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ABSTRACT 
Water and heat flows for three different types of surface found within Stockholm, Sweden, 
were simulated with a soil-vegetation-atmosphere transfer (SVAT) model. The infiltration 
process of a till soil was investigated to estimate the importance of preferential water flow. 
The seasonal pattern of soil moisture content could be simulated without taking preferential 
flow into consideration. However, specific infiltration events showed clear indications of 
preferential flow. The surface heat fluxes of a paved road could be simulated reliably with 
model parameterisation based on independent information. The impact of the urban 
modified climate on evapotranspiration (ET) from vegetated surfaces was simulated by making 
changes to the meteorological forcing in the form of increased long-wave radiation and 
enhanced nocturnal air temperature. Long-wave radiation had the most influence on ET, 
enhancing transpiration from low vegetation and soil evaporation, whereas air temperature 
mainly increased transpiration from tall vegetation. The results are useful for 
parameterisation of distributed hydrological and meteorological models. 
 
 

Keywords: infiltration; till soil; surface temperature; evapotranspiration; transpiration; surface 
heat balance; SVAT model 
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INTRODUCTION 
Although urban areas represent only a small 
fraction of the Earth’s surface, the urban 
environment affects a considerable 
proportion of its population. Predictions 
show that by the year 2025, almost two 
thirds of the world’s population will live in 
urban areas (World Resources 1998-1999). 
Understanding these built up areas is 
therefore of great interest in the creation of 
a healthy environment for an increasing 
number of urban dwellers. 
The nature of urban areas results in some 
major differences in its surface and 
atmospheric properties compared to those 
of its rural counterpart (Oke 1987). 
Partitioning of water is altered due to vast 
areas of low permeability and effective 
drainage through sewer systems. Building 
materials and urban geometry affect the 
thermal properties and the radiation balance. 
The rough urban surface results in altered 
aerodynamic characteristics, with effects on 
the transport of mass and heat from the 
surface to the atmosphere. 
Understanding the processes regulating the 
urban water and surface heat balance is 
significant in many ways. How precipitation 
is divided into evapotranspiration, runoff 
and infiltration affects groundwater recharge 
and the groundwater level. This is of major 
importance since many urban constructions 
require a stable groundwater level. 
Partitioning of net radiation into sensible 
and latent heat affects air temperature and 
humidity, and thereby human comfort in 
densely populated areas.  
Meteorologists studying e.g. the urban heat 
island and pollution dispersion within and 
from urban areas need to understand the 
surface heat balance in order to make precise 
parameterisations for their meso-scale 
meteorological models (Martelli et al. 2002). 
Urban areas consist of a mosaic of surfaces 
with very different properties. The 
distinction between a built up area and an 
adjacent vegetated area is huge. The 
approach when studying the urban area can 

either be based on a large scale (1 km to 
several km) i.e. on a compound urban 
surface consisting of patches with very 
different surfaces characteristics, or by 
looking at the surface on a small scale (a few 
m to several 100 m) i.e. at the individual 
urban patches that together build up the 
urban surface. The former has the advantage 
of including the net effect that the individual 
different surfaces might have on each other. 
The disadvantage is that it becomes difficult 
to explain the processes involved in more 
detail. This approach has been used in some 
hydrometeorological work, e.g. by 
Grimmond and Oke (1991) who presented 
an evapotranspiration-interception model 
for urban areas with a Penman-approach 
using a single integrated surface resistance 
for the whole system. The surface resistance 
was calibrated and validated against eddy-
correlation measurements of latent heat flux 
conducted at such a height that the 
observations represented a net flow from 
many different surfaces. 
The small scale approach describes the 
processes involved for the individual 
surfaces in more detail. When scaling up to a 
larger area the knowledge from the 
individual surfaces can be used, which may 
lead to a more detailed understanding of 
how the large urban surface is related to its 
smaller sub-areas. This approach is necessary 
to better understand and predict 
consequences caused by changes within the 
urban areas (Bruse and Fleer 1998). Detailed 
descriptions of the physical environment for 
built up areas including canyon geometry 
effects on the heat balance have been 
produced (Masson et al. 2002, Martelli et al. 
2002) but these are limited to homogeneous 
built up areas and do not take vegetated 
surfaces into consideration. There are still 
considerable uncertainties regarding the 
partitioning of the surface energy balance 
components in urban areas, especially the 
interaction between vegetated and non 
vegetated areas. Understanding the 
behaviour of individual surfaces is a 
prerequisite before we can begin to 
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understand the urban environment as a 
whole. 
This work focuses on water and heat 
balances for different surfaces that can be 
found within the urban area. The objectives 
were: (i) to describe the surface heat and 
water balances of different surfaces and to 
identify key processes governing their 
behaviour; (ii) to test a simulation tool 
regarding its capability for use for urban 
surfaces, (iii) to quantify the impact that the 
urban climate has on vegetated surfaces. 
Three papers (I-III) are presented to 
quantify the role of three different surface 
characteristics that are found in the urban 
environment of Stockholm, Sweden. In 
brief, the respective papers deal with: 

(I) The infiltration process of water 
into a till soil. The role of 
preferential water flow is 
discussed on the basis of 

modelled and measured soil 
water contents. Parameter values 
that can be used for water flow 
modelling of till soils are 
presented. 

(II) The surface heat balance of a 
paved road. The aim was to test 
how well a physically based 
model could simulate the heat 
balance based on independent 
estimated parameters. The model 
was tested against net radiation, 
road surface temperature, heat 
flow within the road and sensible 
heat flux. 

(III) The possible impact that the 
urban modified climate has on 
vegetated areas. Changes to 
evapotranspiration were 
identified and quantified on the 
basis of simulated scenarios. 

 

 

THE URBAN ENVIRONMENT 
As mentioned, the urban environment 
behaves very differently when compared 
with the surrounding countryside. The urban 
heat island, a generally warmer climate in  
urban areas (Landsberger 1981), is one of 
the most obvious effects caused by the 
urban built up environment. The processes 
governing the urban heat island summarise 
the most important urban effects on the 
heat and water balances. This phenomenon 
has been attributed to factors including (see 
e.g. Oke 1982 and Taha 1997): 

- Increased H and reduced LE.  This 
is caused by the reduced vegetation 
cover and the limited availability of 
water on the urban surfaces due to 
rapid drainage through sewer 
systems. 

- Trapping of incoming and outgoing 
radiation caused by the urban surface 
geometry. 

- Anthropogenic heat release from 
buildings and traffic. 

A common assumption is that rapid 
drainage leads to reduced groundwater 
recharge, which is not always correct (Lerner 
1990, 1997). Urban groundwater recharge is 
complex, with many factors affecting 
whether it is higher or lower than in 
equivalent rural areas. There is no direct 
evidence that the rapid drainage is at the 
expense of groundwater recharge, and it may 
well be at the expense of reduced evapo-
transpiration. Similarly, evapotranspiration is 
sometimes assumed to be a negligible term 
in the water and heat balances due to the 
reduced vegetation cover, which may not 
always be the case. In a study of 10 North 
American cities, it was shown that evapo-
transpiration constituted 20-40 % of the 
daily net radiation (Grimmond and Oke 
1999). Evapotranspiration is thus a 
significant term for both urban hydrologists 
and urban meteorologists. Therefore, a 
holistic approach, considering both water 
and heat balances, has to be used in order to 
obtain reliable hydrological and meteoro-
logical estimates. 
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WATER AND HEAT BALANCES 
Much of the work in this study is based on 
the fundamental laws of mass and energy 
conservation. The mass flow of evapo-
transpiration (E) and its energy equivalent, 
the latent heat flow (LE), link the water and 
surface heat balances (Figure 1). The 
equations for the water and surface heat 
balance are generally given as: 

SREP ∆++=    (1) 

GLEHRnet ++=    (2) 

where precipitation (P) equals the sum of 
evapotranspiration, runoff (R) and storage 
(∆S) in the water balance equation, and net 
radiation (Rnet) equals the sum of turbulent 
fluxes of sensible (H) and latent heat and the 
heat flux into the ground (G) in the heat 

balance equation. Both the water and the 
surface heat balance have to be taken into 
consideration when studying the processes 
of a surface, as they influence each other. 

Rnet

H LE

G

Energy balance Water balance

P

E

∆S
R

R  

Figure 1. Conceptual view of the surface heat 
(left) and water (right) balances. 

 

 

 

TURBULENT TRANSFER 
For a surface exposed to the atmosphere, air 
movement over the surface is the main 
driving force for the transfer of mass and 
heat, i.e. the transfer of the H and LE (E) 
terms in (1) and (2). Except for a very thin 
layer close to the surface, the air stream 
moving above a surface is turbulent, and 
heat and matter are transported by the 
random eddies in the moving air. A widely 
used approach to estimate the turbulent 
fluxes of mass and heat is the eddy viscosity 
hypothesis, which is based on an assumed 
analogy between molecular and turbulent 
transport (Arya 2001). The turbulent 
transport is then related to variable gradients 
and exchange coefficients. For momentum, 
the turbulent transport is expressed as: 

( dzduKm / )ρτ =    (3) 

where ρ is the air density, Km is the turbulent 
exchange coefficient for momentum and 
du/dz is the change in wind speed (u) with 
height (z). At neutral stability, when the 
potential temperature does not vary with 
height, the wind profile near the surface is 
found to be logarithmic: 

( ) 







= ∗

0

ln
z
z

k
uzu    (4) 

where u(z) is the wind speed at height z, u* is 
the characteristic wind velocity, k is von 
Karman’s constant and z0 is the roughness 
length of momentum. Similar logarithmic 
profiles are found for temperature and water 
vapour and define their characteristic scales 
and roughness lengths. If z0 and the wind 
speed at a height z are known, the exchange 
coefficient for momentum can be 
determined by: 

zkuKm *=     (5) 

and similarly the exchange coefficients for 
heat and mass can be determined. However, 
the atmosphere near the surface is rarely at 
neutral stability and the exchange 
coefficients have to be compensated for 
atmospheric thermal instabilities. The 
framework of the Monin-Obukov similarity 
theory with the stability parameter φ (z/L) is 
a frequently used method for estimating the 
mass and heat transfer for non-neutral 
conditions (Arya 2001). L is the so-called 
Monin-Obukov length, which can be 
determined from measured gradients of 
wind speed and temperature at one or more 
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heights. The exchange coefficient for 
momentum is then given by: 

( )Lz
zkuK

m
m /

*

φ
=    (6) 

where φm is the stability function for 
momentum. The shape of φm and the shapes 

of similar functions for water vapour and 
heat have been determined from 
experimental data. The respective exchange 
coefficient for the transfer of heat and water 
vapour may be defined and estimated in a 
similar way. 
 

 

MODELLING APPROACH 
The same simulation tool was used in all 
three papers in this study. However, the 
simulation approach was different between 
the papers.  In (I), the model was used as a 
tool to elucidate and identify the importance of 
different infiltration processes. The model 
was calibrated and validated against 
measurements and parameter values were 
suggested that could be used for water flow 
modelling. In (II), the approach aimed to test 
how well the model could perform based on 
an independent parameterisation from 
generally available information. The model 
performance was compared against 
empirical data. In (III) the model was used 
to quantify the effects that the urban 
modified climate has on vegetated surfaces. 
The differences in how different vegetation 
covers responded to the changed urban 

climate in evapotranspiration were demon-
strated.  
The tool used in this work, the CoupModel, 
is a mass and heat transfer model for the 
soil-vegetation-atmosphere system originally 
presented by Jansson and Halldin (1979) as 
the SOIL model. The basic assumption is 
the conservation of the heat and water 
balances (i.e. (1) and (2)). The model 
represents, one dimensionally, the water and 
heat dynamics of a layered soil. Water flows 
are described by Darcy’s law and heat 
transport by Fourier’s law. There are a 
number of sub-routines considering for 
example evapotranspiration, interception 
and snowmelt. Important parts of the model 
as it was used in this work are described in 
detail in the respective papers (I-III). A 
more complete description with references 
to different applications is available by 
Jansson and Karlberg (2001). 

 

RESULTS 

Water flow in a till soil 
Till soils are common in Sweden, covering 
approximately 95 % of the country 
(Lundquist 1977) and till is the dominating 
soil type in the Stockholm region. In (I) the 
importance of preferential flow for 
infiltration of water into a till soil is 
discussed. The soil water dynamics affect the 
runoff, groundwater recharge and the transit 
time in soil. A good description of the soil 
water dynamics is also a prerequisite for 
obtaining an appropriate lower boundary 
condition for evapotranspiration estima-
tions. 
Preferential water flow in till soils has been 
indicated in several studies (Espeby 1992, 

Beldring 2002) but field-based knowledge of 
preferential flow is to a large extent still 
lacking. In a till slope NW of Stockholm, 
soil water dynamics were monitored by  
means of Time Domain Reflectometry of 
soil water content. The measurements 
showed a rapid response of soil water 
content throughout the soil profile after 
several rainfall events. This indicated quick 
transport of water through the soil profile. 
When modelling the soil profile a strict one-
domain Darcian concept and a two-domain 
concept accounting for bypass flow of the 
matrix system were used. The observed fast 
response was best represented by the two-
domain approach, while the response for the 
one-domain approach was significantly 
delayed with time and depth. The general 
behaviour of the soil water content 
throughout the season was, however, best 
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Figure 2 Soil water contents at 15 cm depth during three months. Simulated soil water content, with and 
without bypass flow, and measured soil water content. 
simulated with a one-domain approach 
(Figure 2). The purpose of the simulation 
therefore has to play a decisive role when 
choosing simulation approach. For instance, 
when studying the heat fluxes from the 
surface, the amount of water available for 
evapotranspiration is important and one can 
use a strict Darcian approach that describes 
the soil water variability over the season 
well. However, when looking at solute 
transport, where it is of interest to know 
how long water is retained in the buffering 
part of the soil, a model that also considers 
preferential flow should be used. 

Surface heat exchange of a paved road 
Significant proportions of urban areas are 
paved. Providing the possibility exists to 
estimate the surface heat balance for such 
surfaces without any knowledge from site-
specific measurements, then the surface heat 
balance for a considerable part of the urban 
surface can be estimated. In (II), the surface 
heat fluxes from an asphalted road were 
estimated. Parameters regarding turbulent 
exchange, radiation, runoff and thermal 
properties of the road were independently 
estimated from road construction informa-

tion and the literature. Simulations were 
compared with empirical data on net 
radiation, surface temperature and heat flow 
in the road (Figure 3). The model performed 
well when compared to the observations and 
was thought to give a reliable representation 
of the surface heat fluxes from the road. The 
model therefore ought to give a represen-
tative estimate of the surface heat fluxes 
from an arbitrary paved surface without any 
information from site-specific observations. 
However, in this study the model only 
represented the surface heat fluxes from an 
open surface. Paved surfaces in urban areas 
often have buildings in their immediate 
vicinity that affect both the radiation and the 
turbulence. In order to make a good surface 
heat balance estimate in the built up urban 
environment, the canyon geometry of the 
urban surface has to be taken into 
consideration. 

Evapotranspiration from urban vegetated 
surfaces 
Evapotranspiration from vegetated surfaces 
in urban areas differs compared to that from 
most rural areas with respect to the 
meteorological forcing. In Paper (III), the 
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Figure 3 Simulated and observed variables for an asphalt covered road.  Net radiation, heat flow in 
the road and surface temperature. 
effect that the urban modified climate has 
on evapotranspiration in terms of increased 
radiation and air temperature was quantified 
for Stockholm, Sweden, based on simulated 
scenarios. 
Simulations were made with a soil-
vegetation-atmosphere transfer model 
(SVAT model) for low (0.1 m high grass) 
and tall (20m high deciduous trees) 
vegetation. A rural climate series was used to 
simulate the un-urbanized environment. 
Nocturnal air temperature and long-wave 
radiation of the rural climate were then 
changed between simulations to resemble 
different urban effects on the climate. Air 
temperature was changed so that the urban-
rural air temperature difference, ∆Tu-r, 
followed the typical nocturnal behaviour of 
an increase from zero during the evening, a 
maximum value during the night and a 
decrease to zero again in the early morning 
(Oke 1982) (Figure 4). 

The existence of ∆Tu-r is a consequence of 
more heat stored in the urban fabric during 

the days. At night the stored energy is 
released, which forces ∆Tu-r. At sunrise, the 
rural areas heat more rapidly and ∆Tu-r 
disappears. The estimation of ∆Tu-r was 
made so that the integrated air temperature 
enhancement during the year was 1 oC, 
which has been observed for Stockholm 
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Figure 4. Rural air temperature and estimated 
urban enhanced air temperature during 8 days in 
June 
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(Moberg and Bergström 1997). Incoming 
long-wave radiation was enhanced by 10%. 
Overall, increased long-wave radiation had 
the most influence on evapotranspiration. 
Increased vapour pressure deficit enhance 
mainly tree transpiration (Figure 5). These 
results depend mainly on two factors; 
turbulent transport and stomatal control. 
For a rough surface such as tall trees, the 
turbulent transport is efficient. An enhanced 
vapour pressure deficit caused by increased 
air temperature can therefore increase 
transpiration if the stomata do not limit 
transpiration rate. For a smooth surface such 
as low vegetation and soil surfaces, the 
turbulent transport is inefficient and 

radiation is therefore the major source of 
increased transpiration and soil evaporation. 
During spring when the tree canopy started 
to develop, the source for increased evapo-
transpiration was shifted from radiation-
forced soil evaporation to radiation and 
vapour pressure deficit driven transpiration. 
For the grass surface, having a less dense 
canopy, increased radiation was the main 
force, enhancing both soil evaporation and 
transpiration.  
This study showed that a simple 
enhancement of the meteorological forcing 
and a process oriented SVAT model could 
be used to illustrate the urban impact on 
evapotranspiration. 
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Figure 5. Upper panel; evapotranspiration and soil evaporation from the tree and grass surfaces as 
simulated with the unmodified rural climate. Lower panel; deviation from evapotranspiration estimated 
with the rural climate as a result of increased air temperature, increased long-wave radiation and an 
increase of both air temperature and long-wave radiation. The values are averaged over 10 days 

DISCUSSION AND CONCLUSIONS 
This work forms a good basis for appropriate 
descriptions of individual surfaces found 
within the urban environment. Various 
studies were conducted for surfaces that had 

very different characteristics. It was shown in 
(I) that a model calibrated against detailed 
measurements can be useful in understanding 
the significance of a certain infiltration 
process. On the other hand, it was illustrated 
that significant descriptions could be made 
without site-specific knowledge, as for the 
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surface heat fluxes in (II) and the effect on 
evapotranspiration in (III). These results 
showed that a process oriented SVAT model 
was a useful tool for a variety of urban 
surfaces. 
The urban heat island effect is in itself an 
integration of the microclimatic contri-
butions from all individual surfaces. The 
local heat balance may result in a 
microclimate that differs significantly from 
the urban climate as a whole, and the 
process of local advection could therefore be 

significant. Knowledge of the individual 
surfaces can be used in a coupled dynamic 
surface-atmosphere approach to identify the 
effects of small-scale advection. Such an 
approach requires a suitable surface 
parameterisation to be implemented in a 
small-scale meteorological model. However, 
when looking at the entire urban area, the 
advective effects might even out. In such a 
case, the area average from the individual 
surfaces forced by general urban climate 
might be sufficiently  useful. 
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