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A B S T R A C T   

It is well known that cities increase air and surface temperatures compared to their rural sur
roundings, the so-called urban heat island (UHI) effect. However, the associated changes in at
mospheric humidity (also known as urban dry island, UDI) and convection triggering remain 
largely unexplored and it is still unclear how urban modifications of the surface energy budget 
influence the diurnal evolution of temperature and humidity in the Atmospheric Boundary Layer 
(ABL) and ultimately control the initiation of convective clouds. 

Here we quantify the impact of different urban settings and free atmospheric conditions on 
UHI, UDI, and convection triggers by means of a zero-order model of the ABL. Specifically, we 
derive an approximate solution for urban-rural changes in surface energy fluxes and ABL potential 
temperature and humidity and we investigate the crossing between the ABL height and the lifting 
condensation level (LCL) which is a proxy for the triggering of convective clouds. We show that 
urban areas are generally warmer and drier, thus causing an increase in both ABL and LCL 
heights. However, the response of the ABL-LCL crossing to surface conditions is non-linear and 
there exists a range of free atmosphere conditions for which changes in imperviousness can 
impact convective clouds.   

1. Introduction 

By the year 2050, it is estimated that 68% of the world’s population will live in cities (UN-DESA, 2018). Human activity in urban 
environments causes changes in the atmospheric composition, altering the the surface and atmospheric conditions, and has significant 
impacts on urban warming (e.g. Shepherd, 2005; Grimmond, 2007; Pataki et al., 2011; Grimmond et al., 2015). Moreover, urbani
sation leads to large scale land-cover changes that strongly influence the energy balance at the land surface, with implications for both 
local and regional climate (Oke et al., 2017). One of the most studied impacts of cities on the atmospheric environment is the urban 
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heat island (UHI) effect (e.g. Howard, 1833; Oke, 1973; Manoli et al., 2019). In urban areas, the natural land cover is replaced by 
impervious surfaces and buildings that modify surface roughness and albedo, as well as storage of heat and evapotranspiration fluxes, 
leading to an increase in surface temperatures during daytime and causing higher air temperatures during the evening and into the 
night compared to the rural surroundings (e.g. Oke, 1982; Arnfield, 2005; Bouyer, 2009; Theeuwes et al., 2017; Manoli et al., 2020a; 
Paschalis et al., 2021; Venter et al., 2021; Zhang et al., 2022). 

The reduction in evapotranspiration fluxes associated with the imperviousness of urban areas has been shown to be a major control 
of urban warming, both in terms of surface and canopy urban heat islands (SUHI and CUHI, respectively) (e.g. Li et al., 2019; Du et al., 
2021; Venter et al., 2021). However, the correlation between SUHI and CUHI on short (e.g. daily) timescales remain a subject of debate 
(e.g. Martilli et al., 2020; Manoli et al., 2020b) due to the complex relationship between air and surface temperatures. 

The reduction in evaporative cooling also acts to decrease atmospheric humidity and increase vapor pressure deficits, a phe
nomenon called the Urban Dry Island (UDI) effect (e.g. Hao et al., 2018). Yet, recent studies suggest that cities can enhance - rather 
than suppress - convective cloud formation (Theeuwes et al., 2019) because, despite lower humidity, heat release from built surfaces 
can influence atmospheric boundary layer dynamics and initiate summertime convection, potentially intensifying thunderstorms and 
extreme rainfall (e.g. Risser and Wehner, 2017; Zhang et al., 2018; Huang et al., 2022). Observations by Theeuwes et al. (2019) showed 
a systematic enhancement of summertime and late spring cloud cover in the afternoon and evening hours over the two large 
metropolitan areas of Paris and London. Long-term measurements located in and around London showed that low clouds can persist 
longer over the urban area than in the rural surroundings even if less moisture is available at the surface and the atmosphere is drier 
because surface heating is higher. However, according to Zhu et al. (2017), such enhanced convection over cities is attributable to 
moisture advection from the surrounding rural areas rather than the UHI effect. 

How urban areas influence energy and water budgets and ultimately alter cloud formation mechanisms thus remains a subject of 
research as convection triggering depends on the interplay between surface and free atmosphere conditions and the resulting diurnal 
evolution of temperature and humidity in the atmospheric boundary layer (ABL) (e.g. Pielke, 2001; Garcia-Carreras et al., 2011; 
Manoli et al., 2019). Here we focus on daytime UHIs and convective boundary-layer clouds as they are directly impacted by latent and 
sensible heat fluxes at the land surface (e.g. Betts et al., 1996; Ek and Holtslag, 2004)). Such convective clouds typically occur during 
summertime because radiation and thus sensible heat is much larger in summer than in winter. Winter conditions are not as likely to 

Fig. 1. (A) Schematic representation of the conceptual slab ABL model: the left part represents the rural fluxes, including net radiation Q*(yellow 
downward arrow), sensible heat flux H (red upward arrow), latent heat flux LE (blue upward arrow) and storage heat flux ΔQS (brown downward 
arrow). On the right, the graph represents the urban fluxes. Lifting Condensation Level height (blue dotted lines) and Atmospheric Boundary Layer 
height (black dotted lines) are also shown, the vertical profile of specific humidity q and potential temperature θ over rural and urban areas; (B) 
Bowen Ratio as a function of the vegetation fraction (fv) of the city: Observed (blue points, retrieved from Christen and Vogt (2004)) and modelled 
(black line) Bowen Ratio as a function of vegetation fraction fv; (C) the diurnal crossing of LCL and ABL as a proxy for cloud formation: the blue 
circle represents the intersection of LCL and ABL when cloud starts to form. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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trigger convection partly due to reduced transpiration rates and evaporative fraction (i.e. higher Bowen Ratio and the lack of buoy
ancy) (Manoli et al., 2016). 

Under clear-sky conditions (hereinafter referred to as fair-weather conditions), convection triggering can be modelled by 
considering the diurnal evolution of the Atmospheric Boundary Layer (ABL) and its first crossing with the Lifting Condensation Level 
(LCL), which represents the thermodynamic condition for saturation of air parcels and can be recognised as the cloud base height (e.g. 
Siqueira et al., 2009). This crossing is a necessary condition for the formation of simple cumuli and shallow stratocumuli (Stevens, 
2006), and offers a simple metric for exploring how changes in surface conditions can impact the persistence and transition of the 
atmospheric system between cloudy and cloudless regimes (e.g. Juang et al., 2007; Siqueira et al., 2009; Konings et al., 2010; Bonetti 
et al., 2015; Manoli et al., 2016). Many studies investigated how changes in soil moisture and evapotranspiration alter the diurnal 
evolution of the ABL and the likelihood of convection over natural surfaces (e.g. Findell and Eltahir, 2003; Gentine et al., 2013b; Yin 
et al., 2015; Bhowmick and Parker, 2018). It was found that cumulus onset is favored in the case of low Bowen ratio (i.e. wet soil) and 
moderate to high stability, while in less stable environments, convection is favored in high Bowen ratio (i.e. dry soil) regimes (Haiden, 
1997). Further studies confirmed that the triggering of convective clouds depends on the Bowen ratio and the stability above the ABL, 
with the sensitivity to surface conditions (i.e. dry vs wet soil) varying with the stability of the vertical profile (e.g. Ek and Mahrt, 1994; 
Findell and Eltahir, 2003; Bhowmick and Parker, 2018). The impervious surfaces of cities result in Bowen ratio values that are 
comparable with dry soil conditions (Fig. 1), potentially leading to similar changes in the diurnal evolution of the ABL and the onset of 
convective clouds. However, such dynamics remain largely unexplored in urban settings (e.g. Romanov, 1999; Angevine et al., 2003; 
Theeuwes et al., 2019). 

The main objective of this study is thus to (i) model the intensity of the UHI and UDI effects across different urban-rural gradients 
and free atmosphere conditions and (ii) identify their potential impacts on the initiation of convective clouds. Specifically, we present a 
parsimonious description of the ABL diurnal evolution and associated temperature and humidity budgets and derive an analytical 
solution for urban-rural changes in temperature, humidity, and the timing and occurrence of the ABL-LCL crossing. The presented 
framework allows to quantify the impact of urban imperviousness on boundary layer dynamics, thus disentangling the relative effect of 
surface and free atmosphere conditions on urban warming, drying, and convection triggering. 

2. Methodology 

2.1. Model development 

To describe land-atmosphere interactions over different land use scenarios, we present a zeroth-order model that couples a surface 
energy balance with a slab representation of the ABL, employing different parameterisations to distinguish between urban and rural 
surfaces (Fig. 1A). Specifically, the available net radiation Q* is partitioned into sensible (QH) and latent (QE) heat fluxes, depending on 
the Bowen Ratio (Bo = QH/QE) of each surface. 

Boundary layer dynamics are described by the ABL height (h), potential temperature (θ) and specific humidity (q) in the well-mixed 
ABL, and the height of the Lifting Condensation Level (LCL). For the Free Atmosphere (FA), we assume vertical linear profiles of θ and q 
and describe the FA state; which depends on synoptic scale dynamics - considering the temperature and humidity lapse rates γθ and γq, 
respectively (e.g. Porporato, 2009; Gentine et al., 2013a; Manoli et al., 2016). In this framework, the diurnal evolution of the ABL 
responds to both surface energy fluxes and entrainment at the ABL top (Driedonks et al., 1984), and the formation of convective clouds 
can be described, as a first order approximation, by the crossing of the ABL height with the LCL (e.g. Betts et al., 1996; Betts, 2009; 
Manoli et al., 2016). 

Given the aim of deriving an analytical solution for urban-rural changes in ABL dynamics, the following assumptions are made: (1) 
urban and rural surfaces are considered large and homogeneous enough to assume a well-mixed ABL; (2) only vertical exchange is 
explicitly modelled, while regional-scale convergence/divergence of heat and moisture (i.e. horizontal advection) are not considered; 
(3) atmospheric subsidence is neglected; (4) the aerosols impact on cloud formation, precipitation and the heating distribution in the 
boundary layer are also not explicitly considered; and (5) the Bowen Ratio is assumed to vary with the level of imperviousness of the 
surface but it is constant throughout the day. In short, we represent a city as a single column with appropriate thermal characteristics 
(Fortuniak et al., 2005), we assume that urban surfaces (e.g. buildings, roads) have a common temperature, and we treat urban 
heterogeneities (e.g. building heights, coverage ratio) implicitly in the surface layer (Kusaka et al., 2001). This has the advantage of 
simplicity and analytical tractability, reduced computational time and low parameter requirements (Grimmond et al., 2010). Note that 
the objective here is not to provide a detailed parameterisation to be used in weather/climate models. Rather, we aim to develop a 
simple toy model to study urban-rural land-atmosphere processes and their sensitivities to changes in surface and FA conditions. 
Despite its simplifications, this approach can give direction to future observational and modeling studies. In general, the assumption of 
a constant Bowen Ratio during daytime is in line with observations at the study site (see Supplementary Information, SI) and other 
cities around the world (Oke et al., 2017), and the use of a slab model of the urban ABL is supported by previous modeling applications 
(e.g. Onomura et al., 2015). Such a simplified approach is consistent with our focus on large inland cities with flat topography (to 
remove orographic effects) and with the objective of isolating surface and FA controls (e.g. Bhowmick and Parker, 2018). We also 
neglect the impact of horizontal circulation on ABL growth and convection, which may be an important factor for many urban areas 
around the world (Pal et al., 2021). In these regards, we present additional analyses in the discussion section and the SI to account for 
lateral advection of moisture and heat, and assess their impact on ABL-LCL dynamics. Yet, given the simplified approach presented 
here and the objective of disentangling the relative importance of surface versus free atmosphere conditions on urban warming/ 
drying, a detailed quantification of advection effects is considered beyond the scope of this study and is left for future work. 
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2.1.1. Surface energy balance 
The surface energy balance (SEB) of urban and rural surfaces can be written as: 

Q* +QF = QH +QE +ΔQS +ΔQA, (1)  

where Q* is net all-wave radiation [W m− 2], assumed to be independent of ABL conditions (Porporato, 2009), QF is the anthropogenic 
heat flux [W m− 2] (negligible for rural areas), QH is the sensible heat flux [W m− 2], QE is the latent heat flux [W m− 2], ΔQS is the net 
storage heat flux [W m− 2], and ΔQA is the net heat flux by advection [W m− 2]. 

Here we assume that ΔQA = 0 [W m− 2]. However, given the potential impact of horizontal advection due to temperature difference 
between urban and rural areas, a sensitivity analysis to the value of ΔQA is provided in the SI. We now introduce the Bowen Ratio Bo =
QH
QE

, so that we can write the latent heat flux as QE = QH
Bo and the sensible heat flux as: 

QH =
Bo

Bo + 1
(Q* +QF − ΔQS − ΔQA) (2) 

The storage heat flux ΔQS is estimated from Q* using the Objective Hysteresis Model (OHM) proposed by Grimmond et al. (1991) 
as: 

ΔQS =
∑

i
fi

[

a1,iQ* + a2,i
dQ*

dt
+ a3,i

]

, (3)  

where t is the time of the day and fi is the surface cover fraction of land type i. For the sake of simplicity, we partition the land cover into 
vegetated (v) and built (b) surfaces only so that fv + fb = 1 for both urban and rural areas. The OHM Coefficients a1 [− ], a2 [hour], a3 [W 
m− 2] are selected from the literature for different surface types (Ward et al., 2016). The parameter a1 indicates the overall strength of 
the dependence of the storage heat flux on net radiation, the parameter a2 is the degree and direction of the phase relations between 
ΔQs and Q* and the parameter a3 is an intercept term that indicates the relative timing when ΔQs and Q* turn negative (Grimmond and 
Oke, 1999). The values of a1, a2, a3 are listed in Table 1. Considering this simplification, Eq. 3 can be rewritten as: 

ΔQS = A1Q* + A2
dQ*

dt
+ A3, (4)  

where A1 = fv ⋅ a1, v + fb ⋅ a1, b [− ], A2 = fv ⋅ a2, v ⋅ 3600 + fb ⋅ a2, b ⋅ 3600 [s], and A3 = fv ⋅ a3, v + fb ⋅  
a3, b [W m− 2]. 

2.1.2. Atmospheric boundary layer dynamics 
The diurnal evolution of the ABL height (h [m]) is described by the following ordinary differential equation (e.g. Tennekes, 1973; 

Garratt, 1993; Porporato, 2009): 

dh
dt

=
(1 + 2β)QH

ρcpγθh
, (5) 

Table 1 
List of parameters used for urban and rural simulations.  

Description Parameters Urban Rural Unit 

Daily maximum net radiation Qm 660 600 W m− 2 

Day Length t 11.6 11.6 hour 
Time of Sunrise t0 5.8 5.8 hour 
Advection Heat Flux ΔQA 0 0 W m− 2 

Anthropogenic Heat Flux QF 20 0 W m− 2 

Bowen Ratio Bo 2.47 0.6 – 
Vegetation Fraction fv 0.2 0.98 – 
Entrainment Efficiency β 0.2 0.2 – 
Potential Temperature Lapse Rate γθ 0.0078 0.0078 K m− 1 

Specific Humidity Lapse Rate γq − 1×10− 6 − 1×10− 6 kg kg− 1 m− 1 

OHM Coefficient a1 0.477 0.215 – 
OHM Coefficient a2 0.337 0.1 h 
OHM Coefficient a3 − 33.9 − 19.9 W m− 2 

Mean Building Height zh 12.5 3 m 
Aerodynamic Resistance rah 53 66 s m− 1 

Boundary Layer Conductance to sensible heat gh 0.02 0.0152 m s− 1 

Boundary Layer Conductance to latent heat ge 0.02 0.0152 m s− 1 

Initial Boundary Layer Height h0 420 100 m 
Global Parameter kBo 0.2 0.2 – 
Initial Mixed-Layer Potential temperature θf0 288 288 K 
Initial Mixed-Layer Specific humidity qf0 0.00785 0.00785 kg kg− 1  
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where β is the entrainment efficiency, here assumed to be 0.2 (i.e. the fraction of sensible heat flux from the entrainment at the top of 
the ABL (Tennekes, 1973)), ρ is the air density assumed constant for simplicity, 1.29 [kg m− 3], and cp=1005 [J kg− 1 K− 1] is the specific 
heat capacity of air at constant pressure. 

The diurnal evolution of potential temperature and specific humidity in the ABL is governed by the conservation equations for heat 
and moisture in the well-mixed ABL, which are written as (Porporato, 2009): 

ρcph
dθ
dt

= QH + ρcp
(
θf − θ

) dh
dt
, (6)  

ρh
dq
dt

=
QE

λ
+ ρ

(
qf − q

) dh
dt
, (7)  

where θ and q are the average boundary layer potential temperature and specific humidity, respectively, λ = 2.45 × 10− 6 [J kg− 1] is the 
latent heat of vaporisation, θf is the potential temperature of the free atmosphere at height z = h, and qf is the specific humidity of the 
free atmosphere at height z = h. Potential temperature and specific humidity in the FA are assumed to follow a linear profile (Por
porato, 2009), so that: 

θf = γθz+ θf 0, (8)  

qf = γqz+ qf 0, (9)  

where γθ and γq are, respectively, the potential temperature [K m− 1] and specific humidity lapse rates [kg kg− 1 m− 1] of the free at
mosphere (see Table 1), θf0 and qf0 are the intercept of the vertical linear profiles (see Table 1). 

2.1.3. Analytical solution 
In this section we present an analytical solution of Eq. 1–8 valid for daytime conditions only. Following Porporato (2009), we 

approximate the diurnal evolution of net radiation with a parabolic function, that is: 

Q*(t) = Qm

[

1 −
(

t
t0
− 1

)2
]

, (10)  

where Qm is the daily maximum net radiation [W m− 2] and 0 < t < 2t0 is the time of day, t = 0 being the time of sunrise, t = 2t0 being 
day length, and t0 being the time of maximum radiation (i.e. mid-day). It should be noted that the definition of 0 < t < 2t0 is valid for all 
equations. 

Using Eq. 4 and 10, the analytical solution for ΔQS can be written as: 

ΔQS(t) = A1Qm

[

1 −
(

t
t0
− 1

)2
]

− 2A2Qm
t − t0

t2
0

+A3, (11) 

Combining Eq.2,10 and 11, it is now possible to integrate Eq.5 and derive an analytical solution for the diurnal evolution of the ABL 
height: 

h(t) =
1
t0

[(

h2
0t2

0 +
2
3
(1 + 2β)Bo · t

(
Qmt(A1 − 1)(t − 3t0) + 3A2Qm(t − 2t0) + 3t2

0(QF − A3)
)

ρcpγθ(Bo + 1)

]1
2

(12)  

where h0 [m] is the ABL height at t=0. To describe the time evolution of potential temperature θ [K] and specific humidity q [kg kg− 1] 
as a function of h(t), we can then employ the solution of Eq.6–30 provided by Porporato (2009), i.e.: 

θ(t) = γθ
1 + β
1 + 2β

h(t)+ θf 0, (13)  

q(t) = γ’
qh(t)+ qf 0, (14)  

where γq
’ is the lapse rate for humidity at the top of the mixed layer, which is defined as: 

γ’
q =

1
2

[

γθ
cp

λ(1 + 2β)Bo
+ γq

]

. (15) 

The first term in Eq.31 represents the contribution from the surface evaporation and the second term is from the entrainment from 
the FA. 

2.1.4. Urban heat and Dry Island effects 
The analytical solutions derived in the previous section can be applied to urban and rural areas and used to quantify the UHI and 

UDI effects. An urban heat island occurs when the urban area experiences warmer temperature than its nearby rural area and three 
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main types of UHI have been identified (Oke et al., 2017): Boundary Layer Urban Heat Island (BUHI), Canopy Layer Urban Heat Island 
(CUHI) and Surface Urban Heat Island (SUHI). 

The BUHI can be estimated using Eq.13, i.e. Δθ(t) = θu(t) − θr(t), where θ is the boundary layer average temperature and the 
subscripts u and r indicate urban and rural areas, respectively. To estimate the SUHI, we estimate surface temperature as (Porporato, 
2009): 

θs(t) =
QHrah

ρcp
+ θ(t), (16)  

and calculated urban-rural surface temperature differences as Δθs(t) = θs, u(t) − θs, r(t). Given that the urban canopy layer (UCL) is the 
layer between the urban surface and the roof level, we estimate the CUHI by calculating urban-rural temperature differences at 2 m 
height, i.e. Δθ2m(t) = θ2m, u(t) − θ2m, r(t). Air temperature at 2 m is estimated following Theeuwes et al. (2015), i.e. 

θ2m(t) =
QH,2mrah

ρcp
+ θ(t), (17)  

where QH, 2m = QH(z*)e− k is the sensible heat flux at 2 m height, QH(z*) [W m− 2] is the sensible heat flux above the effective building 
height (calculated using Eq. 2 (Theeuwes et al., 2015)), k =

ch(ze − 2)
ze

, ch is an empirical constant assumed equal to 1.4 (Christen, 2005), 
and ze [m] is the effective building height, which is estimated to be 1.2 times the mean building height (zh). 

Similarly, to simulate the UDI effect, we calculate relative humidity differences ΔRH [%] between the urban and rural area, i.e. 
ΔRH(t) = RHu(t) − RHr(t). Relative humidity is calculated both in the well-mixed boundary layer (RH) and at the evaporating surface 

(RHs). Relative humidity in the ABL is given by RH = 100*
(

q
qsat(θ)

)
where q [kg kg− 1] is the specific humidity in the mixed layer, qsat is 

the saturation specific humidity [kg kg− 1], expressed as qsat = 0.622 esat(θ)
P− 0.378esat(θ), and esat(θ) [kPa] is the saturation vapor pressure at 

temperature θ given by the Clausius-Clapeyron relation. Relative humidity at the evaporating surface (RHs) is given by RHs =

100*
(

qs
qsat(θs)

)
where the saturated specific humidity at the evaporating surface (qs) is expressed as (Porporato, 2009): 

qs(t) =
E · rah

ρ + q, (18)  

where E is the evaporative flux 
(
E = QE

λ

)
[kg s− 1m− 2]. Note that the UDI effect can also be estimated using differences in specific - rather 

than relative - humidity. This is a more direct measure of urban-rural changes in humidity as RH depends also on temperature (Meili 
et al., 2022). Here we compare model simulations with field observations of RH and illustrate the difference between the diurnal cycles 
of relative and specific UDIs in the SI. 

The analytical description presented in Eq. 13, 14 and 16, also allow to derive a relation between SUHI and BUHI intensities as well 
as between the BUHI and UDI effects. Specifically, using Eq. 16, the BUHI can be written as: 

Δθ(t) = Δθs(t) −
ΔC(t)

ρcp
, (19)  

where ΔC(t) = QH, urah, u − QH, rrah, r. Similarly, using Eqs. 13–14, the specific UDI effect can be written as a function of the BUHI 
intensity by adding and subtracting γq,u

’hr: 

Δq(t) =
γq,u

’(1 + 2β)
γθ(1 + β)

Δθ(t)+Δγq
’ · hr(t), (20)  

or, alternatively, as a function of the CUHI: 

Δq(t) =
γq,u

’(1 + 2β)
γθ(1 + β)

[

Δθ2m(t) −
ΔC2m(t)

ρcp

]

+Δγq
’ · hr(t), (21)  

where Δγq
’ = γq,u

’ − γq,r
’ and ΔC2m(t) = QH, 2m, urah, u − QH, 2m, rrah, r. Eqs. 20–21 reveal that the BUHI-SUHI and UDI-CUHI relations are 

nonlinear due to the factors ΔC and Δγq
’ which introduce an hysteresis effect. For further details, see the additional results provided in 

Supplementary Information (SI). 

2.1.5. Cloud formation 
The LCL height (LCL) can be estimated from θ and q as follows (Stull, 1988): 

LCL(t) =
R · θ(t)

gMa
· ln

[
Ps

PLCL(t)

]

, (22)  

where R = 8.314 [J mol− 1 K− 1] is the universal gas constant, g is the gravitational acceleration [ms− 2], Ma = 29 [g mol− 1] is the 
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molecular weight of air, Ps [kPa] is the atmospheric pressure at the canopy surface and PLCL [kPa] is the atmospheric pressure at height 
z = LCL, which is given by Stull (1988): 

PLCL(t) = Ps

[
θLCL(t)

θ(t)

]3.5

, (23)  

where θLCL [K] is the saturation temperature (dew point temperature) at the LCL height derived from the Clausius-Clapeyron equation, 
which is given by Stull (1988) as: 

θLCL(t) =
2840

3.5ln[θ(t) ] − ln
[

r(t)Ps
0.622+r(t)

]
− 7.108

+ 55, (24) 

r(t) ~ q(t) being the atmospheric water vapor mixing ratio, approximated by the specific humidity q as defined in Eq. 14. 
As discussed earlier, convective cloud formation is defined by the crossing between the ABL and LCL height. Hence, we introduce 

the following function (Manoli et al., 2016): 

δ(t) = h(t) − LCL(t), (25)  

that defines a criterion for convective cloud formation. When δ=0, the ABL and LCL cross, so that a positive value of δ at the end of the 
day indicates that cloud formation has occurred at the ABL top, whereas clear sky conditions occur when δ remains negative. Even if, 
for shallow cumulus, it sometimes happens that the spatial mean LCL is still higher than the atmospheric boundary layer, the threshold 
δ=0 provides a simple and general criterion for convective cloud formation. 

To further explore the impact of surface conditions on cloud formation, we estimate the time of crossing tc which indicates the time 
of day when h and LCL cross (i.e. δ(t = tc) = 0, and the cloud base height, defined as the ABL height at time t = tc, i.e. h(tc). Note also 
that the crossing between the ABL and LCL heights is a necessary but not sufficient conditions for convective rainfall events (e.g. Juang 
et al., 2007; Manoli et al., 2016). Hence, even if we cannot predict rainfall triggering and quantify storm intensity, our simple 
framework provides a first order indication of possible urban-induced changes in the amount of precipitable water as rainfall depth is 
direclty linked to the atmospheric humidity profile (Konings et al., 2010) (see SI- Section 1.5). 

2.2. Model set up 

The surface energy balance of urban and rural areas is simulated using Eq.1 with different parameterisations for urban and rural 
areas (see Table 1). Following Christen and Vogt (2004), typical daytime values of the Bowen Ratio are approximated by a function of 
vegetation fraction: 

Bou(fv) =
1

fv − fv · kBo + kBo
+Bor − 1, (26)  

where 

kBo =
1

(
Boimp − Bor + 1

), (27) 

Bou is the average daytime Bowen Ratio for a given vegetation fraction fv in the urban area, Bor is the known Bowen Ratio in the 
rural surroundings, and Boimp is a hypothetical Bowen Ratio for a completely impervious surface and kBo is a model parameter with 
value of 0.2 for the city of Basel (Christen and Vogt, 2004). The initial ABL height at sunrise can also be assumed to decrease linearly 
with the vegetation fraction (Theeuwes et al., 2015), i.e. 

h0u(fv) = h0r +(1 − fv) · href (28)  

where h0u is the initial urban boundary-layer height, h0r is the initial rural ABL height (assumed to be known) and href is a reference 
height. Based on field observations Theeuwes et al. (2015), the reference height is approximately 400 m. To simulate urban-rural 
changes in aerodynamic resistance (rah) [s m− 1] while keeping the model simple, we follow a similar procedure and assume that 
rah increases linearly with fv, i.e. 

rah,u(fv) = rah,r +(1 − fv) · rah,ref (29)  

where rah, u is the urban aerodynamic resistance, rah, r is the rural aerodynamic resistance (assumed to be 66 [s m− 1] (Zhao et al., 2014)) 
and rah, ref is a tuning parameter (assumed to be − 16.33[s m− 1]) that ensures reasonable urban values (Zhao et al., 2014; Manoli et al., 
2019). It should be noted that the aerodynamic resistance increases with vegetation fraction because of a rougher urban surface 
compared to the rural characteristics (Zhao et al., 2014). Hence, we are assuming that building height is constant and correlated with 
the level of imperviousness, which is a reasonable assumption in many cities (Zhang et al., 2022). 

For the verification of the simulation results, we test the model against field observations (see next section). Subsequently, a 
sensitivity analysis is carried out to investigate how surface conditions (encoded in the vegetation fraction fv) and free atmosphere 
states (encoded in the temperature and humidity lapse rates, γθ and γq) influence the three types of UHI intensities, as well as ABL 
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temperature, humidity, and the predisposition to convective cloud formation. 
Specifically, we considered a gradient of imperviousness from fully vegetated/rural (fv = 1) to entirely built environments (fv = 0) 

and varied γθ and γq over a range of plausible values. 

2.3. Study site 

To test the model against field observations, we used measurements collected in The Basel Urban Boundary Layer Experiment 
(hereinafter BUBBLE Experiment) (Rotach et al., 2005), a year-long experiment investigating the boundary layer structure in the City 
of Basel, Switzerland. 

In this study we selected data from four sites (two urban and two rural). At the urban sites, measurement towers were installed to 
measure turbulence at the height of at least twice the mean building height. The towers supported 6 ultrasonic anemometer- 
thermometers, full radiation components at tower top and inside the canyon, a temperature/humidity profile of 5 levels, 12 levels 
of cup anemometers and 10 levels with inlets for the CO2/H2O-analyzer. Data cover an intensive observation period of one month 
(from June to July 2002), but we selected only 8 fair-weather days when measurements of turbulent heat fluxes, air temperature, 
relative humidity, and ABL height were available (see SI). Given the objective of simulating typical clear sky conditions, observations 
were aggregated into average diurnal trends for urban and rural areas, respectively. The selected urban sites are Basel-Sperrstrasse 
(47.56 N;7.59E, 14.6 m average building height a.g.l) with fv = 0.16 and Basel-Spalenring (47.55 N;7.57E, 12.5 m average build
ing height a.g.l) with fv = 0.32 while the rural sites are Grenzach (47.53 N; 8.67E) with fv = 0.91 and Basel-Lange Erlen (47.59 N;7.64E) 
with fv = 0.94. Further site and measurements details can be found elsewhere (e.g. Rotach et al., 2005; Christen et al., 2007). The time 
resolution of observations varies among different variables. Specifically, energy fluxes (H, LE, QS) and Mixed Layer height were 
averaged every 60 min, while Q*, air and absolute temperature, as well as absolute and relative humidity were recorded every 10 min 
(Rotach et al., 2005). The height of the measurement also varies among different sites and variables. Specifically, urban relative 
humidity and air temperature were measured at 2.5 m and 25.5 m for Basel-Sperrstrasse and 3 m and 33 m for Basel-Spalenring. For the 
rural area, the two parameters were measured at 1.5 m for Grenzach and 2 m for Basel-Lange Erlen. It should be noted that the mixed 
layer height is estimated from observations using the Aerosol Mixed Layer height (AML height) obtained from the lidar signal during 
the BUBBLE Experiment. The model uses a temperature-based definition of the mixed layer and, even if the AML height is not exactly 
the same as the height of the ABL (Kotthaus et al., 2018), it can be considered as a good proxy for evaluation purposes (Rotach et al., 
2005). 

Note also that we tested the model using clear sky data to avoid any confounding effect as the model can simulate the ABL-LCL 
crossing but does not account for clouds’ feedbacks (e.g. on radiation). While it would be interesting to compare the simulated 
timing of cloud formation with observations, it is not straightforward to causally link cloud observations to local scale convection 
activity. It is also difficult to clearly identify afternoon clouds in the observational data employed here (i.e. from June 10 to July 10, 
2002), either because cloudiness persists from the early morning, because of data gaps, or because wind speed is high, thus making it 

Fig. 2. Modelled and observed diurnal cycles of: (A) net radiation Q*, (B) sensible heat flux QH, (C) latent heat flux QE, (D) storage heat flux ΔQS, (E) 
Air temperature at 2 m, (F) Surface Temperature θs and ABL temperature θ, (G) surface and ABL Relative Humidity (RHs, RH), (H) ABL and LCL 
height. Symbols and shaded areas represent the mean of the observations from 8 fair-weather days ± 1 standard deviation. Note also that the heat 
storage flux was not measured at the urban sites and is shown here as residual of the energy balance. 
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difficult to distinguish convective events from regional circulation (see SI). For the sake of completeness, we have tested the model 
using observations from non-clear sky days presented elsewhere (results in the SI) but a proper observational assessment of convection 
triggering during summer afternoons is left for future work. 

3. Results 

3.1. Model testing 

Simulation results are compared with the observations in Fig. 2, where the diurnal cycles of net radiation Q* (Fig. 2A), sensible heat 
QH (Fig. 2B), latent heat QE (Fig. 2C), and storage heat flux ΔQS (Fig. 2D) are illustrated. Simulation results capture the timing and 
magnitude of the energy fluxes, both for urban and rural areas, with peak values observed between 12:00–14:00. The urban surface is 
characterized by a higher Bowen Ratio, leading to higher QH and lower QE fluxes (Fig. 2B). Imperviousness also contribute to a higher 
value of ΔQS (Fig. 2D). On the contrary, the higher vegetation cover of rural areas increases QE and decreases QH, thus causing a lower 
Bo (Fig. 2C). Overall, despite its simplicity, the model is shown to simulate the diurnal evolution of surface energy fluxes with 
reasonable accuracy. 

The modelled diurnal 2-m air temperature and surface temperature are increasing from 08:30 until 14:00 (Fig. 2E and F). The 
maximum 2-m air temperature reaches 30 ◦C (Fig. 2E) while the surface temperature in the urban area rises to 37 ◦C (Fig. 2F). This 
leads to a significant surface and air temperature differences between urban and rural areas (Fig. 3A and B) because the sensible heat 
flux at the urban sites (Daily Max: 380 [W m− 2]) is larger than the rural ones (Daily Max: 200 [W m− 2]) as shown in Fig. 2B. When air 
and surface temperatures are increasing (08:30 to 14:00), the modelled relative humidity drops approximately by 25% while the 
observational data shows approximately a 50% drop for the same period (Fig. 2G). This discrepancy is attributable to the model 
simplifications but mainly to the height of the RH measurements which is not strictly representative of the simulated mixed layer 
humidity q. The modelled relative humidity in the rural area is higher than the urban area because a lower Bowen Ratio generates a 
higher QE as shown in Fig. 2C. 

As for the growth of ABL and LCL, the simulated heights are fairly correct but there is a mismatch between the modelled and 
observed temporal trends. In particular, data show a faster increase in h while model simulations show a steady increase which does 
not reach the observed peak height. In general, the initial ABL height in the urban area is always higher than the rural area (Fig. 2H) 
and is supported by a higher sensible heat flux than its rural counterpart. As a result, the ABL height in the urban area is higher than 
that in the rural surrounding. In Fig. 2H, urban and rural ABL and LCL start to grow from 08:30 as the sensible heat flux increases, (see 
Eq.5). The modelled results here show no ABL-LCL crossing in the urban and rural area, which is consistent with the fact that data were 
collected during clear sky days. 

Regarding the simulated UHI intensities, the initial CUHI (at 06:00) of 2∘C decreases to 0.5 ∘C in the early morning and then starts to 
increase steadily after 10:00 up to a maximum value of 3.2∘C in the evening (20:00) (see Fig. 3B). The BUHI follows a similar pattern, 
decreasing to 1.7∘C in the early morning and increasing to approximate 3∘C in the evening. These results are consistent with obser
vations and show that BUHI and CUHI develop to their maximum value in the evening whereas the SUHI reaches its maximum value 
(5.7∘C) during daytime. This is consistent also with evidence from the literature showing that maximum and minimum SUHI intensities 
typically occurs during daytime and nighttime, respectively (Chang et al., 2021), while the opposite is true for the CUHI (Oke et al., 
2017; Venter et al., 2021). Note, however, that peak values of CUHI and BUHI occur after sunset but the model cannot reproduce such 
maxima as it is limited to daytime conditions only. 

In terms of magnitude, our results shows that the SUHI is around 3∘C higher than the CUHI during the day. This is in qualitative 

Fig. 3. Modelled and observed urban-rural differences: (A) Δθs (SUHI); (B) Δθ2m (CUHI, black dotted line), Δθ (BUHI, black solid line) and the 
observations over 8 fair-weather days (asterisks); (C) ΔRH (black solid line) and ΔRHs (black dotted line), (D) ΔABL (black solid line) and ΔLCL 
black dotted line). 
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agreement with the results by Du et al. (2021) showing that the annual mean daytime intensity of SUHIs in 366 global cities is greater 
than their CUHIs by 1.1 ± 1.9 ∘C (mean ± standard deviation), albeit some possible overestimation in our results. Furthermore, the 
simulated day-night difference of SUHI and CUHI (Fig. 3A,B) approaches positive and negative values respectively. Similar findings by 
Du et al. (2021) also suggest that the annual mean day–night difference in SUHI is generally positive (i.e., 0.6 ± 1.8 ∘C, while such a 
difference in CUHI becomes negative (i.e., − 0.2 ± 1.6 ∘C). In terms of the urban-rural difference in ABL and LCL height, the simulated 
diurnal evolution of the urban-rural difference in LCL height shows a decrease from 450 m to 400 m in the early morning 
(06:00–09:00) and an sharp increase from 400 m to 550 m in the afternoon (10:00 to 17:00) (see Fig. 3D - dotted line). Urban-rural 
difference in ABL height shows a similar pattern (see Fig. 3D - solid line), decreasing to 230 m in the early morning (06:00–09:00) and 
increasing to approximate 425 m in the early evening (17:00). Both simulated results show that maximum urban-rural difference in 
ABL height occurs in the evening. This is in line with observations from Theeuwes et al. (2019) where urban-rural differences in 
sensible heat of approximately 50 W/m2 are associated with a 1000 m increase in ABL height at around 6 pm. 

3.2. Sensitivity analysis 

Here we present the sensitivity analysis of the model to variations in fv and γθ first and then fv and γq. To ensure consistency with the 
model calibration, when varying γq the value of the potential temperature lapse rate is kept equal to 0.0078 [K m− 1] (i.e. the observed 
average over the 8 fair-weather days (Theeuwes et al., 2015)) but additional results are presented in the SI. In this sensitivity analysis, 
the vegetation fraction refers to the urban land cover which is varied from fv=0 (fully urbanized) to 1 (fully vegetated), whereas the 
rural case is by definition always considered to be 1. The values observed at the urban and rural sites in Basel are are also illustrated for 
reference (e.g. symbols in Fig. 4). Note that for fv = 1, some variables, such as the UHI intensities and ΔRH, are not zero as other factors 
contribute to urban warming/drying (i.e. changes in net radiation, anthropogenic heat, roughness) (Fig. 7A and B). 

3.2.1. Potential temperature lapse rate and vegetation fraction 
Regarding the impact of the potential temperature lapse rate on the BUHI, results show that, for the selected range of γθ, the 

maximum BUHI at fv = 0 increases from 1∘C to 6∘C as illustrated in Fig. 4A. When considering the CUHI and SUHI, result show that the 
increase of lapse rate of potential temperature at fv = 0 will have a maximum effect of 5∘C on CUHI (from 2∘C to 7∘C) and SUHI (from 
5∘C to 10∘C) respectively. As expected, for a fixed value of potential temperature lapse rate, the UHI effect intensifies when the 
vegetation fraction of a city decreases. The maximum SUHI magnitude shows a sharper increase of 10∘C (from 0 to 10∘C) compared to 
7∘C in CUHI (from 0 to 7∘C) and 6∘C in BUHI (from 0 to 6∘C) when vegetation fraction decreases (from 1 to 0). In short, low urban 
vegetation fractions and high potential temperature lapse rates lead to a higher magnitude of UHIs. 

In terms of ΔRH between urban and rural sites, the increase of γθ will lead to a more considerable ΔRH (− 25%) when the fv ap
proaches to zero, as shown in Fig. 5A. However, increasing the urban vegetation cover will create the expected reduction in ΔRH, until 
the same level of RH in urban and rural areas is achieved. 

Regarding cloud formation, our result shows that the ABL starts crossing the LCL when the potential temperature lapse rate is lower 
than 0.008 [K m− 1] (Fig. 5B), which is close to the observed value of 0.0078 [K m− 1]. For larger values, cloudless condition (blue) 
occur regardless of the value of vegetation fraction of a city (Fig. 5B). For the selected sites and days, our simulations show little 
difference between urban (circle) and rural areas (triangle) when it comes to their predisposition to cloud formation. As a result, 
Fig. (5B) reveals that cloud formation is mostly affected by the free atmosphere lapse rates and there is a limited range of conditions 
(0.006 < γθ < 0.0065 [K m− 1]) when changes in vegetation fraction can alter the cloud/cloudless regime. 

Concerning the time of crossing (tc) between the ABL and LCL, the results show that tc is either zero (i.e. no crossing) or it can occur 

Fig. 4. Sensitivity Analysis of fv and γθ: daily maximum of (A) BUHI [∘C]; (B) CUHI [∘C]; (C) SUHI [∘C]. Symbols and error bars represent the mean 
observational data with interquartile ranges for urban and rural sites, i.e. fv=0.24 (Circle) and 0.93 (Triangle) respectively. 
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between 10 am and 5 pm for both cities and rural areas (Fig. 6A) with tc being slightly delayed with increasing imperviousness. These 
results also show that cities with less vegetation fraction generally have a higher value of ABL-LCL crossing height (1200-2000 m) as 
opposed to rural areas and cities with high vegetation fraction (800-1400 m) (Fig. 6B). This implies that convective cloud over urban 
areas can form at a higher height compared to rural regions. 

Fig. 5. Sensitivity Analysis to fv and γθ of (A) daily maximum ΔRH[%]; (B) ABL-LCL Crossing [m], defined by δmax = δ(2t0). The dotted black line is 
expressed by δmax = 0, representing the transition between two zones, δmax > 0 for cloud formation (yellow/red), δmax < 0 for cloudless conditions 
(light to dark blue); symbols and error bars represent the mean observational data with interquartile ranges for urban and rural sites, i.e. fv=0.24 
(Circle) and 0.93 (Triangle) respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 

Fig. 6. Sensitivity Analysis to fv and γθ of (A) time of crossing between ABL and LCL (tc); (B) ABL height h at tc. Symbols and error bars represent the 
mean observational data with interquartile ranges for urban and rural sites. 
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3.2.2. Specific humidity lapse rate and vegetation fraction 
Figure 7A shows the correlation between the maximum daily value of UHI intensities and fv. Since the UHI intensity does not 

depend on γq (see Eq.13), results are plotted as function of fv only. As expected, the simulations show that less urban vegetation cover 
will lead to larger BUHI, CUHI and SUHI intensities (Fig. 7A) but, interestingly, a similar linear trend is observed for the three types of 
UHI intensities. However, the three types of UHIs show different negative slopes, leading to different maximum UHI values, i.e. BUHI 
of 2.5∘C, CUHI of 4∘C and SUHI of 7∘C, when fv is zero. It should be noted that these maximum UHI values occur at different times of the 
day for the different types of UHIs. For example, the maximum SUHI occurs at mid-day while the maximum BUHI occurs in the 
evening. 

Regarding the UDI effect, the maximum value of ΔRH is sensitive to the lapse rate of specific humidity and to urban vegetation 
cover as shown in Fig. 7B. The results show that the maximum simulated UDI effect is − 18% when the fv approaches zero and the air 
above the ABL is very dry. Note that ΔRH does not become zero for fv = 1 as the SUHI intensity because urban-rural differences in ABL 
dynamics are controlled also by differences in radiation, anthropogenic heat and roughness. 

As for the cloud formation, the conditions observed at the urban and rural sites (circle and triangle in Fig. 7C, respectively) fall into 
the cloudless zone, which is consistent with the model calibration for fair-weather conditions. These results confirm that the urban 
vegetation cover has no impact on the occurrence of the ABL-LCL crossings when using the observed value of γθ = 0.0078 [K m− 1] 
(Fig. 7C). However, the ABL and LCL heights become closer when γq increases (from − 7 to − 1 × 10− 6 [kg kg− 1 m− 1]) due to the 
decrease in LCL height in response to the increase in γq. Additional results presented in the SI reveals that changes in γq can indeed 
trigger convection when the value of γθ is varied. 

4. Discussion 

4.1. Impact of vegetation on UHIs, UDI, and convective clouds 

We investigated the impact of urban vegetation cover on the UHI effect by simulating urban rural changes in surface energy fluxes 
and boundary layer dynamics with a simple analytical model. Observational evidence suggests that the global average of hourly 
daytime SUHIs is 1.45∘C and CUHIs is 0.26∘C (considering cities with more than one million inhabitants) (Venter et al., 2021) and the 
SUHI intensity correlates negatively with urban-rural differences in vegetation cover (e.g Peng et al., 2012; Paschalis et al., 2021). For 
the continental USA, the largest urban-rural temperature differences were found for urban areas displacing forests (with SUHI in
tensities of 6.5 − 9∘C) followed by temperate grasslands (6.3∘C) (Imhoff et al., 2010). A strong negative linear relationship between 
land surface temperature and vegetation fraction was also observed in the city of Shanghai(Li et al., 2011), confirming that imper
viousness is a major cause of surface warming and urban vegetation can help mitigating the SUHI effect during summertime (Manoli 
et al., 2019), especially through urban forests (Paschalis et al., 2021). The presented simulations identified the same trend, i.e., a 
negative linear relationship between SUHI and vegetation fraction and revealed that the maximum daily values of BUHI and CUHI also 
decrease linearly with the increasing percentage of urban green spaces (Fig. 7A). Results in Fig. 7A also suggest that the vegetative 
cover has a greater impact on mitigating the SUHI compared to the CUHI and BUHI. A similar conclusion has been drawn by Du et al. 

Fig. 7. Sensitivity analysis to fv and γq of maximum (A) BUHI (black), CUHI (dotted black), SUHI (blue); (B) ΔRH; (C) δmax = δ(2t0). The results here 
are obtained with γθ = 0.0078 [K m− 1]. Symbols and error bars represent the mean observational data with interquartile ranges for urban and rural 
sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(2021) who showed that the difference in vegetation abundance exerts a greater impact on the SUHI than on the CUHI during the day. 
In general, the intensity of UHIs do not become zero for fv=1 as urban warming is controlled by changes in evapotranspiration but also 
other factors such as radiation, anthropogenic heat and roughness (e.g Manoli et al., 2019; Meili et al., 2021). 

With regards to cloud formation, some studies reported an increase in cloud cover over built up areas with respect to the rural 
surroundings (Romanov, 1999). This conclusion is supported by recent observational evidence of a systematic enhancement of af
ternoon cloud cover in the urban core of Paris and London during spring and summer (Theeuwes et al., 2019) which has been explained 
by urban-rural changes in surface heat release. Although our simulations also show an early release of storage heat flux from the urban 
site (as illustrated in Fig. 2D), the early release of storage heat flux is not sufficient enough to cause a higher growth rate of ABL height 
and no ABL-LCL crossing is therefore triggered (Fig. 2H). Hence, our simulations do not support an enhanced cloud formation due to 
surface heating, but attributing to other factors such as potential influence of the advective fluxes. This is consistent with other studies 
reporting a reduction in rainfall frequency over cities (Yang et al., 2021) and observations from forests and natural ecosystems (e.g. 
Manoli et al., 2016; Duveiller et al., 2021). 

Our simulations suggest that, for the surface and FA conditions analysed in the model, urban areas are drier than the rural sur
roundings but there are not significant differences in the triggering of convective cloud formation, with a transition from cloudy to 
cloudless conditions largely controlled by the FA and occurring in the range 0.0065 < γθ ≤ 0.007 [K m− 1] rather than by vegetation. 
The conditions observed at the study sites (symbols in Fig. 5B) show that cloud formation is slightly more likely in the rural area (closer 
to the transition threshold, dotted line in Fig. 5B) compared to the urban site. 

The presented simulations also suggest that there is little difference between urban and rural sites in term of crossing occurrence, 
but the ABL-LCL crossing over cities occurs later in the day and at higher elevation, potentially causing more intense rainfall events (see 
results in the SI). Additional analyses presented in Fig. 8 in the SI show that the diurnal evolution of the LCL height is more sensitive to 
changes in vegetation fractions than the ABL height. Specifically, a reduction in vegetation fraction (and the associated change in UHI 
intensity, see Fig. 7A) will cause a larger increase in LCL than ABL height. Recent studies (Yang et al., 2021) also suggest that the LCL 
height rises over urban areas due to the effect of urban heat island, leading to a higher cloud base height. This is in line with our 
simulations and confirms the complex interplay between warming and drying. As a matter of fact, some studies show that urban areas 
decrease the frequency and intensity of light rainfall but increase the intensity and frequency of heavy rainfall (e.g. Zhang et al., 2018; 
Yan et al., 2020; Yang et al., 2021). Results here point in the same direction by showing that urban areas potentially experience higher 
cloud base height at a later time during the day compared to their rural counterparts, which is in line with the findings by Theeuwes 

Fig. 8. Impact of moisture flux on ABL and LCL crossing. Modelled sensitivity of ABL (solid lines) and LCL Height (dashed lines) to α (black, red, 
blue and green colour represent α = 0,0.5,1,2 respectively), (A) modelled results by using γθ = 0.0078 [K m− 1], (B) modelled results by using γθ =

0.0068 [K m− 1]. It should be noted that the black, red and blue solid lines are overlapped by green solid line for both cases. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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et al. (2019). 

4.2. Advection of moisture 

Our simple column model suggests that surface heat release is not necessarily the only cause for urban cloud formation. Differences 
between observation and our simple modeling results show the potential influence of additional factors, and advective fluxes in 
particular, may play a dominant role (e.g. Zhu et al., 2017; Lorenz et al., 2019; Lders and Olson, 2004; Yang et al., 2021). To assess the 
potential effect of lateral advection of moisture, we can include lateral moisture fluxes in the mass balance equation by re-writing the 
mositure budget in the well-mixed ABL as: 

ρh
∂q
∂t

=
QE

λ
+ ρ

(
qf − q

) ∂h
∂t

+Δq, (30) 

For the sake of analytical tractability, we can assume Δq to be proportional to urban-rural changes in evapotranspiration, i.e. Δq ~ 
ΔfvE0 where Δfv is the urban-rural change in vegetation cover and E0 is the actual evapotranspiration per unit area of vegetated surface 
(assumed equal in urban and rural areas) (Manoli et al., 2019, 2020a). Without loss of generality, we can therefore assume that Δq is 
proportional to urban evapotranspiration, i.e. Δq = α QE

λ . Following the derivation in Section 2.1, the model can thus be modified to 
include moist advection by rewriting γq

’ as follow: 

γ’
q =

1
2

[

γθ
cp(1 + α)

λ(1 + 2β)Bo
+ γq

]

. (31)  

where α denotes the fraction of advected moisture relative to surface evaporation. The results in Fig. 8 show the impact of different 
values of α on the diurnal evolution of the LCL, demonstrating that the lateral advection of moist air can substantially influence the 
triggering of convection by lowering the LCL height and facilitating its crossing with the ABL. Moreover, the impact of different values 
of α on the ABL-LCL crossing becomes significant when the temperature lapse rate is slightly reduced (γθ from 0.0078 [K m− 1] in Panel 
A to 0.0068 [K m− 1] in Panel B). Hence, changes in α and γθ, can increase the chance of the occurrence of the ABL-LCL crossing. This 
supports the conclusion that moisture advection and atmospheric stability may play a key role in regulating cloud formation over 
urban areas (Theeuwes et al., 2022). Note, however, that the vertical profile of humidity and the moisture flux in the upper boundary 
layer can be major controls of cloud formation mechanisms (Theeuwes et al., 2022) but they cannot be properly resolved by the slab 
representation of the ABL employed here. 

4.3. Limitations and perspectives 

The slab model presented here provides novel insights into the relative importance of urban imperviousness and free atmosphere 
conditions on UHI, UDI and convection triggering. The approach is kept intentionally simple to assess whether the considered pro
cesses are primary controls of urban-rural differences in temperature, humidity, and cloud cover or not. Yet, given the objective of 
developing an analytical description of urban-rural dynamics, our approach has several limitations. The slab representation of the ABL 
neglects land-surface heterogeneities, which occurs over multiple scales, especially in urban contexts. Their inclusion in models re
mains a thorny problem in land-surface and atmospheric boundary-layer schemes for weather and climate forecasts. However, recent 
development in Large Eddy Simulations (LES) can help explore the effect of urban land surface heterogeneity and atmospheric dy
namics on convective cloud formation (Wapler and Mayer, 2008; Theeuwes and Heus, 2010) and improve the parameterisation of 
simple slab models - such as the one proposed here. For the verification of the model, it should be noted that the presented model has 
only been tested with the Basel parameterisation, which represents a limited set of urban and climate characteristics. Hence, further 
work is needed to verify its applicability with other city charachteristics and local climatic zones. Also, given the objective of keeping 
the model simple, wind/drag effects and convergence/divergence of air were neglected. Here we employed a simple parameterisation 
for the aerodynamic resistances of urban and rural areas and we neglected near surface stability conditions and any possible alteration 
of the wind flow, which can potentially impact local climate and mesoscale circulations (Pielke and Avissar, 1990), with possible 
implication for convection triggering. Other factors, such as aerosol concentration and aerosol-cloud formation interaction, can also 
play a crucial role in determining urban-rural changes in cloud cover. Previous studies have summarised the potential causes of 
precipitation amplification over urban area, these being aerosol concentration, urban heat island, and changes in surface roughness (e. 
g. Thielen et al., 2000; Holst et al., 2016; Lu et al., 2019). In particular, aerosols can affect the energy balance of the earth-atmosphere 
system by direct scattering and absorption of radiation (e.g. Satheesh and Krishna Moorthy, 2005; Wright et al., 2010; Liu and Niyogi, 
2019). How the atmospheric aerosols produced by the human activities in urban areas interact with cloud dynamics and the combined 
effect with other factors such as the UHI effect are important processes to consider in future studies. 

5. Conclusion 

In this study we presented an analytical model to quantify urban-rural changes in surface energy fluxes, boundary layer dynamics 
and the impact of urban areas/imperviousness on UHI intensities, UDIs and the triggering of convective clouds. We demonstrated that 
urban areas causes an increase in ABL and LCL heights due to higher Bowen Ratio compared to their rural surroundings. Our results 
show a strong effect of urban vegetation on the mitigation of all types of UHIs (i.e. BUHI, CUHI and SUHI). Considering the ABL-LCL 

C.T.F. Chiu et al.                                                                                                                                                                                                       



Urban Climate 46 (2022) 101346

15

crossing over urban and rural surfaces as a criterion for cloudless and cloudy conditions, the simulations indicate that, for a range of 
free atmosphere conditions, an increase in impervious surface can suppress the initiation of convective clouds. Little difference be
tween urban and rural areas is observed in terms of ABL-LCL crossing, but cloud formation is simulated to happen later during the day 
(afternoon) and at a higher elevation in urban areas compared to their rural counterparts. The later and higher crossing height causes 
higher cloud base height. These results suggest that surface heat release is not necessarily the major cause of cloud intensification over 
cities and call for further observational and modeling studies on the impact of urban areas on convective cloud formation. 
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