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Abstract 

The present paper aims to study the impact of Nature Based 
Solutions (NBS) on the urban environment. The Surface Urban 
Energy and Water balance Scheme (SUEWS) is used to quantify the 
impact of NBS in the city of Heraklion, Crete, Greece, a densely built 
urban area. Local meteorological data and data from an Eddy 
Covariance flux tower installed in the city center are used for the 
model simulation and evaluation.  Five different scenarios are  
tested by replacing the city’s roofs and pavements with green 
infrastructure, i.e., trees and grass, and water bodies. The NBS impact 
evaluation is based on the changes of air temperature above 2m from 
the ground, relative humidity and energy fluxes. A decrease of the air 
temperature is revealed with the highest reduction (2.3%) occurring 
when the pavements are replaced with grass for all scenarios. The 
reduction of the air temperature is followed by a decrease in 
turbulent sensible heat flux. For almost all cases, an increase of the 
relative humidity is noticed, accompanied by a considerable increase 
of the turbulent latent heat flux. Therefore, NBS in cities change the 
energy balance significantly and modify the urban environment for 
the citizens' benefit. 
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1. Introduction 

Due to the increase of the population in cities [1,2], the deep 
understanding of the driving forces that influence the urban 
environment is of major importance. Urbanization impacts the 
environment in several ways [3], affecting the urban climate and making 
cities potentially vulnerable. Studies around extreme weather 
conditions connect the city structure and characteristics with these 
conditions. Specifically, a natural hazard appears to be exacerbated 
from the urban form that contains factors such as urban surface cover,  
urban fabric, and surface structure [4]. The type of surface cover in 
urban areas can increase the in-surface runoff and sensible heat flux 
and reduce the evaporation to the boundary layer of an urban area 
compared to a naturally vegetated area. The implications of the changes 
in urban surface cover impact human comfort, flooding, and pollutant 
dispersion mixing of the boundary layer. Even though such fluxes are 
not measured, they are very important for the local authorities' political 
management and decision-making on a spatial scale, whether at the 
neighborhood, block, or city level [5].  

According to various studies [6–9], resilience and sustainability should 
be taken into account in cities ‘management in order to address the 
emerging challenges as well as the effects of climate on a large scale. 
The anthropogenic activity in urban areas changes the water and 
energy use considerably. Surface cover alterations in the urban 
environment increase the sensible heat flux and surface runoff and 
reduce evaporation, compared to the natural environment [8]. This is 
mainly due to the materials used for the construction, lack of vegetation, 
and the emission of pollutants that affect the net wave radiation. The 
climate of an urban region is influenced directly by the release of the 
energy into the atmosphere. Therefore, the study of the energy fluxes 
of urban areas is essential. According to S. Rafael [7] there are three 
ways to approach and study the energy fluxes. Those are: 

• exploit the turbulent flux measurements produced from the Eddy 
Covariance (EC) method; 

• use a combined method with flux measurements and simulations; 
• use models that are designed to simulate the energy balance in the 

urban environment to link surface energy balance with climate.  

With the third method, the surface cover can be modified to study the 
energy fluxes and climate behaviors among different scenarios of 
surface cover patterns inside a city.  

The energy balance and, consequently, the energy fluxes are affected 
by several atmospheric variables. All net wave radiation is influenced by 
the solar radiation. Turbulent sensible and latent heat fluxes are 
influenced by atmospheric humidity, air temperature and wind speed. 
Soil moisture affects the latent heat, defined by precipitation. In turn, 
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energy fluxes also affect the atmospheric variables [10]. Modifying 
these variables, different scenarios of energy fluxes can be studied to 
improve sustainability in urban environments. 

Sustainability is defined as transforming living waves for the optimal 
support of the environmental and social conditions to human security, 
well-being, and health [11]. An urban environment's sustainability  
can be achieved using different alternatives such as Nature Based 
Solutions (NBS), or cool and highly reflective materials [12,13]. There is 
a strong interest in solutions that are based on natural ecosystems and 
lead to renaturing cities [14]. Studies on ecosystem-based solutions 
seem to be useful for water management, air quality, public health, and 
well-being [15]. Moving from an ecosystem-based approach to NBS to 
adapt and limit climate change impacts could be the solution for 
improving human health and well-being [16].  

NBS determines actions that are based on the copy, the inspiration, or 
the support from nature [17]. According to [18] NBS is the deployment 
of various features and processes inspired and supported by nature. 
This leads to the adoption of sustainability in urban, rural, and natural 
environments at multiple scales while dealing with social, economic, or 
environmental challenges providing several benefits that support 
sustainable development and resilience. 

Similar studies have been performed with modeling tools to predict 
the climate in urban areas by increasing the greenery inside the urban 
area or using cool roofs materials and cool pavements [19,20].  
Rafael et al. [7] use SUEWS for Porto’s city to study the behavior of 
energy balance inside the city according to these two scenarios. 
Another study in Einthoven uses NBS to assess local changes in heat 
fluxes and urban compaction [21]. Also, SUEWS has been tested and 
evaluated in different cities like Porto [8,22], Vancouver, and Los 
Angeles [5,23], London and Swidon [3], Helsinki and Montreal [24], 
Dublin [25,26], Shanghai [27]. The work performed in the framework 
of the BRIDGE project focuses on the urban metabolism using 
different models for the estimation of the local scale energy,  
water, carbon and pollutant fluxes [6]. Similar scenarios are studied  
by Li et al. [12] to explore the urban heat island over the  
Baltimore-Washington metropolitan area using Princeton Urban 
Canopy Model. Both of them use Weather Research and Forecasting 
model to supply the forcing meteorological data. The results seem to 
be similar even though the methods differ. Besides, Manoli et al. [28] 
pinpoint that using low vegetation to reduce the temperature  
through evapotranspiration could work mainly in cities with dry 
climatic conditions but not in tropical cities with high precipitation  
(P >1000 mm yr-1). In tropical cities would be more useful to increase 
shading and ventilation than using evaporative cooling. Also, the high 
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albedo materials, although they reduce the surface temperatures of 
cities, have a heating penalty during winter period  [29,30]. 

Although significant research is performed to show NBS potential to 
tackle urban heat island phenomenon, most of the studies are focusing 
on microclimatic scale using either field studies and data or microscale 
modelling [31–33]  or to access city scale using satellite data [34,35].  The 
aim of the present research is to couple field studies’ data extracted 
from meteorological station and EC tower with modelling techniques to 
evaluate the impact of NBS in city scale. The city of Heraklion, Crete, 
Greece is used as the case study. SUEWS model is used to investigate 
the energy fluxes in the center of the city [5,36–39]. The city's surface 
cover is changed to evaluate the energy fluxes when NBS are integrated 
into the city context. 

The paper is structured in four sections. Section 2 includes the 
methodology, the study area, the data, and a description of the SUEWS 
model and its evaluation in the study area. The various NBS scenarios 
for the city of Heraklion are analyzed and discussed in Section 3.  
Section 4 summarizes and presents the conclusions of the overall work.   

2. Materials and Methods 

The methodology followed in the present work is depicted in Figure 1. 
The city of Heraklion, Crete, Greece is selected as a case study as it 
ensures access to: 

• Detailed meteorological data from a meteorological station installed 
in the center of the city. 

• Access to EC tower and energy fluxes data. 

The SUEWS model (Section 3) is utilized to simulate the various fluxes in 
the city of Heraklion. The developed model is evaluated versus real data 
extracted by the EC tower. Data set from July 2018 is used for the 
evaluation of the model under the specific urban conditions. To evaluate 
the model, meteorological and net wave radiation data are collected 
from the EC tower and the radiometer, respectively. The monitoring 
procedure and mechanisms are described in Section 2.2.  

The evaluated model is then used to assess the incorporation of NBS in 
the urban area and improve the local environment.  
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Figure 1 The methodology for the NBS evaluation in Heraklion, Crete, Greece (adapted from [3]).  

2.1 Description of the SUEWS model 

The SUEWS model is a simple simulation model of energy and water 
fluxes (Figure 2). The model simulates energy balance (Figure 3) [40], 

𝑄∗ + 𝑄𝐹 = 𝑄𝐻 + 𝑄𝐸 + 𝛥𝑄𝑆      (1) 

where Q* is the net all-wave radiation, QF is the anthropogenic heat 
flux, QH is the turbulent sensible heat flux, QE is the turbulent latent 
heat flux and ΔQs is the net change in heat storage. 

Water balance in urban areas is expressed by [41], 

𝑃 + 𝐼𝑒 = 𝐸 + 𝑅 + 𝛥𝑆     (2)  

where P is precipitation, Ie is the water supplied by irrigation or street 
cleaning, E is the evaporation, R is the runoff (including above-ground 
runoff and deep soil runoff) and ΔS is the net change in the water 
storage (including water in the soil and water held on the surface). 

The specialization of SUEWS is mainly for urban areas and examines 
seven types of surface. The first type is the paved surfaces areas, i.e., 
roads, pavements and car parks, the second type is buildings, the third 
is evergreen trees including shrubs, the fourth is deciduous trees 
including shrubs, the fifth is grass, the sixth is bare soil, and the seventh 
is open water like swimming pools, rivers, etc.  
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Figure 2 The energy fluxes of SUEWS model. 

SUEWS development at first was focused on the urban water balance 
model [41] and the urban evaporation-interception scheme [42]. The 
SUEWS model is further developed with the addition of the following 
sub-models: 

• The Objective Hysteresis Model (OHM) that calculates the ΔQS from 
[43]. 

• The Net All-wave Radiation Parameterization (NARP) [44] that 
provides the Q*. 

• The Local-scale Urban Meteorological Parameterization Scheme 
(LUMPS) [45] that calculates an initial estimate of the atmosphere’s 
stability. 

The benefits of SUEWS are mainly two, i.e., the simplicity of the model 
and the undemanding requirements for inputs compared to other 
models.  As a result, the execution for different years and multiple grids 
can be accomplished using typical computing facilities [3]. SUEWS can 
be characterized either as an urban-scale model for standalone use or 
as a tool for decision-making by customizing scenarios for the urban 
planners and policymakers that fit their needs [46]. 

SUEWS was initially developed, parameterized, and evaluated using 
data that were collected from Vancouver suburban areas [5,41,42]. 
Other evaluations have been performed using data from cities such as  
Los Angeles [5], Montreal and Helsinki [36,47] and Dublin [48].  
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Figure 3 Overview of SUEWS model processes (adapted from Ward [3]).  

2.1.1 Net all-wave radiation model  

Net all-wave radiation is modeled using all radiations, 

Q* = (K↓ - K↑) + (L↓ - L↑)    (3) 

where K↓ is the short-wave incoming radiation, the K↑ is the outgoing 
short-wave radiation, L↓ is the longwave incoming radiation and L↑ is 
the longwave outgoing radiation. Short-wave incoming radiation is 
included to the input data while short-wave outgoing, longwave 
incoming and outgoing radiations are extracted using incoming short-
wave radiation. 

The calculation of outgoing short-wave radiation(K↑) is performed using 
a bulk albedo (a). Bulk albedo is modeled using the albedo of the 
different types of surfaces with the area scheme's fractions. The values 
of the albedo used in SEUWS are selected from Oke [40] and modeled 
bulk albedo to 0.14, also used for London and Swindon [3] Vancouver 
and Los Angeles [5]. The albedo and emissivity values are tabulated in 
Table 1. The specific values are not appropriate for the Heraklion site 
due to the lack of observational data. The methodology proposed by 
Ward et al. [3] is adopted in the present case to perform adjustments 
that lower the SEUWS bulk albedo due to the presence of buildings  
and paved surfaces. Moreover, the specific methodology enables  
the bulk albedo changes due to seasonal and vegetation variations  
(e.g., deciduous trees). 
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Table 1 The original values for albedo and emissivity have been used 
from Ward [3]. Different albedo values have been used for leaf-off/leaf-
on (Min/Max) for deciduous trees. 

Surface type Original Albedo Emissivity 
Paved 0.12 0.95 
Buildings 0.15 0.91 
Evergreen trees 0.10 0.98 
Deciduous trees 0.15-0.18 0.98 
Grass 0.21 0.93 
Bare soil 0.21 0.94 
Water 0.10 0.95 
Heraklion study site 0.14 - 

The calculation of incoming longwave radiation (L↓) is performed taking 
into account the cloud cover. Cloud cover is estimated using Tair and  
RH [44,49]. There is an overestimation for incoming longwave radiation 
that is due to the empirical relation that is used for the determination 
of cloud fraction [49]: 

FCLD (RH, Tair) = 0.185[exp{(0.00019 Tair+0.015)RH}-1 (4) 

The  L↓ is calculated using Eq. 5 [50], 

L↓= [εclear +(1-εclear) FCLD] σΤ4air  (5) 

where εclear is the clear-sky emissivity and σ is the constant of Stefan-
Boltzmann.  

The calculation of outgoing longwave radiation (L↑) is performed using 
the effective radiative surface temperature T0 and a small part from L↓, 

L↑= ε0σΤ40 + (1 - ε0) L↓    (6) 

Due to the inability of T0 determination in large areas [44] use an 
approximation replacing T0 with Tair, 

L↑= ε0σΤ4air + 0.08K↓ (1 - α0) + (1- ε0)L↓  (7) 

where α0 is the bulk surface albedo. 

2.1.2 Anthropogenic heat flux  

Anthropogenic heat flux, QF, is the energy released as a result of human 
activities, including the energy released from buildings due to the use 
of electrical devices (for heating, cooling, etc.), transportation and the 
human metabolism [51,52]. QF  has a significant impact on the energy 
demand in an urban environment [53–56]. The QF is estimated from 
SUEWS daily, according to Sailor and Vasireddy [57]: 

QF= ρpop [αF0+ αF1CDD+αF3HDD]  (8) 

where ρpop is the population density. The coefficients αF0,1,2 can be 
specified separately for weekdays and weekends. Including the heating 
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degree days (HDD) and cooling degree days (CDD) dependence in the 
formula QF is modeled with temperature variations reflecting the 
demand changes for building heating or cooling. The inventory data are 
used for the estimation of QF [58].  

2.1.3 Net Change in Heat Storage 

The calculation of the net change in heat storage, ΔQS, is realized with 
Objective Hysteresis Model (OHM) [43]: 

Δ𝑄𝑠 = ∑ 𝑓𝑖 [𝑎1𝑖𝑄∗ + 𝑎2𝑖
𝜕𝑄∗

𝜕𝑡
+ 𝑎3𝑖]𝑖    (9) 

where f is the surface cover fraction for each surface type, i, and t is the 
time. The OHM coefficients a1,2,3 are different for each surface type and 
are selected from the literature. The coefficients are collected in 
different ways. Most of them are calculated from empirical fits to 
observational data [59–61] and the others form simulation studies [62–64]. 

According to the diurnal cycle shape, the OHM seems to perform well at 
suburban sites during the summer months, with a small 
underestimation during the daytime. In the winter, there is an 
underestimation of ΔQS, so the coefficients have to be adjusted for two 
seasons [3]. The inability of this study to evaluate ΔQs is due to the lack 
of observational data. 

Considering the three-dimensional structure of the urban surface and 
including the wall area has been found that instead of improving 
performance using OHM, there is a decrease when the walls are 
essential [65]. Even so, the expectation of building construction 
dependence seems to be reasonable. Arnfield and Grimmond [62] 
created a numerical model to nominate α1,3 coefficients' dependence 
with the increase of height-to-width ratio and materials density in 
buildings. The importance of considering the characteristics of 
buildings for the selection of appropriate coefficients values to set OHM 
is evident. Several values have been tested to connect with the 
environment and the urban structure [47,59,66]. 

2.1.4 Latent heat flux 

The aerodynamic and surface resistances are required to model the 
turbulent latent heat flux, QE, using the Penman-Monteith equation 
[67,68] modified for urban areas [42]:  

𝑄𝐸 =
𝑠(𝑄∗+𝑄𝐹−Δ𝑄s)+𝜌𝑐𝜌𝑉𝑃𝐷/𝑟𝑎𝑣

𝑠+𝛾(1+𝑟𝑠 𝑟𝑎𝑣⁄ )
    (10) 

where ρ is the density of air, cρ the specific heat capacity of air at 
constant pressure, VPD the vapor pressure deficit, s the slope of the 
saturation vapor pressure curve, γ the psychometric constant, rav the 
aerodynamic resistance for water vapor and rs the surface resistance. 
rav determines the rate at which water vapor is transported by 
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turbulence between the surface and atmosphere. The surface 
resistance is analogous to the canopy resistance in natural 
environments and describes the environmental controls on evaporation 
for the whole urban surface [5,43]. Its reciprocal is the surface 
conductance gs. Despite several major land-surface models using g s to 
calculate evaporation and photosynthesis [69–71], it is challenging to 
simulate g s in a generalized way. Various approaches have been 
suggested and in SUEWS a Jarvis-Stewart formulation [5,72] is used: 

∑ (𝑔max 𝑖
𝐿𝐴𝐼𝑖

𝐿𝐴𝐼max 𝑖
𝑓𝑖)𝑖 𝐺1𝑔(𝐾↓)𝑔(𝛥𝑞)𝑔(𝑇𝑎𝑖𝑟)𝑔(𝛥𝜃)  (11) 

where the sum is over the three vegetated surfaces and weighted by 
the surface cover fraction f of each surface I, 𝑔max 𝑖  is the maximum 
conductance for surface i,  𝐿𝐴𝐼max 𝑖 is the (maximum) leaf area index for 
each surface i and G1 is a constant. 

The functions 𝑔(𝐾↓), 𝑔(𝛥𝑞), 𝑔(𝑇𝑎𝑖𝑟), 𝑔(𝛥𝜃) describe the control functions 
exerted by the incoming short-wave radiation (Κ↓), specific humidity 
deficit (Δq), air temperature (Tair) and soil moisture deficit (Δθ). In 
SUEWS_v2016a, the soil moisture deficit beneath vegetated surfaces is 
used, where soil moisture deficit is the loss of moisture from soil that 
hasn't be replaced from precipitation However, various empirical 
relations and alternative methodologies are provided in the literature 
for these control functions [5,68,72]. 

Ward [3] presented a new functional dependence on the control 
functions [3] with the main objective of relaxing the control of soil 
moisture on evaporation.  With the new set of parameters, the limiting 
𝛥𝜃 is much larger and thus more suitable for the Heraklion site. The new 
relations are designed to be less restrictive so that unrealistic values of 
the surface conductance (and QE) are avoided. In suburban areas, the 
diurnal pattern of both observed and modeled 𝑔 functions exhibit the 
expected behavior during summer, mainly determined by the changing 
ratio of VPD/QE where VPD is the vapor pressure deficit. Conductances 
are much smaller and have a less clearly defined pattern in areas with 
less vegetation, reduced moisture availability, and lower evaporation 
rates. In winter, the diurnal cycle is shorter, more symmetrical, and 
smaller in amplitude at suburban areas, while observed night-time 
values are higher at urban and suburban sites, probably due to higher 
wind speeds and damp surfaces. Observed 𝑔 functions are also higher 
than suggested by the model during winter daytimes [3].  

2.1.5 Sensible Heat Flux 

The turbulent sensible Heat flux is calculated as the residual of energy 
balance: 

QH = Q* + QF – ΔQS – QE   (12) 
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2.2 Description of the site and data requirements for SUEWS 

2.2.1 The city of Heraklion 

The study focuses on the city of Heraklion (35°20'N, 25°8'E). The city of 
Heraklion is the largest city on Crete and one of the larger in Greece. 
Heraklion has been selected in the past as a test urban area for the 
measurement of turbulent fluxes using a specific EC tower installed in 
the framework of URBANFLUXES project [73], which is part of the 
International Association for Urban Climate Urban Flux Network [74]. 
Heraklion is selected due to its cover/morphology, climate, and 
traffic/commuter. According to Koppen climate classification [75] 
Heraklion has a hot summer Mediterranean type Csa. The average 
temperatures in summer peaks can reach over 40 C° with a mean daily 
average of 25.7 C° for the July, the hottest month. In the summer days 
are warm to hot and dry (relative humidity drops from 68% in winter to 
56.3% in the summer) with clear skies often with seasonal breezes. The 
types and properties of buildings are highly variable across the city. 
Residential neighborhoods and commercial areas are included inside 
the city center mix of low and mid-rise buildings. Most of the buildings 
in the city center’s residential area are mainly old without any thermal 
insulation or building services such as heating ventilation and air 
conditioning. In the center of the city, buildings’ density is quite high 
(40-70%) while it is lower in the suburbs (10-30%). The EC tower has been 
installed in the core of the Heraklion city center (35°20'10''N, 25°8'58''E, 
elevation 30m above sea level [76]. The position of the EC tower is 
marked with a yellow cross in Figure 4.  

 

Figure 4 This image shows the site of the evaluation area. The EC tower 
and the simulated footprint that indicates the source area with the rate 
influence. The source area of the radiometer with the rate influence. 
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2.2.2 Monitoring data requirements 

The required data for the present study are: 

• Meteorological and radiation data from the sensors installed in the 
EC tower (hourly averaged data). The meteorological station is a 
Campbell Scientific IRGASON and measures the following: 

o short-wave radiation (K↓) 
o air temperature (Tair) 
o pressure (p) 
o relative humidity (RH) 
o wind speed (U) 
o precipitation (P) 

• Population density data from the national statistical services. 

• Surface cover data.  In this study Surface Cover data and Digital 
Surface Model (DSM) for buildings and trees are extracted from 
remote sensing [73,77]. Roughness length and displacement height 
are extracted from DSMs for trees and buildings using the 
Morphometric Calculator tool from UMEP processing tools. 
Morphometric Calculator tool is a plugin of UMEP environment that 
uses DSM to calculate morphometric parameters that are used the 
descriptions of the roughness of the surface and are included in 
various local and mesoscale climate models [46,78]. Due to the lack 
of initial soil moisture data, the value is set equal to 100% [79]. 

Α Kipp & Zonnen CNR1 Net Radiometer is installed to measure the fluxes 
used in the specific work. 

The characteristics of the site are tabulated in Table 2. 

Table 2 Characteristics of the source area for the Heraklion site. 

 Heraklion center urban  
area data (Figure 4) 

Surface cover fractions 
• Paved 
• Buildings 
• Evergreen trees 
• Deciduous trees 
• Grass 
• Bare soil 
• Water 

 
0.404 
0.532 
0.052 
0.000 
0.011 
0.001 
0.000 

Population density [ha-1] 57 
Mean building/tree height [m] 12/8.2 
Roughness length [m] (z0) 1.9 
Displacement height [m] (zh) 14.2 
Measurement height [m]  27 
Location 35°20'N, 25°8'E 
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2.3 Model evaluation  

The model evaluation focuses on the local/neighborhood scale fluxes at 
100m radius around the EC tower’s location. In Figure 4 the green 
dotted line defines the evaluation area. The EC observation source area 
depends on wind speed, direction, and stability [76]. The EC fluxes' 
origination area is calculated from the footprint model a few hundred 
meters of the flux tower. The upwelling source area of EC outlines are 
depicted in white color (60%,70%,80%,90%), and the radiometer isopleth 
is marked with the orange circle (Figure 4).  

The SUEWS model used for the simulation is 3.15.4 UMEP and is running 
offline with 5 min time-step. The resolution of the various 
meteorological data that are required for the model is 60 min. Linear 
interpolation is performed in a 5 min interval for all data apart from 
precipitation that is considered constant for a 60 min. The model 
outputs are averaged to 60 min to be comparable with the obtained 
observational data [3].  The indicated evaluation area is selected to 
match the source area of the radiometer for Q* [80] and urban fluxes 
(Figure 4). The model evaluation is performed using the data collected 
from the CNR1 radiometer and the EC tower collected from May to 
October 2018. 

The variables used for the model evaluation are all radiation variables. 
Root Mean Square Error (RMSE) and determination (R2) are used to 
compare the modeled versus the measured variables. 

The evaluation results for each variable are discussed in the following 
sub-sections.  

2.3.1 Net all wave radiation 

The measured vs modeled K↓, K↑, L↓, L↑ is depicted in Figure 5. The net-
all wave radiation evaluation results are depicted in Figure 6. The Q* 
model approximation is very high, with R2 reaching 0.99 and a scatter 
that is really small (RMSE = 54 W m-2). The errors of L↓ and K↑ are those 
that mostly affect the differences of modeled versus measured Q*.  The 
underestimation of K↑ is due to the area structure of radiometers 
footprint so the radiometer also has an error from the real reflected 
short-wave radiation. The error of L↓ is attributed to the estimation of 
the cloud cover; using the L↓ observational data Q* may be improved. 
It is important that simulation results have the same behavior as 
observational data. The study aims to investigate the behavior of 
different scenarios in the surrounding area of urban and suburban 
environments (see Figure 1). 
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Figure 5 modeled radiations by SUEWS versus observed from IR6 sensor.  

 

Figure 6 Modeled Q* from SUEWS versus IR6 calculated Q*.   
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The Q*overestimation (Figure 7) is attributed to the following factors: 

• The existence of street canyons in the larger source area of the CNR1 
radiometer affects the overall bulk albedo (≈0.2) [81]. The model 
used for the calculation of the albedo does not include the 
morphology of the area. The lack of optical interaction between 
paved and CNR1 radiometer overestimates the observational  
albedo [3].  

• The CNR1 radiometer is installed in a site to provide radiative fluxes 
that represent the EC footprint. On the other hand, the EC footprint 
is dynamic. It depends on the site’s characteristics and 
meteorological conditions (wind, etc.)  instead of the radiometer’s 
source area that is much smaller and constant in time and space. 

 

Figure 7 Hourly average Q* for July. There is a small overestimation for 
every hour of the day but still has the same scheme as the albedo is not 
the same for the reason mentioned before.  

2.3.2 Sensible heat flux  

The monitored versus modeled turbulent sensible heat flux is depicted 
in Figure 8. Turbulent sensible heat flux is calculated as the residual of 
energy balance. Therefore, the error of each one heat flux is 
accumulated to turbulent sensible heat flux. The RMSE is 61.36 W m-1, 
which is reasonable due to error propagation and the EC’s irregular 
source area that changes by time according to the wind speed, wind 
direction, atmospheric stability, and lateral dispersion qualities of the 
flow [76].  
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Figure 8 The hourly average of QH for July on the left and the sensible heat flux.    

A similar study in Porto with a warm-summer Mediterranean climate 
type Csb in Koppen showed differences between urban and suburban 
areas outside the city [22]. Compared to Heraklion, Porto has a lower 
average temperature during hot months with more wet winters with an 
average of 1.237 mm/year precipitation instead of 500.6 mm/year for 
Heraklion. The forcing data were modeled using the Weather Research 
and Forecasting Model (WRF) and compared with EC tower data. The 
final RSME of QH for urban areas reaches 85.9 W/m2 and 49.4 W/m2 for 
the suburban area for 1 August – 31 December 2014. The results showed 
a slightly better performance for the model when it is applied in 
suburban areas. Moreover, the model seemed to perform better in the 
specific study for measured forcing data.   

Another study in Helsinki [47], with humid continental climate type Dfb 
according to Koppen, took place in two sites, an urban and a suburban 
area. The results errors for the summertime were close to Porto and 
Heraklion. The RMSE for QH during summer was 67.1 W/m2 and 52.9 
W/m2 for the urban and suburban areas, respectively. The forcing data 
were extracted from EC towers, and the modeled data were compared 
with fluxes from EC tower. The error for the period of autumn in Helsinki 
was 38.3 W/m2 and 27.1 W/m2 for the urban and suburban areas, 
respectively. The study at Helsinki showed that the model seems to 
perform better for the autumn-winter compared to spring-summer.  

Even using the basic parameterization and forcing data, the model 
seems to perform well for different areas. The low requirements of 
input data make the model suitable for several studies that focus on 
surface energy balance. 
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3. Results and Discussion  

Following the SUEWS model development and evaluation for Heraklion, 
the evaluated model is utilized to analyze the impact of NBS on the 
specific urban area. The NBS that are proposed are mainly linked with 
greenery and water bodies development. Five different NBS scenarios 
are simulated and studied:  

1. Replacement of pavements with trees 
2. Replacement of roofs with grass 
3. Replacement of pavements with grass 
4. A mixture of replacement of roofs with grass and pavements with 

trees 
5. Replacement of pavements with water bodies  

The scenarios mentioned above change the evapotranspiration and the 
city area’s albedo, leading to changes in the energy fluxes. Increasing 
the city’s green areas, the turbulent latent heat flux increases and 
turbulent sensible heat flux decreases, leading to evaporative cooling. 
The changes in energy fluxes directly impact the air temperature and 
relative humidity (see Figure 3). The changes are discussed in the 
following subsections. 

3.1 Replacement of pavements with trees 

The surface cover fractions are changed in the specific scenario versus 
the baseline conditions tabulated in Table 2. Three different conditions 
are examined where different fractions are analyzed, i.e., 10%, 20% and 
30% increase of trees. The type of trees used are deciduous trees. The 
changes of air temperature in 2m height in the simulation area when 
replacing pavements with trees is depicted in Figure 9. The specific 
figure illustrates the air temperature for two days during the summer 
period when the urban overheating is present. The diurnal cycles for QH 
and QE for two days per each month during the summer period are 
illustrated in Figure 10 and Figure 11 respectively. The two days cycle is 
selected to show the diurnal cycle of air temperature, sensible and 
latent heat fluxes changes. The overall changes on a monthly basis for 
air temperature, relative humidity and fluxes are tabulated in Table 3. 

By replacing the existing pavements with deciduous trees, a reduction 
of air temperature occurs during the daytime. The decrease of air 
temperature peaks although it is almost 0.5K occurs for all months and 
for the 20% replacement of pavements as expected. A steep decrease of 
the air temperature occurs during nighttime for all months which is 
almost 1-2K. The air temperature when trees are inserted peaks faster 
than the normal (baseline scenario) before midday instead of the 
baseline scenario that temperature exceeds the trees scenario during 
the afternoon. As expected, the increase of greenery reduces the 
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sensible heat flux peaks during daytime and increases the turbulent 
latent heat fluxes respectively.  

The diurnal cycles of the sensible and latent heat fluxes with the 
increase of greenery follow closely the baseline patterns for all days in 
the summer period. The reduction of the sensible heat flux is higher 
during the daytime for both days and for all summer months and can 
be among 100-200 W/m2 in peak hours. During night the decrease of 
sensible heat flux is not so significant. By increasing the greenery from 
10% to 20% the decrease of the sensible heat flux during nighttime  
is negligible. 

 

Figure 9 Air temperature for 2 days during May, June, July and August for the replacement of 
pavements with trees. 

A decrease of Q* and ΔQs is noticed for all months (Table 3). Moreover, 
there is a decrease of turbulent sensible heat flux from the city to the 
atmosphere (QH) about 150 to 200 W/m2 depending the period  
(Figure 10) due to the other fluxes' changes as explained in Eq. 12. An 
increase of the turbulent latent heat flux (Figure 11), which is almost 
equal to the decrease of sensible heat flux, indicates an increase of 
evapotranspiration around the trees and an increase of the relative 
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humidity. When the decrease of QH is high, the Q* and ΔQs decrease is 
low and vice versa. For example, during July the percentage decrease of 
QH is the lowest one for both 10% and 20% replacement of pavements 
with greenery. During that month the Q* and ΔQs have their highest 
percentage of changes. This is in accordance with Eq. 12. The reduction 
of the Q* is attributed to the increase of the surface covers’ albedo 
when trees replace the pavements. The reduction of Q* follows the 
percentage of reduction of the heat storage in the areα for all months. 
The increase of greenery has a direct impact on the increase of latent 
turbulent heat flux as expected. The percentage of increase of QE is 
almost the same for all months and is on average 106% for 10% increase 
of greenery and 165% for 20% increase of greenery. Therefore, the 
presence of greenery significantly influences the fluxes’ energy balance 
which explains the increase of relative humidity and the slight decrease 
of the air temperature. 

  

Figure 10 Sensible heat flux for 2 days during May, June, July and August for the replacement of 
pavements with trees. 
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Figure 11 Turbulent Latent heat flux for 2 days during May, June, July and August for the 
replacement of pavements with trees. 

Table 3 Percentage of changes for all fluxes and for air temperature and relative humidity during 
the daytime on a monthly basis. 

Month Deciduous green trees replace pavements 10%  
Q* ΔQs QH QE Tair RH 

May -0.88% -4.51% -191.44% 103.80% -0.25% 4.24% 
June -0.95% -4.43% -84.07% 106.27% -0.47% 6.07% 
July -3.75% -16.92% -58.72% 104.49% -0.38% 5.23% 
August -1.16% -2.21% -63.96% 108.62% -0.10% 3.40%  

Deciduous green trees replace pavements 20%  
Q* ΔQs QH QE Tair RH 

May -1.77% -8.84% -329.88% 162.70% -0.30% 13.56% 
June -1.90% -8.56% -120.15% 163.74% -1.20% 23.54% 
July -7.50% -33.28% -90.28% 162.25% -0.77% 18.03% 
August -2.45% -4.30% -100.24% 169.45% -0.62% 14.08% 
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3.2 Replacement of roofs with green roofs 

In this scenario, the roofs of the city area of Heraklion are replaced with 
green roofs. Although green roofs have a different behavior than grass, 
the species used for green roofs in the area of Greece are local species 
similar to ones cultivated using ground soil. Moreover, in the scale that 
the scenario is analyzed the presence of greenery in rooftops changes 
the balance among the various fluxes as we can see from the results.  

To simulate this scenario, the concrete roofs are replaced with grass. 
Three different fractions are examined in this scenario, i.e., 10%, 20% 
and 30% replacement of roofs’ area with grass.  

Τhe changes in air temperature at 2m height for two days in the 
summer period are depicted in Figure 12, while the changes in sensible 
and turbulent latent heat flux are illustrated in Figure 13 and Figure 14 
respectively. The air temperature peaks are decreasing while the 
percentage of green roofs is increasing. During peak daytime hours, the 
air temperature decrease can reach up to 1-1.5K. The diurnal 
fluctuations of the air temperature do not change with the presence of 
the green roofs. Also during the early night hours (e.g. between 22:00 
to 4:00) the temperature is not significantly decreased with 10 or 20% 
increase of greenery while there is a significant decrease with 30% 
replacement of roofs with greenery. On the other hand, we can notice a 
considerable decrease of air temperature between 4:00–8:00. 

The sensible heat flux is decreased as depicted in Figure 13 especially 
during daytime. During night the levels of sensible heat flux are not 
changed in a great extent. Another critical aspect is the fact that with 
the presence of greenery the lower values of sensible heat flux occur 
during late afternoon which is very important for the urban context.  

Again, the increase of the turbulent latent heat flux (Figure 14) is 
present in this scenario, from 150 W/m2 for May to 350 W/m2 for July for 
the scenario of changing 10%. This difference increases along with the 
rise of green roofs area, while a significant increase of relative humidity 
is noticed that can reach 33.32%.  

The replacement of roofs with grass reduces the Q* since the  
surface albedo increases (Table 4). Moreover, the changes of  
air temperature at 2m height are illustrated, showing a significant 
decrease for this scenario that during daytime can reach up to 1-1.5K. 
This is also tabulated in Table 4 where for daytime during May a 
decrease of air temperature of 0,8% is noticed while in July and August 
this percentage reaches 2.2% and 1.8% respectively. The highest 
decrease is pinpointed when a 30% increase in grass is performed.  
The decrease of sensible heat flux due to the replacement of the roofs 
with green roofs is in accordance with similar previous publications that 
studied the performance of green roofs and their urban heat mitigation 
potential [18]. 
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Table 4 Percentage of changes for all fluxes and for air temperature and relative humidity during 
the daytime on a monthly basis for the replacement of roofs. 

Month Green roofs replace existing roofs 10%  
Q* ΔQs QH QE Tair RH 

May -1.12% -2.73% -32.90% 70.37% -0.68% 3.81% 
June -1.10% -3.20% -52.12% 81.92% -0.94% 6.91% 
July -4.32% -9.75% -44.78% 79.99% -0.84% 5.67% 
August -1.35% -1.40% -43.09% 79.90% -0.52% 3.07%  

Green roofs replace existing roofs 20%  
Q* ΔQs QH QE Tair RH 

May -2.25% -5.32% -145.35% 141.49% 0.43% 11.79% 
June -2.20% -6.20% -105.34% 143.42% -0.85% 21.85% 
July -8.58% -19.14% -77.79% 139.11% -0.64% 16.78% 
August -2.83% -2.71% -81.23% 143.33% -0.57% 11.67%  

Green roofs replace existing roofs 30%  
Q* ΔQs QH QE Tair RH 

May -3.37% -7.78% -303.30% 193.89% -0.83% 19.01% 
June -3.30% -8.99% -142.67% 187.28% -2.22% 32.07% 
July -12.85% -28.11% -102.26% 182.29% -1.82% 24.62% 
August -4.31% -3.94% -109.92% 188.83% -1.62% 18.69% 

 

Figure 12 Air temperature for 2 days during May, June, July and August for the replacement of 
roofs with green roofs. 
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Figure 13 Sensible heat flux for 2 days during May, June, July and August for the replacement of 
roofs with green roofs. 



Green Energy and Sustainability, 2021, 1(1), 0003  Page 24 of 42 

 

Figure 14 Turbulent latent heat flux for 2 days during May, June, July and August for the 
replacement of roofs with green roofs. 

3.3 Replacement of pavements with grass 

In this specific scenario, three alternatives are examined, i.e., 10%, 20% 
and 30% replacement of pavements with grass. The impact of the 
replacement of pavement with grass on the air temperature is depicted 
in Figure 15. The decrease of air temperature reaches almost 1K for 30% 
replacement of grass for July. The fluxes differences on a monthly basis 
are tabulated in Table 5. The reduction of QH (Figure 16) is attributed to 
the overall balance of the fluxes based on Eq. 12, and it is mainly due to 
the significant increase of the turbulent latent heat flux and the 
decrease of the net wave radiation for the box of Figure 2. Again, the 
results are similar to the previous case of replacing roofs with grass. The 
turbulent latent heat flux increases between 200 and 400 W/m2 
proportionally to the replacement of grass (Figure 17), and the sensible 
heat is decreased between 100 and 250 W/m2 (Figure 16). In almost all 
cases a slight increase of relative humidity is noticed. 
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Figure 15 Air temperature for 2 days during May, June, July and August for the replacement of 
pavements with grass. 
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Figure 16 Sensible heat flux for 2 days during May, June, July and August for the replacement of 
pavements with grass. 

Table 5 Percentage of changes for all fluxes and for air temperature and relative humidity during 
the daytime on a monthly basis for the replacement of pavements with grass. 

Month Grass replace pavements 10%  
Q* ΔQs QH QE Tair RH 

May -0.92% -4.76% -41.44% 71.66% -0.71% 3.73% 
June -0.94% -4.81% -54.75% 83.47% -0.96% 6.65% 
July -3.55% -17.53% -45.38% 81.62% -0.86% 5.47% 
August -1.09% -2.34% -43.99% 81.28% -0.55% 3.02%  

Grass replace pavements 20%  
Q* ΔQs QH QE Tair RH 

May -1.84% -9.27% -157.34% 144.44% -1.37% 7.82% 
June -1.88% -9.25% -109.00% 146.50% -1.85% 15.88% 
July -7.09% -34.30% -79.21% 142.65% -1.58% 12.78% 
August -2.31% -4.52% -83.04% 146.40% -1.26% 9.61%  

Grass replace pavements 30%  
Q* ΔQs QH QE Tair RH 

May -2.76% -13.51% -313.03% 197.33% -2.02% 12.27% 
June -2.82% -13.32% -144.70% 191.02% -2.67% 22.63% 
July -10.63% -50.26% -103.44% 186.39% -2.18% 17.32% 
August -3.53% -6.53% -111.86% 192.87% -1.99% 16.80% 
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Figure 17 Latent heat flux for 2 days during May, June, July and August for the replacement of 
pavements with grass. 

3.4 Replacement of pavements with trees and grass and roofs with 
grass 

The specific scenario is a combination of two of the above and allows 
the study of the interrelations between the various NBS alternatives. 
The temperature decrease also occurs in this scenario and exceeds 1K 
during daytime, as depicted in Figure 18. The percentage of change for 
the air temperature monthly and during the daytime is greater than 2% 
except for May, which shows a smaller decrease. The decrease of Q* is 
slightly higher than the one noticed when the roofs are replaced with 
grass   due to the reduction of surface albedo for replacing higher 
percentage area of buildings and paved using higher albedo fractions 
(Table 6). The turbulent latent heat flux has the same behavior with the 
1st scenario where the pavements are replaced with trees and grass, 
and it is in accordance with the replacement of roofs with grass. The 
decrease of the QH in Figure 19 is explained by the increase of the 
turbulent latent heat flux in Figure 20. The results are similar with 
scenarios 2 and 3, when grass replaces 30% of roof or pavements. This 
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is attributed to the fact that trees are combined with grass replacing 
paved and roofs. A very small air temperature decrease occurs when 
trees and grass replace pavements and roofs respectively, as depicted 
in Figure 18. The temperature difference exceeds 1K. 

 

Figure 18 Air temperature for 2 days during May, June, July and August for the replacement of 
pavements with trees and grass and roofs with grass. 
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Table 6 Percentage of changes for all fluxes and for air temperature and relative humidity during 
the daytime on a monthly basis for the replacement of pavements with trees and roofs with grass. 

Month Grass replace roofs 20% and pavement 10%, trees replace pavements 10% 
 Q* ΔQs QH QE Tair RH 
May -3.51% -13.22% -328.26% 206.59% -1.07% 26.77% 
June -3.43% -13.02% -148.99% 197.64% -2.84% 42.88% 
July -13.34% -49.47% -107.42% 192.83% -2.17% 32.97% 
August -4.46% -6.31% -116.59% 199.59% -2.11% 26.26% 

 

Figure 19 Sensible heat fluxes for 2 days during May, June, July and August for the replacement of 
pavements with trees and grass and roofs with grass. 
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Figure 20 Latent heat fluxes for 2 days during May, June, July and August for the replacement of 
pavements with trees and grass and roofs with grass. 

3.5 Replacement of pavements with water 

Although replacing pavements with water bodies is very difficult to be 
applied in the specific site, the changes that occur are examined. The air 
temperature during two days is depicted in Figure 21, the sensible heat 
flux in Figure 22 and the turbulent latent heat flux in Figure 23. The 
fluxes differences on a monthly basis are tabulated in Table 7. A 
negligible air temperature decrease is noticed when water bodies are 
used during daytime. Also during July, the differences are higher, as 
depicted in Table 7. The Q* is increased due to the decrease in water 
albedo versus the pavements. The same occurs for QE as expected, and 
during daytime evaporation is increased, about 40 W/m2 for May, the 
RH is increased by 1.09% due to QΕ increase. A decrease occurs for QH 
over 100 W/m2, almost the same amount of QΕ rise, for all months based 
on the Eq. 12.  
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Table 7 Percentage of changes for all fluxes and for air temperature and relative humidity during 
the daytime on a monthly basis for the replacement of pavements with water. 

Month Water bodies replace pavements 10%  
Q* ΔQs QH QE Tair RH 

May 0.00% -1.41% -82.89% 48.24% -0.29% 0.96% 
June 0.00% -2.45% -38.36% 40.26% -0.25% 0.92% 
July 0.00% -4.62% -21.33% 39.56% -0.24% 1.09% 
August 0.13% -0.84% -24.79% 42.45% -0.17% 0.63% 

 

Figure 21 Air temperature for 2 days during May, June, July and August for the replacement of 
pavements with water. 

The NBS scenarios simulation results using SUEWS model shows that 
albedo has a considerable impact on the net-all wave radiation as 
expected and seems to be a critical parameter when urban overheating 
mitigation measures are adopted. The application of NBS in the specific 
site shows that for all cases, i.e., green infrastructure or water bodies, 
the air temperature at 2m height is reduced versus the baseline. The 
percentage of replacement also plays a critical role in the improvement 
of climatic conditions at the site.  Moreover, the lower the K↑ the higher 
the Q* and ΔQS are the energy that is trapped inside the buildings. 
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Figure 22 Sensible heat flux for 2 days during May, June, July and August for the replacement of 
pavements with water. 

Since the version of the model we use does not allow to change the 
pavements' albedo, the interrelation of both highly reflective materials 
with NBS is not possible. Nevertheless, it should be noted that although 
with the replacement of pavements with trees, the albedo reduces, the 
air temperature at 2m high is lower than the baseline. Therefore, 
incorporating highly reflective materials and green infrastructure will 
have a significant impact on reducing air temperature and surface 
temperature. An interesting finding is the impact of grass on the air 
temperature and relative humidity. The selection of the most 
appropriate solutions should consider the relative humidity of the air in 
the site to not create discomfort due to the increase of relative humidity. 
The grass seems to positively impact lowering air temperature without 
changing the relative humidity of the air significantly. Concerning water 
bodies, it is well recognized that they contribute to the decrease in air 
temperature, but relative humidity changes are considerable. 
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Figure 23 Turbulent Latent heat flux for 2 days during May, June, July and August for the 
replacement of pavements with water. 

On the other hand, precipitation, irrigation, and water availability 
should be a significant concern in applying water bodies in cities. Using 
grass to replace pavements shows a reduction in the air temperature 
that reaches 2.27%, but also using grass can achieve a decrease of 
1.82%. This reduction could be due to changes in the albedo that help 
reduce the energy balance. The rise of the turbulent latent heat flux that 
reaches almost 200% and the sensible heat flux reduction that reaches 
100% shows that the amount of sensible heat fluxes is replaced by 
turbulent latent heat fluxes. This is also shown in the figures of sensible 
and turbulent latent heat flux (Figures 13,14,16,17,19,20). The turbulent 
latent heat flux from 120 W/m2 in the baseline reaches 500 W/m2 in 
some scenarios, and the sensible heat flux reduces to 100 W/m2. The 
highest rise in turbulent latent heat flux is during August for combined 
roof and pavements to grass and trees that exceed 200%, and this is 
probably due to the significant change in the surface cover, i.e., the 
percentage of buildings and pavements is reduced from 95% to 55%. 
Using trees, there is a reduction about 0.79% to the temperature but not 
as high as when grass is used. This is probably due to the lower rise on 



Green Energy and Sustainability, 2021, 1(1), 0003  Page 34 of 42 

albedo when the trees are applied, so the net radiation is higher than 
applying grass. The evapotranspiration increases more using grass. As 
a result, the sensible heat flux is also (Figure 10) higher (100W/m2) 
during the day instead of applying grass that, in every case, is lower than 
100W/m2 (Figures 13,16,19). 

4. Conclusions 

The urban climate model SUEWS is evaluated and used for NBS cases to 
modulate the microclimate inside the local urban environment. The site 
of interest is a dense metropolitan area in Heraklion, Greece, and 
consists of buildings and pavements mostly (≈93%). The model 
simulates the energy balance using meteorological data and incoming 
short-wave radiation. 

The overall approach and modeling procedure has been performed 
according to the literature to allow comparisons with other studies. The 
model has a user-friendly interface, while primary remote sensing and 
meteorological data can provide valuable results concerning the urban 
fluxes. Modifying the remote sensing data, as landcover and DEMs, can 
offer any scenario for different site structures for several study purposes.  

The use of the simple SUEWS model version used in the present study 
has a limitation concerning the parameterization for the characteristics 
of the surface components. The advanced version requires more data 
related to the characteristics of elements for each sub-model, 
anthropogenic parameters and water use of the modeled site that 
increase the parametrization complexity.   

The study shows that incorporating green infrastructure in various 
forms in a densely built city reduces the air temperature above ground 
while decreasing the sensible heat flux considerably. The air 
temperature and sensible heat flux are decreased according to the 
increase of the various spaces’ green coverage.  Α significant finding is 
the change of relative humidity and turbulent latent heat flux, which 
seems very high in some cases especially when the grass is 
incorporated. This may significantly impact the urban comfort levels 
and be correlated with the local climatic conditions. 

Although challenging to incorporate in urban outdoor spaces, water 
bodies have a considerable impact on the urban environment regarding 
outdoor temperature reduction and relative humidity. At the same time, 
they create pleasant spaces for citizens.   

Therefore, the incorporation of NBS in cities change the energy 
balances significantly and modify the urban environment for the 
citizens’ benefit. The quantification of the NBS impact on citizens’ 
comfort and health is of great importance. At the same time, it 
contributes to reducing the energy demand for cooling and mitigation 
of the urban heat island. 
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List of Symbols and Abbreviations 

Q* Net all-wave radiation W/m2 
QF Anthropogenic heat flux W/m2 
QH Turbulent Sensible heat flux W/m2 
QE Turbulent Latent heat flux W/m2 
ΔQs Net storage heat flux W/m2 
P Precipitation mm 
Ie Water supplied by irrigation or street 

cleaning 
 

E Evaporation  
R Runoff  
ΔS Net change in the water storage  
K↓ Short-wave incoming radiation W/m2 
K↑ Short-wave outgoing radiation W/m2 
L↓ Longwave incoming radiation W/m2 
L↑ Longwave outgoing radiation W/m2 
FCLD Cloud fraction   
ε0 Emissivity of surface  
εclear Clear-sky emissivity  
σ Constant of Stefan-Boltzmann  
T0 Surface temperature Co 
ρpop Population density Ha-1 
αF0,1,2 Anthropogenic heat flux coefficients  
a1,2,3 OHM coefficients  
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f Surface cover fraction  
ρ Density of air kg m−3 
cρ Specific heat capacity of air at constant 

pressure 
J kg−1 K−1 

VPD Vapor pressure deficit Pa 
rav aerodynamic resistance m s−1 
rs Surface resistance m s−1 
rav Rate at which water vapor is transported by 

turbulence between the surface and 
atmosphere 

m s−1 

gs Surface conductance  
S slope of the saturation vapour pressure 

curve 
Pa K−1 

γ Psychrometric constant Pa K−1 
LAI Leaf area index  
g Control exerted function  
G1 Constant for gs  
Tair Air temperature  
p pressure  
RH Relative humidity  
U Wind speed  
z0 Roughness length  
Δθ Soil moisture deficit  
Δq Specific humidity deficit  
zh Displacement height  
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