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Abstract. Under calm conditions where the background synoptic wind is weak or absent, the difference 

between city and rural temperature allows natural convection to develop. The turbulent circulation is also 

referred as urban heat island circulation or urban heat dome flow. The coupling of buoyancy, inertia, and 

vertical stability induces a natural periodicity in the urban heat dome flow. The periodicity in urban heat 

dome flow is often neglected in previous urban heat dome flow research. In this article, a high-precision 

CFD numerical method is applied, and the city is treated as a homogeneous flat plate with a specific shape. 

First of all, the real atmosphere model (around 20 km in length scale) are established and validated with 

water tank experiments. Convergent inflows at lower level and divergent outflows at upper levels can be 

observed. Then, the instantaneous 3D flow field distribution is analyzed, and the periodicity of the upper 

outflow region (fout) after reaching the quasi-steady state is determined. Finally, cases with different city 

diameters (D), regional heat flux (H0), and ambient potential temperature gradients (∂θ/∂z) are designed and 

solved. A quantitative description of periodicity (fout) and its relationship to buoyancy (B0), inertia (Ud) and 

vertical stability (N) is presented.

1 Introduction 

The most noticeable feature of urbanisation is its rapid 

expansion in size, which significantly alters 

underlying surface properties [1]. Cities affect the 

wind environment [2], thermal environment [3], and 

pollutant dispersion [4], forming a unique local 

climate, known as the urban climate [5]. Under stable 

and calm background conditions, the airflow in the 

city is dominated by different scales of natural 

convection [6], and an urban heat dome flow forms at 

the city scale [7]. The urban heat dome flow, which is 

characterised by lower-level convergent inflow and 

upper-level divergent outflow, is widely believed to 

affect the urban environment, energy efficiency, and 

health of residents. Urban heat dome flow has been 

evaluated using field measurements [8], numerical 

simulations [9], and water/air tank experiments [10]. 

The periodicity in urban heat dome flow is often 

neglected in previous urban heat dome flow research. 

However, the periodicity of the urban heat dome flow 

profoundly affects the temperature field of the wind 

field inside the city, which in turn affects the diffusion 

of pollutants. The three-dimensional structure of the 

urban heat dome flow and the periodic changes of the 

flow field are shown in Fig. 1. 

 

 

 

 

Fig. 1. The 3-D structure of the urban heat dome flow over 

a square urban area at quasi-steady state. (b) Instantaneous 

horizontal velocity (u) of the point 1 at zout. (c) The 3D 

structure of the urban heat dome flow over a square urban 

area at quasi-steady state. (c) The deformation of Velocity 

profile at the side of city during one period.  
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2 Methods 

 

Fig. 2. The computational domain and boundary 

conditions for simulating 3D urban heat dome flow over a 

square urban area. The origin of coordinates is located in 

the centre of the urban; D and B are urban diameter and 

the distance from urban edge to domain boundary. 

In this study, an ideal square city with uniform 

heating is considered (Fig. 2). In Fan’s studies [11], a 

square heater with a diameter (D) of 0.12 m was 

placed at the middle of the water tank’s bottom 

surface (0.4 × 0.4 × 0.5 m, length × width × height) to 

simulate an ideal square urban area. The flow was 

considered to have reached a quasi-steady state after 

120 s of heating. Full-scale atmospheric cases (Case 

1–4, in Table 1) were studied (the side length of the 

urban area was 20 km). The calculation domain was 

set to 100 × 100 × 2 km (length × width × height). 

Table 1. Summary of all cases. buoyancy frequency N are 

presented for background temperature stratification. Heat 

flux H0 and Froude number Fr are used to consider city 

area as an isolated heated surface. uD =gβH0D/ρCp is the 

convective velocity. g is the gravitational acceleration [m 

s−2], ρ is density [kg m−3], and Cp is the specific heat 

capacity of the fluid [J kg−1 K−1], β is the thermal expansion 

coefficient [K-1]. 

Case D 
(km) 

N 
(s-1) 

H0 
(W m-2) 

Fr uD 

(m s-1) 
zi 

(m) 

Case 1 2×104 0.018 200 0.013 4.73 705 

Case 2 2×103 0.018 100 0.048 1.74 230 

Case 3 2×104 0.018 300 0.015 5.42 800 

Case 4 2×104 0.026 200 0.009 4.73 608 

 

The commercial software ANSYS Fluent (v17) 

(Ansys, Canonsburg, PA, USA) was used to solve the 

continuity, momentum, and energy equations. To 

ensure the proper settings of potential temperature 

and stable stratification were used, vertical 

coordinate transformation [12] was applied and a 

new set of governing equations was obtained, Eq. (1-

3). All simulations were performed using 

transformed coordinates. After the simulation, the 

results were converted back to the Cartesian 

coordinate system with the physical height for better 

presentation and analysis. The hydrostatic, 

Boussinesq and anelastic assumptions are 

approximations are used for simplifying the 

momentum equation and the governing equations of 

continuity, momentum, and energy were rewritten 

as Eq. (1-3): 

𝛻 ⋅ �⃗� = 0            (1)    

𝑑(𝜌0𝑉
→
)

𝑑𝑡
= −𝛻𝑝 + 𝜇𝛻�⃗� 2 + 𝜌0𝛽(𝑇 − 𝑇0)𝑔 + 𝐹𝑛

→

= 0                       (2) 

𝑑(𝜌0𝐶𝑝𝑇)

𝑑𝑡
= 𝛻(𝑘𝛻𝑇) + 𝑆𝑇                (3) 

where t is time [s], 𝜇 is the molecular viscosity for 

the friction term [kg m-1 s-2], and k is the 

incompressible conductivity [W m−1 K−1]. The 

Boussinesq assumption was used in the momentum 

equation (Eq. 2) and the coordinate transformed 

term (𝐹 𝑛) were included in Eq. (4) and the 

parameters zn, wn, J and ξ were defined as Eq. (5-8) 

to simplify the equation: 

𝐹𝑛

→

= [
0
0

(𝐽2 − 1)𝜌0𝛽(𝜃 − 𝑇0)𝑔 + 𝜉𝜌0𝑤𝑛
2𝐽 − 𝑝𝑛𝜉(𝐽 + 1 + 𝜉𝑧𝑛)

]                  (4) 

𝑧 = −
1

𝜉
𝑙𝑛( 1 − 𝜉𝑧𝑛)          (5) 

𝑤 =
𝜌0

𝜌𝑠
𝑤𝑛 = 𝑒𝜉𝑧𝑤𝑛                            (6) 

𝐽 = 1/(1 − 𝜉𝑧𝑛)                                                     (7) 

𝜉 = −
1

𝑧
(

𝑔

𝑅𝛤
− 1) 𝑙𝑛(

𝑇0−𝛤𝑧

𝑇0
)                                         (8) 

The results of water tank experiments conducted by 

Fan et al. [11] were used to validate the numerical 

model. A vertical profile of the horizontal velocity 

(u) was extracted at the centre of the city edge (x/D = 

0.5, y/D = 0). The dimensionless horizontal velocity 

UW*(UW* = u/uD, where subscript ‘W’ represents the 

water tank) was introduced.  

 

As suggested by Fan [13], the non-dimensional 

horizontal velocity profiles in reduced-scale water 

tank models and real atmospheric scale models 

should be corrected using the Prandtl number (Pr) 

for comparison. According to a previous study [13], 

Eq. (9) was used for the correction: 

𝑈𝑊
∗ = 𝑈𝐴

∗(
PrW

PrA
)−𝑐                                                                   (9)     

where PrW and PrA are the Prandtl numbers for 

water and air, respectively, and UW* and UA* are the 

time-mean horizontal velocity scales used for water 

and air, respectively. The PrW/PrA and c were set to 

8.75 and 0.48, respectively. In Fig. 3., the velocity 

distribution of case 1 with 8.36 million grids fits well 

with the experiment, while the results of the real 

atmospheric scale model successfully predicted the 

inflow at the lower level (z/zi =0.2) and the strong 

outflow at the upper level (z/zi =0.8). 
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Fig. 3. The average horizontal velocity component vertical 

profiles at the urban edge (x/D = 0.5, y/D = 0, solution time 

from 10,000 s to 15,000 s for full-scale atmosphere model). 

Data for the water tank experiments were obtained from 

Fan et al. [11]. 

3 Results 

3.1 The velocity and temperature field 

Based on the vertical distribution profile of the mean 

horizontal velocity u at the urban edge (x/D = 0.5, y/D 

= 0), the maximum inflow height (zin), equilibrium 

height (zeq), and maximum outflow height (zout) could 

be determined (Fig. 1). For case 1, the velocity and 

temperature fields on the horizontal planes at 

different heights were obtained, as shown in Fig. 4.U 

and T represent the time-averaged velocity and 

temperature (from 10,000 s to 15,000 s in the quasi-

steady state). 

 

Fig. 4. The mean velocity fields (𝑈𝑥𝑦 = √𝑈𝑥
2 + 𝑈𝑦

2, Ux 

and Uy are the time averages of u and v) on different 

horizontal planes at quasi-steady state for Case1 (in left). 

Streamlines and the distribution of the real temperature 

for Case1 (in right). The dashed white squares denote the 

location of the urban area. 

At the maximum inflow height (zin), the flow field 

presented a standard convergent inflow along the 

diagonals, as shown in Fig. 4(a) left. The maximum 

horizontal inflow speed (Uxy) at zin = 39 m was 

approximately 3 m s-1. The temperature fields are 

shown in right. The solid black lines represent the 

streamlines of flow, the arrows represent the 

direction of velocity. At the lower level, the 

temperature in the central area of the city exceeded 

301 K, which is approximately 3 K higher than that in 

the edge area. Stripe-like thermal plumes were 

observed in the edge regions, which were also 

observed in the water tank experiments [14]. 

Simultaneously, high-temperature ridges were 

observed near the diagonal lines. At the intermediate 

level (Fig. 4b), the inflow weakens, and the outflow 

begins to appear. The high-speed area (greater than 

3m s-1) inside the city was greatly reduced at zeq = 250 

m. Diagonal inflows remained, and the speed on the 

diagonals was higher than that in other areas. The 

high-temperature area shrank towards the city centre, 

and its temperature was approximately 200 K. Two 

symmetrical large eddy structures appear at each edge 

of the square city. For the upper level (Fig. 4c), the 

four side areas exhibited obvious divergent outflows. 

Four low-pressure and low-speed recirculation 

regions (calm regions) formed between each of the 

two high-speed outflow branches. The real 

temperature was lower in the urban area than in the 

rural area, caused by the overshoot effect of the urban 

heat dome flow.  
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Fig. 5. 3D urban heat dome flow structure of case1 

visualized by iso-surface of average velocity Uxyz and 

temperature ( 𝑈𝑥𝑦𝑧 = √𝑈𝑥
2 + 𝑈𝑦

2 + 𝑈𝑧
2, where Ux, Uy, 

and Uz are the time averages of u, v and w, respectively, 

with solution times from 10,000 to 15,000 s). 

The 3D isosurfaces of the velocity and temperature are 

shown in Fig. 5. In Fig. 5(a), an iso-surface of 3m s-1 

was observed along the diagonal at the lower level. As 

the height increases, the iso-surface of 2 m s-1 

gradually shrank and was close to the diagonal, 

resulting in a high-speed ridge form. The isosurface in 

the side region presented a stripe-like inflow formed 

by the disturbance of sub city-scale thermal plumes. 

At the upper level, the outflows above the four sides 

of the city presented a four-leaf clover structure, 

which is consistent with the water tank experiments 

conducted by Fan et al. [14]. Stripe-like outflows were 

also observed at this level. The 3D iso-surface 

distribution of temperature is shown in Fig. 5(b). 

Stripe-like thermal plumes were observed in the 

urban edge regions and high-temperature ridges near 

the diagonal lines. Many high-temperature plumes 

were gathered in the central urban area. 

3.2 The periodicity of urban heat dome flows 

The velocity profiles at the city side were extracted 

and Fourier transform was performed on the 

instantaneous velocity signal at point 1 (z=zout), as 

shown in Fig 6. The frequency fout corresponding to 

the magnitude peak was obtained then. fout is the 

reciprocal of the period, which can reflect the 

periodicity of the flow. Large fout values correspond to 

short periods.  

 

 

Fig. 6. (a) Instantaneous dimensionless velocity (UW*) 
profile distribution at the city edge. (b) The original 

instantaneous dimensionless velocity U at point 1. (c) 

Calculated magnitude diagram after Fourier transform to 

show the frequency fout corresponding to the peak. 

The periodicity of the urban heat dome flow is 

evaluated by fout, which is related to buoyancy, inertia, 

and vertical stability. As in Eq.(10), a formula for 

calculating fout is attempted to be derived. 

𝑓𝑜𝑢𝑡 = 𝐵0
0.65 × 𝑢𝐷

−1.3 × 𝑁0.35                                     (10)        

𝐵0 =
𝑔𝛽𝐻0

𝜌𝐶𝑃
⁄                                                                                 (11) 

𝑁 = [−(𝑔/𝜌0)
𝜕𝜌

𝜕𝑧
]1/2                                            (12) 

where ρ0 is the reference density [kg m−3]. 

Finally, case2-4 with different city diameters (D), 

regional heat flux (H0), and ambient potential 

temperature gradients (∂θ/∂z) are designed and solved. 

The values of fout corresponding to cases 1-4 are shown 

in Fig. 7. It can be found that the decrease of the city 

diameter and the increase of the heat flux density and 

temperature gradient lead to the decrease of the 

outflow frequency and the increase of the outflow 

period. The results calculated by Eq. 10 are in good 

agreement with those obtained from the simulation. 

 

Fig. 7. Diagram of frequency fout for different cases. The 

black hollow squares are numerically calculated values, 

and the red solid circles represent the formula-fitted 

values. 
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4 Conclusion 

(1) The CFD method was applied to an urban heat 

dome flow simulation for mesoscale atmospheric 

cases. Convergent inflows at lower level and 

divergent outflows at upper levels can be 

observed. 

(2)  The periodicity of the upper outflow region 

(𝑓𝑜𝑢𝑡 = 𝐵0
0.65 × 𝑢𝐷

−1.3 × 𝑁0.35 ) after reaching the 

quasi-steady state is determined. The results 

calculated by the formula are in good agreement 

with those obtained by the simulation. 

(3) The decrease of the city diameter, the increase of 

the heat flux density and the increase of the 

temperature gradient all lead to the decrease of 

the outflow frequency and the increase of the 

outflow period.  
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