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Horizontal extent of the urban heat 
dome flow
Yifan Fan1, Yuguo Li1, Adrian Bejan2, Yi Wang3 & Xinyan Yang1

Urban heat dome flow, which is also referred to as urban heat island circulation, is important for urban 
ventilation and pollutant transport between adjacent cities when the background wind is weak or 
absent. A “dome-shaped” profile can form at the upper boundary of the urban heat island circulation. 
The horizontal extent of the heat dome is an important parameter for estimating the size of the area it 
influences. This study reviews the existing data on the horizontal extent of the urban heat dome flow, 
as determined by using either field measurements or numerical simulations. A simple energy balance 
model is applied to obtain the maximum horizontal extent of a single heat dome over the urban area, 
which is found to be approximately 1.5 to 3.5 times the diameter of the city’s urban area at night. A 
linearized model is also re-analysed to calculate the horizontal extent of the urban heat dome flow. This 
analysis supports the results from the energy balance model. During daytime, the horizontal extent of 
the urban heat dome flow is found to be about 2.0 to 3.3 times the urban area’s diameter, as influenced 
by the convective turbulent plumes in the rural area.

Urban heat dome flow, which is also called urban heat island–induced circulation1–3, is induced by the differ-
ences between urban and rural temperatures under conditions of inversion with calm background weather. The 
main factors that induce these mean circulating flows are the horizontal pressure gradients between urban and 
rural areas and inhomogeneous plumes impinging on the inversion layer. Urban heat domes are characterized by 
convergent inflows at the atmosphere’s lower level, upward flows in the form of turbulent plumes4 over the urban 
area, divergent outflow in the atmosphere’s upper level, and a “dome-shaped” upper boundary (See Fig. 1) at the 
interface between the inversion layer and the divergent outflow region5.

Under stable stratification and calm background conditions, the dispersion of pollutants and heat within 
and over the urban canopy layers (under which most human activities take place) depends mainly o n the urban 
heat dome flow6–9. The mixing height (i.e., the vertical extent) of the dome has been extensively examined, both 
quantitatively10–12 and theoretically13. However, the horizontal extent of the urban heat dome flow has received 
relatively little attention from researchers. Still, several studies have been done in which the dome horizontal 
extent (dome diameter) can be estimated, based on the numerical simulations and field measurements, which are 
summarized in Table 1.

The mechanisms and factors governing the domes’ horizontal extent were not discussed in these previ-
ous studies, and no physical model was proposed to explain and predict the domes’ horizontal extent or their 
diameters.

When cities are grouped together to form a city cluster, each city may generate its own heat dome. Under calm 
background conditions, the pollutants may be transported between adjacent cities through the dome flow, and 
thus cause regional air pollution. Various large city clusters have arisen in Asia, such as the Beijing-Tianjin-Hebei 
region, the Yangtze River delta region, and the Pearl River delta region in China. The mechanisms and character-
istics of the urban heat dome flows are important to consider for understanding pollutant dispersion, urban heat 
removal, and the transport of regional pollutants between adjacent cities under calm, stably stratified background 
environments.

It should be noted that the urban heat dome flow reaches quasi-steady state about 4 hours after sunrise20,21 
and about 4–6 hour after sunset16,22. The urban heat dome flow is in the transition state around sunset or sunrise 
time14, which is not considered in this study. Therefore, in this study, the daytime refers to the time slot between 
the time about 4 hours after sunrise and the time before the sunset, when the daytime urban heat dome flow is in 
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the quasi-steady state. The night-time refers to the time slot between the time about 4–6 hour after sunset and the 
time before the sunrise, when the night-time urban heat dome flow is in the quasi-steady state.

The energy balance model and linearized model are presented in Section 2.1 and Section 2.2 respectively. The 
horizontal extent of the urban heat dome during daytime is determined in Section 2.3. The implication of the results, 
the limitation of the models and the relationship between the dryland warming, proposed by Huang et al.23,24,  
and the urban heat dome are discussed in Section 3.

Results
Energy balance model.  Model description.  As first proposed by Fan et al.5, an urban dome’s horizontal 
extent may be determined from the energy balance model, assuming a steady state of flow in the urban heat 
dome. With a further assumption that any turbulent exchange at the dome perimeter and any energy dissipation 
are neglected, the energy balance equation for the dome flow at night-time can be estimated with Equation (1).

= −∬ ∬H dA H dA
(1)A

u pu
A

r pr
pu pr

where Hu and Hr are the heat flux in the urban area and the rural area, respectively, Apu and Apr are the urban ple-
nary area (with the areas of building roofs included) and the rural plenary area, respectively. Lateral entrainment 
in the dome is ignored, because the dome is assumed to be in a steady state, without further growth.

The energy for maintaining the urban heat dome flow is fed by the positive heat flux (from the surface to the 
urban heat dome) in the urban area, i.e., the left side of Equation (1). The air is heated up over the urban area, 
and is then transported to the rural area by the urban heat dome flow. The surface temperature of the rural area 
decreases at night-time, due to radiative cooling. Therefore, where the urban heat dome extends over the rural 
area, its heat is transported to the rural surface. This effect is the mechanism for the formation of stable stratifica-
tion in the rural boundary layer, i.e., the right side of Equation (1). This process is illustrated in Fig. 2.

The governing equations for determining the energy balances for the temperatures of the urban air, the urban 
surface, the rural air, and the rural surface are given in Equations (2)–(5), respectively.

ρ − + − + =c q T T h A T T q A( ) ( ) 0 (2)p r u c tu su u a pu

Figure 1.  The dome-shaped upper thermal boundary between the mixing layer and the inversion layer, as 
visualized with thermochromic liquid crystals.

Dome horizontal extent Reference Measured time Further remarks

About 3D. Ryu et al.14 17:30 Local Standard Time 
(LST)

Computational fluid dynamics (CFD) 
simulation; D is about 20 km.

About 3D to 4D. Lemonsu and Masson15 Afternoon CFD simulation; D is about 25-30 km.

About 2D to 2.6D. Eliasson and Holmer16 Night-time Field measurements; D is about 10 km.

About 2D (3.9D) Ganbat et al.17 Daytime at 13:00 (19:00) LST. D is about 20 km.

About 2D. Hidalgo et al.18 Daytime (12:00–18:00) CFD simulation (Toulouse, France).

About 2D to 3D. Hidalgo et al.19 Daytime (12:00–18:00) Field measurement (Toulouse, France).

Table 1.  A summary of dome horizontal extent measurements, as extracted from existing studies using 
numerical models and field measurements. D is the accordingly calculated urban diameter.
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where ρ and cp are the air density and the heat capacity, respectively. hc is the convective heat-transfer coefficient. 
Tsu and Tsr are the average surface temperatures in the urban area and the rural area, respectively. Tu and Tr are the 
average air temperatures in the urban area and the rural area, respectively. For a circular-shaped city, the dome 
footprint is also circular. π=A D /4pu

2  and π π= −A D D/4 /4pr d
2 2  are the urban plenary area (with the areas of 

building roofs included) and the rural plenary area, respectively. = +A A Atu pu wu is the total surface of the 
urban area. Awu is the total area of all the building walls (with roof areas not included). q is the volume flux of the 
inflow and the outflow. qa, qsol, qrad,u and qrad,r are the anthropogenic heat flux in the urban area, the solar radiative 
heat flux, the long wave radiative heat flux in the urban area, and the long wave radiative heat flux in the rural 
area, respectively. αu and αr are the average albedo in the urban area and the rural area, respectively. λM is the 
thermal conductivity of the surface material. djru and ωT j( )su  are the temperature penetration depth and the tem-
perature fluctuation amplitude for the corresponding angular frequency waves in the urban area, respectively. djr 
and ωT j( )sr  are the temperature penetration depth and the temperature fluctuation amplitude for the correspond-
ing angular frequency waves in the rural area, respectively. i is an imaginary number. ω is the angular frequency.

To simplify the governing equations, the following parameters are defined, following Yang25. =f A A/w wu pu is the 
ratio of the total building wall surface area to the plenary surface in the urban area. λ ρ= h A c q/( )c pu p  is the convective 
heat transfer number. λ ρ= h A c q/( )sky u rad u pu p, ,  and λ ρ= h A c q/( )sky r rad r pu p, ,  are the sky radiation heat transfer num-
bers for the urban area and the rural area, respectively, where =h h Frad u rad svf,  and =h hrad r rad,  are the radiative 
heat-transfer coefficients for the urban area and the rural area, respectively. hrad is the radiative heat-transfer coefficient. 

= −q h T T( )rad r rad r sr sky, ,  and = −q h T T( )rad u rad u su sky, , . Fsvf is the average sky view factor in the urban area. Tsky is the 
background sky temperature. Definitions are given for the increases in temperature, ρ∆ =T q A c q/( )a a pu p , 

α ρ∆ = −T q A c q(1 ) /( )sol u u sol pu p, , ρ∆ =T H A c q/( )u u pu p , and α ρ∆ = −T q A c q(1 ) /( )sol r r sol pu p,  that result from the 
anthropogenic heat, the solar radiation heat flux in the urban area, the sensible heat flux in the urban area, and the solar 
radiation heat flux in the rural area, respectively. The sensible heat flux in the urban area and the rural area can be 
expressed as = 

 − + 
H h A T T q A A( ) /u c tu su u a pu pu and = −H h T T( )r c sr r , respectively.

The steady state governing equations for the urban air, urban surface, rural air, and rural surface can be simpli-
fied as Equations (6)–(9), respectively, after the above-defined parameters are integrated into Equations (2)–(5).

λ λ+ + + ∆ = + +f T T T f T(1 ) [1 (1 )] (6)w su r a w u

λ λ λ λ
+

∆ = + − +( )f
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1
( )
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sol u sky u su u sky u sky, , ,

Figure 2.  Illustration of the energy balance model of urban heat dome flow. D is the urban diameter, and Dd 
is the dome diameter. Tsu and Tsr are the average surface temperatures in the urban area and in the rural area, 
respectively. Tu and Tr are the average air temperatures in the urban area and in the rural area, respectively. zr 
is the reverse height, i.e., the height of the interface between the convergent inflow and the divergent outflow. 
q is the volume flux of the inflow and the outflow. A steady state is assumed, so that the volumes of flux for 
the inflow and the outflow are the same, based on the principle of mass conservation and the Boussinesq 
approximation.
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Equations (6–9) can be solved as
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In the at-night condition, the terms containing ∆Tsol r,  and ∆Tsol u,  should be zero. The ratio of the dome diam-
eter  to the urban diameter  can be s impli f ied as  = + − ∆ ∆ − ∆ =D D B A T C T A T/ 1 ( ) /( )d u a u

+ − −B A H Cq AH1 ( ) /( )u a u , where λ λ λ λλ= 
 + + + 

A f(1 )sky r sky u sky u w, , , , .., and λ λ λ= +( )C sky r sky u, , . 
As can be seen, the ratio Dd/D is related to sensible heat flux in the urban area and the anthropogenic heat flux. 
Because the urban sensible heat flux and the anthropogenic heat flux influence the air temperature both in the 
urban area and in the rural area, the sensible heat flux in the rural area is also influenced and thus the rural sensi-
ble heat flux is also an indicator for the ratio Dd/D, which is shown in Fig. 3(b).

Experiment design on the model.  The typical value for the anthropogenic heat flux at night, qa = 45 W m−2, can 
be found in Sailor et al.26. For the city diameter, D = 40 km is used. According to Yang25, the albedo in the urban 
and the rural area, the sky temperature, and the ratios of the building walls are set as αu = 0.2, αr = 0.3, 
Tsky = 293.15 K, and =f A A/w wu pu = 0.8, respectively. For the average sky view factor in the urban area, Fsvf = 0.12 
is used, based on Yang and Li27. The typical buoyancy frequency is given as N = 0.015 s−1 20,28. The typical radiative 
heat-transfer coefficient, hrad = 5 W m−2 K−1, and the typical convective heat transfer-coefficient, hc = 18 W m−2 
K−1, are obtained from Yang and Li29. The volume flux of the urban heat dome flow is estimated by 

∫ π=q Du zdz
D0

r , where uD is the horizontal velocity of the urban heat dome flow, and zr is the reverse height of 
the urban heat dome flow. The velocity and the reverse height, zr, can be calculated by β ρ= 



u g DH c/D u p
1/3

 and 
= .z u N1 03 /r D , respectively, as given in Lu et al.10.

Results of the energy balance model.  The results are shown in Figs 3–5. The results in Fig. 3 are obtained based on 
the solution = + − ∆ ∆ − ∆ = + − −D D B A T C T A T B A H Cq AH/ 1 ( ) /( ) 1 ( ) /( )d u a u u a u  with parameters 
urban diameter D = 40 km, background buoyancy frequency N = 0.015 s−1, and the ratio of the total building wall 
surface area to the plenary surface in the urban area fw = 0.8 being fixed. The values of other parameters used in 
the model are described in detail in Section 2.1.2. The results in Figs 4 and 5 are obtained based on the same solu-
tion as used in Fig. 3, but the values of the parameters used are slightly different (D = 40 km, Hu = 38 W m−2, 
fw = 0.8 and all other parameters described in Section 2.1.2 being fixed are used in Fig. 4. D = 40 km, 
Hu = 38 W m−2, N = 0.015 s−1 and all other parameters described in Section 2.1.2 being fixed are used in Fig. 5).

The solid circles in Figs 3–5 are calculated by the energy balance model for different cases (with changes in one 
of the parameters). The dashed lines in Figs 3–5 are fitted based on results calculated by the energy balance model, 
and the fitted results are as follows: = +

.

−
D D/ 1d

H q

H q

0 265 /

1 /
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u a
, = +D D H H/ 1 /d u r , = . + .D D N/ 2 00 1 56d , 

and = . + .D D f/ 0 28 1 37d w , respectively.
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The data from Christen et al.30 and Hidalgo et al.19 are used to obtain the typical ratios of night-time sensible 
heat fluxes Hu/|Hr|, because these studies include measures of both the urban sensible heat flux and the adjacent 
rural sensible heat flux in their estimates of sensible heat flux. The typical values of sensible heat flux obtained 
from different field measurements are summarized in Fig. 6.

These ratios are calculated using the data from Christen et al.30 and Hidalgo et al.19, and are shown in Fig. 6. 
In Fig. 6(a), the ratio of the sensible heat flux Hu/|Hr| has an order of between 1 and 10 during the night-time. 
Therefore, the ratio of the dome diameter to the urban diameter, Dd/D, has an order of 1.5 to 3.5, as is shown in 
Fig. 3(b). These calculated results agree well with the results of the numerical simulations and field measurements 
shown in Table 1. Although the ratio Dd/D increases with the buoyancy frequency N or with the ratio of the build-
ing walls fw, when the other parameters are fixed, Dd/D is not influenced dramatically, as can be seen in Figs 4 and 5.  
Increase the ratio of the building walls fw leads to the increase of the convective heat transfer in the urban area 
and then the increase of the energy transported to the rural area from the urban area. Therefore, a larger area (i.e., 
a larger dome diameter) is required to release the remaining heat in the dome over the rural area. Increase the 
buoyancy frequency N results in a lower reverse height and thus reducing the flow rate between the urban area 
and the rural area. However, the energy transported between the urban area and the rural area keep unchanged 
based on Equation (2) and (3). To satisfy the energy balance, the temperature difference between the urban area 
and the rural area increases based on Equation (2), resulting in a lower air and surface temperature in the rural 
area. Therefore, a larger area is required to release the remaining heat in the dome over the rural area, because of 
the reduction of heat flux caused by the lower temperature in the rural area. The main parameter that determines 

Figure 3.  Results for the dome diameter, with D = 40 km, N = 0.015 s−1, and fw = 0.8 fixed. (a) The ratio of the 
dome diameter to the urban diameter (Dd/D), which changes with the ratio of the urban sensitive heat flux to 
the anthropogenic heat flux. (b) The ratio of the dome diameter to the urban diameter (Dd/D), which changes 
with the ratio of the urban sensitive heat flux to the absolute values of the rural sensible heat flux.

Figure 4.  The ratio of the dome diameter to the urban diameter (Dd/D), which changes with the background 
buoyancy.
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the ratio Dd/D at night is the ratio of the sensible heat flux to the absolute value of the rural heat flux, which has 
an order of 1 to 10, as analyzed above.

Linearized model.  Vukovich33 proposed a linearized model to calculate the two-dimensional urban heat 
dome flow at a mean condition of no background wind. The non-linear convection terms in the governing equa-
tions are replaced by friction terms, so that the governing equations can be described by linear equations. The 
resulting linearized equations are shown as Equations (10)–(11).

ρ
∂
∂

+ = −
∂
∂

u
t

Ku p
x

1

(10)0

ρ
ρ
ρ

∂
∂

+ = −
∂
∂

−
w
t

Kw p
z

g1

(11)0 0

where u and w are the horizontal and the vertical velocity component perturbations, respectively, t is time, K is 
the friction coefficient, ρ0 is the reference density, p is the pressure perturbation, x and z are the horizontal and 
vertical coordinates, respectively, ρ is the density perturbation, and g is the gravitational acceleration.

Figure 6.  Typical profiles of sensible heat flux in urban areas and rural areas, as reported in the literature. The 
solid symbols represent sensible heat flux in urban areas, and the hollow symbols represent sensible heat flux in 
the rural areas. (a) The data are drawn from Christen et al.30, Oke et al.31, Hidalgo et al.19, and Wharton et al.32. 
The data given by Hidalgo et al.19 were originally half-hour averaged, and therefore two successive sets of data 
were averaged in this figure to get one-hour averaged data, to compare with the other results. (b) The average 
sensible heat flux is calculated based on the data given in (a).

Figure 5.  The ratio of the dome diameter to the urban diameter (Dd/D), which changes with the ratio of the 
building walls.
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The stream functions are defined as ψ= ∂ ∂u z/  and ψ= −∂ ∂w x/ . Combine Equations (10) and (11), and 
integrate the stream function. The governing equation can then be written as Equation (12).
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where ρ ρ′ = −g g/ 0 is the reduced gravity.
The energy conservation equation is given as Equation (13).
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where θ θ= ∂ ∂N g z/ ( / )0  is the buoyancy frequency, and θ′ = ′q Q g/ a is the heating force. Q′ is the perturbation 
heating rate. The heat flux in the urban area is assumed to be sinusoidal, and restrained below height h. H(h−z) is 
the Heaviside unit function. k = π/D, where D is the urban diameter, so that the heat flux at the urban edge 
(x = D/2) is zero.

Integrate Equation (13) into Equation (12), neglect term ψ∂ ∂x/2 2, and eliminate g′. Equation (14) can then be 
obtained as follows.
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The boundary conditions are ψ = = ≥z t0 at 0 and 0, ψ = = ≥z Z t0 at and 0, and ψ ψ= ∂ ∂ =t/ 0  
≤ ≤ =z Z tat 0 and 0. Z is the top boundary of the computation domain. ψ can be solved from Equation (14) 

with the corresponding boundary conditions. The results are given by Equation (15).
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The results are analysed based on the solution given by Vukovich33, which is shown in Equation (15).
The horizontal velocity component u can be calculated through Equation (15). To calculate the horizontal 

velocity profiles at a different location, the urban parameters are assigned common values. The boundary layer 
height, = − +h x /20 1000(m), is assumed to change linearly. The origin is located at the urban centre. Urban 
diameter D is assumed to be 20 km. Friction coefficient K is 1 × 10−4 s−1. Time t is 1800 s. Heating rate Q′ is 
1/1800 K s−1. Top boundary height Z is 10 km. Flow boundary layer height at urban centre h0 is 1 km. Buoyancy 
frequency in the lower level N1 and in the upper level N2 are same, which is 0.0179 s−1. Reference temperature θ0 
is 300 K.

Equations (15) and (16) are solved numerically by MATLAB. The results are shown in Fig. 7.
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The results shown in Fig. 7 indicate that the horizontal velocity decreases to a small value toward the position 
x = 20 km. This result suggests that the dome’s horizontal diameter is about two times that of the urban diameter, 
i.e., Dd/D has an order of 2. The relatively large vertical size might result from the neglect of term ψ∂ ∂x/2 2 (which 
does not hold for the urban centre upward flow region), and from the accuracy of the estimation of parameter 
values, such as the values of the friction coefficient, the buoyancy frequency, and the heating rate. Nevertheless, 
the velocity field is qualitatively meaningful. The horizontal extent of the urban heat dome flow can also be sup-
ported directly by the solution from Equation (15), as can be verified easily by noting that when x = D, the term 
sin(kx) = 0, which results in the velocity being zero. This finding shows that the urban heat dome flow’s horizontal 
edge is reached when x = D, which indicates that Dd/D = 2 according to this model. However, it should be noted 
that in this linearized model, the ratio Dd/D does not change with other parameters such as the buoyancy fre-
quency, urban sensible heat flux, or rural sensible heat flux. This consistency in the Dd/D ratio is maintained 
because the term sin(kx) = 0 is contained in the solution when x = D, which eliminates the influence of other 
parameters. Therefore, the linearized model has limitations in analyzing the urban heat dome flow and the rele-
vant influencing factors.

In the linearized model, the governing equations for the fluid flow are solved by using perturbation method. 
The flow field is solved based on the assumption that the buoyancy force is balanced by the friction. In the energy 
balance model, the governing equations for the heat transfer in the urban area and in the rural area are solved to 
get the horizontal extent of the heat dome. The radiative heat transfer and convection heat transfer are considered 
and modelled over the urban and rural area in the energy balance method, which enables to analyse and quantify 
the influencing factors on the urban heat dome flow.

Determining daytime dome horizontal extent.  An estimated scale of the ratio Dd/D can be obtained 
by comparing the turbulent convective velocity scale and the velocity scale of the urban heat dome flow. 
According to Deardorff34, the maximum turbulent velocity scale in the convective boundary layer can be 
described by σ = . ± .⁎w/ 0 61 0 02w , where β=⁎w g z H( )ir r

1/3 is the turbulent convective velocity scale, and zir is 
the mixing height in the rural area. β and g are the thermal expansion rate and the gravity acceleration, respec-
tively. The maximum mean radial velocity of = .⁎U W/ 1 455D/2  at the urban edge is given by Hidalgo et al.21, 
where β= −⁎W g z H H[ ( )]iu u r

1/3 is the daytime radial velocity scale of the urban heat dome flow at the 
urban-rural interface, and ziu is the mixing height at the urban centre. Lu35 proposed the hydrostatic convection 
model, where the difference in pressure between the urban area and the ambient region is used to calculate the 
radial velocity scale. The hydrostatic convection model is proven to work well for predicting the radial velocity at 
the urban-rural interface, which suggests that the urban heat dome flow in the lower convergent inflow region can 
be assumed as a potential sink flow, and the upper divergent outflow region can be assumed as a potential source 
flow. The intensity of the potential flow can be estimated by the flow rate at the urban edge, and the virtual source 
or sink is assumed to lie at the urban centre. Therefore, the radial velocity should decrease with the increase of 
distance between the study location and the urban centre. The following Equation (17) is given in accordance with 
the mass conservation and the velocity scales obtained from Hidalgo et al.21.

β= = × . −U D
D

U D
D

g z H H1 455[ ( )]
(17)R

d
D

d
iu u r/2

1/3

Figure 7.  Horizontal velocity profiles as calculated from Equation (15). The velocity field is symmetrical about 
the urban centre (x = 0), so that only the right half of the velocity field is drawn in the figure. The profiles at 
different locations (x coordinates) are marked by the vertical solid lines. The dashed curve is used to mark the 
urban heat dome flow perimeter. The thick solid curve with arrows illustrates the typical streamline in the urban 
heat dome flow. The thick red line on the horizontal axis marks the urban location (between x = 0 and x = 10). 
The velocity values on the different curves are rescaled in this figure, according to the different vertical lines that 
mark the positions. The original velocity value on one specific velocity profile curve can be calculated for the 
following example. Point P represents the horizontal velocity, = −u x( 7)/2u  (m s−1), at position (7 km, zu).
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where UR and UD/2 are the velocity scales at the dome edge and at the urban edge, respectively. When the mean 
radial velocity has the same order as the convective velocity scale, the horizontal extent of the dome is restricted 
during the daytime, so that the following Equation (18) can be obtained.

σ β= .U g z H0 61( ) (18)R w ir r
1/3

Based on the results obtained by Wang36, zir is about 2/3 of the ziu. As shown in Fig. 3(b), Hu ranges from 
73 W m−2 (17:00) to 202 W m−2 (13:00), and Hr ranges from 36 W m−2 (17:00) to 125 W m−2 (12:00) during the 
daytime. The ratio of Hu to Hr is about 1.4 to 2.8, based on the data shown in Fig. 3(b). Therefore, Dd/D ~ 2.0–3.3 is 
obtained for the daytime situation, with consideration of the influence of convective turbulence in the rural area 
after applying Equations (17) and (18).

Discussion
According to the energy balance model (Section 2.1), the linearized model (Section 2.2), the daytime situation anal-
ysis (Section 2.3), the field measurement (summarized in Table 1), and the CFD simulation (summarized in Table 1), 
the ratio Dd/D ranges from 1.5 (from the energy balance model) to 4 (from Lemonsu and Masson15, as shown in 
Table 1). The results obtained by the energy balance model agree well with previous field measurements16,19 and with 
previous numerical simulation results14,15,19, as summarized in Table 1. Note that the energy balance model only 
applies to the night-time condition. During the day, convective eddies exist in the rural area, and the urban dome is 
influenced the convective turbulence in the rural area. The mixing height and the average temperature in the urban 
heat dome flow also change over time. The energy balance model does not apply during the daytime, because both 
the urban and the rural areas supply positive heat flux to the urban heat dome flow. The urban heat dome flow may 
not exist for a certain period during the daytime because of the urban cool island effect37. However, when the urban 
heat dome flow does exist during the daytime, the horizontal extent of that flow can be estimated by using the turbu-
lent convective velocity scale and the velocity scale of the urban heat dome flow, as analysed in Section 2.3. The char-
acteristics of the urban heat dome flow in the drylands would also be different from that in the region with abundant 
vegetation, due to the difference of the background rural area properties23,24, i.e., sensible heat flux in the rural area.

The relationship between the urban diameter and the horizontal extent of the urban heat dome flow has 
important implications for the transportation of pollutants at the city and regional scale. Assuming that the pro-
jection of the urban heat dome flow on the ground creates a circular region (defined as the influence region), this 
study’s results imply that the diameter of the influence region can be as large as four times the urban diameter. 
Therefore, the pollutant sources within the influence region can be transported across the urban area when the 
urban heat dome flow is formed. The velocity scale of the urban heat dome flow is in the order of 2 m s−1 10,19. 
Assuming that the urban diameter is in the range of 30 km, the diameter of the influence domain would be in 
the range of 45 to 120 km. If a pollutant source is located at the edge of the influence domain (i.e., if the distance 
between the pollutant source and the urban edge is between 7.5 km and 45 km), then the time required for the 
transport of the pollutants from the source to the urban edge would be between 1 and 6 hours (calculated using 
the distance divided by the velocity). This finding implies that pollutants can be gathered by the urban heat dome 
flow across the urban area within one night. Two adjacent cities, for example city A and city B, can influence each 
other through the urban heat dome flow. Assuming that both city A and city B have the same diameters of 30 km 
each, and they both have the same urban heat island intensity under the same background conditions, then these 
two cities can send their pollutants to each other if the distance from the edge of city A to the edge of city B is 
between 15 and 90 km (as calculated based on the influence domain of the two urban heat dome flows). Hence, 
the distance between two cities becomes an important parameter for regional air pollution control. Take the city 
cluster in Beijing-Tianjin-Hebei region for example, the city diameter of Beijing (BJ), Langfang (LF) and Tianjin 
(TJ) is in the order of 40 km, 10 km and 30 km respectively, assuming the cities are of circular shape. The city of 
LF locates between BJ and TJ. The distance between BJ and LF, i.e. from the centre of BJ to the centre of LF, and 
that between LF and TJ are in the order of 45 km and 60 km. The diameter of the heat dome flows generated by 
BJ, LF and TJ are thus in the order of 60–160 km, 15–40 km and 45–120 km respectively, according to our results. 
Therefore, the three heat domes generated by BJ, LF and TJ can develop independently without interaction when 
the diameters of the heat domes are in the smallest range (60 km, 15 km and 45 km for BJ, LF and TJ respectively). 
Although the distance between BJ and TJ is as large as 105 km, the heat dome generated by BJ and by TJ can inter-
act with each other when the diameters of the heat domes are in the largest range (160 km, 40 km and 120 km for 
BJ, LF and TJ respectively). In this situation, LF is totally submerged in the heat dome generated by BJ.

References
	 1.	 Findlay, B. & Hirt, M. An urban-induced meso-circulation. Atmos. Environ. 3, 537–542 (1969).
	 2.	 Li, M., Mao, Z., Song, Y., Liu, M. & Huang, X. Impacts of the decadal urbanization on thermally induced circulations in Eastern 

China. J. Appl. Meteorol. Clim 54, 259–282 (2015).
	 3.	 Zhang, N., Wang, X. & Peng, Z. Large-eddy simulation of mesoscale circulations forced by inhomogeneous urban heat island. 

Bound-lay. Meteorol. 151, 179–194 (2014).
	 4.	 Hunt, J., Vrieling, A., Nieuwstadt, F. & Fernando, H. The influence of the thermal diffusivity of the lower boundary on eddy motion 

in convection. J. Fluid. Mech. 491, 183–205 (2003).
	 5.	 Fan, Y., Hunt, J. & Li, Y. Buoyancy and turbulence-driven atmospheric circulation over urban areas. J. Environ. Sci. accepted for 

publication (2017).
	 6.	 Banta, R. M. et al. Daytime buildup and nighttime transport of urban ozone in the boundary layer during a stagnation episode. J. 

Geophys. Res-Atmos 103, 22519–22544 (1998).
	 7.	 Liang, M. & Keener, T. C. Atmospheric feedback of urban boundary layer with implications for climate adaptation. Environ. Sci. 

Technol. 49, 10598–10606 (2015).
	 8.	 Masson, V. et al. The canopy and aerosol particles interactions in Toulouse urban layer (CAPITOUL) experiment. Meteorol. Atmos. 

Phys. 102, 135–157 (2008).



www.nature.com/scientificreports/

1 0SCiEnTiFiC REPOrts | 7: 11681  | DOI:10.1038/s41598-017-09917-4

	 9.	 Sini, J.-F., Anquetin, S. & Mestayer, P. G. Pollutant dispersion and thermal effects in urban street canyons. Atmos. Environ. 30, 
2659–2677 (1996).

	10.	 Lu, J., Arya, S., Snyder, W. & Lawson, R. Jr. A laboratory study of the urban heat island in a calm and stably stratified environment. 
Part II: Velocity field. J. Appl. Meteorol. 36, 1392–1402 (1997).

	11.	 Colomer, J., Boubnov, B. & Fernando, H. Turbulent convection from isolated sources. Dynam. Atmos. Oceans. 30, 125–148 (1999).
	12.	 Catalano, F., Cenedese, A., Falasca, S. & Moroni, M. In National Security and Human Health Implications of Climate Change (eds. 

Fernando, H., Klaic, Z. & McCulley, J.) 199–218 (Springer, 2012).
	13.	 Stull, R. An introduction to boundary layer meteorology. Vol. 13 (Springer, 1988).
	14.	 Ryu, Y. H., Baik, J. J. & Han, J. Y. Daytime urban breeze circulation and its interaction with convective cells. Q. J. Roy. Meteor. Soc 139, 

401–413 (2013).
	15.	 Lemonsu, A. & Masson, V. Simulation of a summer urban breeze over Paris. Bound-lay. Meteorol 104, 463–490 (2002).
	16.	 Eliasson, I. & Holmer, B. Urban heat island circulation in Göteborg, Sweden. Theor. Appl. Climatol. 42, 187–196 (1990).
	17.	 Ganbat, G., Baik, J.-J. & Ryu, Y.-H. A numerical study of the interactions of urban breeze circulation with mountain slope winds. 

Theor. Appl. Climatol. 120, 123–135 (2014).
	18.	 Hidalgo, J., Masson, V. & Pigeon, G. Urban-breeze circulation during the CAPITOUL experiment: numerical simulations. Meteorol. 

Atmos. Phys. 102, 243–262 (2008).
	19.	 Hidalgo, J., Pigeon, G. & Masson, V. Urban-breeze circulation during the CAPITOUL experiment: observational data analysis 

approach. Meteorol. Atmos. Phys. 102, 223–241 (2008).
	20.	 Reuten, C. Scaling and kinematics of daytime slope flow systems Ph.D. thesis, University of British Columbia (2006).
	21.	 Hidalgo, J., Masson, V. & Gimeno, L. Scaling the daytime urban heat island and urban-breeze circulation. J. Appl. Meteorol. Clim 49, 

889–901 (2010).
	22.	 Haeger-Eugensson, M. & Holmer, B. Advection caused by the urban heat island circulation as a regulating factor on the nocturnal 

urban heat island. Int. J. Climatol. 19, 975–988 (1999).
	23.	 Huang, J. et al. Accelerated dryland expansion under climate change. Nat. Clim. Change 6, 166–171 (2016).
	24.	 Huang, J., Yu, H., Dai, A., Wei, Y. & Kang, L. Drylands face potential threat under 2°C global warming target. Nat. Clim. Change 7, 

417–422 (2017).
	25.	 Yang, X. Temporal variation of urban surface and air temperature Ph.D. thesis, The University of Hong Kong (2013).
	26.	 Sailor, D. J., Georgescu, M., Milne, J. M. & Hart, M. A. Development of a national anthropogenic heating database with an 

extrapolation for international cities. Atmos. Environ. 118, 7–18 (2015).
	27.	 Yang, X. & Li, Y. The impact of building density and building height heterogeneity on average urban albedo and street surface 

temperature. Build. Environ 90, 146–156 (2015).
	28.	 Hunt, J. C. R., Richards, K. & Brighton, P. Stably stratified shear flow over low hills. Q. J. Roy. Meteor. Soc 114, 859–886 (1988).
	29.	 Yang, X. & Li, Y. Development of a three-dimensional urban energy model for predicting and understanding surface temperature 

distribution. Bound-lay. Meteorol. 149, 303–321 (2013).
	30.	 Christen, A., Bernhofer, C., Parlow, E., Rotach, M. W. & Vogt, R. Partitioning of turbulent fluxes over different urban surfaces. Fifth 

International Conference on Urban Climate. 1–5 (2003).
	31.	 Oke, T., Spronken-Smith, R., Jauregui, E. & Grimmond, C. The energy balance of central Mexico City during the dry season. Atmos. 

Environ. 33, 3919–3930 (1999).
	32.	 Wharton, S., Simpson, M., Osuna, J. L., Newman, J. F. & Biraud, S. C. Role of surface energy exchange for simulating wind turbine 

inflow: a case study in the Southern Great Plains, USA. Atmosphere 6, 21–49 (2014).
	33.	 Vukovich, F. M. Theoretical analysis of the effect of mean wind and stability on a heat island circulation characteristic of an urban 

complex. Mon. Weather. Rev. 99, 919–926 (1971).
	34.	 Deardorff, J. Convective velocity and temperature scales for the unstable planetary boundary layer and for Rayleigh convection. J. 

Atmos. Sci. 27, 1211–1213 (1970).
	35.	 Lu, J. A laboratory simulation of urban heat-island-induced circulation in a stratified environment Ph.D. thesis, North Carolina State 

University (1993).
	36.	 Wang, W. The influence of thermally-induced mesoscale circulations on turbulence statistics over an idealized urban area under a 

zero background wind. Bound-lay. Meteorol. 131, 403–423 (2009).
	37.	 Yang, X., Li, Y., Luo, Z. & Chan, P. W. The urban cool island phenomenon in a high-rise high-density city and its mechanisms. Int. J. 

Climatol. 37, 890–904 (2017).

Acknowledgements
This project was supported by funding from the Collaborative Research Fund of Hong Kong’s Research Grants 
Council (Grant No. HKU9/CRF/12G).

Author Contributions
Y.F. drafted the manuscript. Profs. Y.L., A.B. and Y.W. proposed the idea of applying the energy balance in 
developing the heat dome model and supervised the work. Y.F., Y.L. and X.Y. developed the detailed energy 
balance model. Y.F. reviewed the existing studies and re-analysed the linearized model. All authors contributed 
to improve the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Horizontal extent of the urban heat dome flow

	Results

	Energy balance model. 
	Model description. 
	Experiment design on the model. 
	Results of the energy balance model. 

	Linearized model. 
	Determining daytime dome horizontal extent. 

	Discussion

	Acknowledgements

	Figure 1 The dome-shaped upper thermal boundary between the mixing layer and the inversion layer, as visualized with thermochromic liquid crystals.
	Figure 2 Illustration of the energy balance model of urban heat dome flow.
	Figure 3 Results for the dome diameter, with D = 40 km, N = 0.
	Figure 4 The ratio of the dome diameter to the urban diameter (Dd/D), which changes with the background buoyancy.
	Figure 5 The ratio of the dome diameter to the urban diameter (Dd/D), which changes with the ratio of the building walls.
	Figure 6 Typical profiles of sensible heat flux in urban areas and rural areas, as reported in the literature.
	Figure 7 Horizontal velocity profiles as calculated from Equation (15).
	Table 1 A summary of dome horizontal extent measurements, as extracted from existing studies using numerical models and field measurements.




