51.92 —0.45 47.08
Average magnitude 0.38 44.49 7.03 48.09
Stable % % % %
North —0.83 40.78 6.45 —51.94
North-east —0.63 47.71 1.40 =50.26
East —0.40 47.96 0.56 —51.08
South-east -1.09 31.24 17.91 —49.76
South —1.09 33.56 17.61 —47.74
South-west —2.48 —65.02 30.40 2.10
West —0.62 —47.31 2.07 50.00
North-west —2.29 —47.85 19.94 29.92
Average magnitude 1.18 45.18 12.04 41.60
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%C = 100 x Budget term 4
T SIF 1= Al + [Fd + R (14
100 x Budget term
%C = (15)

| A+ —Al+|-A]|+|Fd |+ |Fd |+ |Fd|

respectively. In the figure, first, in panels (a), (b), (c), and (d) the budget terms in Eq. 10
were quantified and visually demonstrated based on different ranges of thermal stability
parameter and wind direction. Next, in panels (e), (f), (g), and (h), the directional compo-
nents of the budget were broken down along the x (cross-canyon), y (along-canyon), and
z (vertical) directions for the same ranges of thermal stability parameters and wind direc-
tions. These include the negative of advection —A and flux divergence Fd.

According to the table, on average, the percent contribution of the magnitude of the
residual term R under all wind directions was 43.24, 50.32, 48.09, and 41.60 % for the
unstable, weakly unstable, near neutral, and stable cases, respectively. The unexplained por-
tion of the budget is typically high and on average from 41.60 to 50.32 %. The breakdown
of the residual for each wind direction also indicates that a large portion of the budget is
unaccounted. This is likely due to limited measurements that did not permit apportion-
ment of all budget terms. However, there was one anomaly; under the thermally stable case
and wind from the south-west direction, the percent contribution of the residual was very
low, while that of the flux divergence was very high. This could be explained with the
aid of Fig. 5 showing that the frequency of high wind speed observations from the south-
west direction could be high during 0000-0400 and 0400-0800 LST, coincident with the
thermally stable case. With higher wind speeds the Reynolds decomposition approach was
more successful, where a greater portion of the budget could be explained.

From the table, and setting aside the residual term, it can be seen that for all thermal
stability conditions and averaged for all wind directions, the budget terms could be listed
as negative of advection —A, flux divergence Fd, and storage S, in decreasing order of mag-
nitude, with negative of advection dominating the other two terms. The negative of advec-
tion term had a clear dependence on wind direction. It was consistently positive for north,
north-east, east, south, and south-east directions (with respect to canyon north), while it
was consistently negative for south-west, west, and north-west directions (with respect to
canyon north). The flux divergence term, on the other hand, acted as a balancing term for
the negative of advection, with opposite signs for many wind directions, although occa-
sionally mixed trends for the sign could be observed given the thermal stability condition
and wind direction.

From the figure, the analysis of the directional components of the budget is informa-
tive in explaining the budget of ®. The individual budget terms of Fd and —A made both
positive and negative contributions that were strongly influenced by wind direction. The
greatest components of Fd were Fd, and Fd,, possibly due to existence of large gradi-
ents of temperature in the vertical and along-canyon directions. The components of —A
played a more important role in transport of heat into and out of the canyon, and they each
showed a strong dependence on wind direction. The balance between the advective and
flux divergence terms can be explained using the visualization provided in Fig. 12, show-
casing two scenarios where wind was from the east and west of the canyon (with respect to
canyon north). Surface temperatures at the neighborhood scale suggested that under ther-
mally unstable condition (1200-1600 and 1600-2000 LST) the advection term along the
canyon (—A,) could transport heat from areas with higher surface temperatures associated
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Canyon
~ vortex

(b) Wind from west of the canyon

Fig. 12 Visualization of the advective and flux divergence terms in heat Eq. 10; a wind from the east of the
canyon, with respect to the canyon north; b wind from the west of the canyon, with respect to the canyon
north; positive terms shown in red and negative terms shown in blue according to Fig. 11e; advective terms
filled with solid color and flux divergence terms filled with hatched color

with impervious surfaces and large energy-consuming buildings in the neighborhood (see
Fig. 9c,d), where —Ay was positive associated with the south-west, west, and north-west
directions (with respect to canyon north), while it was negative for south-east, east, and
north-east directions (with respect to canyon north). On the other hand, advection terms
across the canyon (—A,) and in the vertical direction (—A_) suggested that air masses com-
ing from the south-east, east, and north-east of the canyon (with respect to canyon north)
made a positive contribution to the budget, while air masses coming from the south-west,
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west, and north-west of the canyon (with respect to canyon north) made a negative con-
tribution to the budget under all stability conditions. We can note that on the east side of
the canyon (with respect to canyon north), the building mechanical system and heat rejec-
tion are positioned on the roof of the Rozanski Hall (see Fig. 1b), possibly explaining the
positive contribution of the —A, and —A, terms to the heat budget when wind was coming
from the south-east, east, and north-east directions (with respect to canyon north). Also
since the control volume was closer to the north-east wall (with respect to true north), the
air mass approaching the control volume entered the downdraft segment of the main can-
yon vortex (with its axis along canyon) directly as it left the shear layer above (speculated
but not measured), thus advecting warm air into the control volume. On the other hand,
on the west side of the canyon (with respect to canyon north), the green space and court
yard associated with the Landscape and Architecture building transported cooler air into
the canyon when wind was coming from the south-west, west, and north-west directions
(with respect to canyon north), possibly explaining the negative contribution of the —A,
and —A_ terms to the heat budget. Also since the control volume was closer to the north-
east wall (with respect to true north), the air mass approaching the control volume entered
the updraft segment of the main canyon vortex (with its axis along canyon) possibly after
interaction with canyon grass at lower temperatures, thus advecting cool air into the control
volume. It must be noted that the differential canyon wall temperatures occurred during the
daytime (thermally unstable condition) as explained in Sect. 3.3. For the thermally unstable
condition, according to Fig. 5c,d, there was similar frequencies of wind directions from the
eastern or western sectors (with respect to canyon north) during 0800-1200 LST (when the
south-west wall temperature was higher than the north-east wall temperature (with respect
to true north)) and 1200-1600 LST (when the north-east wall temperature was higher than
the south-west wall temperature (with respect to true north)). Therefore, the effect of the
differential canyon wall temperatures could not be observed or quantified. All considered,
the combined effect of the directional components of the budget terms, Fd and —A, show a
strong dependence on wind direction.

There is a paucity of field observations of the heat budget terms within the urban RSL
by other investigators. The findings here suggested that beside the flux divergence term, the
advection term was also a major contributor for the transport of heat both in the vertical
and horizontal directions at all thermal stability conditions and wind directions. Further-
more, the sign of the advection term was strongly linked to the wind direction. When posi-
tive, the advection mechanism transported warm air into the urban canyon, while, when
negative, it transported cool air into the urban canyon. The results also showed that a great
portion of the budget terms was unexplained, due to the current limitations of this study in
quantifying more budget terms, as opposed to the presence of random and systematic errors
as well as errors due to finite differencing to calculate spatial derivatives. This later point is
inferred because the estimated residual error in Table 4 is lower than the observed percent
contribution of the residual term. Overall, the budget terms for heat responded more sig-
nificantly to changing of wind direction, rather than the change in thermal stability.

3.4.3 Variation by wind speed

Figure 13 and Table 8 show the apportionment of the budget of ) according to different
wind speed conditions and wind directions. Again, the relevant statistic in this case was
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Fig. 13 Budget of heat under different turbulence conditions; budget apportioned according to terms
described in Eq. 10 a, b, ¢, d; directional terms in the budget decomposed into the cross-canyon direction
(x), the along-canyon direction (y), and the vertical direction (z) e, f, g, h; wind direction with respect to the
canyon north

the median of each budget term for a combination of wind speed and wind direction with
ranges specified in Sect. 2.5.3.

In the figure, first, in panels (a), (b), (c), and (d) the budget terms in Eq. 10 were quanti-
fied and visually demonstrated based on different ranges of wind speed and wind direction.
Next, in panels (e), (f), (g), and (h), the directional components of the budget were broken
down for the same ranges of wind speeds and wind directions. The percent contribution
of each budget term to the total budget was calculated in the same manner as the previous
section.

From the table, on average, the percent contribution of the magnitude of the residual
term R under all wind directions was 46.56, 50.15, 47.91, and 50.8 % for the very low, low,
moderate, and high wind speed conditions, respectively.

From the table, and setting aside the residual term, it can be seen that the negative
of advection —A term dominated the flux divergence Fd and storage S terms. The sign
of —A showed a strong dependence on wind direction similar to the observations in the
previous section. Also the opposite sign between —A and Fd for many wind directions
indicated that advection and flux divergence terms balanced each other.

From the figure, the analysis of the directional components of the budget revealed
similar apportionment to the previous section. The individual budget terms of Fd and
—A made both positive and negative contributions that were strongly influenced by wind
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Table 8 Budget of heat under very low wind, low wind, moderate wind, and high wind conditions; total
budget apportioned according to terms described in Eq. 10; budget normalized using the sum of magni-
tude of all budget terms; wind direction with respect to the canyon north; classification ranges specified in

Sect. 2.5.3

Case S —-A Fd R
Very low wind % % % %
North —0.39 42.87 3.05 =53.70
North-east —0.25 47.62 1.07 =51.06
East —0.28 49.41 0.68 —49.64
South-east 0.10 47.23 3.13 —49.54
South —0.13 39.39 12.23 —48.26
South-west —2.35 -12.27 53.12 —32.26
West —0.16 —43.84 5.68 50.32
North-west —1.44 =37.02 23.86 —37.68
Average magnitude 0.64 39.96 12.85 46.56
Low wind % % % %
North —0.22 47.10 1.93 =50.75
North-east —0.05 48.09 0.73 =51.12
East 0.17 48.78 1.19 —49.85
South-east 0.10 47.50 4.82 —47.59
South 0.16 46.47 5.12 —48.25
South-west —0.50 —46.47 0.51 52.52
West —0.13 —46.27 =2.00 51.60
North-west —0.03 —49.84 0.60 49.54
Average magnitude 0.17 47.56 2.11 50.15
Moderate wind % % % %
North 0.01 47.39 2.85 —49.74
North-east —0.04 47.13 1.79 =51.05
East 0.01 4791 3.74 —48.34
South-east —0.03 46.40 3.55 =50.02
South —0.34 51.07 -13.72 —34.86
South-west —0.06 —49.85 3.50 46.59
West 0.14 —46.50 0.09 53.27
North-west —0.06 —48.42 —2.09 49.43
Average magnitude 0.09 48.09 3.92 4791
High wind % % % %
North 0.15 47.31 —3.92 —48.63
North-east —0.06 47.14 2.21 =50.59
East - - - -
South-east - - - -
South —0.79 0.87 —44.83 53.51
South-west 0.20 —45.83 -2.12 51.85
West 0.33 —40.20 —9.37 50.10
North-west —0.02 —43.98 —6.08 49.92
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Table 8 (continued)

High wind % % % %
Average magnitude 0.26 37.6 114 50.8

direction. The greatest components of Fd were Fd, and Fd,, with Fd, being usually neg-
ative, indicating that the turbulent transport in the vertical direction usually removed
heat from the canyon, although some exceptions were noted when Fd, was positive. Fd,
and Fd, could be positive or negative depending on the wind speed and wind direction.
The components of —A played a more important role in transport of heat into and out
of the canyon, and they all showed a strong dependence on wind direction. The com-
ponents —A, and —A_ exhibited the same sign for a given wind speed and wind direc-
tion. They were negative for the south-west, west, and north-west directions, while they
were positive for the south-east, east, and north-east directions (with respect to canyon
north). Same arguments can be put forward in explaining this phenomenon as in the pre-
vious section. All considered, the combined effect of the directional components of the
budget terms, Fd and —A, show a strong dependence on wind direction.

Again, due to lack of field observations of the heat budget terms within the urban RSL,
the findings here could not be directly compared to those of other investigators. The find-
ings, again, indicated the important role of advective transport of heat within the urban
RSL along with the flux divergence transport. Overall, the budget terms for heat responded
more significantly to changing of wind direction, rather than the change in wind speed.

4 Conclusions and future work

This study quantified and analyzed the budget terms of turbulence kinetic energy k and
heat in the urban roughness sublayer (RSL) using field observations. The observations
were conducted in the Reek Walk, inside a quasi two-dimensional urban canyon located at
the University of Guelph, Guelph, Canada, from 15 July 2018 to 5 September 2018. The
budget terms were analyzed under four stability classes, from thermally unstable to stable
conditions, as well as under four wind speed conditions, from very low to high wind condi-
tions. The budget terms were further analyzed under varying wind directions in eight sec-
tors with respect to the canyon axis. In total 2119 data records were analyzed, which were
measured for 30 min each, for a total of 1059.5 hr of observations.

4.1 Turbulence kinetic energy budget

The diurnal variation of the budget terms of k indicated that the storage term was two
orders of magnitude smaller than other terms, so it could be assumed that k met the
quasi-statistically-stationary condition. The advection term had the tendency to be posi-
tive during daytime, making a contribution to increase k by transporting it from locations
with higher intensities of k such as the shear layer above roof height (speculated but not
measured). The buoyant production/consumption term was lower in magnitude compared
to other budget terms, but it had the tendency to be positive at most diurnal times. The
remaining budget terms of shear production/consumption, turbulent transport, and dissipa-
tion were greater in magnitude than the storage, advection, and buoyant production/con-
sumption terms, but they appeared to balance one another. During daytime, it appeared that
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turbulent transport relocated k into the canyon from locations with higher intensities of &,
such as the shear layer above roof height (speculated but not measured), while shear pro-
duction/consumption and dissipation balanced it.

The apportionment of the budget terms of k according to thermal stability condition
indicated that compared to the shear layer above roof height (speculated but not meas-
ured), where local production/consumption terms such as shear and buoyant production/
consumption can be significant, the main source term for k in the lower street canyon was
the turbulent transport term, which relocated k into the canyon from the rooftop level.
Also it was found that the thermal stability condition influenced the apportionment of the
budget. Although negligible in comparison to the turbulent transport term, a higher level of
buoyancy production/consumption term for the along-canyon wind direction was observed
in this study and elsewhere, possibly due to more turbulent heat transfer within the can-
yon under those wind directions. Also the thermal stability condition was responsible for
diurnal variation of the budget terms, such as the buoyant production/consumption, where
higher values were observed during daytime thermally unstable conditions.

The apportionment of the budget terms of k according to the wind speed condition indi-
cated that the turbulent transport term below the roof level was positive, implying down-
ward transport of k from the rooftop shear layer (speculated but not measured) into the
urban canyon. This hypothesis was re-enforced, particularly given the vertical component
of turbulent transport, which dominated the horizontal components. The transport terms in
the lower street canyon were larger than other production/consumption terms although the
shear production/consumption term was also found to make a high positive contribution
under moderate and high wind speed conditions for certain wind directions.

4.2 Heat budget

The diurnal variation of the budget terms of heat also indicated that the storage term was
two orders of magnitude smaller than other terms, so it could be assumed that ® met the
quasi-statistically-stationary condition. The other two terms in the budget, the advection
term and the flux divergence term, seemed to be two orders of magnitude larger than the
storage term and appeared to balance one another, particularly during the daytime ther-
mally unstable condition. While not being quantified in previous studies, it is reasonable
to suggest that the advection term was more important than the storage term in balancing
the budget. Nevertheless, a great portion of the budget was still apportioned as the residual
because other terms of the budget were not estimated using the methodology of this study.

The apportionment of the budget terms of heat according to thermal stability condi-
tion suggested that beside the flux divergence term, the advection term was also a major
contributor to transport of heat both in the vertical and horizontal directions at all thermal
stabilities and wind directions. Furthermore, the sign of the advection term was strongly
linked to the wind direction. When positive, the advection mechanism transported warm
air into the urban canyon, while, when negative, it transported cool air into the urban can-
yon. This was linked the the morphology and land use differences surrounding the urban
canyon.

The apportionment of the budget terms of heat according to the wind speed indicated
the important role of advective transport of heat within the urban RSL along with the flux
divergence transport.
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4.3 Implications

While previous studies attempted to apportion the budget of k using laboratory or field
observations, very few studies have attempted to apportion the budget of heat using either
laboratory or field observations in the urban RSL. This study filled this gap. In addition,
this study provided a complementary approach by provisioning measurement locations
spanned in all three coordinate directions with respect to the urban canyon to quantify the
budget terms rigorously. This approach excluded the need for assuming horizontal homo-
geneity of meteorological conditions in the urban RSL, and neither did it require quantifi-
cation of dispersive terms of transport. This study resulted in more detailed quantification
of the budget terms for both k and heat. In addition, it was found that the advective terms in
both the k and heat transport equations made a measurable contribution to the budgets and
could not be ignored neither in the horizontal nor vertical directions. Currently, many mod-
elling methodologies, particularly those based on the one-dimensional vertical diffusion
[29, 33, 34, 50], may overlook this important mode of transport. Based on the evidence
provided in this study, it is imperative that such modes of transport be accounted for in
models, particularly those attempting to resolve the meteorological variables at microscale.

4.4 Future work

Future observations of the budget terms of turbulence kinetic energy and heat in the urban
roughness surface layer should extend to other urban configurations, different climate
zones, and different seasons. Different urban configurations may involve various plan area
and frontal area densities, urban surface properties (hydrological, radiative, aerodynamic,
and thermal properties), building types, vegetation type, and cover fraction. In addition,
future apportionment of the budget terms of the heat equation requires more detailed quan-
tification of radiative flux divergence and latent heat terms. Finally, more sensors (greater
than 3) can be arrayed in all three coordinate directions to quantify the budget terms with
less error due to finite differencing in the calculation of spatial derivatives.
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