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ABSTRACT

Large-eddy simulations of an idealized diurnal urban heat island are performed using the Weather Re-

search and Forecasting Model. The surface energy balance over an inhomogeneous terrain is solved con-

sidering the anthropogenic heat contribution and the differences of thermal and mechanical properties

between urban and rural surfaces. Several cases are simulated together with a reference case, considering

different values of the control parameters: albedo, thermal inertia, roughness length, anthropogenic heat

emission, and geostrophic wind intensity. Spatial distributions of second-moment statistics, including the

turbulent kinetic energy (TKE) budget, are analyzed to characterize the structure of the planetary boundary

layer (PBL). The effect of each control parameter value on the turbulent properties of the PBL is investigated

with respect to the reference case. For all of the analyzed cases, the primary source of TKE is the buoyancy in

the lower half of the PBL, the shear in the upper half, and the turbulent transport term at the top. The vertical

advection of TKE is significant in the upper half of the PBL. The control parameters significantly influence the

shape of the profiles of the transport and shear terms in the TKE budget. Bulk properties of the PBL via

proper scaling are compared with literature data. A log-linear relationship between the aspect ratio of the

heat island and the Froude number is confirmed. For the first time, the effect of relevant surface control

parameters and the geostrophic wind intensity on the bulk and turbulent properties of the PBL is system-

atically investigated at high resolution.

1. Introduction

At present, around half the world’s population lives in

cities, and the percentage is projected to reach 67% by

2050. As the heart of human activities, urban areas

account for 60%–80% of global energy consumption

and around the same share of anthropogenic CO2

emissions (European Environment Agency 2014).

Such a rapid increase of the urbanization phenomenon

will significantly impact the quality of urban life and lead to

modifications of the urban climate.

The urban climate mainly depends on the surface

energy balance (SEB), which is influenced by alterations

to the land characteristics due to human activities; the

result of such direct and indirect modifications is urban

warming (Hinkel et al. 2003), or urban heat island

(UHI), and the associated circulation (Catalano et al.

2012a; Ryu et al. 2013). There are cases where the latent

heat flux in urban areas is higher than in rural areas (e.g.,
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the city of Phoenix, built in a desert area), and thus the

temperature in the rural area is higher than in the urban

area; the occurrence of this phenomenon, called ‘‘urban

cool island,’’ is evidenced in the literature (Lee and Baik

2010; Giovannini et al. 2011). Though the UHI is

typically a nocturnal phenomenon, field measurements

have proven that the daytime temperature in the city can

be higher than in the surrounding rural area (Kim and

Baik 2002; Hidalgo et al. 2008). Furthermore, the UHI

phenomenon may synergistically interact with heat

waves, increasing heat stress in urban areas (Li and Bou

Zeid 2013). The need for a healthier urban environment

is widely recognized, as is the influence of each SEB pa-

rameter on urban meteorology. Grimmond and Oke

(1999) showed that the time evolution of each component

of the SEB equation is a particular characteristic of the

site; furthermore, the contribution of each term in the

surface energy equation varies as a function of the site

properties and influences the structure of theUHI plume.

Several studies have investigated the UHI effects on

human health (Milojevic et al. 2011), energy and water

consumption (Akbari et al. 2001), precipitation (Miao

et al. 2011), and global warming (Chen et al. 2006).

Martilli (2002) studied the effect of wind speed, urban

morphology, and rural soil moisture on the structure of

the nocturnal and diurnal planetary boundary layer in

the presence of an urban area using a 2D mesoscale

model, considering also the effects of the UHI flow on

the dispersion of a passive tracer. Catalano et al.

(2012a) analyzed the effects of some relevant parame-

ters (i.e., UHI characteristic dimension, Brunt–Väisälä
frequency, thermal forcing nature) on velocity and

temperature variances at the UHI center. Wang (2009)

reproduced the circulation associated with the urban–

rural differential surface sensible heat flux and rough-

ness to investigate the influence of the circulation on

the convective boundary layer (CBL). Even though a

large-eddy simulation (LES) model (Bryan and Fritsch

2002) is employed as well as the same domain config-

uration as the present study,Wang (2009) does not take

into account the influence of the geostrophic wind and

land properties on the UHI circulation and on the

structure of the CBL; this subject is the focus of the

present study. The analysis of the turbulent structure of

the PBL provides important parameters for the in-

vestigation of pollutant dispersion dynamics (Roth

2000). Most of the numerical studies of the urban flows

with the Weather Research and Forecasting (WRF)

Model are based on meteorological mesoscale simula-

tions coupled with suitable parameterization schemes

(Salamanca et al. 2011; Giovannini et al. 2014). The

LES technique has been recently applied to high-spatial-

resolution simulations of heterogeneous terrains (Catalano

and Cenedese 2010; Catalano and Moeng 2010) with ide-

alized bottom boundary conditions (Catalano et al. 2012a).

Salamanca et al. (2011) and Giovannini et al. (2014)

investigated the boundary layer characteristics in the

presence of an urban site with the WRF Model, with a

resolution of 500m, using urban parameterization schemes.

The WRF Model has also been used by Li et al. (2013) to

analyze land–atmosphere interactions and the PBL struc-

ture for an urban environment in a case of heavy rainfall

with a resolution on the order of 1 or more kilometers.

Ryu et al. (2013) investigated the structure and evolu-

tion of an idealized daytime UHI through numerical

simulations with the WRF Model; their work focused on

the interaction of the UHI with the convective cells over

urban and rural areas, but turbulent properties of the flow

pattern were not considered. The vertical structure of the

planetary boundary layer (PBL) associated with the UHI

circulation was also investigated by Filho et al. (2013) by

means of a LES model; the PBL height was computed

following the classical method based on the maximum

value of the vertical potential temperature gradient. In

their work the turbulent structure of the PBL associated

with the UHI circulation is not investigated.

The objective of this paper is the investigation of the

influence of parameters appearing in the SEB terms (al-

bedo, thermal inertia, and anthropogenic heat flux) and

mechanical parameters (geostrophic wind intensity,

roughness length) on the structure of the PBL over urban

areas during the daytime. To assess the sensitivity to

specific control parameters, ad hoc idealized simulations

are more effective than real test cases in which it is more

difficult to separate the effects of each parameter on the

phenomenon. LESs of the diurnal UHI have been

performed using the WRF Model (Skamarock et al.

2008). The surface heat flux (SHF) has been calculated

from the net incident radiation and accounts for dif-

ferent land properties of urban and rural areas. We

investigated 11 cases, considering different values of

the control parameters. Distributions of second-order

statistics and the turbulent kinetic energy (TKE)

budget are analyzed to characterize the turbulence

associated with the UHI flow.

The paper is organized as follows. In section 2, a de-

scription of themethodology, including the numerical setup

and the scaling approach, is presented. Results are pre-

sented in section 3, and conclusions are given in section 4.

2. Method

a. Numerical setup

The simulations have been performed with the WRF

Model in large-eddy simulation mode. TheWRFModel
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is a nonhydrostatic model based on fully compressible

Euler equations (Skamarock et al. 2008). The spatial

discretization for the variables is based on a staggered

Arakawa C–type grid. Given the limited horizontal

scales of the UHI phenomenon, Coriolis terms in the

momentum equation are neglected in the present

investigation.

The domain has 4003 1003 58 grid nodes along the x,

y, and z directions, respectively. The grid has a hori-

zontal constant resolution equal to 50m and a vertical

parabolic stretching such that Dz grows from 2m above

the ground to 90m at the top of the domain. The vertical

coordinate is terrain-following normalized pressure.

The urban area considered in the model has di-

mensions of 2000m 3 5000m and is centered with re-

spect to the x axis. Periodic lateral boundary conditions

are imposed on both x and y directions to mimic an in-

finite succession of UHI along the x direction and an

infinitely long urban site along the y direction. At the

model top, constant pressure, free slip, and zero vertical

velocity conditions are assumed. The atmosphere and

the soil are assumed to be dry.

The surface model is based on the Monin–Obukhov

similarity theory (Monin and Obukhov 1954), and the

5-layer slab land surface scheme is used (Skamarock

et al. 2008).

The time integration consists of a third-order Runge–

Kutta scheme with a smaller time step for acoustic

modes. The spatial discretization uses fifth- and third-

order advection schemes for the horizontal and the

vertical integration, respectively.

The subgrid-scale (SGS) model is a modified version

of the WRF TKE scheme, which accounts for the effect

of the grid’s anisotropy in the calculation of the filter

width (Catalano andMoeng 2010; Catalano and Cenedese

2010); a detailed description of the SGS terms and ex-

pressions is provided in Catalano and Cenedese (2010).

The UHI is simulated using the radiative forcing based

on the SEB equation (Deardorff 1978). Urban canopy

models are not used since they are developed formesoscale

applications and they are not suitable for LES simulations

(Kusaka and Kimura 2004). Urban geometries (e.g., the

immersed boundary layer method) are also not used.

The WRF Model has been modified to explicitly take

into account the bulk urban features. Different values of

albedo, thermal inertia, and roughness length are im-

posed at the urban and rural areas. Radiative schemes

have beenmodified to work in LESmode and have been

adapted to idealized simulations (e.g., dry atmosphere).

Furthermore, the SEB equation has been modified to

take into account the production of anthropogenic heat

over the urban area and to remove the latent heat flux

term. Thus,

(12a)R
S
Y1R

L
*1Q

f
2H

sg
5Q

G
, (1)

where a is the albedo, RSY is the incident shortwave

(SW) radiation, RL* is the net longwave (LW) radiation

at the surface, Qf is the anthropogenic heat, Hsg is the

sensible heat flux at the ground toward the atmosphere,

and QG is the soil heat flux. The SW radiation term

(12a)RSY is computed using the Dudhia scheme

(Dudhia 1989) and the same value of the incident radi-

ation RSY is imposed over the entire domain. The net

LW radiation RL* is assumed to be constant according to

the parameterization proposed by Burridge and Gadd

(1975). Different reflective, mechanical, and thermal

properties of the surface are set to reproduce the dif-

ferent thermal behavior of the urban and rural areas.

The net radiative forcing is modeled by a sinusoidal law.

The simulations start with an incident SW equal to zero

and a stably stratified environment, characterized by a

Brunt–Väisälä frequencyN of 0.0128 s21. This condition

roughly corresponds to the end of nighttime. LES

studies in literature (Kurbatskii 2001; Catalano et al.

2012a) expressed the thermal forcing at the bottom

boundary of the domain in terms of either SHF or the

surface temperature anomaly. In the first case, the SHF

corresponding to the urban area was directly imposed in

the energy equation, while in the second case the surface

temperature was imposed. In the present study, the in-

cident radiation is imposed and the surface energy

equation is solved taking into account the local prop-

erties of the surface. This allows a better representation

of land–atmosphere feedbacks.

Control parameters for the simulations are (i) geo-

strophic wind intensity, (ii) surface roughness, (iii) al-

bedo, (iv) thermal inertia, and (v) anthropogenic heat

emission. Among them, albedo, thermal inertia, and

anthropogenic heat appear in the SEB equation; albedo

influences the net radiation at the surface and therefore

the SHF, while thermal inertia influences the response

of the soil to the radiation in terms of surface tempera-

ture. The surface roughness influences the wind field on

both the urban and rural areas through the shear pro-

duction term on the momentum equation.

We conducted 11 numerical simulations of the diurnal

UHI. The domain and urban area dimensions are the

same for all the cases as well as the initial ambient

temperature profile and the incident solar radiation. The

incident SW radiation is set equal to 450Wm22 and the

net LW radiation is set equal to250Wm22. The control

parameter values are reported in Table 1.

Case 1 is the reference case; the other simulations

investigate the influence of each control parameter;

therefore, each simulation presents the same values of

the parameters as case 1, except for one. In cases 2–4 an
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along-y geostrophic wind has been imposed, with in-

tensity of 2, 5, and 10ms21, respectively. Cases 5 and 6

have different values of the roughness z0 of the urban

area with respect to the rural area. In cases 7 and 8 dif-

ferent values of albedo difference between rural and ur-

ban areas have been considered. Thermal inertia is the

control parameter for case 9. In cases 10 and 11 an an-

thropogenic heat fluxwith a sinusoidal time evolution has

been imposed with a mean value of 25Wm22 for case 10

and of 40Wm22 for case 11, and with an amplitude equal

to half the mean value in both cases (Table 1).

b. Averaging procedure and parameters calculation

In this study, the only homogeneous direction is along

the y axis because of the geometry of the urban site

(infinite along the y direction and finite along the x di-

rection). Therefore, first- and second-moment statistics

are obtained by averaging along the y axis. The average

value of the considered variable f is

f5
1

N
y

�
Ny

j51

f
j
, (2)

where Ny is the number of cells in the y direction. The

perturbations f0 are defined as follows:

f0(x, y, z, t)5f(x, y, z, t)2f(x, z, t). (3)

Furthermore, to increase robustness, statistics are fur-

ther averaged along five contiguous grid cells in the x

direction (Catalano and Moeng 2010).

Because of the inhomogeneous surface properties, the

PBL height zPBL must be locally defined. Hence, the

PBL height is computed according to the hybrid method

proposed by Catalano and Moeng (2010) for an in-

homogeneous terrain; zPBL is defined as the lowest

height where two constraints are verified: the magnitude

of the potential temperature vertical gradient is larger

than a critical value (expressed as 80% of its maximum

value) and the heat flux is less than 15% of its maximum

value. In Catalano et al. (2011) the hybrid method is

compared with the classical methods (Sullivan et al.

1998) showing more accurate estimates of zPBL overall

the domain and comparable results in correspondence

with the UHI center.

The UHI intensity is a bulk parameter characterizing

the UHI phenomenon; it is defined as the temperature

difference between urban and rural areas and is com-

puted at x/D 5 0 as the difference in the mixing layer

between urban and rural temperature averaged along

the y direction.

c. Scaling

Results are normalized following the similarity theory

proposed by Lu et al. (1997a,b), according to which the

UHI circulation is characterized by three parameters:

the characteristic dimension of the urban area D, the

Brunt–Väisälä frequency N of the undisturbed atmo-

sphere, and the SHF H0. The scale quantities are the

mixing height of theUHI zi, the horizontal velocity scale

wD 5 (gbH0D)1/3, and the vertical velocity scale

wL 5w2
D/ND. The time scale is defined as tL 5D/wD.

For temperature, two scales are defined: the mean

temperature scale given by the UHI intensity, generi-

cally indicated with Dum, and the convective tempera-

ture scale uL 5wDN/gb. The latter is employed to

normalize the turbulent fluxes. Turbulent statistics are

normalized according to the similarity theory by Lu

et al. (1997a,b): velocity variances are normalized byw2
D,

the heat flux byH0, and the TKE by w3
D/zi. The z axis is

normalized with the mixing height zi and the x axis is

normalized with the characteristic dimension D.

Scale quantities and parameters are combined to form

two nondimensional numbers: the Reynolds number

TABLE 1. Numerical simulations, values of control parameters, and computed parameters at t5 1200 LST (the anthropogenic heat flux has

a sinusoidal time evolution with a period of 24 h). The U and R stand for urban and rural, respectively.

Case

yg
(m s21)

Roughness

z0 (m)

Albedo

difference

Thermal inertia

(Jm21 K21 s20.5)
Anthropogenic

heat

(Wm22)

w0u0s (Km s21)

Dum (K) zi (m)U R DR-U U R U R

1 0 0.1 0.30 20.9 12.6 0 0.170 0.105 2.42 1106

2 2 0.1 0.30 20.9 12.6 0 0.175 0.105 2.18 1107

3 5 0.1 0.30 20.9 12.6 0 0.171 0.106 2.55 1107

4 10 0.1 0.30 20.9 12.6 0 0.177 0.109 2.65 1107

5 0 0.3 0.1 0.30 20.9 12.6 0 0.178 0.105 1.63 1106

6 0 0.5 0.1 0.30 20.9 12.6 0 0.179 0.105 1.24 1106

7 0 0.1 0.45 20.9 12.6 0 0.179 0.063 4.15 994

8 0 0.1 0.65 20.9 12.6 0 0.196 0.011 7.23 697

9 0 0.1 0.30 8.34 12.6 0 0.222 0.104 3.89 1165

10 0 0.1 0.30 20.9 12.6 25 6 25/2 0.197 0.106 3.19 1165

11 0 0.1 0.30 20.9 12.6 40 6 40/2 0.211 0.105 3.61 1165
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Re5wDD/n, where n is the fluid kinematic viscosity, and

the Froude number Fr5wD/ND. If the Re value is

above a critical value corresponding to a fully turbulent

flow, Fr is the only nondimensional number required to

describe the phenomenon (Snyder 1981; Lu et al. 1997a).

This theory has been developed for low aspect ratio

(zi/D� 1) nocturnal UHIs. Cenedese and Monti (2003)

and Catalano et al. (2012a) have shown that the simi-

larity theory proposed by Lu et al. (1997a,b) can be

applied also to daytime UHIs. Falasca et al. (2013) have

applied the theory of Lu et al. (1997a,b), obtaining a

detailed flow characterization of the UHI circulation by

means of high-resolution data measured during experi-

mental acquisitions. Other scaling laws have been pro-

posed by Hidalgo et al. (2010) for the diurnal UHI;

Catalano et al. (2012b) proposed an alternative scaling

for the free convection, potentially applicable to theUHI.

3. Results

a. UHI bulk properties

The difference of the SHF between rural and urban

areas plays a major role in the development of the UHI

circulation. The time–space evolution of the y-averaged

SHF for case 1 is shown as Hovmöller plot in Fig. 1.

Larger values of the SHF characterize the urban area

during the central hours of the simulation, that is, be-

tween 1000 local standard time (LST) and 1400 LST.

The SHF step corresponds approximately to the urban

area boundaries. The spatial inhomogeneity of the SHF

affects the PBL height; this can be seen in Fig. 2 where

zPBL is plotted as a function of the distance from the

urban area center at different simulation times for the

reference case. The step in the SHF plot has a counter-

part in the zPBL plot, mainly evident at 0700 LST. For

longer simulation times the SHF is more uniform along

the x direction as well as the zPBL.

Figure 2 further compares the PBL height as a func-

tion of the distance from the urban area center at dif-

ferent simulation times of the reference case with cases 7

and 11. To improve the visualization, the vertical axis is

extended up to 1200m, while the simulated domain is

2400m high. At t 5 1h, the presence of the UHI

determines a step in the evolution of the PBL height at

the center of the domain. The effect of the urban area on

zPBL is felt up to x/D 5 60.5 for cases 1 and 7, and it is

felt up to x/D561 for case 11. At t5 3 h and t5 6 h the

difference of zPBL between urban and rural areas is

drastically reduced because of the development of

convective cells over the rural area levels. Table 1 shows

the bottom forcing intensity at t 5 1200 LST for all the

cases, the UHI intensity Dum, and the PBL height at the

UHI center zi. The UHI intensity is directly influenced

by albedo, thermal inertia, and anthropogenic heat,

which appear in the SEB equation (increasing urban–

rural albedo gap, anthropogenic heat flux, and urban

thermal inertia correspond to increasing Dum), and is

indirectly influenced by geostrophic wind and rough-

ness. The geostrophic wind intensity (up to 10m s21) has

light influence on the UHI intensity. The larger rough-

ness length over the urban area in case 6 dampens the

FIG. 1. Hovmöller plot of the y-averaged surface kinematic heat flux for case 1 (reference case).

The horizontal axis is normalized by the horizontal dimension of the urban area D.
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mixed-layer development there and weakens the con-

vergence at the surface. Since the surface breeze has the

effect of inhibiting thermals growth over the rural area, a

weaker current with respect to the reference case facil-

itates the development of the mixed layer over the rural

area in case 6. This mechanism results in a reduction of

mixed-layer temperature differences between the urban

and the rural areas, then a reduction of theUHI intensity.

The height zi is affected by thermal surface properties

and by anthropogenic heat. Cases 7 and 8 (control pa-

rameter albedo) have smaller values of zi. Cases 10 and

11 (control parameter anthropogenic heat flux) present

larger values of zi.

Figure 3 shows the UHI aspect ratio (zi/D) versus Fr

for results obtained in the present study only for diurnal

UHIs, compared with literature data for both diurnal

and nocturnal UHIs. Catalano et al. (2012a) use the

WRF Model and the same domain configuration as in

this work to investigate the effect of the diameter and

the Brunt–Väisälä frequency on the UHI bulk param-

eters. Hidalgo et al. (2010) used the Meso-NH to

simulate a diurnal (circular) UHI with no mean wind.

Kristof et al. (2009) performed simulations by means

of the ANSYS, Inc., Fluent 6 solver. Kurbatskii (2001)

employed a three-equation model for turbulent trans-

port over a circular urban area in a stably stratified en-

vironment. Richiardone and Brusasca (1989) modeled a

diurnal UHI under calm conditions. Wang (2009) per-

formed daytime LES of an infinite urban area with no

geostrophic wind using the model by Bryan and Fritsch

(2002). Yoshikado (1992) used a two-dimensionalmodel

to simulate a diurnal UHI with no background wind.

Figure 3 also includes laboratory experiments conducted

in different water tank facilities by Cenedese and Monti

(2003) (urban area with circular shape), by Falasca et al.

(2013) (rectangular shape), and by Lu et al. (1997a,b)

(circular shape). Experimental contributions by Faust

(1981), field observations by Clarke andMcElroy (1974),

and Godowitch et al. (1987) have been included as well.

All data fall on a log-linear relationship of equa-

tion ln(zi/D) 5 2.92 ln(Fr) between the PBL height at

the UHI center zi and the Fr number. Lu et al. (1997a)

showed a plot of zi/D versus Fr using experimental and

field results, and the resulting best-fit line was

ln(zi/D)5 2:86 ln(Fr); Catalano et al. (2012a) presented

a similar plot using also numerical results, and the re-

sulting regression-line slope was 2.91. We added other

numerical results, obtaining a slope of 2.92. Such a re-

lationship between Fr and theUHI aspect ratio links zi to

the SHF, to the Brunt–Väisälä frequency, and to the ur-

ban area characteristic dimension. Field data are char-

acterized by lower values of the aspect ratio and Fr; on

the other side, laboratory experimental results have

higher values of Fr and aspect ratio; numerical results

occupy the central area of the picture, characterized by a

wide range of intermediate values of zi/D and Fr.

b. Second-moment statistics

Figure 4 shows the y-averaged second-moment sta-

tistics (TKE, horizontal and vertical velocity variances,

FIG. 2. Plot of the PBL height as a function of the distance from the UHI center for different

simulation times for cases 1, 7, and 11.
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and fluxes, respectively) and the PBL height estimate

for case 1 at t 5 1200 LST. The largest values of TKE

are located over the urban area between 0.3 , z/zi ,
0.8, where TKE reaches values about 4 times larger

than those at the boundary of the domain, and the

turbulence intensity decreases with increasing distance

from the urban area; the influence of the UHI is evi-

dent up to a distance from the urban area center equal

to twice D.

The w variance gives the most important contribu-

tion to the TKE over the urban area (Fig. 4d). The

horizontal variances present higher values over the

urban area than over the rural one. The large contri-

bution from the w variance to turbulence both over the

urban area and outside is consistent with the main

structure of the CBL (Moeng and Sullivan 1994; Catalano

et al. 2012b).

The vertical heat flux is positive except over the urban

area near the PBL top (Fig. 4f); the small area with

negative buoyancy flux at the top of the PBL, in corre-

spondence with the urban area center, is the entrain-

ment area.

The vertical cross sections of the y-averaged TKE and

the vertical profiles of variances and fluxes at t 5 1200

LST are shown in Figs. 5–10 for a selection of simula-

tions. Cases 4, 6, 7, 9, and 11 are chosen since they are the

most representative of the effects of the control pa-

rameters on flow structure and distribution of the

second-moment statistics.

Horizontal variances display vertical profiles simi-

lar to those of a free convection PBL (Moeng and

Sullivan 1994), except for the relative maximum at

intermediate altitude (Figs. 6a, 7a, 8a, and 9a). The

velocity vertical component variance has a parabolic

shape that recalls that of the free convection PBL,

except for the decrease at about 0.6zi and the step near

the PBL top. (Figure 10 shows that the normalized

heat flux decreases from z/zi 5 0.2 reaching the min-

imum value of 20.5 in correspondence with the PBL

height.)

The velocity flux u0w0 is positive in the lower part (up

to 0.4zi), where the flux is convergent, and at the top of

the PBL (Fig. 9). The presence of a small positive value

of u0w0 at z/zi 5 1.2 may be related to the presence of

gravity waves.

The presence of the geostrophic wind of yg 5 10ms21

influences the values of TKE and the structure of the

turbulent boundary layer: in case 1 (with no geo-

strophic wind), the TKE intensity decreases from the

urban area center (where larger values are located)

and a significant influence of the UHI is evident in the

domain region where 22 , x/D , 2 (Fig. 4a), while in

case 4 (with yg 5 10m s21) there is evidence of the

influence of the UHI in a smaller area around the UHI

center (Fig. 5a). In correspondence with the urban

area center, values of TKE are between 1 and 4m2 s22

for case 4 with the maximum located near the surface,

while in case 1 they are between 0.5 and 2m2 s22. Over

the rural area, TKE values are between 0.5 and

1m2 s22 in both cases 1 and 4. The presence of the

geostrophic wind of increasing intensity determines

modifications of the u-variance vertical profile

(Fig. 6b); such modifications make this profile similar

to the typical profile of a shear-driven PBL with the

maximum near the surface (Moeng and Sullivan

1994). The lower maximum of the u variance for case 4

is near the surface and is about 7 times larger than the

lower maximum for case 1 because of the important

contribution of the horizontal shear in this simula-

tion; the upper maximum for case 4 is located at the

PBL top and is about 2 times larger than the maxi-

mum in case 1. The y variance shows the presence of

the maximum in correspondence with the inversion

height typical of the shear-driven PBL (Fig. 7b); at the

top of the domain, the y variance gives an important

contribution to turbulence, with a maximum of about 4

times the upper maximum for case 1. The parabolic

profile of the w variance in case 1 is less evident in case 4

FIG. 3. Ratio of UHI aspect ratio zi/D vs Fr for numerical results

of the present paper compared with literature data. Numerical

results of Hidalgo et al. (2010), Kristof et al. (2009), Kurbatskii

(2001), Richiardone and Brusasca (1989), Wang (2009), and

Yoshikado (1992); laboratory experiments of Cenedese and Monti

(2003), Falasca et al. (2013), Faust (1981), and Lu et al. (1997a);

field observations of Clarke and McElroy (1974) and Godowitch

et al. (1987). Both axes have a logarithmic scale. The regression

(solid) line has a slope of 2.92.
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where it presents two maxima, one located at z 5 0.5zi,

slightly larger than that of case 1, and one at z 5 1.2zi
(Figs. 8a,b).

Figure 5b shows the effects of the difference of

roughness length values between urban and rural areas

on the TKE; a z0 positive difference of 0.4 determines

an increase of the TKE over the urban area in case 6;

the maximum location is the same (about z/zi 5 0.5),

but the value is less evident in case 6. A slight increase

of the values on the rural area is evident. Similarly to

case 4, the u-variance profile of case 6 (Fig. 6c)

presents a maximum near the surface, equal to twice

the lower maximum in case 1. Values in the upper part

of the layer, between z/zi 5 0.4 and 0.8, are larger than

in case 1. The y variance shows a general increase of

the values, especially near the surface (Fig. 7c). The w

variance presents two maxima, at 0.2zi and 0.8zi
(Fig. 8c).

The effect of a change in the urban–rural albedo

contrast (from 0.45 in case 1 to 0.6 in case 7) is evi-

dent in the reduction of the mixing height over the

rural area due to the higher value of rural albedo,

FIG. 4. Vertical cross sections of the y-averaged second-moment statistics along with wind vectors: (a) TKE,

(b) u0u0, (c) y0y0, (d) w0w0, (e) u0w0, and (f) w0u0 at t 5 6 h for case 1 (reference case). The y axis is normalized by the

inversion height zi. The black line in (a) represents the normalized PBL depth estimate.
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which determines lower net radiation at the surface.

The TKE presents higher intensity over the entire

domain (Fig. 5c); higher values of TKE for cases 7

and 8 are between 0.7 , z/zi , 1.1 and an important

contribution to the turbulence is given by y and w

variances. Variances of horizontal velocity compo-

nents are slightly influenced by this control parame-

ter, while the w variance displays a maximum larger

than in case 1, at 0.8zi (Fig. 8d) The larger value of

albedo in case 8 enhances turbulence in a portion of

the urban area near the UHI center and determines

a maximum of about 1.5 m2 s22 at the top of the

PBL (not shown). The urban albedo in cases 7 and 8

is the same and then the forcing is the same and

thus the scaled heat flux is similar in these cases

(Figs. 10a,d).

The effect of reducing urban thermal inertia to

values lower than those of the rural area is evident in

case 9 (Fig. 5d); the largest values of TKE are located

near the UHI center with a light shift of the maximum

location from z/zi 5 0.5 to 0.6 , z/zi , 0.7 and an in-

crease from 2 to 2.5m2 s22. Similarly to cases 7 and 8,

the most significant contribution to turbulence in the

urban area is given by y and w variance; TKE intensity

rapidly decreases from the UHI center toward the

rural area.

The anthropogenic heat does not influence the spatial

distribution of the TKE, but it tends to increase the TKE

FIG. 5. Vertical cross sections of the y-averaged

second-moment statistics for TKE, along with velocity

vectors and PBL depth estimates (solid lines) at t 5
1200 LST for cases (a) 4, (b) 6, (c) 7, (d) 9, and (e) 11.
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values; in particular, the maximum value in case 11 is

2.5m2 s22 (Fig. 5e), while it is 2m2 s22 in case 1 (Fig. 4a).

As observed for the albedo contrast, the anthropogenic

heat flux influences the value of the scale quantity H0,

and thus the values of the heat flux for case 1 and cases

10 and 11 are similar (Figs. 10a,f).

The vertical profiles of the normalized y-averaged

u0w0 are shown in Fig. 9 for cases 1, 4, 6, 7, 9, and 11 at

FIG. 6. Vertical profiles of the y-averaged u0u0/w2
D at x/D5 0 and t5 1200 LST for cases (a) 1, (b) 4, (c) 6, (d) 7, (e) 9,

and (f) 11.
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t5 1200 LST. In case 4, the u0w0 flux is positive from the

surface up to 0.6zi and from 0.9zi to 1.4zi; the positive

value area extends more than in case 1 and over the

PBL top, with values up to 3 times as large as in case 1.

The velocity flux is negative between 1.4zi and 1.8zi

(Fig. 9b). In case 6, where the control parameter is

roughness, the u0w0 flux is negative in the lower part of

the PBL up to 0.9zi and it is positive between 0.9zi and

1.3zi (Fig. 9c). In this case there is a small negative flux

area above the PBL depth. Case 7 presents positive

FIG. 7. As in Fig. 6, but for vertical profiles of the y-averaged y0y0/w2
D.
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u0w0 values in the lower half of the PBL and negative

values in the upper half (Fig. 9d).

Thermal inertia (Fig. 9e) has a large influence on

the normalized u0w0 and the positive values in the

lower part of the boundary layer are up to 3 times as

large as in case 1. The profile is negative near the

surface.

Case 11 (Fig. 9f) shows how the anthropogenic heat

flux influences the u0w0 profile in the lower part of the

PBL, where it has negative values up to about 0.3zi and

FIG. 8. As in Fig. 6, but for vertical profiles of the y-averaged w0w0/w2
D.
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positive values from z 5 0.5zi to 0.7zi with a maximum

corresponding to 0.6zi.

Figures 10a–f show the normalized vertical profiles

of the y-averaged heat flux for cases 1, 4, 6, 7, 9, and

11 at t 5 1200 LST. The presence of the geostrophic

wind determines the appearance of a step in the

shape of the heat flux between 0.4zi and 0.6zi for

cases 2–4. It also influences the negative value, case 4

presenting the lowest value (equal to 20.7). A step

in the SHF profile appears also in case 5, while it is

FIG. 9. As in Fig. 6, but for vertical profiles of the y-averaged u0w0/w2
D.
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not present in case 6 (in both cases the control pa-

rameter is roughness). Cases 6, 7, and 9 present a

small positive heat flux area above the entrainment

region; this area is particularly important in case 9,

where it extends from z 5 1.1zi to 1.4zi. Cases 6, 7, 9,

and 11 show a modest negative flux above the PBL

height, which can be related to the presence of

gravity waves.

FIG. 10. As in Fig. 6, but for vertical profiles of the y-averaged w0u0/H0.
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TKE BUDGET ANALYSIS

The budget equation for the total (subgrid plus re-

solved) TKE reads
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where E is the TKE. The first and second terms on the

right-hand side represent the horizontal and vertical

advection, respectively (adv_h and adv_v); the third

term is the shear production (S); the fourth one is the

buoyancy production (B); the fifth one is the turbulent

transport (T); and the last term, «, represents the small-

scale dissipation. Partial derivatives in the y direction

are removed. The TKE budget is normalized by w3
D/zi.

Figure 11a shows the vertical profile of the normalized

y-averaged TKE budget at t 5 1200 LST for case 1 in

correspondence with the UHI center where the highest

values of TKE are located, as observed in Fig. 4. The

dissipation term is nearly constant with height and bal-

ances the buoyancy at the bottom of the domain. The

turbulent transport term is the main source of TKE at

the PBL top and determines an important redistribution

of TKE from the lower half of the PBL to the upper half

of the PBL as observed by Moeng and Sullivan (1994)

for the convective PBL and Catalano andMoeng (2010)

for slope currents. The horizontal advection term is al-

most equal to zero because of the poor values of both the

mean velocity and horizontal gradient; the vertical one

has values near zero in the lower part of the PBL and

becomes significant in the upper part. The profile of the

shear term includes the contribution of both the hori-

zontal and vertical shear; the only significant contribu-

tions to this term are given by the u- and w-variance

terms. The vertical contribution is negative up to about

z/zi 5 0.5 (the w variance and the vertical velocity gra-

dient being both positive) and it is positive in the upper

part of the layer (the w variance being negative and the

vertical velocity gradient being positive); the horizontal

shear term is positive in the lower part of the layer

(where the flow is convergent), equal to the u-variance

profile and negative in the upper part (where the flow is

divergent).

The vertical profiles of the y-averaged normalized

TKE budget terms for case 1 at t5 1200 LST have been

analyzed also in correspondence with theUHI boundary

(not shown). There is an evident influence on the

buoyancy that decreases linearly up to z/zi 5 0.4 and

then assumes small negative values, close to zero; it does

not have a minimum at the PBL top, typical of a CBL,

and its shape is similar to a shear planetary layer (Moeng

and Sullivan 1994) because of the strong convergent flow

toward the urban area. The horizontal advection, neg-

ligible at the UHI center, is more important than the

vertical advection up to z/zi 5 0.3, as expected; at about

z/zi 5 0.7 the horizontal and vertical advection terms

present the same intensity and opposite sign. In

Figs. 11b–f vertical profiles of the TKE budget at the

urban area center are shown for cases 4, 6, 7, 9, and 11.

The presence of the geostrophic wind significantly

influences the TKE budget terms: the shear contribution

reaches its maximum near the surface and for case 4 it is

10 times as large as the maximum of case 1; the term T

has a minimum for z between 0.4zi and 0.5zi for case 2

(not shown), while for cases 3 and 4 the profile has a

more irregular shape and the intensity of the maximum

and the minimum increases; in particular, in case 4, T

reaches its maximum at about z/zi 5 0.1, which is at the

upper limit of the surface layer. Such a high value of the

transport term demonstrates that the geostrophic wind

has a non-local effect on the TKE. The term B has a

small negative value for case 2 (geostrophic wind of

2m s21) with respect to case 1, and this negative value

increases for cases 3 and 4, with a geostrophic wind of 5

and 10m s21, respectively. The contribution of the hor-

izontal advection is evident near the surface in case 4,

where the geostrophic wind has an intensity of 10ms21.

The small-scale dissipation has a minimum of about22,

while it is equal to 20.5 for case 1.

The roughness (Fig. 11c) influences the B profile that

has an increase up to about 0.15zi and a maximum be-

tween (0.1–0.2)zi; it influences also the T profile espe-

cially in the lower part in case 6 and in the upper part of

case 5 (not shown).

Figure 11d (case 7) shows that the change of the

urban–rural albedo gap has a negligible effect on B,

while it influences S and one of the twomaxima, of about

0.3 in case 1, disappears; in cases 7 and 8 S has a maxi-

mum larger than in case 1 at about z/zi5 0.8, equal to 0.6

in case 7 and to 0.5 in case 8 (not shown). The term T

contributes significantly to the redistribution of the TKE

with a minimum of 0.5 at about z/zi 5 0.6 and a maxi-

mum of 1 at 0.9zi.

The effect of the thermal inertia on TKE budget terms

is evident in case 9 (Fig. 11e). The dissipation term rapidly

decreases from the surface to near-zero values and dis-

plays an anomalous bulge up to the PBL top; the shear

term presents onemaximum in the upper part of the layer

with an intensity 3 times larger than in case 1. The vertical

advection term presents a minimum and a maximum 2

times larger (as absolute value) than in case 1.
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The values of anthropogenic heat influence the in-

tensity of T, S, and the vertical advection terms. In cases

10 and 11, the normalized shear has a maximum in the

upper part of the boundary layer of about 0.5, exactly at

0.7zi and at 0.8zi, respectively. The transport term is

significant in cases 10 and 11 up to 0.2zi and 0.4zi. The

negative value of T at 0.6zi is present also in cases 10 and

11, but it is more important; similarly, the maximum

FIG. 11. Similar to Fig. 6, but for normalized vertical profiles of the y-averaged TKE budget.
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value in correspondence with the PBL top is 2 times as

large as in case 1.

4. Conclusions

The high-resolution study of an idealized diurnal UHI

circulationwas carried out using theWRFModel in LES

mode. To reproduce the surface inhomogeneities driv-

ing the UHI phenomenon, the code was modified to

differentiate the surface properties of the urban surface

from those of the rural area.

For the first time, the effect of relevant control pa-

rameters on the PBL structure in terms of variances,

fluxes, and TKE budget was investigated. Control pa-

rameters considered for the simulations are surface

roughness length, albedo, thermal inertia, and anthropo-

genic heat flux. The effect of geostrophic wind intensity

on the UHI circulation and turbulence characteristics has

been also analyzed. Albedo, thermal inertia, and an-

thropogenic heat appear in the SEB equation and directly

influence the UHI intensity. The roughness does not ap-

pear in the SEBequation but influences theUHI intensity

because of its inhibiting effect on the thermal growth. The

geostrophic wind of intensity equal to 2, 5, and 10ms21

has a light influence on the UHI intensity.

The presence of the UHI determines horizontal het-

erogeneities in the PBL for both kinematic and thermal

variables; a significant impact on the mixing-layer height

is given by the urban–rural albedo gap.

The geostrophic wind plays a crucial role in the vari-

ances, especially of horizontal velocity components, and

therefore on the TKE intensity, both over urban and

rural areas.

The investigation of the TKE budget shows that the

geostrophic wind influences the TKE intensity and its

spatial distribution and determines a considerable re-

distribution of the TKE budget, while albedo and an-

thropogenic heat flux have a great impact on the TKE

magnitude. The higher albedo difference between urban

and rural areas determines lower absolute values of the

TKE budget normalized profiles. Thermal inertia values

influence the dissipation profile, which presents a bulge

up to the PBL top, and the maximum value of the ver-

tical advection term.

The results of the present study confirm that the bulk

properties of the UHI phenomenon depend on the ratio

between zi/D and Fr. It has been found that the plot

(zi/D) versus Fr, created by comparing literature data

and numerical results obtained by this study, clearly

connects the plume height over the city to the bottom

thermal forcing (through the SHF), to the ambient sta-

bility (through the Brunt–Väisälä frequency), and to the

horizontal extension of the urban area.

Such results can help to evaluate the role of land-

cover changes and the associated alterations of radia-

tive, thermal, and aerodynamic properties on local

properties of the PBL. They can also be used to provide

scenarios to evaluate the expected effects of the strate-

gies for the mitigation of the UHI phenomenon (e.g.,

building materials with higher albedo, insulating mate-

rials for walls).

This kind of investigation, based on nondimensional

parameters and characteristic dimensions, shows the

importance of a proper scaling theory. The development

of a new scale theory, considering also surface proper-

ties (e.g., albedo or thermal inertia), is a very interesting

topic for a future work.

Furthermore, the analysis of higher-order statistics

(variances, fluxes, and TKE budget) distribution at the

high spatial resolution of 50m represents an innovative

contribution to knowledge of the UHI phenomenon and,

more generally, of phenomena characterized by a spatial

inhomogeneity. This analysis may provide useful pa-

rameters for pollution dispersion models; such insights

can be applied also in the wind energy engineering field.

The numerical modeling tool used in this work and

based on the WRF Model has proved to be a valid tool

that makes it possible to simulate the UHI circulation,

taking into account the ambient geostrophic wind and

the surface properties. Nevertheless, before its use for

realistic simulations, improvements are required, for

example, the inclusion of the moisture in the atmo-

sphere, of the Bowen ratio term in the SEB, of a re-

alistic orography, and of the effects of the urban

canyons. Furthermore, with the inclusion of the hy-

drological cycle, this model could represent a tool for

the investigation of the UHI effects (e.g., land use,

surface and air temperature, wind intensity, or heat

flux) on natural hazards.
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