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Inversion breakup over different shapes of urban areas
Abstract

Severe haze episodes and extreme heat events are both related to the strong inversion
in the atmospheric boundary layer. Inversion breakup is the main mechanism to
alleviate the accumulation of heat or pollutants, especially in urban areas. However, the
physical process and turbulent flow structures of inversion breakup remain unclear. In
this study, the characteristics of mean flow structures and turbulence statistics of
inversion breakup at the two-dome stage were investigated by conducting reduced-scale
water tank experiments. A two-layer density profile (i.e. a lower-level stable layer and
an upper-level neutral layer) was created to simulate the surface-based inversion
covered by a neutral residual layer. Various shapes of urban areas were tested. The
results showed that the lower-level dome in the stable layer (Dome 1) and the upper-
level dome in the neutral layer (Dome 2) are both substantially affected by the urban
shape. In Dome 1, the convergent inflow is mainly along the angular bisector across the
urban corners, whereas the divergent outflow is perpendicular to the edges. In Dome 2,
the divergent outflow is on the same vertical plane with the convergent inflow (i.e.
along the angular bisector). Furthermore, the turbulence production and momentum
transfer are mainly induced by the thermal plume structures near the urban centre,
indicating the strong influences of buoyancy. In divergent outflow regions, both shear
and buoyancy play important roles.

(224 words)
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Introduction

Due to intensive human activities, the underlying surface in urban areas has been
considerably modified, which has resulted in a distinct urban climate. Consequently,
various urban-specific environmental islands have arisen, such as the urban heat island
or urban heat dome (UHI, Bornstein 1968; Oke 1973; Fan et al. 2017b), urban cool
island (UCI, Lindén 2011; Yang et al. 2016; Rasul et al. 2017), urban pollution island
or urban pollution dome (UPI, Megaw 1977; Li et al. 2018; Huang et al. 2019), urban
moist or moisture island (UMI, Deosthali 2000; Wang et al. 2020), urban dry island
(UDI, Wang and Gong 2010; Lokoshchenko 2017; Hao et al. 2018) and urban CO2
island or urban CO2 dome (UCO:zl, Idso et al. 2001, 2013; Jacobson 2010). These
‘islands’ trap heat, moisture and airborne pollutants over a city below a certain height,
and modulate the urban thermal and wind environment, as well as pollutant dispersion
and the pollutant exposure of residents (Hang et al. 2017).

With the increasing frequency of extreme heatwaves and haze episodes, the UHI, UPI
and UCOal effects are attracting more attention. Their intensities can be amplified by
the stable background stratification or inversion, as the stable layer suppresses
turbulence and vertical dispersion (Founda and Santamouris 2017; Fan et al. 2020;
Chen et al. 2020).

There are two types of inversion: surface-based inversion (SBI) and elevated inversion
(EI). SBI is formed due to the surface cooling of longwave radiation (Czarnecka and
Nidzgorska-Lencewicz 2017), and thus usually shows a clear diurnal cycle (Palarz et
al. 2019), whereas EI is mainly induced by the subsidence of large-scale atmospheric
circulation in a high-pressure system (Largeron and Staquet 2016) and can last several
days. EI can also be formed by other factors, such as cold/warm fronts (Fan et al. 2019a)
or the combined effect of surface radiative cooling and urban mixing layer (Godowitch
et al. 1985). SBI is usually stronger (larger buoyancy frequency) and thinner (smaller
inversion layer depth) than EI (Palarz et al. 2019; Khalesi and Daneshvar 2020). SBI
and EI can be present simultaneously. According to the measurements conducted by
Weston et al. (2020), SBI occurs near the surface (0—100 m), EI occurs at heights of
500-1500 m, and a neutral layer (residual layer) lies in between. Normally, the depth
of SBI ranges from 100 to 600 m and that of the neutral layer aloft is in the range of
400-1000 m. Therefore, the ratio of SBI depth to the neutral layer aloft depth is
approximately 1/10-3/2. Khalesi and Daneshvar (2020) recorded five-year data
(2014.1.1-2018.12.31) on atmospheric stability in Tehran and found that inversion was
present on 74% of the days (SBI: 77%, EI: 23%). The strength of the inversion can be
quantified using buoyancy frequency N (s). A typical value of Nis 0.015 s' (Hunt et
al. 1988). Larger values (0.028-0.045 s!) have also often been recorded (Li et al. 2019;
Khalesi and Daneshvar 2020) and an extreme value of 0.1 s is rarely observed
(Clements et al. 2003).

The breakup of inversion alters the characteristics of heat transfer and pollutant



concentration. Inversion breakup enhances turbulent mixing, and thus, heat transfer
between the atmosphere and underlying surfaces (Fan et al. 2019a, ¢, 2020; Kriiger and
Emmanuel 2013). Regarding pollutant concentration, inversion breakup can either
increase or decrease pedestrian-level pollutant concentrations, depending on the
position of the pollutant source (Figure 1). If the pollutants are concentrated in the near-
surface region or the pollution sources are ground-based, such as traffic emissions, the
inversion breakup will enhance mixing and pollutant dispersion, and thus reduce
pedestrian-level pollution (Figure la). According to Li et al. (2019), the aerosol
concentration reduces by 58% in winter and 18% in summer, on average, in the absence
of inversion. Janhéll et al. (2006) also suggested that the pollutant concentration can be
increased by 4-10 times with inversion during the morning rush hour, when the
pollutants are mainly created by traffic. A PMa2.s concentration of 10000 pg m> was
recorded at a fireworks event under a stable stratification condition (Hoyos et al. 2019).
If there are elevated pollutant sources above the lower stable layer, such as an ultra-
high chimney, an airplane and remaining pollutants from previous days or regional
transport (Allen and Holmes 2015), inversion breakup can result in fumigation, which
increase pedestrian-level pollution (Figure 1b). Various studies have measured the
fumigation of atmospheric pollutants after inversion breakup, e.g., Hg (Snyder et al.
2008), O3 (Evans 1979) and CINOz2 (Tham et al. 2016; Osthoft et al. 2018) (Peters 1975).

<Fig. 1>

Both strong synoptic wind and the underlying heating from the surface can break
inversions. Here, we focus on the physical process of inversion breakup due to heating,
which is described as follows. During a calm clear night in a rural area, SBI is usually
formed, whereas a shallow mixing layer topped by an elevated inversion (in the form
of a dome shown in Figure lai) is sustained under the urban heat island effect
(Godowitch et al. 1985). In the morning after sunrise, the inversion layer can be eroded
by the mixing layer over the urban area if excess energy is continuously supplied to the
mixing layer (Leukauf et al. 2016). During the erosion process, the mixing layer grows
gradually and lifts up the above inversion layer. Meanwhile, gradually, the base of the
inversion layer (i.e. the top of the mixing layer) becomes higher and the inversion layer
becomes thinner. The mixing layer grows rapidly (Figure 1aii) after the total erosion of
the inversion layer (Godowitch et al. 1985).

Although a considerable number of studies suggest that inversion breakup is important
for heat and mass transfer in the atmospheric boundary layer (Whiteman 1982; Leukauf
et al. 2015; Rendodn et al. 2015; Wang et al. 2018), detailed flow structures have been
rarely studied. By conducting water tank experiments, Fan et al. (2019a) first found
three stages during the inversion breakup process over a circular urban area: the two-
dome stage, wing-shrinking stage and perforative-plume stage. Moreover, the shape of
the urban area has been found to affect the mean and turbulent flow structures of the
urban dome flow (Fan et al. 2018b, 2019¢). Therefore, whether the shape of the urban
area affects the inversion breakup process needs to be clarified. This paper focuses on



investigating the influences of urban area shape on the mean and turbulent flow
structures at the two-dome stage.

2. Methods

In this study, water tank experiments were conducted. Reduced-scale water tank
experiments have proved to be an effective method to investigate the flow structures of
a convective boundary layer (CBL, Willis and Deardorft 1974), urban heat island-
induced circulation (UHIC, Lu et al. 1997b; Fan et al. 2016b), inversion breakup (Fan
et al. 2019a; Princevac and Fernando 2008; Fernando 1987), sea breeze circulation
(Cenedese and Monti 2003), slope flow (Reuten 2006), flow—mountain interaction
(Hunt et al. 1988) and pollutant dispersion (Zhang and Sang 1999, 2004; Xuan and
Zhang 1999). The similarity between the reduced-scale model and prototype has been
well established (Fan et al. 2016b, 2019a; Lu et al. 1997b; Cenedese and Monti 2003).

The water tank had dimensions of 1.2(length) x 1.2(width) x 1.1(height) m, as
illustrated in Figure 2a. According to Fan et al. (2019¢) and Lu et al. (1997b), this size
of water tank is large enough to eliminate the influence of lateral walls on the urban
heat dome flow.

<Fig. 2>

Six cases with different heater shapes were designed, with reference to Fan et al.
(2019c¢). The geometry parameters and coordinate system in terms of the layout of the
urban areas are indicated in Figure 3.

<Fig. 3>

Cases 2 and 3 were set to have the same geometry but different orientations towards
Camera 1, so that the velocity fields along both the long and short sides could be
measured. Cases 4 and 5 were similarly arranged for the same reason.

The velocity field was measured using the particle image velocimetry (PIV) system,
which comprises a high-speed camera and a laser. As shown in Figure 2a, there were
two cameras and lasers, which formed two sets of acquisition systems to rapidly obtain
velocity fields on the horizontal and vertical planes. Camera 1 (Speed Sense M140
model, 2560 % 1600 pixels, Dantec Dynamics A/S, Skovlunde, Denmark) with a prime
lens (35 mm focal length, /1.8 maximum aperture, AF-S DX Nikkor, Nikon Imaging
Japan Inc., Japan) and Laser 1 (3 W DPSS 532 nm laser projector, Ourslux Lighting
Technology Co, Ltd, Shenzhen, China) were used to measure the velocity field on the
vertical plane across the middle of the heated urban centre. Camera 2 (Speed Sense
M 140 model, 2560 x 1600 pixels, Dantec Dynamics A/S, Skovlunde, Denmark) with a
prime lens (20 mm focal length, f/1.8 maximum aperture, AF-S Nikkor, Nikon Imaging
Japan Inc., Japan) and Laser 2 (RayPower 10W 532-nm continuous green laser, Dantec



Dynamics A/S, Skovlunde, Denmark) were used to obtain the velocity field on the
horizontal plane. Camera 2 and Laser 2 were placed on a traverse device so that they
could move simultaneously to measure the velocity fields at different levels without re-
focusing. The seeding particles used were 20-um Polyamid Seeding Particles (PSP-20
um, Dantec Dynamics A/S, Skovlunde, Denmark). Both cameras operated continuously
at 30 Hz for 30 s (total 900 images in a single run), under limited camera memory and
convective speed magnitude (Fan et al. 2019a,c). After one run, the captured 900 images
were transferred from the camera memory to the hard disk of the computer, and then
the camera memory was cleared ready for the next run. After the experiments, the
captured particle images were analysed with the commercial software Dynamic Studio
(Dantec Dynamics A/S, Skovlunde, Denmark). The adaptive PIV algorithm was
selected to calculate the maximum correlation between two consecutive images and
obtain the velocity field. A detailed description of the algorithm, parameters and
uncertainty analysis can be found in Fan et al. (2019a).

The cross-section of the water tank is shown in Figure 2b, which presents a detailed
structure of the heated area. The heat source was a 2-cm-deep copper thermal resistance
heater (yellow colour in Figure 2b), controlled by a transformer to provide the desired
heat flux. There was a 1-cm flat copper plate (red colour in Figure 2b) above the heater
to make the temperature over the surface as uniform as possible by taking advantage of
the high thermal conductivity of copper. On the upper surface of the copper plate, a
layer of black matte paint was sprayed to reduce the light reflectance, avoid
overexposure on images in the near-surface region and thus improve the quality of the
particle images.

The heater and copper plate were surrounded by a silica gel pad below and a polyvinyl
chloride (PVC) plate in the lateral direction to reduce the heat leakage. Thermocouples
were deployed in the location marked in Figure 2b to monitor the temperature of the
urban area and that of the ambient environment. The temperature data from the
thermocouples were recorded using an Agilent 34972A data logger (Keysight, Santa
Rosa, CA) at an acquisition frequency of 1 Hz. The value of the supplied heat flux Ps
(W m™) in six cases was obtained by measuring the voltage and current of the heater,
as shown in Table 1. According to Fan et al. (2019c¢), the leakage heat flux P; (W m™)
can be estimated as

<Table 1>

R=2,(T.-T,)z (1)

where A (0.17 W m™ K') is the thermal conductivity of the silica gel plate. 7s (°C)

is the average temperature measured by thermocouples TC 1 and TC 2, shown in
Figure 2b and 7, (°C) is the ambient temperature obtained by thermocouple TC 3. zs
(0.01 m) is the thickness of the silica gel plate. The heat flux released into the fluid



through the urban area can be calculated as Ho= Ps - P..

The convective velocity scale us and Froude number Fr are important parameters that
indicate whether the reduced-scale model is similar and representative of real-scale
atmospheric flows (Lu et al. 1997a). These three parameters are introduced in detail as
follows. ua (m s™') and Fr are defined as Egs (2) and (3), respectively (Lu et al. 1997a;
Cenedese and Monti 2003; Colomer et al. 1999).

1/3
U, = I:gﬂdHo/(poCP )] (2)
where p, (kg m?), ¢, J kg' K') and g (K') indicate the reference density,

specific heat capacity and thermal expansion rate of the fluid, respectively. d = 4A4/L is
the hydraulic diameter. 4 (m?) and L (m) are the area and perimeter of the heat source,
respectively, and g (m s2) is the acceleration of gravity.

Fr=u,/(Nd) (3)

where p (kg m?) is the fluid density and z (m) is the vertical coordinate. N (s!) is the

buoyancy frequency of stable stratification and is defined as N = \/—( g/ po)ﬁp/ Oz

(Stull 1988). Two-layer stratification is created, with the lower layer being stably
stratified (density decreases with height linearly) and the upper layer being neutral
(density is constant), which is designed to simulate the SBI near the ground and neutral
residual layer aloft. The depths of the stable layer and neutral layer aloft are 4 and 12
cm, respectively. The detailed methods for creating two-layer stratification and the
advantages of using salt water to simulate the stratification can be found in Fan et al.
(2019a). The density gradient of the lower stable layer is used to calculate the buoyancy
frequency. The vertical density profiles of the six cases are shown in Figure 4. Density
data were measured with a conductivity and temperature sensor (MSCTI, PME, Inc.,
Vista, CA, USA). For the procedures of using MSCTI for the calibration and
measurements, please refer to Fan et al. (2018a).

<Fig. 4>

The density gradient is fitted with the density data in the stable layer (below the blue
dash line in Figure 4). The fitted gradients (0p/dz, and accordingly, R?) for the six

cases are 71.78 kg m™(0.9958), 89.72 kg m™ (0.9798), 82.28 kg m™(0.9951), 51.96 kg
m™(0.9861), 57.51 kg m™(0.9929) and 53.34 kg m™(0.9937), respectively. The values
of uq and Fr are summarised in Table 1.

According to Fan et al. (2020), the urban heat dome flow can be appropriately



simulated if Fr < 0.08. In our study, Fr ranges 0.047—0.078, which satisfies the
mentioned criterion. As analysed in Fan et al. (2019c), the Fr in our experiments
(0.047-0.078) can represent a real city scale of 7-15 km (hydraulic diameter of the
city) under typical background conditions of N = 0.005 s' and H5=100 W m (Hunt et
al. 1988; Reuten 2006; Hidalgo et al. 2008b; Christen et al. 2003; Oke et al. 1999; Fan
et al. 2019c¢). In this study, the ratio of the stable layer depth to the above neutral layer
depth was fixed at 1/3 (4/12 cm), which is within the range of a real atmospheric
condition (approximately 1/10-3/2) (Weston et al. 2020).

3. Results

3.1 Mean velocity field
3.1.1 Vertical plane

As found in Fan et al. (2018b, 2019¢), the shape of the urban area substantially affects
the structure of urban dome flows. Generally, an urban dome flow has a lower-level
convergent inflow, an upper-level divergent outflow and an upward-rising flow at the
urban centre (Lu et al. 1997a; Fan et al. 2016b, 2017a, 2019; see Figure 1a(i) and 1b(i)).
For the urban dome flow over a polygon urban area, the lower-level inflows are mainly
along the direction of the angular bisector, whereas the upper-level outflows are
perpendicular to the edges (Fan et al. 2019c¢). As for the processes of inversion breakup,
there are three stages (Fan et al. 2019a): a two-dome stage (Stage 1), wing-shrinking
stage (Stage 2) and perforative-plume stage (Stage 3). Stage 2 is a transitional stage,
whereas the lower stable layer is totally destroyed in Stage 3. The characteristics of the
flow in Stage 3 are the same as those of the thermal plume structure in a neutral
background environment. In Stage 1, the urban dome flow is maintained in the lower
stable layer, i.e. Dome 1. Meanwhile, another dome flow in the neutral layer aloft is
initiated, i.e. Dome 2. Therefore, it is more appropriate to study the shape effect on the
inversion breakup process during Stage 1, and hence, the differences in the flow
structures at the two-dome stage are mainly focused and compared. The mean velocity
fields (30 s average from 900 captured images in one run) at the two-dome stage across
the urban centre of the six cases are shown in Figure 5. The arrows and colour represent

the average velocity vectors and mean speed S (vu’ +w” ), respectively, where « and

w are the horizontal (x-direction) and vertical (z-direction) velocity components,
respectively.

<Fig. 5>

Case 1 (Figure 5a) shows the flow over a circular urban area. Domes 1 and 2 are
present in the lower stable layer and upper neutral layer, respectively, similar to the
case in Fan et al. (2019a). Dome 1 is formed due to the lower-level stable
stratification, whereas the vertical dimension of Dome 2 is limited by the water—air
interface. Both inflows and outflows appear in Domes 1 and 2 on the measured



vertical plane across the urban centre (Figure 5a). There is a clear shear region
between the outflow of Dome 1 and inflow of Dome 2, located on the interface
between the lower stable layer and upper neutral layer, marked by a dashed horizontal
line.

The flow over a rectangular urban area is presented in Case 2 (Figure 5b) and Case 3
(Figure 5c). As shown in Figure 5b, in Dome 1, only inflow (blue hollow arrows)
appears, and the outflow is absent on the measured vertical plane along the long side.
This phenomenon is consistent with that of the urban dome flow in a stale layer
proposed by Fan et al. (2019c), according to which the outflows are perpendicular to
the long side over a rectangular urban area with an aspect ratio of 4 (the ratio of the
long side to short side). On the measured vertical plane, both inflow and outflow are
observed (marked as red curved arrows) in Dome 2 of Case 2. The results of Case 3 in
Figure 5¢ provide a perspective from another direction (view from the short side).
Strong outflows (blue hollow arrows) in lower-level Dome 1 can be observed,
meaning that the outflows of Dome 1 are perpendicular to the long sides. There are no
obvious outflows in Dome 2. The shear region between Domes 1 and 2 does not exist
either (Figure 5c¢), in contrast to Case 1 (Figure 5a). However, plumes are present,
which connect Domes 1 and 2. These plumes enhance the heat and mass transfer
between the two domes, which accelerates mixing. The results of Cases 2 and 3
indicate that the inflows and outflows lie on the same vertical plane along the long
side direction in Dome 2, i.e. perpendicular to the short sides of the rectangle, which
is different from those in Dome 1, where the inflows and outflows are located on
different vertical planes.

Case 4 (Figure 5d, viewed from the side) and Case 5 (Figure Se, viewed from the
corner) demonstrate the flow over a square urban area from different viewpoints.
Considering both Figure 5d and Se, the flow in Dome 1 is characterised as a strong
diagonal inflow (blue hollow arrows in Figure 5¢) and side outflow (blue hollow
arrows in Figure 5d), which agrees well with the results obtained in Fan et al. (2019¢).
As for the flow structures in Dome 2, both inflows and outflows (red curved arrows in
Figure 5e) are present on the vertical plane aligned with the diagonal of the square
city, whereas plumes appear on strong outflows on the vertical plane perpendicular to
the edges (Case 4, Figure 5d).

Figure 5f displays the velocity field over a triangular city. Due to the shape of the
triangle, both the flows over the corner (right part of the flow field) and the side
region (left part) can be simultaneously observed. In the lower stable layer, Dome 1
presents both strong inflow (right part over the corner) and strong outflow (left part
over the side). Similarly, plumes rise on the strong outflow from Dome 1 to Dome 2
on the left part over the side region of the triangular city. On the right part, both
inflow and outflow (red curved arrow) appear on this viewed vertical plane in the
neutral layer. The characteristics of the flow over the corner and side are observed on
this single vertical plane.



In summary, the mean flow structure at the two-dome stage is considerably affected
by the shapes of urban areas. In Dome 1 within the lower stable layer, the lower-level
inflows are mainly present along the angular bisector across the corners and the
outflows are perpendicular to the edges, which has the same characteristics as those of
the urban dome flow in a completely stably stratified (no neutral layer) environment
(Fan et al. 2019c). In Dome 2 within the upper neutral layer, the flow structures
exhibit different trends. If the outflow of Dome 1 is strong on a specific vertical plane,
the inflow of Dome 2 is less organised and the plumes rise from the outflow of Dome
1. In contrast, if the outflow of Dome 1 is weak, which is along the direction over the
corners in our studied cases, the inflows of Dome 2 in the neutral layer is strong and
organised. Meanwhile, the main outflow of Dome 2 would appear on the same
vertical plane as that of the inflow, i.e. the vertical plane along the angular bisector
across the corners.

3.1.2 Horizontal plane

To support the results presented in Section 3.1.1, the velocity fields on the horizontal
planes were also measured. Only three cases (Cases 2, 4 and 6) are displayed in Figures
6-8 for the following reasons. The velocity fields over the circular urban area are
symmetrical (Fan et al. 2018b, 2019c¢), and thus, not presented here for conciseness.
Cases 2 and 3 have the same shape. Therefore, only Case 2 is shown here. Similarly,
Case 4 is chosen out of the cases with square urban areas. The velocity field is also a
result of 30-s average (900 images).

<Fig. 6>
<Fig. 7>
<Fig. 8>

Cases 2, 4 and 6 all present strong convergent inflows in Dome 1 (marked by white
hollow arrows) along the angular bisector over the corner of the urban area in the near-
surface region (Figures 6b-8b). Simultaneously, the strong divergent outflows in Dome
1 are perpendicular to the edges (Figures 6¢-8c). The velocity field at the interface (z =
40 mm) between the lower stable layer and upper neutral layer is also obtained. As
shown in Figures 6d-8d, both inflows over the corner and outflows over the sides are
present at the top of the stable layer (or bottom of the neutral layer). The inflows
observed at the interface belong to Dome 2 in the neutral layer aloft. Therefore, the
inflows of Dome 2 are mainly present along the angular bisector over the corner, which
supports the results for the vertical planes in Cases 1-6.

3.2 Turbulence statistics on the vertical plane



The turbulence statistics, including turbulent kinetic energy (TKE), momentum flux
and turbulence production (Par), were calculated based on the instantaneous velocity
fields (30 Hz, 30 s) on vertical planes. Three turbulence-related parameters are analysed
separately in the following three subsections.

3.2.1 TKE

TKE is calculated as & = (u'2 +W) / 2 (m? s?), where u’ and w’ are the temporal

fluctuations in the horizontal and vertical velocity components, respectively. The results
are displayed in Figure 9.

<Fig. 9>

In all six cases, abnormally large TKEs are observed at the top left of the figures
(marked by a blue curve), which are induced by interference from the laser light (Laser
1) reflection. This reflection is generated from the water surface and the wall of the
water tank. We tried several methods to minimize the reflections, such as attaching a
black non-reflective cloth to the inside of the water tank wall. This method did help to
reduce the reflection from the wall. However, during the experiments, Laser 2 (Figure
2a) was also required to measure the velocity fields on the horizontal planes, and hence
the wall of the water tank could not be blocked. The reflection from the water surface
was unavoidable, as the water surface could not be obstructed to allow the view from
Camera 2 (Figure 2a).

As shown in Figure 9a, b and e, the large-TKE regions are primarily present above the
urban area, which is mainly generated by buoyancy. For the cases with strong side
outflows in Dome 1 (Figure c, d and f), the large-TKE regions are also observed in the
outflow regions besides the regions above the urban areas. This effect is presented more
clearly in Case 6 (Figure 91), i.e. the TKE is much larger on the left side of the urban
area, due to the side outflow, than that on the right side. The plumes between Domes 1
and 2 can also be traced in TKE fields (Figure 9c—f) as those in the velocity fields in
Figure 5c, d and f. The TKE fields in Figure 9 are also highly correlated with the
velocity fields in Figure 5, indicating that a large mean velocity induces a large TKE.

3.2.2 Momentum flux

The momentum flux is defined as u'w' (m? s2) (Zou et al. 2017; Yin et al. 2019a),

which is normalised with u>, as shown in Figure 10.

<Fig. 10>

Momentum flux represents the characteristics of momentum transfer. Regions with



large positive (red) or negative (blue) momentum flux are marked in different cases for
a clearer description and analysis. In this study, there are mainly two types of
momentum transfer fields due to the different main mean flow directions, i.e. transfer
of horizontal momentum in the vertical direction (Type 1) and that of vertical
momentum in the horizontal direction (Type 2). Large areas of Types 1 and 2
momentum transfer are marked with solid and dashed white ellipses, respectively.

In Case 1 over a circular urban area (Figure 10a), six regions are marked, which contain
two Type 1 regions (R3 and R6) and four Type 2 regions (R1, R2, R4 and R5). Regions
R3 and R6 (Figure 10a) present a uniformly distributed momentum flux in the vertical
direction and elongate in the horizontal direction, suggesting that both convergent
inflow at the lower level (positive momentum transfer upward in R3 and negative
momentum transfer upward in R6) and divergent outflow at the upper level (negative
momentum transfer downward in R3 and positive momentum transfer downward in R6)
in Dome 1 contribute to momentum transfer. The strong vertical movement (Type 2
regions), which results from the buoyancy, induces mixing and entrainment in the
horizontal direction.

Figure 10b shows the contour map of momentum flux over a rectangular urban area
viewed from the long side. Although the inflow and outflow of Dome 2 in the neutral
layer are evident, the transfer of horizontal momentum in the vertical direction is not
evident in these regions. The regions where strong momentum transfer occurs are all
Type 2. Note that there are no extensive red or blue areas in R3. Instead, it is filled with
many small areas of red or blue patches, showing a complicated momentum transfer
pattern along the long side. If it is viewed from the short side of the rectangle (Case 3,
Figure 10c), two obvious Type 2 regions are observed in Dome 1.

In Figure 10d, Type 1 regions (R3—R5) are mainly present in Dome 1, whereas Type 2
regions (R1 and R2) are primarily present in Dome 2. In regions R3—R5, the mean
horizontal velocity is large due to the strong outflows of Dome 1 perpendicular to the
edges. The momentum transfer is dominated by the downward transfer of negative
momentum (R3 and R4, red patches) and positive momentum (RS, blue patches), which
is different from Case 1 with both upward and downward transfer. In contrast, the mean
velocity is mainly created by the convergent inflow across the corner in Case 5 (Figure
10e). Therefore, the two large areas of Type 1 regions in Figure 10e are generated by
the upward transfer of positive momentum (R1, red patches) and negative momentum
(R2, blue patches).

For the flow over the triangular urban area (Case 6, Figure 10f), the strong convergent
inflow over the corner (right-hand side of the urban area) and divergent outflow over
the side (left-hand side) appear on the same measured vertical plane. Therefore, both
downward transfer (R3, red patches) of negative momentum and upward transfer (R4,
blue patches) of negative momentum can be observed. Type 2 regions (R1 and R2) also
present in Dome 2 due to strong upward motions.



3.2.3 Turbulence production

The turbulence production Pai (on the 2D plane) is defined as follows:

P,=B+P,+P+P~= u'u'a—u—u' 'a—u—u'w'a—w—w' oW 4)
ox Oz Ox Oz
where B=—u'u' , P=—u'w , B=—u'w'— and P=-w'w'— ; and
X 4 Ox z

W are the average horizontal and vertical velocity components, respectively, and x and

z are the horizontal and vertical coordinates. The term (P1+P2) represents the energy
transfer between the mean flow and TKE component induced by the horizontal velocity

fluctuation (F/ 2). Similarly, the energy transfer between the mean flow and TKE

component induced by the vertical velocity fluctuation (W/ 2) is expressed as (P3+P4)

(Hudson et al. 1996). A positive term (P1, P2, P3, P4 or Pan) represents energy transfer
from the mean flow to the TKE in that term. Otherwise, it implies that the mean flow
extracts energy from turbulence fluctuations (Xia et al. 2003). In this study, the
turbulence production (Pi1, P2, P3, P4+ and Pan) is non-dimensionalised by the convective
velocity scale us and length-scale hydraulic diameter d, to compare different cases (Yin

et al. 2020). The non-dimensional turbulence production is expressed as P =Pd /u;,

P'=Pd/u,, P/=Pd/u,, P/=Pd/u, and P, =P,d/u,. The contour maps of

turbulence production (Par”) are shown in Figure 11. The other terms (P1” to P4") are
given in the Appendix.

<Fig. 11>

Turbulence is produced by shear and buoyancy. In Figures 11 and Al, red and blue
colours represent positive and negative turbulence production, respectively. In all six
cases, the overall turbulence production (Pa’) in Dome 2 is largely determined by the
fourth term P4", indicating that the turbulent fluctuations are mainly induced by the
vertical movement of buoyancy-driven flows. The turbulence production in Dome 1 is
more complicated and different in various cases.

For the case with a circular urban area (Case 1, Figure 11a), the Pas” contour map can
be divided into two regions (R1 and R2), which are dominated by positive (red) and
negative (blue) values, respectively. According to the contour maps of individual terms,
Dome 1 is affected by Pi’(shear production, Figure Al(a,i)) and P4 (buoyancy
production, Figure Al(a,iv)). In region R1, Pi" is negative, whereas P4 is positive. In
addition, P4" is dominant, and finally, decides the sign of the P~ contour map. The



opposite is the case for region R2.

In Case 2 (Figure 11b), the value of term P4" is much larger than those of the other terms
and determines Par’ in all three marked regions (R1-R3). If the flow is viewed from
the short side (Case 3, Figure 11c), the turbulence production is determined by Pi* and
P4, with P4 being dominant in regions R1 and R2 (Figure 11c). Besides P4", P>" also
plays a role in the region of strong side outflow (R4), indicating the relative importance
of normal stress in the horizontal direction.

As shown in Figure 11d, the overall production is characterised by the production of
the horizontal velocity fluctuation components (P1” and P2") in the strong side outflow
region (R4). In all three regions (R1, R2 and R4) of Dome 1, strong influences of the
term P1" appear, suggesting the importance of shear production. As for the production
map over a square urban area viewed from the corner (Case 5, Figure 11e), it is similar
to that in Case 2 (viewed as rectangular from the long side), where P4~ dominates the
overall production. Because the strong inflow across the corner and side outflow can
be viewed on the same vertical plane over the triangular urban area, P1" is found to be
important in Dome 1 (regions R1 and R2), as shown in Figure 11f.

Overall, the turbulence production is dominated by P4" over the urban area in both
Domes 1 and 2, whereas Pi” plays an important role over the rural area, especially in
the region of strong side outflows. This phenomenon is consistent with the theoretical
analysis conducted in Fan et al. (2017a), where the turbulent structure is dominated by
shear over the outer part of the urban area and by the plume near the urban centre.

4. Discussion

There are both similarities and differences between the conditions with and without a
neutral layer aloft. In both conditions, the urban heat dome flow near the surface
within the stable layer is characterised as the convergent inflow along the angular
bisector and divergent outflow perpendicular to the sides. The main difference
between the two conditions is that the urban heat dome flow can penetrate the stable
layer and induce a second circulating flow in the neutral layer if the stable layer is thin
enough in the case of neutral layer aloft, which will enhance the turbulent heat and
mass transfer in the stable and neutral layers. At the two-dome stage, the urban dome
flow in the near-surface stable layer (Dome 1) induces a second dome (Dome 2) in the
neutral layer aloft, both of which are affected significantly by the shape of underlying
urban areas. According to the linearised small-perturbation model (Chun 1995; Baik
et al. 2007; Vukovich 1971; Fan et al. 2017b), Dome 2 can be induced by the
perturbation of Dome 1 and internal gravity waves. In contrast, the intermittently
rising strong thermals from Dome 1 can penetrate the above neutral layer, and thus,
create a low-pressure region, inducing a convergent inflow in Dome 2. A shear layer
is formed between the convergent inflow in Dome 2 and the divergent outflow of
Dome 1 (Fan et al. 2019a). The shear layer between Domes 1 and 2 limits the heat



and mass transfer between them. Although the excess heat (urban—rural difference) in
Dome 2 is much smaller than that in Dome 1 (Fan et al. 2019a), the mean speed in
Dome 2 has a similar magnitude to that in Dome 1 due to the neutral environment
(Hidalgo et al. 2008a, 2010; Lemonsu and Masson 2002). This Dome 1-induced
elevated Dome 2 in the neutral layer is important for the pollutant redistribution, high-
level cloud formation, elevated convection (Corfidi et al. 2008) and safety of aviation.
Besides the convective flow in the atmosphere, this two-dome flow structure can
appear in ocean convection (MacKinnon 2013) and industrial applications, such as
thermal energy storage (TES) tanks (Zurigat et al. 1991; Moreno et al. 2014).

Our study has several limitations. First, complicated topography, such as valleys, basins
or mountains, is not considered, which can have a substantial influence on inversion
breakup (Whiteman and McKee 1982; Colette et al. 2003; Renddn et al. 2015). Second,
the rural area in this study is not heated up. If the rural area is also heated up, the mean
horizontal speed in Dome 1 may increase due to the less stable conditions and the
convective turbulence structures may alter the characteristics of the outflow of Dome 1
(Ryu et al. 2013; Hidalgo et al. 2008a). Third, the roughness is not simulated. The
influences of roughness on the overall structure of the urban dome flow are small and
neglected compared to the heat flux and stable stratification (Lu et al. 1997b;
Hildebrand and Ackerman 1984; Vukovich and Dunn 1978; Fan et al. 2019¢). However,
if the buildings are sufficiently high (high-rise buildings) and penetrate the neutral layer,
the mixing between Domes 1 and 2 can be substantially enhanced and the flow speed
in Dome 2 can be considerably increased. Note that the wind and thermal environment
in the urban canopy layer is substantially affected by roughness, such as buildings (Fan
et al. 2016a; Hang et al. 2018; Zhang et al. 2019; Yin et al. 2018, 2019b; Chen et al.
2017). Moreover, the density profile in the current setup is SBI. An EI case is worth
investigating. The influences of various heat flux, stable layer height, stability and
neutral layer height could also be further studied in future experiments.

5. Conclusions

Inversion breakup plays a crucial role in heat and mass transfer in the atmospheric
boundary layer, which considerably affects the pollutant concentration at the pedestrian
level. The characteristics of inversion breakup at the two-dome stage over various
shapes of urban areas are investigated and summarised as follows.

The mean flow structures in both Domes 1 and 2 are substantially affected by urban
shape. The characteristics of the angular bisector convergent inflow and the side
divergent outflow perpendicular to the edges in Dome 1 are the same as the urban dome
flow in a completely stable and stratified environment without a neutral layer aloft. The
convergent inflow of Dome 2 near the interface between the stable and neutral layers
has the same direction as that of Dome 1, which is mainly along the angular bisector
across the corners of urban areas. However, the divergent outflow in Dome 2 does not
exhibit the side outflow effect, and instead is present on the same vertical plane of the



Dome 2 inflow, i.e. along the angular bisector across the corner.

Positions of large mean velocity also present large TKE values, indicating that a large
mean speed is accompanied by large velocity fluctuations. Near the urban centre, the
flow is dominated by thermal plume structures with strong buoyancy and induces
transfer of vertical momentum in the horizontal direction (Type 2). In the urban
periphery or rural area, the horizontal velocity component is large and produces more
transfer of horizontal momentum in the vertical direction (Type 1). This Type 1
momentum flux is more evident in the strong outflow regions perpendicular to the urban
edges. Besides the large horizontal velocity, the plumes also grow along the strong
outflow regions, which increases mixing between Domes 1 and 2. The characteristics
of turbulence production in Domes 1 and 2 are different. The turbulence production is
dominated by the term P4 in Dome 2, which is induced by buoyancy. Both P1 (shear)
and P4 (buoyancy) are important in Dome 1, whereas P3 is negligible in all cases.
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Appendix

The non-dimensional turbulence production terms (P1” to Ps").
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Figure A1. Non-dimensional turbulence production terms (Pi" to P4") in (a) Case 1,
(b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5 and (f) Case 6.



Figure 1. Illustration of the (a) dispersion and (b) fumigation resulting from inversion
breakup. (a)(i) A polluted dome is formed in a stable layer due to ground-based
pollution. (a)(ii) Inversion breakup reduces the pollutant concentration. (b)(i) A
polluted layer is formed above the urban dome due to the elevated pollutant sources.
(b)(i1) Inversion breakup brings the upper-level pollutants to the ground. Not to scale
in the vertical direction.
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Figure 2. Schematics of the experimental setup. (a) Overall size of the water tank and
measuring planes. (b) Cross-section of the water tank heating system for simulating the
urban heating process.
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Figure 3. Shape and layout of urban areas in the six cases.
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Figure 4. Density profiles of the six cases.
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Figure 5. Mean velocity field on a vertical plane across the centre of the urban area in
(a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5 and (f) Case 6.
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Figure 6. (a) Schematic of the measured horizontal planes over a rectangular urban area.
Velocity fields on horizontal planes (b) 5 mm, (c) 30 mm and (d) 40 mm above the
urban surface.
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Figure 7. (a) Schematic of the measured horizontal planes over a square urban area.
Velocity fields on horizontal planes (b) 10 mm, (c) 25 mm and (d) 40 mm above the
urban surface.
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Figure 8. (a) Schematic of the measured horizontal planes over a triangular urban area.
Velocity fields on horizontal planes (b) 5 mm, (¢) 20 mm and (d) 40 mm above the
urban surface.
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Figure 9. TKEs of (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (¢) Case 5 and (f)
Case 6.
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Figure 10. Momentum flux in (a) Case 1, (b) Case 2, (c¢) Case 3, (d) Case 4, (e) Case 5
and (f) Case 6.
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Figure 11. Non-dimensional turbulence production (Pa") in (a) Case 1, (b) Case 2, (c)
Case 3, (d) Case 4, (e) Case 5 and (f) Case 6.
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Table 1. Experimental parameters used in the six cases.

Case d N P Ts Ta P Ho Ud Fr

No. (m) (s (Wm? (°C) (°C) (Wm?) (Wm?) (ms?
1 023 0.84 5523 349 22.7 207 5316 0.0091 0.047
2 0.16 094 15000 59.8 24.1 607 14393  0.0112 0.075
3 0.16 090 15000 589 223 622 14378  0.0112 0.078
4 0.20 0.71 5508 37.1 22.0 257 5251 0.0086 0.060
5 0.20 0.75 5508 37.8 23.1 250 5258 0.0086 0.057
6 0.18 0.72 5531 345 22.8 198 5333 0.0083 0.065




