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• A model is developed for urban pavement and runoff temperature during rainfall, and 

validated against experimental data. 

• Application over a parking lot indicates faster cooling of pervious surfaces, compared to 

impervious, due to infiltration. 

• During rainfall, heat transfer is dominated by terms associated with water flux and 

subsurface heat extraction. 
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Abstract 

This paper examines runoff dynamics and heat transfer during rainfall over urban surfaces, in 

particular pavements. A kinematic wave approach is combined with heat storage and transfer 

schemes to develop a model for pervious and impervious pavements. The resulting framework is 

a numerical prognostic model that can simulate the temperature fields in the subsurface and 

runoff layers to capture the rapid cooling of the surface, as well as the thermal pollution advected 

in the runoff. Extensive field measurements are conducted over several types of experimental 

pavements in Arizona to probe the physics and then to validate the model. The experimental data 

and the model results are in good agreement, and their joint analysis elucidates the physics of the 

rapid heat transfer from the subsurface to the runoff. A demonstrative application of the model 

over a (hypothetical) parking lot, with impervious or pervious asphalt, is then presented. It 

illustrates that the rate of ground surface temperature cooling for the impervious pavement is 

lower than the pervious one (where infiltration is very effective at removing heat). Finally, the 

analysis of the energy budgets unravels the relative importance of the various physical 

mechanisms in transferring heat from the subsurface to the runoff and the atmosphere. This 

transfer is dominated by terms associated with water flux and subsurface heat extraction, while 

latent, sensible, and radiative heat fluxes are minor contributors. The findings underline the 

importance of including rainfall-induced cooling in geophysical models that seek to study urban 

heat islands or urban precipitation modification. 
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1 Introduction 

Land surface temperature is a critically important parameter that exerts a strong influence on 

many earth systems characteristics such as the partitioning of surface energy budgets and the 

static stability and turbulence intensity in the atmospheric boundary layer (ABL) (de Arellano et 

al., 2015; Stull, 1988). It also modulates a wide range of processes and phenomena of significant 

practical interest such as ecosystem function, evaporation, and irrigation demand (Brutsaert, 

2005; Shuttleworth, 2012), as well as secondary circulations such as sea breezes (de Arellano et 

al., 2015; Stull, 1988). Urbanization, which is proceeding at an unprecedented rate in human 

history with estimates of a doubling of urban land use by 2050 compared to 2015 (Angel, 2012; 

Grimmond, 2007), strongly alters the land surface temperature. This alteration is almost 

invariably an increase due to a range of modifications to the surface texture and properties 

including reduced albedo, reduced moisture retention, and increased thermal effusivity (Bounoua 

et al., 2015; Oke, 1973, 1982; Ramamurthy et al., 2014). This widely observed phenomenon is 

known as the urban heat island (UHI) effect. While the surface and atmospheric manifestations 

of the UHI have been widely studied, the thermal effect of urbanization also extends to the 

subsurface and the so-called subUHI is now increasingly being investigated (Ferguson & 

Woodbury, 2007; Phelan et al., 2015; Zhan et al., 2014).  
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Given these UHI thermal anomalies that extend from the subsurface to the atmosphere, it is 

natural to expect a concomitant impact on the temperature of surface water bodies resulting from 

hotter urban runoff, and yet this impact has received little attention so far. Since the rain 

temperature is expected to be lower than the urban surface temperature, the fast initiation of 

runoff on impervious urban surfaces (e.g. paved roads and parking lots, sidewalks or brick 

surfaces, rooftops) rapidly extracts and advects the heat stored in these pavements. When this 

runoff eventually merges with the streams (directly or after being conveyed in drainage systems), 

it induces intensive thermal pollution that can severely impact stream ecology and health (Krause 

et al., 2004; Nelson & Palmer, 2007). Concurrently, as runoff extracts and advects heat, it cools 

down these urban surfaces very quickly (Ramamurthy & Bou-Zeid, 2014). This abrupt cooling 

of the surface induces a rapid change in atmospheric stability and dynamics, and can potentially 

influence the subsequent development of rain-generating storms. Nevertheless, current models 

where such cooling would have a significant impact (such as the Weather Research and 

Forecasting - WRF - model) do not account for it. Hence, understanding the processes 

controlling heat transfer from hot surfaces, how the surface and runoff temperatures evolve 

during a rainfall event, and how to build prognostic models for this evolution would help us 

develop a deeper understanding of a wide range of environmental phenomena and improve the 

prediction skills of various geophysical models. These goals frame the aims of this paper. 

The mechanisms of heat transfer from paved surfaces during rainfall remain poorly 

understood due to the difficulties in capturing the many important physical processes and 
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parameters in experiments and models. Van Buren et al. (2000) proposed a heat transfer model 

that includes all surface energy budgets to compute the ground surface temperature during the 

rainfall; however, their study did not have a model for runoff dynamics (here, runoff dynamics 

refer to the runoff depth and velocities that reflect mass and momentum conservation) and 

estimated the runoff temperature based on the rainfall and surface temperature of the pavement 

(a similar approach was adopted in Cohard et al., (2017)). Janke et al. (2009) suggested a more 

complete model solving a one-dimensional (1D) runoff model numerically coupled with a 1D 

heat budget for both the subsurface and the runoff. In another study by the same authors (Herb et 

al., 2009), an analytical model for the runoff dynamics was derived and coupled with a heat 

transfer model to estimate the surface and runoff temperatures. However, in both studies, the 

runoff was assumed to be in the thermal equilibrium with the surface all the time (no vertical 

temperature gradient was assumed in the runoff) and no infiltration was allowed. Kertesz and 

Sansalone (2014) used field measurements conducted on asphalt pavements in conjunction with 

a heat balance model that combines the models used in the previous studies (Herb et al., 2009; 

Janke et al., 2009; Kim et al., 2008; Sansalone & Teng, 2005; Thompson et al., 2008; Van Buren 

et al., 2000) to study the thermal energy transfer of rainfall storms; however, this study again did 

not consider runoff dynamics. In addition, the field measurements in these previous studies did 

not include some crucial thermal parameters such as radiation components or resolved 

temperature gradients in the runoff layer. 
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Although some of the assumptions used in the previous studies (such as vertical thermal 

equilibrium) might seem reasonable for the problem, they might breakdown during the early-

time evolution and for spatial evolution over short pavements. Therefore, such assumptions 

cannot be treated as a priori knowledge without validation. In addition, the lack of accurate 

measurements of the important input and output variables thus far prevented direct evaluation of 

these assumptions, or the development of more complete models to test their validity. Finally, 

the increasingly-important cooling down of pervious pavements by infiltration (or a combination 

of infiltration and runoff) remains unstudied, despite the broadening applications of such 

pavements as urban heat island mitigation measures. These remaining challenges and open 

questions frame the design of the experimental and modeling components of the present study. 

The main objective here is hence to bridge the gaps in the observation and modeling of heat 

transfer from urban pavements during rainfall. We develop a complete model for heat transfer 

for both impervious and pervious pavements, accounting for all the physical processes in the 

problem (model physics in section 2 and numerics in section 3). We then conduct a set of field 

measurements using novel sensors and collect data over pavements with different thermal 

properties (section 4) in order to probe the physics that we are parameterizing in the model and 

to then validate the model (section 5). We finally do a demonstrative application of the model 

over a hypothetical parking lot (section 6) where we compare pervious and impervious 

pavements. The paper ends with a discussion of model limitations (section 7), and a conclusion 

and outlook (section 8). 
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2 Model description 

Most human-made urban pavements have very low permeability, and the infiltration can be 

safely neglected. Given the propensity of these pavements to cause urban flooding and to heat up 

significantly, another class of engineered pavements being developed in cities are ones with very 

high permeability, such that no runoff initiates and infiltration and evaporation play the key role 

in flood mitigation and surface cooling. Hence, in this study, we focus on studying the heat and 

water transfer processes when (i) the pavement is fully impervious and has a non-zero slope such 

that the runoff initiates (and needs to be modeled) as the rain starts and the amount of infiltration 

is negligible, or (ii) the pavement is fully pervious with no runoff formation during the rainfall 

since all the water infiltrates into the unsaturated ground. For both cases, all heat transfer 

mechanisms and the energy budgets of the ground surface, as well that of the top surface of the 

runoff layer for impervious pavements, are represented and modeled. Natural surfaces and 

vegetated urban surfaces fall in between these two permeability limits. While we have not 

conducted experiments on such intermediate surfaces since they are not the focus of the present 

study, the thermal budget model we propose can in fact be applied to a mixture of both runoff 

and infiltration for various surfaces with different permeabilities if the saturation level of the top 

soil layer is correctly tracked and infiltration into unsaturated and then saturated ground is 

correctly modeled.  
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2.1 Fully impervious pavements 

A comprehensive model to predict the surface and runoff temperatures must take into account 

the runoff dynamics (introduced here in section 2.1.1), as well as the thermal energy budget and 

various heat transfer models between the runoff, the pavement, and the air (presented below in 

2.1.2).  

2.1.1 Runoff dynamics 

The runoff on impervious pavements is modeled as a two-dimensional (2D, streamwise and 

vertical) unsteady overland flow. The vertically-averaged mass conservation (continuity) 

equation for such flow is written as (Brutsaert, 2005) 

 , (1)  

where x is the distance from the point where the runoff starts (m); t is the time (s); h(x,t) is the 

full depth of the flow (m); q(x,t) is the flow rate per unit cross-stream width (m2 s–1); and S(x,t) is 

a source/sink term (m s–1). For an impervious surface where infiltration is negligible, the only 

source term is the rainfall since the contribution of evaporation during rainfall to the sink term is 

negligible in comparison. Note that the evaporation role is not negligible in the heat budget of 

the problem as will be discussed in section 2.1.2. Therefore, S(x,t)=i(x,t), where i is the rainfall 

intensity (m s–1).  

The flow rate and bulk (average) velocity U(x,t) can be expressed in terms of the flow depth as 
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 . (2) 

In this equation, u(x,y,t) is the spatially-local streamwise velocity (m s–1), and y is the vertical 

coordinate (m).  

In addition to the mass conservation equation, a momentum budget for the flow is needed. 

The kinematic wave approach for shallow water is used here; it assumes that the friction force in 

the horizontal direction is in balance with the gravity force in the same direction. It can be 

formulated for a laminar flow and a hydrodynamically smooth surface (where the viscous drag 

dominates over surface form drag) as follows 

 , (3) 

where ν is the runoff kinematic molecular viscosity; g = 9.81 m s–2 is the gravitational 

acceleration; θ (rad) is the angle of the pavement surface relative to the horizontal axis; and s0 is 

the pavement slope, which is equal to θ for small values. Upon integrating equation (3) from y=0 

to y=h, with a no-slip boundary condition at y=0, and zero shear stress at y=h (the interface 

between the runoff and the air), the following equation for the horizontal velocity profile is 

obtained 

 . (4) 

For a rough surface (where the form drag over roughness elements is no longer negligible), since 

the flow remains laminar under most conditions as we will discuss later, if one considers that a 
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stagnant water layer is “trapped” in the roughness sublayer, equation (4) can also be applied 

assuming again a no-slip boundary condition, but this condition should be imposed at the crest of 

the roughness elements and y should be considered as the height above that crest. A finite slip 

boundary condition (or equivalently a no-slip at some depth below the crest) would be more 

accurate since as the runoff starts, the trapped water layer might generate circulations inside the 

roughness layer that produce a finite non-zero velocity, but if the flow depth is much larger than 

the roughness and most of the flow occurs above this roughness, the results with zero and non-

zero slip would be indistinguishable as the finite slip boundary condition just adds a small 

constant to equation (4). Thus, we will not be concerned with generalizing equation (4) in the 

current study and will use it for both smooth and rough surfaces as long as the flow is laminar 

(validation shown later justifies this assumption). Using equation (4), the runoff bulk velocity 

can be computed from its definition in equation (2): 

 . (5) 

The system of equations (1), (2), and (5) can be solved for h(x,t) numerically for arbitrary 

initial and boundary conditions (or for non-constant and non-uniform rainfall intensities); 

however, if we assume h(0,t)=0 as the boundary condition, and a dry pavement surface h(x,0)=0 

as the initial condition, with a constant and uniform rainfall intensity, we can obtain the 

following analytical solution for h(x,t) using the method of characteristics (Parlange, Rose, 

Sander, Campbell, & Barry, 1983): 
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 . (6) 

Equation (6) shows that the runoff depth solution has two parts: (1) one where the depth is 

unsteady in time but homogeneous along x, and (2) another where runoff depth does not change 

with t (steady) but varies in x (inhomogeneous). 

Combining equations (4), (6) and the continuity equation ( ), and imposing the 

boundary condition of v=0 at y=0, yields the following vertical velocity profile 

 . (7) 

According to equation (7), the vertical velocity is non-zero in the steady part of the flow, and 

zero in the unsteady part. For the unsteady part, this physically implies that the rainfall 

contributes by building up the rainfall depth instead of penetrating into existing runoff and 

generating a vertical flow. 

2.1.2 Runoff-pavement heat transfer 

Figure 1a shows all the important thermal exchange processes that need to be considered in 

the modeling framework to predict the surface and runoff temperatures for an impervious 
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surface. In the runoff, the horizontal diffusion can be safely assumed to be much smaller than the 

advection term in the same direction; however, the vertical velocity we derived in equation (7) is 

much smaller than the horizontal velocity, and its effect is likely to be comparable with or even 

smaller than the vertical diffusion. Therefore, in the vertical direction, we consider both the 

thermal diffusion and advection components of the heat budget. Hence, the transient heat budget 

equation for the runoff is given by 

 , (8) 

where Tw(x,y,t) is the runoff water temperature (ºC) and Dw is the thermal diffusivity of the 

runoff water (m2 s–1) (this thermal diffusivity is not necessary the molecular diffusivity because 

of the additional mixing due to rain drops or turbulence, as we will discuss later in this section). 

2D heat conduction can be assumed in the subsurface obeying 

 , (9)   

where Tg(x,y,t) is the subsurface temperature (ºC), and Dg = kg ρg
–1 cg

–1  is the thermal diffusivity 

of the subsurface (m2 s–1) where kg, ρg, and cg are the thermal conductivity (W m–1 K–1), density 

(kg m–3) and specific heat (J kg–1 K–1), respectively. Figure 1b shows the runoff and the 

subsurface domains for which coupled equations (8) and (9) should be solved, along with the 

surface energy budgets of the boundaries. A numerical solution is needed for general boundary 

and initial conditions. 
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Figure 1. (a): Important thermal processes in the heat budget of the problem illustrated for a rough 

surface, (b): Runoff and subsurface domains and their boundary conditions. The variables are as defined 

in section 2.1.2. 

The required thickness of the subsurface domain (hg) is calculated to ensure an adiabatic 

lower boundary condition. The depth to which the heat penetrates into the subsurface is 
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proportional to the heat diffusion length scale Ldiff in the subsurface, and the domain should 

extend to several times that length scale to guarantee that the bottom boundary condition has no 

impact on the solution of the heat budget equations. Hence, hg is given by 

 , (10) 

where ttotal is the total time for which the heat equations are integrated (s). α is a proportionality 

constant that should be large enough to ensure insensitivity to bottom boundary conditions of the 

subsurface domain. Based on the sensitivity tests we conducted, a value of α = 5 is found to 

satisfy this criterion (see the supporting information section S4 for the results). 

Pavement surface water holding capacity 

Because of pavement roughness or hydrophilic properties, the runoff does not begin as soon 

as the rain starts on the impervious pavements. First, a very thin layer of stationary water 

accumulates; then the runoff starts above it. To take this into account in the model, we consider 

that a stagnant layer of water first develops after rain initiation, and then subsequently runoff 

begins. The total thickness (δ) of this layer depends on the pavement roughness, and it can be 

measured for different impervious pavements (see section 4). This stagnant layer remains 

stationary during the entire rainfall event (in agreement with the zero slip boundary condition at 

the top of that layer discussed in section 2.1.1) and the runoff layer effectively starts at the top of 

the stagnant layer. The heat equation solved in the stagnant layer is similar to the one for the 

runoff in equation (8), except that the advection term is zero because we are assuming that the 

horizontal and vertical velocities there are negligible. The bottom of this layer is the interface 
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between the water and the ground. The time tδ required to form this stagnant water layer is a 

function of its depth δ and of the rain intensity (i): 

 .  (11) 

Mixing due to the rain drops 

Although the runoff Reynolds number is within the range suggesting laminar flow in all 

present experiments and simulations (see Supporting Information section S6), the mixing due to 

falling rain drops impact on, and penetration into, the runoff layer is not negligible. We take into 

account this effect by assuming that the runoff thermal diffusivity (Dw) in equation (8) is an 

effective thermal diffusivity (Deff ) instead of the molecular thermal diffusivity (Dmol): 

 , (12) 

where β >1 but its exact value will be estimated as a calibration parameter for the runoff-

impervious pavements model. β is dependent on the rainfall intensity; it is thus a constant for 

constant rainfall intensity. More general models for this parameter could be developed. 

Boundary conditions  

Figure 1b shows the thermal boundary conditions used. For the effluent boundary of the water 

layer (right boundary in figure), no boundary condition is needed for the heat equation because 

an upwind scheme is used for the discretization of the horizontal advection term in equation (8), 

and the last point at the downstream can be calculated without specifying a boundary condition. 
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 The top boundary of the runoff is the interface between the air and the water. A surface 

energy budget equation is solved for this boundary at each time step of the simulation as follows: 

 , (13) 

where the terms represent the energy fluxes respectively associated with the net longwave 

radiation, evaporation, rainfall on the surface, heat exchange between the water surface and the 

air, and heat exchange between water surface and the runoff (due to conduction and rainfall 

mixing), all expressed in (W m–2). All terms are defined and written as positive into the surface 

(gain) and negative out of the surface (loss); this is not the conventional approach for writing the 

surface energy budget but is more consistent in the current model where more terms are 

involved. Note that liquid water for the purposes of this study can be considered opaque to 

longwave radiation, and completely transparent to shortwave radiation (Hale & Querry, 1973; 

Vercauteren et al., 2011). Therefore, the longwave radiation term appears only at the top 

boundary, and the shortwave radiation should be considered for the ground surface energy 

budget. Rlw, Qr, and Qwt are given by: 

  (14) 

  (15) 

 w
wt w

y h

TQ k
y =

 ∂
= −  ∂ 

 (16) 

 , (17) 
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where LWdown is the downwelling longwave radiation (W m–2) and is an input to the model from 

the measurement data (if not measured this term can be modeled using approaches derived from 

the Brutsaert (1975) model); LWup is the upwelling longwave radiation (W m–2) computed as an 

output, ε and σ are the water surface emissivity and Stefan-Boltzmann constant, respectively; 

kw = ρw cw Dw is the effective water thermal conductivity (W m–1 K–1); ρw is water density 

(kg m-3); cw is the water specific heat capacity (J kg–1 K–1); Tws is the water surface temperature; 

and Tr is the rain temperature.  

The latent and sensible heat fluxes between the water surface and the air are modeled using 

bulk formulas (Brutsaert, 2005): 

 , (18) 

 , (19) 

where CH is the heat transfer coefficient; CE is the water vapor transfer coefficient; ρair is the air 

density (kg m–3); cair is its heat capacity (J kg–1 K–1). uair is the wind speed (m s–1), Tair the 

temperature, and qair the specific humidity of air measured at some height zm above the water 

surface; Le is the latent heat of evaporation of water (kJ kg–1). The air right above the water 

surface is almost fully saturated, and the air specific humidity at this point, qws, can be estimated 

as the saturation specific humidity. Following the Clausius-Clapeyron relation, this saturation qws 

is a function of the water surface temperature qws= q*(Tws), where the asterisk ( * ) superscript 

indicates the saturation condition. q* is calculated using a polynomial approximation function 

(Lowe, 1977). 
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CH and CE are computed using the Monin-Obukhov similarity theory (Monin & Obukhov, 

1954). If we assume neutral stability (a reasonable assumption since we are very close to the 

surface and during rainfall the air and water surface temperature difference are minimal, 

although it can be easily relaxed), and consider that the wind velocity, air temperature, and air 

specific humidity are measured at the same location above the surface, CH and CE are given by  

 , (20) 

 . (21) 

Here, κ = 0.4 is the von Kàrmàn constant; zm is the height of the measurement point for air 

properties; z0 is the momentum roughness length; z0,h is the thermal roughness length; and z0,v is 

the water vapor roughness length (m); we assume the displacement height is negligibly small 

compare to zm. For a smooth surface like the top surface of the runoff, it is usually assumed that

, where ν and u* are the air kinematic viscosity (m2 s–1) and the friction 

velocity (m s–1), respectively (Brustaert, 2013; Pope, 2001). The constant, taken as 9 here, is an 

empirical parameter that is sometimes reported to have a slightly lower value (down to 7.5), but 

as long as the same value is used for heat and humidity, the impact on the surface energy 

partitioning is insignificant. The friction velocity can be estimated assuming the log-law velocity 

profile in the surface layer for a neutral ABL over a smooth surface (Brustaert, 2013): 
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  . (22) 

Equation (22) should be solved (iteratively) for the friction velocity using the measured uair at 

height zm above the surface. 

The bottom boundary of the runoff is the interface between the water flow and the ground. 

Similar to the top boundary, a surface energy budget equation is solved for this bottom boundary 

to get the ground surface temperature at each time step 

 , (23) 

where Rsw (W m–2) is the net shortwave radiation (upwelling shortwave – downwelling 

shortwave); is the energy flux associated with the heat exchange between the 

ground surface and the runoff water (no negative sign is used in this expression due to the 

definition of the heat flux direction in (23)); and 
0

g
g

y

T
G k

y =

∂ 
= −  ∂ 

is the ground heat flux at the 

ground surface. As for the top surface, all fluxes are defined positive into the surface. Constant 

diffusive heat flux in the x direction is assumed for the left and right boundary conditions of the 

subsurface domain for equation (9). This condition implies that the heat flux divergence is zero 

and heat cannot accumulate at these boundaries. Finally, for the bottom boundary of the 

subsurface, a zero vertical heat flux boundary condition is used. 
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2.2 Fully pervious pavement 

For fully pervious pavements, the entire rainfall infiltrates and no runoff is generated (typical 

of pervious concrete or porous asphalt pavements made to be highly permeable). To take into 

account the heat exchange by the infiltrating rain water, a vertical advection term is added to 

equation (9) (which was used for the impervious pavements): 

 , (24) 

where vg is the infiltration velocity in the subsurface, and can be estimated using the rain 

intensity and the porosity (ϕ ) of the pavement as 

 g
iv
ϕ

= . (25) 

Similar to the impervious pavement model, we also assume that a thin stationary layer of water 

above the surface develops when the rain starts, and persists for the rest of precipitation event. It 

yields a pavement water-holding capacity. This layer fills the surface depressions not connected 

to the subsurface, and wets the rest of the surface until gravity forces overcome the capillary 

forces holding the water on the surface. The same heat equation and boundary conditions 

described previously for the stationary layer above an impervious pavement are used. The 

thickness of this layer is used as the sole calibration parameter for the pervious pavements model 

(recall that the effective diffusivity is the main calibration parameter for the heat model of 

impervious pavements, while the slope is calibrated in the runoff flow model). The applicable (in 
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the subsurface) boundary conditions for equation (24) are similar to the boundary conditions of 

the impervious pavement model. Note that at the bottom subsurface boundary of this case, since 

the temperature gradients are zero, both advective and diffusive heat fluxes vanish. 

3 Numerical implementation  

In order to obtain numerical solutions for the heat budget equations in the runoff layer 

(equations (8) and (9)), we need to first solve for runoff depth and velocity (equations (4), (6), 

and (7)) in the domain, either analytically or numerically. The challenge here lies in the fact that 

the runoff domain over which we need to numerically solve the heat equation is not a simple 

rectangular domain, and a uniform mesh grid cannot be used to map it. Therefore, for efficient 

numerical solution, we transfer the runoff physical domain to a simple Cartesian computational 

domain. In this transformation, the horizontal coordinate in the computational domain remains 

the same as in the physical domain (x), but the vertical coordinate is normalized by the local 

depth of the runoff: 

 
y
h

η = , (26) 

where η is vertical coordinate of the computational domain (recall that the stagnant layer depth δ 

is included in both y and h). For an illustration of how this coordinate transformation works, refer 

to the supporting information section S2. We also need to transform the heat equation for the 

runoff to the computational coordinates where it becomes: 
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 . (27) 

ηy and ηx are the derivatives of η with respect to y and x respectively. The runoff velocity and 

corresponding boundary conditions also need to be transferred to the new coordinates in a similar 

way. Note that we do not use the same technique for the subsurface domain since it is rectangular 

and amenable to Cartesian meshing, and we simply solve the heat equation as given in equation 

(9) in the subsurface physical domain. However, we align the horizontal mesh grid points in the 

subsurface and in the runoff layer for easier coupling of equation (27) and (9) at the interface 

between the runoff and subsurface. 

As discussed in the previous section, when the rain starts, first the stationary layer develops, 

and subsequently the runoff begins according to the runoff depth solution in equation (6). 

Therefore, the geometry, which we are solving the heat equation for, changes in time until the 

entire runoff domain conforms to the steady part of equation (6). This requires the use of a 

dynamic mesh for the period of time when the domain geometry is changing. At each time step, 

we need to generate a new mesh grid and interpolate (or linearly extrapolate if the grid points in 

the new mesh are outside the old domain) the previous time step’ solutions to the new mesh grid 

before advancing the heat equations in time on the new mesh. This process should be repeated 

until the depth of the runoff no longer changes with time, after which a static mesh grid can be 

used. Some of the numerical details associated with this dynamic mesh are presented in 

supporting information section S2. For the pervious pavements model, no domain transformation 
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is needed. However, a dynamic mesh is used for the stationary layer during its initial 

development. 

The numerical discretization of the equation consists of explicit Euler method in time for 

equations (27), (9), and (24). A second-order central finite difference scheme is used for the 

second derivatives (diffusion terms), and a first-order upwind finite difference scheme is used for 

the first derivatives (advection terms). The time step of the numerical simulation is limited by the 

initial development of the stationary layer during the initial period of the rainfall because this 

layer is very thin at the beginning. The time step ( t∆ ) limit for the diffusion equation that is 

solved during this initial time can be obtained by the Von Neumann stability analysis, and it 

leads to the time step limitation of , where s in our 

simulations. To speed up the simulation, a dynamic time step can be implemented to increase its 

value after the initial development of the stationary layer; however, we used a constant time step 

of 10–4 s in all the simulations reported in this paper because the simulation run time was not an 

important constraint. 

Grid convergence tests were performed with respect to (i) the number of vertical grid points in 

the subsurface (ms), (ii) the number of the vertical grid points in the runoff layer (for impervious 

pavement) or the stationary layer (pervious pavement) (mr), and (iii) the number of the horizontal 

grid points (n), which is the same for the runoff and subsurface domains. The grid convergence 

test process and results for the pervious pavements are detailed in the supporting information 

section S3. Based on these results (and the tests for the pervious pavements that are not shown), 
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we adopted mr = 5, ms = 25, and n = 30 for both impervious and pervious pavements. These 

results are for a horizontal length of 3.3 m, subsurface depth of around 8 cm and a maximum 

runoff depth of 3.7 mm (at the downstream end when the entire runoff is in steady state), and it 

leads to grid resolutions of 11 cm for the horizontal direction, 3.2 mm for the vertical direction 

inside the subsurface, and 0.74 mm for the vertical direction in the runoff. 

4 Experimental Campaign 

The field measurements were conducted at a site near the Arizona State University campus 

(Coordinates: 33°26'24.8"N, 111°55'25.8"W). The site consists of four different pavement slabs 

all with length and width of 3.3 m, and a thickness of 15.5 cm: porous Hot Mix Asphalt (HMA), 

conventional dense (impervious) HMA, porous Portland Cement Concrete (PCC), and 

impervious PCC (Figure 2a). Each pavement is embedded with 3 thermocouples 

(accuracy = ± 0.5 ºC) vertically aligned at depths of ≈ 0 (directly below the surface), 7.5, and 15 

cm to measure the subsurface temperature. During the experiments, these thermocouples were 

measuring the temperature every 30 minutes (these were pre-existing instruments that we did not 

add or tailor for the present experiment), and because the duration of each experiment was less 

than 30 minutes (around 7 minutes), the data from the embedded thermocouples were used just 

to estimate the initial temperature distribution of the subsurface for the model validation. All the 

experiments were conducted under artificial rain generated using spray nozzles (Figure 2c, also 

see supporting information movie S8). Four flow meters were used to measure the flow rate 
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going to the spray nozzles, which was then converted to the rainfall intensity using the pavement 

area. 

The longwave and shortwave radiations were measured by a 4-component radiometer 

(NR01-L, Campbell Scientific, with an accuracy of about 10%). A Vaisala weather transmitter 

(WXT520 with accuracy of ±1 hPA for pressure, ±0.3ºC for air temperature, ±3% at 10 m/s for 

wind speed, and ±3% for relative humidity) was used to measure the air properties i.e. 

temperature, relative humidity, pressure, wind speed (Figure 2d). A water content reflectometer 

(CS616, Campbell Scientific) sensor was repurposed and calibrated to measure runoff depth for 

the experiments on the impervious pavements (Figure 2b). To measure the ground surface 

temperature, a type T thermocouple (Omega Engineering, accuracy = ±0.5 ºC) was attached to 

the surface for all the experiments. 

To measure the temperature inside the runoff, a set of type K (accuracy = ± 1 ºC) 

thermocouples was aligned vertically inside a 3-D printed hydrofoil (Figure 2b). The first two 

(out of 8) thermocouples in the box were at 2 and 4 mm above the ground. Because for the 

experiments on the impervious pavements, it was observed that only the first (lowest) 

thermocouple was entirely submerged in the runoff (after the runoff depth reaches to 2 mm), we 

primarily used the measurement of this thermocouple in the model validation.  

 A CR3000 Campbell Scientific data logger was used for data collection of all the sensors 

(Figure 2c). All the measurements were collected at 20 Hz except the air measurements from 

WXT520, which were collected at 1 Hz. The 20 Hz data were averaged in post-processing to 1 
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Hz data since this was found to be a sufficient resolution. For the experiments on the impervious 

pavements, the entire measurement setup was placed at the downstream end of the runoff (it 

varies between the pavements and depends on the average slope of the pavement). Figure 2c also 

shows the measurement setup for the experiment over the impervious concrete. The experiments 

on the pervious pavements (without runoff) were similar to the ones on impervious pavements 

except that there was no need to measure the runoff depth or temperature (refer to the supporting 

information for a video of experiments over pervious pavement). All the experiments were 

conducted during clear sky conditions. Although some of the fluxes (such as shortwave 

radiation) might then be higher than is expected during real rainfall events, the model (runoff + 

heat budgets) can still be validated. In the last section, we use meteorological data collected 

during a rainfall event to investigate the heat transfer dynamics under realistic rainfall conditions. 
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Figure 2. Experimental site and sensors. (a) the 4 types of pavements used (picture not from the 

present experiment: no stations were placed in the middle of each pavement), (b) the 3D printed hydrofoil 

with embedded thermocouples and the water depth sensor (CS616), (c) view of full set of instruments 

with the spray nozzles generating rain, and (d) the radiometer and WXT520 weather transmitter with a 

view of the runoff and rainfall impact. 

The thickness of the stationary layer for the impervious pavements was measured and found 

to be ≈ 0.5 mm for both impervious pavements (see method and illustrative figures in the 

supporting information section S5). The rain temperature was measured by the top 4 

thermocouples in the 3D printed box. These thermocouples were constantly receiving rainfall 

during each experiment. For all of the experiments, the water inside the hoses was initially at a 

higher temperature than the water in the tanks because the hoses were under the sun during the 
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experiments and the air temperature reached up to 48 ºC; however, the rain temperature 

eventually decreases to the tank temperature. While we avoided the very hot initial water, since 

we were not able to ensure that when we turned the artificial rainfall onto the pavement we had a 

constant temperature, we fitted an exponential curve between the initial temperature of the rain 

(Ti) when it was targeted toward the pavement (start of experiment) and the final tank 

temperature (Tf) using measurements from the topmost thermocouples in the hydrofoil to 

calculate the rain temperature time series as an input for the model following: 

 ( ) t
r f i fT T T T e λ−= + −  (28) 

where λ is calculated for each experiment separately. 

5 Model validation 

In this section, the simulation results of the model introduced in section 3 are compared with the 

field measured data described in section 4. We categorize the model inputs into four groups: (1) 

thermal and geometric properties of experimental pavements (see Table 1), (2) thermal 

properties of rain water and air (all the values are taken at 20 ºC and listed in Table S1 in the 

supporting information), (3) calibration parameters that will be discussed in section 5.1, and (4) 

the  meteorological variables measured by different sensors such as air temperature, humidity 

and pressure, wind speed, upwelling and downwelling shortwave radiation, downwelling 

longwave radiation, rain temperature and intensity, and initial ground surface and subsurface 

temperature. 
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For all of the model validation figures in this section, the start time t=0 zero is when the 

rainfall starts and the plots are shown until the rainfall stops. As mentioned in section 4, to 

measure the ground surface temperature, a thermocouple was attached to the surface near the 

downstream end of the pavements (ground thermocouple). Since the exact distance of this 

thermocouple from the leading edge of runoff initiation could not be measured precisely in the 

experiments, we compared its measurements to the averaged simulated surface temperature of 

last quarter of the pavements (where the temperature did not change significantly along the 

streamwise direction). Hence, in this section, whenever we mention the ground surface 

temperature in the model, it refers to the averaged ground surface temperature of last quarter of 

the pavements  

5.1 Calibration parameters 

The impervious pavements model has two calibration parameters: pavement slope for the 

runoff model, and the effective diffusivity constant (β) in equation (12) for the heat budget 

model. We measured the slope of each impervious pavements and it varied significantly along 

the measurement area (for the impervious concrete the slope was in the range of 0.06-0.56 %, 

and for the impervious asphalt it was in the range of 0.3-2.4 %). Therefore, we chose the values 

for the pavements slope that yield a modeled depth at the downstream measurement point (when 

it is in steady state) that best matches the experimental measurements. Values of 0.15 % and 
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0.4 % were determined for the slopes of impervious concrete and asphalt, respectively. Both of 

these calibrated values are within the ranges of slopes measured over these two pavements. 

Figure 3 shows the effect of β in equation (12) on the ground surface temperature and the 

temperature of the runoff at 2 mm above the ground. To choose the suitable value for β, we 

calculated the Root Means Square Error (RMSE) of the model result relative to a smoothed 

version of the experiment data for both surface temperature (RMSE1) and the temperature of the 

runoff at 2 mm (RMSE2). The smoothing of the experimental data is useful to filter out the effect 

of ripples that formed on the water surface (due to raindrop impact and to wind variability) and 

that could not be captured in the model. We found that for β = 4, the sum of RMSE values 

(RMSE1+RMSE2) is the smallest; therefore, we adopt this value for the rest of this paper. Given 

this finite value of β, and the differences between ground surface and water temperature at 2 mm 

that persist till the end of the run, the assumption that the water layer is in thermal equilibrium 

with the surface (equivalent to having an infinite β) is not generally justified especially for short 

rainfall duration. For longer rainfall events, this assumption might be more acceptable as we will 

show in the case study (section  6). But even for longer events, the temperature difference 

between the ground surface and runoff can remain significant over long pavements, at the 

downstream end).   
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Figure 3. Effect of the mixing factor β on the ground surface temperature (left), and runoff 

temperature at 2 mm above the ground (right) 

For the pervious pavement model, the only calibration parameter is the pavement surface 

water holding capacity, for which a value of 1 mm is found to yield the best agreement with the 

observations for both pervious pavements. Note that this value is greater than the measured value 

of 0.5 mm for the impervious pavements, and according to Figure 4 it is an expected outcome 

because the pervious pavements have larger roughness than the impervious ones. 
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Figure 4. Comparison of the roughness for the impervious and pervious pavements of the 

measurement field. HMA is Hot Mix Asphalt and PCC is Portland Cement Concrete (PCC). 

5.2 Validation: impervious pavements 

Figure 5 shows how the downstream runoff depth changes during rainfall for both impervious 

pavements. One can notice the good agreement between the experimental data and the model 

results (RMSE for the asphalt and concrete cases are 0.55 and 0.59 mm respectively). For both 

cases and as explained earlier, the runoff does not start immediately when rainfall begins due to 

the pavement water holding capacity. Subsequently, the downstream runoff depth increases as 

expected from equation (6) until the entire pavement reaches steady state, after which the depth 

remains constant till the end of the precipitation event. At the beginning of each experiment, 

there was some uncertainty in estimating the exact rainfall start time and intensity due to the 

Porous PCCImpervious PCC

Impervious HMA Porous HMA
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need to aim the water nozzles onto the pavement, manually, as a function of the wind direction 

and speed. Therefore, we adjusted the rainfall intensity at the beginning of each experiment, 

before runoff begins, by matching the time needed for the initial stationary layer to fill up in the 

model and experiments.  

 

Figure 5. Downstream runoff depth from the model output and the observations for impervious 

concrete (left), and impervious asphalt (right) 

Figure 6a and Figure 6b show the ground surface temperature versus time for the impervious 

pavements. Again, there is a good agreement between the model and the experimental data 

(collected by the thermocouple attached to the ground surface) for both cases with RMSE values 

of 1.3 and 1.7 ºC for the concrete and asphalt respectively. For both surfaces, a large temperature 

drop of about 15 ºC is observed during the simulated rain event, although we should point out 

that the tests were not conducted at the same time or with the same initial conditions. The 

validation results for the runoff water temperature (at 2 mm from the ground, first thermocouple 
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in hydrofoil) are depicted in Figure 6c and Figure 6d. Good agreement is noted for this variable 

as well for both impervious pavements with RMSE values 1.9 ºC for the concrete case, and 1.8 

ºC for the asphalt case (the comparison begins when the downstream runoff depth reaches 2 mm 

and the first thermocouple is submerged). Figure 6e and Figure 6f show the difference between 

the ground surface and runoff temperature at 2 mm from the ground for concrete and asphalt 

respectively. It can be noted that for both cases the ground surface temperature remains at least 1 

ºC hotter than the runoff temperature during the rainfall. This temperature difference persists 

here despite the high rainfall rate, and is larger for concrete than for asphalt since concrete’s 

higher conductivity allows the surface to extract a higher heat flux from the subsurface. The 

underestimation by the model of the surface-water temperature difference for concrete is hence 

probably due to an underestimation of the material’s thermal conductivity or effusivity. 
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Figure 6. Ground surface temperature (top panel), runoff temperature at 2 mm above the ground 

(middle panel), difference between ground surface and runoff temperature at 2 mm (bottom panel) from 

the model and the observations for impervious concrete (left panel), and impervious asphalt (right panel). 

5.3 Validation: pervious pavements 

Similar to the impervious pavement cases, we validated the pervious pavement results for the 

ground surface temperature using the data measured by the thermocouple attached to the ground 

for both pervious pavements. In this case, there is no runoff temperature to validate. Figure 7 

shows very good agreement between the model and experimental results for both surfaces (with 

RMSE values of 1.5 ºC and 1.0 ºC for previous concrete and asphalt respectively). Similar to the 
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impervious pavements, one can observe a large temperature drop (15 ºC for the concrete and 14 

ºC for the asphalt) during the rainfall in both tests. 

 

Figure 7. Ground surface temperature from model output and the observations for pervious concrete 

(left), and pervious asphalt (right) 

6 Parking lot case study: impervious versus pervious pavements 

The model developed and validated above can be used to investigate the thermal dynamics of 

pavement cooling under rainfall and to predict runoff water temperature. Here, we perform an 

application for illustration purposes, and more importantly to start addressing the broader aims of 

this effort of understanding the processes controlling heat transfer from hot surfaces and how the 

surface and runoff temperatures evolve during a rainfall event. We design a hypothetical parking 

lot for our case study since most parking lots are made of dense asphalt concrete or Portland 

cement concrete material, which can absorb a large amount of heat during the day. A daytime 
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rainfall event can thus extract this heat (by runoff or infiltration) and advect it into the streams 

directly or through drainage networks. Our model can elucidate the heat transfer mechanisms and 

magnitude in the pavement and runoff during rainfall. 

A 50 m long by 50 m wide (although cross-stream width is not consequential) parking lot is 

considered with two scenarios: the lot area is fully covered with (i) impervious paving material 

(no infiltration), or (ii) fully pervious material (no runoff). The same rain and air thermal 

properties used for the validation are adopted (Table 1 and Table S1 in the supporting 

information). The parking lot surface is dry before the rain starts for both scenarios. As discussed 

before, various atmospheric data are needed as inputs. Since the data collected in Arizona was 

during an unusually hot period under sunny conditions that do not resemble the atmospheric 

conditions during rainfall, and to have a more representative application, we use climatic 

measurements at the Broadmead station at Princeton University (coordinates: 40°20'46.9"N, 

74°38'36.5"W, more details are provided in  Ramamurthy et al. [2014]). A real precipitation 

event on 30 July 2016 is chosen for this case study. This rainfall event is perfectly suited for the 

case study because precipitation starts around 2 pm local time with no rainfall before, meaning 

that the initial temperature of the pavements is high. The total duration of the case study here is 3 

hours. The original data set has a 5-minute temporal resolution; we thus interpolated the data to 1 

Hz to use it as the input for the model. The upwelling shortwave radiation is calculated using an 

assumed albedo of 0.05 for both impermeable and porous cases, and rain temperature is assumed 

to be equal to the air temperature during the rainfall. 

This article is protected by copyright. All rights reserved.



 39 

The initial temperature of the pavement surface, as well as the temperature profile in the 

subsurface before the rainfall event, are computed using the time-varying atmospheric input data 

for the 12-hour period preceding the rain event. The surface and subsurface temperatures are 

solved for by combining the surface energy budget equation for the dry pavement surface and the 

heat conduction equation for the subsurface, using the same methodology as before, but without 

any rain or runoff and with no evaporation. After rainfall begins, we assume a constant in time 

and uniform along the pavements rain intensity, which is set equal to the measured intensity of 

30 mm h–1 (this is the highest intensity we can use for such a large parking lot without the flow 

becoming turbulent, a regime that cannot be captured by the present model). 
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Figure 8. Left: averaged (along the pavement) ground surface, air (= rain) , and vertically-averaged 

effluent temperature time series (at downstream). Right: time evolution of the difference between ground 

surface and water surface temperature values for x = 1 m, x = 20 m, and x = 50 m. 

 

Figure 8a shows the result of the averaged (along the entire pavement length) ground surface 

temperature for both impervious and pervious pavements during the 3 hours of rainfall (see 

supporting information for runoff and subsurface temperature contours animation, movie S7). 

Both surfaces cool rapidly, and much more significantly than the air (notice that air cooling is 

entirely based on observations). The rate of surface cooling is high at the beginning of the 

rainfall event for both cases, but it slows down as thermal equilibrium between rainfall and 

surface is approached. Although the pervious pavement has a higher (by about 2ºC) initial 
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ground surface temperature than the impervious one, after 3 hours of rainfall, the surface 

temperature of the pervious pavement is in equilibrium with the rain temperature and 1.5 ºC 

lower than the impervious surface. This implies that the average rate of cooling of the surface 

temperature for the pervious pavement is higher than the impervious case. In addition, Figure 8a 

shows the vertically-averaged effluent temperature at the end of the domain (downstream). 

During the entire 3 hours of rainfall, the impervious effluent temperature is higher than the rain 

temperature (by 12 ºC at the beginning of the event, and 1.5 ºC at the end), which is the result of 

heat extraction form the subsurface by the runoff. As discussed earlier, this hot runoff will 

eventually merge with the streams and result in adverse impacts on their temperature and 

consequently on their ecology. One should bear in mind that in the pervious pavement case, if 

the infiltrated water eventually reaches an impervious bed layer, it can also flow towards the 

streams. Since it can extract even more thermal energy from the subsurface because it travels 

deeper into the ground subsurface, its thermal pollution impacts might potentially be higher than 

that of the impervious pavement.  

 

Figure 8b shows the time series of temperature difference between the ground surface and 

runoff surface (Tg – Tw) for different horizontal positions along the pavement (x =1, 20, 50 m). 

This figure indicates that for each specific horizontal position, the temperature difference 

increases at the beginning during the time when the runoff is unsteady at that location since a 

new water layer builds up there on top of the runoff. However, as the runoff approaches a steady 
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state, Tg – Tw starts decreasing. From Figure 8b, we can note that for a specific duration of the 

rainfall, Tg – Tw is higher downstream compared to upstream since the runoff depth is larger. The 

difference is also larger for short rainfall duration. In general, this temperature difference 

between ground surface and runoff surface can be significant enough to make the thermal 

equilibrium assumption questionable (even for very short duration rainfall, the temperate 

difference can be large for short pavements as we showed in Figure 6). It illustrates the benefit of 

the full model developed here that can assess the departure from thermal equilibrium.We can 

gain further insight into the difference between these two parking lots by looking at the different 

terms in the surface energy budget equations. Figure 10 shows the time series (averaged along 

the pavement length) of these terms for the ground surface, equation (23), and the water surface, 

equation (13) (runoff surface for the impervious pavement case, and stationary water layer for 

the pervious case). Remember that a positive flux value means that the flux goes into the surface 

(or heats the surface). For the ground surface energy budget, shortwave (RSW) and ground heat 

flux (G) are the positive terms that heat the surface, and the heat exchange between the ground 

surface and the water is the cooling term for both impervious and pervious pavements, as 

expected. Both surfaces have the same value of the shortwave radiation because the same 

downwelling shortwave and albedo were imposed, but this shortwave component is small due to 

the cloudiness during rainfall. The ground heat flux for the pervious pavement is higher than for 

the impervious one at the beginning of the rainfall; this is related to the higher initial ground 

surface temperature of the pervious pavement that must transfer more energy to the water layer. 
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However, as the subsurface and ground cool down, G decreases faster in the pervious pavement 

to reach 0, whereas over the impervious one it maintains a value of about 70 W m–2 at the end of 

the 3-hour rainfall event. The larger absolute value of Qwb (larger vertical temperature gradients 

in the water layer and immediately above the ground surface) at the beginning of the rainfall 

(500 and 760 W m–2 for the impervious and pervious asphalt, respectively) in comparison to the 

end of rainfall is another indicator of the approach to thermal equilibrium between runoff 

(impervious) or stationary water layer (pervious) layers and the ground surface. 

Among the water top surface energy budget components, the main term heating the surface is 

the heat exchange between the water surface and the water below it (Qwt), and the main terms 

cooling the surface are the net flux of cooler rainfall (Qr) and the evaporation (LEe) (H, and Rlw 

also cool the surface but their values are much smaller than Qr and LEe). At the beginning of the 

rainfall, the evaporation rate is higher for the pervious pavement than the impervious one 

because of initially higher pervious ground surface temperature, but the two converge at later 

times.  

From Figure 10, one can construct a detailed understanding of how heat is primarily 

transferred between the pavement and water layer during a rainfall event. Considering an 

impervious pavement, (1) heat is being transferred from the subsurface to the ground surface 

through G, (2) G and shortwave radiation (positive values) heat the ground surface, (3) Qwb 

(negative value) cools down the ground surface by transferring heat to the runoff by diffusion, 

(4) then a fraction of this heat is advected by the runoff while the remainder is transferred to the 
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water surface by diffusion to heat the water surface (in conjunction with downwelling 

longwave), (5) this heating of the water surface balances its cooling mainly by the rainfall and 

evaporation. The other heat transfer mechanisms play a secondary role. Similar processes are in 

play over a pervious pavement but (i) the subsurface cools down by the infiltration, and (ii) Qwb 

is transferred only by diffusion through the stationary water layer at the surface. For the pervious 

pavement, Qwb ≈ –Qwt, and that energy goes to balance the radiative and evaporative cooling 

while the vertical downward advection of heat by the infiltrating water is the primary mechanism 

of heat removal from the surface. Another important observation from this figure is that while 

the pervious pavement seems to equilibrate in about 1.5 hours, the impervious one is still 

evolving (with a lower rate of temperature change) even after 3 hours of rainfall. 
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Figure 9. Time series of the surface energy budget terms of the ground surface (left) and water surface 

(right) for the impervious (solid line) and pervious (dashed line) pavements.  

 

To examine the thermal budget of the whole water layer for the impervious pavement, Figure 

10 depicts the time series of bulk heat fluxes contributing to the heat budgets of the water layer 

during the rainfall. These fluxes are  –Qwb , –Qwt , and , which is 

the net advective flux of the water layer defined positive out of the layer unlike the other fluxes 

(water entering the control volume at the temperature Tsw, and leaving it with the effluent 

velocity ueff and temperature Teff). Notice that the effluent term is normalized by the pavement 

length so it is equivalent to surface fluxes. In addition, in Figure 10 we also plot the sum of these 

fluxes, which is approximately equal to the tendency term for the runoff average temperature, 

w y
t w w

h T
Q c

t
ρ

∂ 〈 〉
=

∂
, where w yT〈 〉  is the vertically-averaged runoff temperature and the overbar 

indicates averaging in the streamwise direction. The sum of the fluxes is a large positive number 

(around 1200 W m–2) during the development of the runoff (i.e. before the runoff over the entire 

pavement reaches a steady state). During this period, thermal energy is accumulating as the water 

depth increases; although wT  decreases in time, h  increases and overall w yh T〈 〉 increases leading 

to a positive tendency term (Qt or -Qwb-Qwt+Qadv). However, as the runoff over the entire 

pavement approaches steady state (and h  becomes constant in time), Qt plateaus to a small 
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negative number indicating that the runoff is close to thermal equilibrium with the pavement, and 

the averaged runoff temperature slowly decreases in time. During that period, Qwb ≈ –Qwt. To 

assess the thermal pollution resulting from the runoff, we compute the difference between the 

heat flux that flows to streams with the runoff effluent ( w w effc iTρ ) and the heat that would have 

resulted if the rainfall had entered the stream without heating over the pavement ( w w rc iTρ ). This 

value, ( )runoff w w eff rQ c i T Tρ∆ = − , is in fact the net amount of heat rainfall picks up over the 

pavement and is shown in Figure 10. It reaches a maximum value of around 240 W m–2, and 

plateaus to 60 W m–2 after 3 hours of rainfall. These are large numbers and for small streams will 

cause a significant thermal shock. 

 

Figure 10. Time series of different terms in the thermal budget of the whole water layer for the 

impervious parking pavement. 
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7 Model limitations 

The model as formulated here has some limitations that are important to appreciate, but that can 

be eliminated in future developments: 

(i) Turbulent flow: Longer pavement length leads to an increase in the runoff velocity. 

Therefore, for long pavements, there will be a transition to a turbulent regime at some distance 

from the starting point. The current model does not account for that transition and cannot 

simulate turbulent flows. Turbulence in runoff increases momentum and thermal mixing (in 

addition to the mixing by rain droplets), which leads to more rapid cooling/heating of the 

pavement/runoff. To account for turbulent mixing, a turbulence closure scheme is being added to 

the model to account for turbulence modification of runoff dynamics as well as heat transfer 

processes inside the runoff. 

(ii) Rain droplet effects on the runoff dynamics: when we derived the runoff dynamics 

equations in section 2.1.1, for simplicity, it was assumed that the rain droplets penetration inside 

the runoff does not have any effect on the momentum budget. However, what will actually 

happen is that the rain droplets fall on the runoff with a zero horizontal momentum and this will 

result in drag at the top surface of the water layer (Yoon & Wenzel, 1971), slowing down the 

runoff and increasing the runoff depth for a certain rain intensity. To take into account the rain 

droplets effects on the runoff dynamics, one can solve a full momentum equation with the 

consideration of rain droplets streamwise momentum in the equations. 
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(iii) Heterogeneous pavements slope: it was assumed that the slope is constant along the 

pavements, and this assumption is not necessarily true for pavements in the real world. The slope 

can change drastically, especially for the very long pavements. In this case, it is possible to use 

an average value for the slope. Alternatively, the kinematic wave model for runoff can be solved 

numerically to accurately capture changes in slope when they are significant (we implemented 

such a solution but do not detail it since it is not used here). 

(iv) Subsurface composition: The subsurface was assumed to be made of the same material as 

the surface, which is acceptable for short rainfall periods when the cooling effect remains 

shallow. For longer events, a more realistic multi-layer subsurface can be simulated with the 

current model without any further development. In addition, pavements can contain salts or other 

impurities that can modify the evaporation rate and dynamics (Shokri-kuehni et al., 2017). The 

current model can be extended to take this modification into account. 

8 Conclusion and outlook 

An accurate prediction of the earth surface temperature is essential due to its implications on a 

variety of phenomena in the hydrosphere, the atmosphere, and other earth systems. Here, we 

developed and validated a model that can capture and predict the rapid cooling of hot urban 

surfaces during rainfall, elucidate the role of different thermal transport processes, and assist in 

designing urban infrastructure that minimizes adverse environmental impacts. The model 

couples runoff or infiltration dynamics with thermal transport physics, and can be applied over 
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pervious or impervious pavements. A comparison of these two types of pavements was 

conducted for a hypothetical parking lot, showing significant differences in the response and 

impacts of pervious and impervious human-made surfaces, and illustrating how the model can be 

used for urban design. The model results also confirm the premise of this work: runoff can be 

more than 10 ºC hotter than rainfall and if allowed to drain rapidly into streams will cause 

adverse impacts. 

This is the most detailed model of runoff cooling to be proposed yet, and this paper’s focus was 

on the formulation and validation. The application in this paper nevertheless already gives 

valuable insight on the dominant physical processes that need to be included in reduced versions. 

Furthermore, with this detailed model, we are able to test the validity of different assumptions 

that were included in the previous studies. One main assumption we tested is the existence of 

thermal equilibrium between the pavement and runoff; our detailed model showed that the 

temperature difference between ground surface and runoff can be significant for long pavements 

(as the runoff depth is larger than the upstream) and/or for short duration of rainfall. This thermal 

disequilibrium is also larger for concrete pavements, compared to asphalt, due to their higher 

thermal conductivity and effusivity. The model also indicated that the driving thermal transfer 

processes for the bulk runoff layer are heat gain from the surface and heat loss by the net inflow 

of colder rainfall and outflow of hot runoff (the later is not captured in the surface schemes used 

in earth systems models). Latent heat cooling was a secondary - but non-negligible - contributor, 

while net radiation and sensible heat flux were insignificant under realistic, cloudy rainfall 
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conditions. More work is underway to further use the present model as a benchmark for 

developing and testing equivalent models of reduced complexity that can be efficiently 

embedded in coarse geophysical models such as WRF (i.e. embedded in the Urban Canopy 

Models in WRF, e.g. (Wang, Bou-Zeid, Smith, & Wang, 2013)). These geophysical models 

compute atmospheric properties and provide them to their surface modules so all input data 

needed by our model would be accessible. For offline applications like the ones in this paper, 

measured meteorological data would be required. 

An important next step the authors are undertaking is to conduct a sensitivity analysis of the 

model to different pavement and atmospheric parameters. This will enable us to investigate the 

effects of pavements characteristics (such as pavement heat conductivity, slope, etc.) and 

meteorological properties (such as air and rain temperature) on the cooling or heating processes 

of the problem. The outcome would allow us to document how design parameters affect urban 

pavement impacts so readers can apply our findings to urban design without necessarily 

implementing and running the model.  
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Table 1. Input pavements thermal and hydraulic properties, source: (Pourshams-Manzouri, 2013) 

Input Pervious 
HMA 

Impervious 
HMA 

Pervious 
PCC 

Impervious 
PCC Symbol 

Density (kg m–3) 2157 2238 2100 2100  
Specific heat capacity 

(J kg–1 K–1) 900 900 950 950 cg 

Thermal conductivity 
(W m–1 K–1) 0.57 1.2 1.1 1.1 kg 

Streamwise length (m) 3.3 3.3 3.3 3.3 l 
Porosity (non-zero for the 

pervious pavements) 0.21 - 0.21 -  

gρ

ϕ
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Figure Captions 

Figure 1. (a): Important thermal processes in the heat budget of the problem illustrated for a rough 

surface, (b): Runoff and subsurface domains and their boundary conditions. The variables are as defined 

in section 2.1.2. 

Figure 2. Experimental site and sensors. (a) the 4 types of pavements used (picture not from the present 

experiment: no stations were placed in the middle of each pavement), (b) the 3D printed hydrofoil with 

embedded thermocouples and the water depth sensor (CS616), (c) view of full set of instruments with the 

spray nozzles generating rain, and (d) the radiometer and WXT520 weather transmitter with a view of the 

runoff and rainfall impact. 

Figure 3. Effect of the mixing factor β on the ground surface temperature (left), and runoff temperature at 

2 mm above the ground (right) 

Figure 4. Comparison of the roughness for the impervious and pervious pavements of the measurement 

field. HMA is Hot Mix Asphalt and PCC is Portland Cement Concrete (PCC). 

Figure 5. Downstream runoff depth from the model output and the observations for impervious concrete 

(left), and impervious asphalt (right) 

Figure 6. Ground surface temperature (top panel), runoff temperature at 2 mm above the ground (middle 

panel), difference between ground surface and runoff temperature at 2 mm (bottom panel) from the model 

and the observations for impervious concrete (left panel), and impervious asphalt (right panel). 

Figure 7. Ground surface temperature from model output and the observations for pervious concrete 

(left), and pervious asphalt (right) 

Figure 8. Left: averaged (along the pavement) ground surface, air (= rain) , and vertically-averaged 

effluent temperature time series (at downstream). Right: time evolution of the difference between ground 

surface and water surface temperature values for x = 1 m, x = 20 m, and x = 50 m. 

Figure 9. Time series of the surface energy budget terms of the ground surface (left) and water surface 

(right) for the impervious (solid line) and pervious (dashed line) pavements.  
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Figure 10. Time series of different terms in the thermal budget of the whole water layer for the 

impervious parking pavement. 
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