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SLAB (ONE-TILE) SURFACE ENERGY BALANCE SCHEME:    

MODEL DESCRIPTION AND PRELIMINARY VALIDATION                    

FOR AN URBAN SITE AND A WETLAND SITE 

KRZYSZTOF FORTUNIAK1 , MARIUSZ SIEDLECKI1 , WŁODZIMIERZ PAWLAK1 ,                                       

JAN GÓROWSKI2  

Abstract. Adequate modelling of the heat balance of different surface types is key to improving high-resolution numerical 

weather forecasts. The problem is particularly relevant in urbanised areas, which, due to their significant accumulation                 

of infrastructure and high population density, are particularly vulnerable to the effects of climate change. The paper presents 

an exhaustive description of the surface energy balance model developed by the Department of Meteorology and Climatology 

at the University of Lodz over the past two decades. The model uses a simple slab approach, wherein the canopy layer                     

is regarded as a flat surface (a tile) with specific “bulk” physical parameters (radiative, aerodynamic, thermodynamic                   

and hydrological). It was initially developed for use in urban areas, but since it is based on rather general parametrisations          

of surface–atmosphere fluxes, it can be applied to any land cover with specific “surface slab” parameters. Here we compare 

the model outputs with the measured flux data from two very distinct ecosystems: an urban setting and a wetland. Despite          

its simplicity, the model generally represents well the features of the heat balance of both wetlands and urban areas. The la-  

tent heat flux is best represented and the sensible heat flux and the radiation balance somewhat less well, probably due                     

to the assumption that all energy exchange occurs on an infinitesimal flat active surface. 
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Introduction 

Urban areas have become a subject of partic-      

ular interest in the age of climate change 

(Rosenzweig et al. 2018). They occupy only about 

3% of the Earth's land area (Nazarian et al. 2023), 

but contribute significantly to human impact         

on the climate. Urban agglomerations form “hot 

spots” on the map of greenhouse gas exchange, 

which contribute to more than 70% of global emis-

sions (Lwasa et al. 2022; Seto et al. 2014). Fur-

thermore, over half of the global population 

(~55%), resides in urban areas. In Europe, this 
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proportion is almost three-quarters (74%), while 

in Poland it stands at ~60%. At the same time,     

due to high population densities and substantial in-

frastructure accumulation, these areas are highly 

vulnerable to climate change (IPCC 2024). Seri-

ous risks may arise from the synergy of global ef-

fects with urban climate singularities. For exam-

ple, the urban heat island (Oke 1973, 1982) can 

pose a particular threat to the health and even       

the lives of city dwellers during heat waves (Ho    

et al. 2023; Cheval et al. 2024). Improving the ac-

curacy of urban weather and climate prediction      

is therefore critical to the protection of human 

health and the strengthening of urban resilience. 
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To achieve this goal, it is necessary to adequately 

model the surface–atmosphere heat, mass and mo-

mentum exchange at the urban scale (Grimmond 

et al. 2009; Lipson et al. 2023). Therefore, many 

research groups have recently been involved in de-

veloping models for parametrising the energy bal-

ance of urban surfaces. Models of considerable di-

versity in complexity have been developed that    

in disparate ways address city morphology, vege-

tative cover, radiation processes, turbulent fluxes, 

hydrological balance and the anthropogenic heat 

and moisture emission (Grimmond et al. 2009, 

2010, 2011; Lipson et al. 2023). 

The aim of this work is to characterise           

the surface energy balance model that has been de-

veloped in the Department of Meteorology           

and Climatology at the University of Lodz over 

the last two decades. The model, originally created 

in 2003 (Fortuniak 2003), was compared with oth-

ers within the framework of the first International 

Project for the Comparison of Urban Land Sur-

face Models (PILPS-Urban) (Grimmond et al. 

2009, 2010, 2011) and more recently in the Urban-

-PLUMBER project (Lipson et al. 2023). The im-

provements made to the model over the past two 

decades, and the practical lack of a reasonably 

complete description of the model, led to the un-

dertaking of this study. 

The model was initially developed for use in 

urban areas, but since it is based on rather general 

parametrisations of surface–atmosphere fluxes,     

it can be applied to any land cover with specific 

“surface slab” parameters. To preliminarily evalu-

ate the model's performance in very different eco-

systems, we compare the results with flux data 

from two sites: an urban area and a wetland. 

General model description, input 

and output variables 

The model uses a simple slab approach, wherein 

the canopy layer is regarded as a flat surface            

(a tile) with specific “bulk” physical parameters 

(radiative, aerodynamic, thermodynamic and hy-

drological). No singularities of the surface geom-

etry or physical processes within the canopy layer 

are taken into account. Similarly, the model does 

not explicitly consider vegetation coverage, but 

rather incorporates it into the parameters defining 

the canopy slab. The parameters of “urban slab” 

used in the model are: 

Cg – heat capacity [J·m˗3·K˗1], 

kg – thermal conductivity [W·m˗1·K˗1], 

α – albedo, no snow, 

αS – albedo, snow cover, 

ε – emissivity, no snow, 

εS – emissivity, snow cover, 

SMCmin – minimum soil moisture content,  

SMCmax – maximum soil moisture content,  

z0m– roughness length for momentum [m]. 

Other input parameters are: 

z1 – effective level of forcing data                          

(z1 = zdata − zdispl.) [m], 

QAnt. – anthropogenic heat flux [W·m˗2] (option-

ally), 

Pyr – mean (climatological) annual precipitation 

total [m]. 

Forcing variables: 

Kd – downward shortwave radiation [W·m˗2], 

Ld – downward longwave radiation [W·m˗2], 

Tz1 – air temperature at level z1 [K], 

qz1 – specific humidity of the air at level z1, 

uz1 – wind speed at level z1 [m·s˗1], 

Rf – rainfall intensity [kg·m˗2·s˗1], 

Sf – snowfall intensity [kg·m˗2·s˗1]. 

For an energy balance defined in the form: 

               Q∗ + QAnt. = QH + QE − QG            (1) 

where: Q∗ = Kd − Ku + Ld − Lu is radiation bal-

ance, QH is sensible heat flux, QE is latent heat 

flux and QG is heat flux to the ground (surface 

slab), the model calculates upward shortwave, Ku, 

and longwave, Lu, radiation and the fluxes QH, QE 

and QG.  

Radiation budget 

The upward shortwave and longwave radiation is 

determined by the well-known equations: 

                      Ku =  Kd(1 −  α)                       (2) 

and  

                Lu =  Ld(1 −  ε) + εσTSurf
4              (3) 

where σ is Stefan-Boltzmann constant and TSurf is 

the surface temperature. 

Temperature evolution of surface 

slab and heat flux to the ground 

The temperature evolution in the vertical profile    

in the ground (surface slab), TG, is determined 
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through the numerical solution of a one-dimen-

sional heat diffusion equation:  

                         
∂TG

∂t
= νg

∂2TG

∂z2                           (4) 

with the Crank–Nicolson scheme employed          

for n = 14 levels with varying thicknesses:        

di = 0.005, 0.01, 0.015, 0.02, 0.025, 0.03, 0.05, 

0.1, 0.2, 0.5, 1.0, 3.0, 5.0 and 10.0 m (νg = kg/Cg 

is thermal diffusivity in m2·s˗1). The bottom 

boundary conditions are defined by a con-          

stant temperature, which is taken to be equal                      

to the mean annual air temperature for the loca-

tion:  

              TG,n(i + 1) = TG,n(i) = const.           (5) 

where TG,n(i + 1) and TG,n(i) represent the 

ground temperature of level n in iteration i + 1 

and in iteration i, respectively. The upper bound-

ary conditions are defined by the surface energy 

balance, which can be expressed as: 

 TG,1(i + 1) =                       

= TG,1(i) +
∆t

Cgd1
(Q∗ + QAnt. − QH − QE − QG)    (6) 

Finally, the QG is determined as: 

                  QG = 2kg

(TG,1(i)−TG,2(i))

(d1+d2)
               (7) 

Sensible heat and momentum flux 

The sensible heat and momentum fluxes                    

in the kinematic form are determined based            

on the concept of the friction velocity, u∗,                   

and the temperature scale, T∗: 

                              w′u′̅̅ ̅̅ ̅̅ = u∗
2                         (8) 

                          w′T′̅̅ ̅̅ ̅̅ = −u∗T∗                      (9) 

The u∗ and T∗ are computed from the integrated 

flux profile relationship: 

u∗ = uz1 ∙ k [ln (
z1

z0m
) − Ψm (

z1

L
) + Ψm (

z0m

L
)]

−1

 (10) 

T∗ = (Tz1 − TSurf) ∙ k [ln (
z1

z0h
) − Ψh (

z1

L
) + Ψh (

z0h

L
)]

−1

   

(11) 

where Ψm and Ψh are integrals of the universal 

functions for momentum and heat, uz1 [m·s˗1]     

and Tz1 are the wind speed and air temperate          

at height z1, k is von Kármán constant (taken as 

0.35). The surface temperature, TSurf, is the tem-

perature of the first ground level TSurf = TG,1.    

The stability parameter, z1/L, is found from its re-

lation to the bulk Richardson number, defined        

in the model as: 

        Rib = gz(Tz1 − TSurf)/(Tz1 ∙ uz1
2 )          (12) 

In the case of a locally unstable situation              

(Rib < 0), the iterative solution of the relation:  

    z1/L = Rib

[ln(
z1

z0m
)−Ψm(

z1
L

)+Ψm(
z0m

L
)]

2

[ln(
z1

z0h
)−Ψh(

z1
L

)+Ψh(
z0h

L
)]

      (13) 

is used, whereas, for a stable case, the analytical 

form is applied from Mascart et al. (1995): 

z1/L = [ln (
z1

z0m
)]

2

[ln (
z1

z0h
)]

−1

Rib(1 + 4.7Rib)  (14) 

The modified formula proposed by Brutsaert 

(1982) is used for calculation of roughness length 

for heat: 

z0h = z0m/exp (3.0(z0m ∙ u∗ νa⁄ )0.25 − 2.0)  (15) 

where νa is the air kinematic molecular viscosity. 

Finally, the sensible heat flux QH [W·m˗2] and mo-

mentum flux Qτ [N·m˗2] are defined as: 

                    QH = cp ∙ ϱa ∙ w′T′̅̅ ̅̅ ̅̅                    (16) 

                          Qτ = ϱa ∙ u∗
2                        (17) 

where cp is air specific heat at constant pressure   

[J·kg˗1·K˗1] and ϱa– air density [kg·m˗3].  

Additionally, the turbulent atmospheric resistance 

for heat, r [s·m˗1], is calculated as: 

                 r = (Tz1 − TSurf)/w′T′̅̅ ̅̅ ̅̅                (18) 

Water balance and latent heat flux 

The latent heat flux is calculated using the bulk 

transfer and resistance concept: 

QE = Lν ∙ E = Lν ∙ ϱa ∙ w′q′̅̅ ̅̅ ̅̅ = 

             =  Lv ∙  ϱa
(qsat(TSurf)−qz1)

r+rs
                (19) 

where Lν – latent heat of vaporisation [J·kg˗1],         

E – evapotranspiration [kg·m˗2·s˗1], qsat(TSurf) – 

– saturated specific surface humidity as a function 

of surface temperature. The additional surface re-

sistance 𝑟𝑠 is assumed to be zero in the case               

of the water on the surface (QE equals potential 
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evaporation); otherwise, it is calculated using          

a method similar to that proposed by Best (1998): 

              rs = min {
rs,min

fS∙fM∙fe∙fT
, rs,max}         (20) 

The minimum, rs,min, and maximum, rs,max, are 

set as 40 and 5∙104 s·m˗1. The functions for solar 

radiation, fS, soil moisture content, fM, vapour 

pressure deficit, fe, and temperature, fT, are de-

fined as follows:  

– the function for solar radiation fS (Dolman et al. 

1991): 

                         fS = 1.25 (
Sd

Sd+a1
)                  (21) 

where Sd means total downward shortwave radia-

tion [W·m˗2] and a1 = 250 W·m˗2, 

– the function for soil moisture content, fM (Dick-

inson et al. 1991): 

           fM = {
1.0 if SMC ≥ 0.5

2 × SMC if SMC < 0.5
        (22) 

– the function for vapour pressure deficit, fe 

(Dickinson et al. 1991): 

                         fe = 1.0 −
∆ea

∆ea+a2
                   (23) 

where ∆ea = esat(TSurf) − ez1 is the vapour pres-

sure deficit [hPa] and a2 = 30 hPa, 

– the function for temperature, fT (Dickinson et al. 

1991): 

       fT = max{a3 ∙ Tz1 ∙ (a4 − Tz1), 0.04}      (24) 

where Tz1 is air temperature [°C] and a3 =                

= 1.6 ∙ 10˗3, a4 = 50°C. The minimum value of fT 

is set to 0.04 to avoid zero QE flux at low temper-

atures. 

The water balance (in the absence of snow 

cover) is calculated on the assumption that only      

a thin layer of the surface slab, with a thickness 

Gp [m], is directly subjected to precipitation/evap-

oration processes that alter its moisture content, 

SMC. If water is present at the surface, it is as-

sumed to completely cover the surface plate with 

a thin layer of Ws [m], with a maximum thickness 

of Ws,max. Depending on whether or not there is    

a liquid water layer on the surface the SMC 

changes in each iteration step, ∆SMC, are calcu-

lated as: 

∆SMC = {

−E ∙ ∆t/(ϱw ∙ Gp) if Ws = 0

IR ∙ ∆t/Gp if 0 < Ws < Ws,max

(IR ∙ ∆t + Ws − Ws,max)/Gp if Ws ≥ Ws,max

    

(25) 

where  IR  is  a   infiltration   rate   [m·s˗1]  (IR =  
= min{aIR ∙ Ws, IR,max} with aIR = 8.33 ∙ 10˗4 · s˗1 

and IR,max = 1.0 ∙ 10˗4 m·s˗1, ϱw– water density 

[kg·m˗3]. The last line in the above equation repre-

sents a rapid increase in SMC under heavy rainfall. 

In addition, the maximum, SMCmax, and mini-

mum, SMCmin, values of SMC are set as site-spe-

cific parameters. Those parameters are estimated 

separately, taking into consideration the surface 

characteristics that determine properties of the sur-

face slab (e.g., fractions of the area of impervious 

surface, trees, grass, bare soil and water surface). 

The SMCmin determines QE at equilibrium when 

the direct effect of precipitation vanishes. Physi-

cally, this can be interpreted as the formation          

of water flux from deeper layers during the dry pe-

riod and/or constant anthropogenic water supply 

of urban slab, which maintain the surface layer 

moisture at the minimum level. The SMCmax de-

termines the water storage capacity of the surface 

slab and, in combination with Gp, it is responsible 

for the rate of recession of QE to equilibrium.         

To include the effect of a long-term dry/wet period 

on evapotranspiration, the SMCmin is assumed       

to vary slowly depending on cumulative precipita-

tion: 

SMCmin = SMCmin(1 − 0.5(∆t/tyr) ∙ (1 − P∆t/Pyr)) 

(26) 

where tyr is the period of 365 days in seconds,      

∆t – iteration step [s], P∆t – precipitation (rain-    

fall + snowfall) in iteration step Pyr – mean (cli-

matological) annual precipitation total for the se-

lected location. This equation means that                 

the SMCmin can drop by half within the year             

if the annual sum of precipitation is zero. Moreo-

ver, it is assumed that the SMCmin cannot be 

greater than 0.6 SMCmax. 

The change in surface water in each iteration 

step is determined by precipitation, infiltration   

and evapotranspiration: 

             ∆Ws = (Rf − E − ϱw ∙ IR)∆t/ϱw       (27) 

If the level of the water on the surface, Ws,            

exceeds the fixed maximum value Ws,max it is      

assumed to be removed by runoff processes             
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at the end of each iteration. Thus, the runoff inten-

sity, Rrunoff [kg·m˗2·s˗1], is defined as: 

     Rrunoff = Rf − E − ∆SMC ∙ Gp ∙ ϱw/∆t     (28) 

Then the water level on the surface is lower        

than potential evaporation QE is calculated as                     

a weighted mean of potential evaporation (QE for 

rs = 0) and actual evapotranspiration (QE for  

rs > 0), with weights proportional to the ratio       

of energy used to evaporate actual water to the en-

ergy of potential evaporation. 

The modelling of the heat balance in the pres-

ence of snow assumes that the snow forms a uni-

form layer that completely covers the surface slab. 

The model does not account for the presence          

of snow in isolated patches. However, in the case 

of a relatively limited amount of snow, it is as-

sumed that it covers the surface slab for only a por-

tion of the time step, which is consistent with       

the structure of the patches. Moreover, it is possi-

ble that a thin layer of liquid water covers the snow 

layer. The single snow layer with a depth DS [m] 

and temperature TSnow is analysed. This physical 

snow depth is assumed to be ten times the water-

equivalent snow depth (Chen, Dudhia 2001).      

The additional heat flux from the snow layer            

to the ground is considered to be: 

                       QSG =
2(TSnow−TG,1)

DS/kSnow+d1/kg
              (29) 

Although the thermal diffusivity for snow, kSnow, 

depends on the porosity of the snow, it is set to be 

0.35 W·m˗1·K˗1 in the present model. When there 

is snow cover, the snow temperature is taken as        

a surface temperature and snow albedo and emis-

sivity are used in radiation balance. Additional 

heat used for melting/freezing processes is consid-

ered. 

In the event of snowfall or snow cover                      

on the surface, the water balance and QE are cal-

culated separately for the following cases: 

1. There is no melting process and no liquid wa-

ter on the surface (i.e., available energy is less 

than needed to warm snow to the melting tem-

perature and no liquid water on the surface): 

1.1. The surface is covered by snow during       

the whole iteration period: QE is calculated 

as a potential evaporation from snow;         

the snow albedo and emissivity are taken 

for calculations of upward shortwave, Ku, 

and longwave, Lu, radiation.  

1.2. The surface is covered by snow during part 

of the iteration period: the above char-        

acteristics (QE, Ku, Lu) are calculated           

as weighted means, with weights propor-

tional to the ratio of energy used for snow 

evaporation to the potential evaporation en-

ergy. 

2. Melting is taking place, or a liquid water       

and snow layers exists on the surface; some 

liquid water infiltrate the ground and some 

evaporate: 

2.1. All the snow melts: the energy used              

for melting snow is subtracted from the heat 

balance, and then the scheme for water bal-

ance with surface water formed by melting 

snow is applied. The Ku and Lu are calcu-

lated as weighted means with albedo          

and emissivity for snow and bare surface, 

using weights proportional to the ratio          

of energy used to melt snow to the total 

available energy. 

2.2. Not all the snow melts: 

2.2.1. Not all surface water (liquid + snow) 

evaporates: QE is calculated as a weighted 

mean of potential evaporation from water 

and snow; snow albedo and emissivity are 

used in Ku and Lu calculations. 

2.2.2. All surface water (liquid + snow) evap-

orates: QE is calculated as a weighted 

mean of potential evaporation from wa-

ter and snow (QE for rs = 0) and actual 

evapotranspiration (QE for rs > 0);   

similarly, Ku and Lu are calculated          

as weighted means with albedo              

and emissivity for snow and bare sur-

face. Weights are proportional to the en-

ergy used for each process. 

Experimental data used for valida-

tion 

Data from two eddy-covariance measurement 

sites, representing urban and wetland conditions, 

were selected for preliminary model validation. 

The urban site was located at 81 Lipowa St.             

in Lodz, central Poland (51°45′45′′N, 19°26′43′′E, 

204 m a.s.l.) in the western part of the densely 

built-up city centre. The immediate vicinity            

of the site is characterised by compact develop-

ment. In this part of the city, artificial surfaces 

(buildings, roads, pavements, etc.) cover ~50–        

–70% of the surface. Vegetation (mainly small 

lawns) covers 38% of the total area and is inter-

spersed with buildings. The data were collected  

on a thin mast, 20 m in height, located on the roof 

of a 17-m-tall building. The measurement height 

was thus 37 m above ground level, which is more 
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than twice the height of the canopy. The build-  

ings surrounding the site are of similar height         

to the trees, resulting in a well-formed urban can-

opy with an average height zH =11 m. Therefore, 

it can be assumed that the measurements were 

made above the roughness layer. Based on            

the simple rule of thumb zd = 0.7zH, the displace-

ment height zd is estimated to be 7.7 m.                 

The roughness length for the momentum around 

the measurement site averaged z0m = 1.7 m. 

More information on the site, the city's structure 

and the local climate conditions can be found in, 

e.g. Offerle et al. (2006), Pawlak et al. (2011, 

2016), Fortuniak et al. (2013), Fortuniak, Pawlak 

(2015). The present study uses data from 

2009.09.11 to 2014.07.26. 

The wetland site (53°35′30′′N, 22°53′32′′E, 

109 m a.s.l.) was located in north-eastern Poland 

in the Middle Biebrza Basin of the Biebrza Na-

tional Park near the village of Kopytkowo.           

The vegetation in the source area of the eddy-           

-covariance system was dominated by a mixture   

of sedges, reeds and rushes, which is typical          

for the wetlands of the Biebrza River. Mean vege-

tation height varied from ~0.8 m in the western 

sector (mainly covered by sedges) to ~2.0 m in    

the eastern sector (mainly covered by reeds).      

The measurement height was 3.7 m above ground. 

The roughness length for the momentum around 

the measurement site averaged z0m = 0.15 m. See 

Fortuniak et al. (2017, 2021) and Pawlak et al. 

(2016) for a detailed description of the site, instru-

mentation and data proceedings. The data used      

in this study cover the period from 2021.01.01       

to 2022.12.31. 

Results and discussion 

The choice of physical parameters that character-

ise the surface slab is crucial to the simulation re-

sults. The presented simulations for urban site 

used the same parameters as in the Urban-

PLUMBER project (Lipson et al. 2023). The ra-

diative and dynamic parameters were set                

using experimental data: α =0.09 ε =0.09                

z0m = 1.7 [m], while the thermo-moisture pa-

rameters Cg =1.95·106 [J·m˗3·K˗1], kg = 0.85      

[W·m˗1·K˗1], SMCmin = 0,05, SMCmax = 0.19 

were adjusted as a weighted average of typical tile 

parameters (Tab. 1), with weights proportional      

to the fractions of the major surface coverages: im-

pervious surfaces, trees, grass, bare soil, water sur-

faces. Such an approach is the result of a compar-

ison of different cities in the second phase                 

of the project. Thus, these parameters are not        

optimised for the Lipowa location, which            

may reduce the accuracy of the simulation, but                 

at the same time makes the results more universal. 

Table 1 

Soil parameters for various surface coverages used to estimate urban slab parameters 

 

 

 
𝐶𝑔 × 106  

[J·m˗3·K˗1] 

𝑘𝑔 

[W·m˗1·K˗1] 
𝑆𝑀𝐶𝑚𝑖𝑛 𝑆𝑀𝐶𝑚𝑎𝑥 

impervious surfaces 2.20 1.00 0.00 0.00 

trees 1.00 0.20 0.20 0.80 

grass 1.50 0.70 0.18 0.80 

bare soil 2.00 1.00 0.05 0.50 

water surfaces 4.20 0.55 1.00 1.00 

For the wetland site, the thermal parameters 

characteristic of partially dry peat were chos-        

en as Cg = 1.90·106 [J·m˗3·K˗1] and kg = 0.15            

[W·m˗1·K˗1], and the soil moisture was set as 

SMCmin = 0.40 and SMCmax = 0.99. Empirical 

values were used for the radiative and dynamical 

parameters: α = 0.18, ε = 0.9, z0m = 0.15 [m]. 

The simulations for both the urban and wetland 

sites assumed liquid precipitation and no snow 

cover, due to the unavailability of precipitation 

type and snow cover information.
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Fig. 1. Modelled and measured mean diurnal course of the energy balance component                                                      

in the seasons for the urban site and the wetland site

The modelled and measured averaged       

daily courses of the energy balance components     

in the seasons are shown in Figure 1 and the cor-

responding fit statistics in Table 2. In general,         

at both the urban and wetland sites, the model cor-

rectly captures the main features of the diurnal pat-

tern of the heat balance components. The domi-

nance of sensible heat over latent heat during day-

light hours, characteristic of urban areas, is clearly 

visible. However, midday QH values are clearly 

underestimated in spring and summer, while 

nighttime values are overestimated in all seasons. 

Contrary to QH, the radiation balance is underesti-

mated during the day and overestimated during   

the night, except in winter, which is a consequence 

of the excessive amplitude of the modelled up-

ward longwave radiation. In contrast, the diurnal 

evolution of the latent heat flux is surprisingly 

well reproduced by the model. 

In the case of the wetland site, the model per-

forms slightly better. The latent heat flux is signif-

icantly higher than the sensible heat flux, which   

is particularly pronounced in the summer months. 

With the exception of winter, the highest values   

of modelled QH and QE are very similar to meas-

ured ones. However, in the afternoon, the mod-

elled sensible heat flux is higher than the measured 

one. The radiation balance values in the mid-      

day hours are, as in urban areas, underestimated 

by the model.
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Table 2 

Model fit statistics for measured data for hourly mean values of the energy balance components for the urban site 

and the wetland site in the seasons 
Explanations: mean bias error (MBE [W·m˗2]), mean absolute error (MAE [W·m˗2]),                                                            

root mean squared error (RMSE [W·m˗2]), Willmott’s goodness of fit (d), and coefficient of determination (R2) 

 urban site  wetland site 

 MBE RMSE MAE d R2 MBE RMSE MAE d R2 

 Spring 

𝑄∗ ˗6.2 24.5 20.3 0.993 0.997  ˗10.0 17.8 12.1 0.995 0.999 

𝑄𝐻  6.2 21.1 19.6 0.939 0.988  9.9 12.9 10.4 0.979 0.971 

𝑄𝐸  ˗1.4 6.0 5.6 0.963 0.986  ˗2.1 8.9 7.7 0.990 0.982 

 Summer 

𝑄∗ ˗21.3 39.0 28.8 0.987 0.997  ˗16.2 21.6 16.2 0.996 0.999 

𝑄𝐻  6.1 25.1 23.0 0.927 0.982  15.4 18.2 15.4 0.929 0.920 

𝑄𝐸  ˗0.8 4.9 4.5 0.993 0.998  ˗1.7 7.0 4.5 0.999 0.995 

 Autumn 

𝑄∗ 7.7 14.8 13.9 0.992 0.999 

 

˗4.4 7.4 4.5 0.997 0.999 

𝑄𝐻  13.6 17.0 15.1 0.872 0.989 9.3 10.7 9.5 0.934 0.973 

𝑄𝐸  ˗3.0 4.0 3.8 0.964 0.985 ˗6.1 7.9 6.5 0.979 0.967 

 Winter 

𝑄∗ 16.5 16.7 16.5 0.962 0.997 

 

5.1 9.6 5.5 0.976 0.999 

𝑄𝐻  9.2 9.6 9.2 0.853 0.988 14.0 17.2 14.0 0.673 0.915 

𝑄𝐸  ˗5.7 5.9 5.7 0.511 0.960 ˗7.0 7.1 7.0 0.674 0.955 

Similar conclusions can be drawn from                 

an analysis of monthly averages (Fig. 2, Tab. 3). 

The model performs well in the case of latent heat 

flux and overestimates sensible heat flux. The ra-

diation balance is underestimated in summer       

and overestimated in winter. The fact that              

the model works quite well for QE and worse for 

QH is also confirmed by comparing the measured 

and modelled values of QH and QE (Fig. 3).             

The sensible heat flux is generally overestimated 

at low values and underestimated at high values, 

and the relationship is not linear. The effect is 

more pronounced at the urban site (where higher 

QH values are typically observed) than at the wet-

land site.   

Fig. 2 Modelled and measured monthly means of the energy balance component for the urban site                         

and the wetland site 
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Table 3 

Model fit statistics for measured data for monthly means of the energy balance components for the urban site  

and the wetland site 
Explanations: mean bias error (MBE [W·m˗2]), mean absolute error (MAE [W·m˗2]),                                                                   

root mean squared error (RMSE [W·m˗2]), Willmott’s goodness of fit (d), and coefficient of determination (R2) 

 
urban site  wetland site 

MBE RMSE MAE d R2 MBE RMSE MAE d R2 

𝑄∗ ˗0.8 15.5 14.0 0.970 0.998 ˗6.4 10.6 9.0 0.991 0.996 

𝑄𝐻  8.8 9.7 8.8 0.938 0.974 12.3 13.0 12.3 0.821 0.903 

𝑄𝐸  ˗2.7 3.6 3.0 0.981 0.986 ˗4.2 5.5 5.0 0.994 0.995 

 

Fig. 3. Modelled against the observed sensible heat flux (QH) and latent heat flux (QE)                                         

for the urban site and the wetland site.  
All available (light dots) and bin-averaged (mean ± standard deviation – dark diamonds) data

Concluding remarks 

The presented scheme belongs to the simple ap-

proaches to parametrisation of the surface energy 

balance. This is not only due to the slab approach 

itself, but also because the tile parameters remain 

constant over time and uniform across all layers. 

Allowing these parameters to vary might improve 

the model. For example, the thermal properties     

of the soil could be set to depend on moisture    

content or vary with the seasons. In addition,                

the model assumes that the radiation exchange 

surface is flat and completely opaque. This results 

in large temperature gradients in soil and can con-

sequently affect the sensible heat flux. In fact,      

for both urbanised areas and most natural ecosys-

tems, the surface slab is more like a porous me-

dium, in which radiation is absorbed/emitted 

through a process of multiple reflections in a layer 

of a certain thickness. Therefore, it would be more 

natural to assume that the surface is semi-opaque 

and that the exchange of radiation does not only 

take place through a thin layer of the flat active 

surface. 

Nevertheless, the implementation of such en-

hancements might reduce model efficacy by in-

creasing the number of computational opera-   

tions involved. The current model is characterised 

by a fairly fast performance while reproducing    

the basic features of the heat balance across               

a range of surface types, as exemplified in the pre-

sented case. Without increasing the complexity, 

the quality of the simulation can be improved        

by optimising the parameters of the surface slab. 
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In the present simulation, these parameters were 

estimated based on the physical properties of var-

ious soils and materials. Instead, the porous-like 

nature of urban and wetland ecosystems suggests 

that the properties of their slabs may diverge con-

siderably from those of solid materials. 

It is also noteworthy that, as demonstrated    

by Grimmond et al. (2009, 2010, 2011) and Lip-

son et al. (2023), despite the mentioned limita-

tions, the presented scheme exhibits comparable 

performance to more complex algorithms. When 

considered alongside numerical efficiency, this 

proves the significant potential of slab models. 
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