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1 Executive Summary
Within RAMSES, use is made of numerical models to generate urban climate
projections. This is a useful and even necessary exercise as only such computer
models can provide quantitative information regarding the impact of climate change on
local urban climate. Indeed, since cities strongly shape their own climate, when
assessing climate change impacts it is insufficient to simply take output, such as
temperature or precipitation, from Global Climate Models (GCMs) and apply these
directly to urban areas.
In RAMSES we use deterministic models to generate urban climate projections. These
are based on the representation in a computer code of the physical processess that
affect local climate, in particular the exchange of diferent forms of energy (radiative,
convective, conductive, latent heat) between the urban substrate and the lower
atmosphere. Such models have the advantage that they can be employed to evaluate
the effect of certain adaptation scenarios, such as changes in urban density, or
enhanced urban greening, without having to actually implement these measures in the
real world first. The local-scale models account for climate change when forced with
appropriate GCM output fields.
Three complementary models are employed in the RAMSES project: UrbClim, which is
a simplified, hence very fast, model operating at the scale of an urban agglomeration
and its nearby surroundings. To our best knowledge it is the first urban climate model
that has the capacity to cover long enough periods to generate useful urban climate
projections. The Enviro-HIRLAM model is much more complete and detailed, but
because of that it is also much slower. The main purpose of this model in the project is
to serve as a sort of benchmark for the simulations with the UrbClim model. Last but
not least, the ENVI-Met model considers much finer scales, zooming in on a city
quarter while resolving individual obstacles such as buildings and trees. As such, it is
an unparallelled tool to implement and evaluate local adaptation measures.
During the first year of the RAMSES project, the focus of the urban climate modelling
activities was on validating the models for the present-day situation. This was
achieved by configuring and running the models on several focal cities, and comparing
the model results, such as air temperature, with actually observed data. A part of the
effort also consisted of acquiring suitable validation data, which was done for Antwerp
and Bilbao, where the partners involved in the urban climate modelling (VITO and
TECNALIA) are based.
VITO performed simulations with its UrbClim model, for Antwerp, Bilbao, and London.
In these simulations, we investigated the capacity of the model to correctly simulate
observed temperature differences between the city and the surrounding rural areas, as
this quantity is a measure for the urban heat island phenomenon. It was found that, for
the three cities mentioned above, average errors on the urban-rural temperature
difference were of the order of 1°C, and serial correlations in the range 0.6-0.7
indicated a good performance of the model with respect to the simulation of the phase
and amplitude of the urban heat island intensity peaks.
At the same time, TECNALIA conducted simulations with the ENVI-Met microscale
model, which is complementary to UrbClim. Indeed, while ENVI-Met (because of
computational constraints) cannot consider as long periods or large domains as
UrbClim, it simulates urban climate features at a much finer spatial scale, down to the
level of individual buildings and trees. Because of that, it is particularly well suited as a
tool for investigating the impact of local urban design measures on microclimate.
However, some problems remain regarding the model’s capacity to reproduce
observed quantities, in particular quantities that incorporate solar radiation, such as
thermal comfort. Considering this, it turns out that the evaluation of thermal comfort in
- 11 -
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urban areas should not be performed exclusively with model results. Thus, comparison
between areas or scenarios based exclusively on modelling will be uncertain.
In addition, TECNALIA and VITO jointly conducted an intercomparison exercise, in
which agglomeration-scale simulations with the Enviro-HIRLAM model over Bilbao
were compared with results obtained on the same domain and period with UrbClim.
Both models were found perform satisfactorily, Enviro-HIRLAM yielding more insight
into local terrain-driven circulations, but UrbClim – most likely owing to its higher
resolution as well as to its tight coupling to high-quality meteorological driving fields –
yielding the better error statistics. Moreover, given the fact that UrbClim is much faster,
hence capable of covering much longer periods and more scenarios, the remaining
agglomeration-scale urban climate projections in RAMSES will be conducted with
UrbClim, to be complemented at the microscale with ENVI-Met simulation results.
In the coming year(s), the focus will shift towards the simulation of future urban climate,
in particular considering the effect of projected changing weather patterns on local
urban climate features. More importantly, the urban climate models used in RAMSES
will be used to simulate the impact of urban planning measures, which are being
defined in other work packages, in collaboration with local stakeholders.

2 Introduction
2.1 Background
Climate modification by urbanisation ranks among the most significant manifestations
of human impact on the environment. In particular, cities experience air temperatures
in excess of rural values, with night-time temperature differences which are on average
a few °C, but increasing to 7-8°C and more under favourable conditions (Figure 1). The
presence of anthropogenic heat sources, of buildings and streets, the thermal inertia of
concrete and the absence of vegetation are factors contributing to the formation of the
urban heat island (UHI) phenomenon. Because of the urban temperature increment,
cities are particularly vulnerable to heat waves. Gabriel and Endlicher (2011), in a
recent study on Berlin, found that during heat waves, mortality rates were higher in the
city, especially in the densely built-up districts. Dousset et al. (2012) found that in Paris,
during the heat wave of the Summer of 2003, areas exhibiting the highest remotely
sensed night-time infrared surface temperature suffered the highest heat-related
excess mortality. The UHI phenomenon also has considerable implications for air
quality (Sarrat et al., 2006; Davies et al., 2007) and cooling energy demand (Short et
al., 2009).

Figure 1. Daily maximum urban heat island intensity (i.e., urban-minus-rural
temperature difference) observed at VITO‘s Antwerp stations during the period
January-October 2013.

At the same time, climate projections indicate that the frequency, intensity, and
duration of heat waves is very likely to increase (Schär et al., 2004; Diffenbaugh and
Giorgi, 2012), and it is expected that in the future cities may become more often
exposed to extreme heat stress (IPCC, 2012). Urban climate modelling is increasingly
- 12 -
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considered a relevant tool for the evaluation of the impact and efficiency of urban
(infrastructural) design measures aiming at the improved climate resilience of cities.
Urban surface energy balance models have been implemented in mesoscale
atmospheric models to simulate local climate features such as the urban heat island
(Baklanov et al., 2008). Yet, most studies have been restricted to fairly short periods,
focusing on validation and on gaining an enhanced insight into relevant processes
(e.g., Sarkar and De Ridder, 2011; Chemel and Sokhi, 2012; Wouters et al., 2013).
The computation intensive character of coupled mesoscale-urban models has been a
limiting factor for conducting long-term simulations. The main issue is that urban-scale
simulations require a horizontal spatial resolution of the order of a kilometre or better,
and at this resolution mesoscale models become exceedingly slow because of stability
constraints imposed on the time increment. Long model integrations therefore are
difficult to achieve unless massive computational resources are mobilised. This
limitation has seriously hampered the use of mesoscale urban climate models in
establishing long-term urban climate projections.

2.2 Scope of WP4
While global- and regional-scale climate projections are readily available (e.g. CMIP5,
CORDEX), this is much less the case when it comes to urban-scale climate
projections. To assess urban climate adaptation measures, in particular those related
to infrastructural changes (densification, albedo change, vegetation-related, …),
physically-based urban climate modelling is required. Therefore, the overall objectives
of WP4 are (1) to generate urban climate projections at appropriate temporal and
spatial scales, and (2) to evaluate the effect of adaptation measures on urban climate,
using advanced deterministic urban climate models to do so.
The following models are involved:
UrbClim (De Ridder et al., 2013), an agglomeration-scale urban climate model,
with a modest level of complexity, but because of that capable of doing
relatively long and/or numerous simulations;
Enviro-HIRLAM (Baklanov et al., 2008), which is a full mesoscale model,
hence much more sophisticated, but owing to computational constraints very
CPU expensive;
ENVI-Met (Bruse and Fleer, 1998), a microscale climate model that allows to
zoom in with a much finer spatial detail, also for short periods only.
UrbClim will be run for all focal case studies, and for as many supportive cities as
possible. Enviro-HIRLAM and ENVI-Met will in principle only be used on Bilbao.
The main outcome of WP4 will consist of urban climate simulation results, under the
form of digital files containing gridded fields of relevant climate parameters
(temperature, wind speed, humidity, runoff, …), considering past (for validation
purposes) and future (climate projections) periods, and current versus planned urban
infrastructure. This information will be generated at a spatial resolutions varying from
250 m (UrbClim) to a few kms (Enviro-HIRLAM for past periods), covering the
concerned urban agglomerations and their surroundings, and covering periods ranging
from specific episodes (days-weeks) to tens of years. At a higher spatial resolution
(order of metres), ENVI-Met will cover city quarters, considering short periods.
‘Raw’ model output will be aggregated to yield more easily interpretable and usable
maps, e.g., showing the mean nocturnal urban heat island for a given city and period,
or difference maps showing the impact of adaptation measures.
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2.3 Data requirements and links to other WPs
On the input side, WP4 mainly needs information from WP2 regarding architecture &
infrastructure. This information will somehow need to be matched to the parameters
describing the urban surface in the urban climate models, so that in a later stage urban
planning scenarios (adaptation measures) can be ‘translated’ to changes in model
parameter values.
The point where the expertise of urban planning (from other WPs) comes in, is where
changes to the parameters need to be defined. It is important that the groups providing
the urban planning scenarios (adaptation measures) are aware of the parameters used
in UrbClim and ENVI-Met, so that the considered planning measures can somehow be
translated into changes of physical parameters.
Regarding the input needed from the case study cities for the urban climate
simulations: as far as Enviro-HIRLAM and ENVI-Met are concerned, which will be run
on Bilbao, TECNALIA has access to all required data (input for both models, climate
data for validation, etc…). For UrbClim, which will be run on a larger sample of diverse
cities, things are a bit more complicated. An advantage is that UrbClim was designed
to use as much as possible generically available data (CORINE land cover, MODIS
satellite vegetation index, …), see also Figure 2, so at least for the European cities, in
principle no local data is needed. For the non-European cities this is somewhat more
problematic, but we now consider using the GlobCover 300-m data set to specify land
surface parameters from. This is experimental, though, and needs to be tested.

units

name

description

determined from

p

m2 m-2

plane
area
index

the ratio of the plane area occupied
by buildings to the total ground area

Degree of Soil
Sealing (EEA)

f

m2 m-2

frontal
area
index

the ratio of the frontal area of
buildings to the total ground area

Degree of Soil
Sealing (EEA)

v

m2 m-2

vegetatio
n fraction

proportion of the surface covered by
(green) vegetation

Satellite
Vegetation Index

-

albedo

broadband reflectivity for shortwave
radiation

CORINE land
cover class

-

emissivity broadband emissivity for thermal
longwave radiation

CORINE land
cover class

m

building
height

average building height

Degree of Soil
Sealing (EEA)

vegetatio
n type

e.g. crop, grass, … – information
used to determine roughness
length, stomatal resistance, …

CORINE land
cover class

h

vtyp -

Table 1. UrbClim input parameters (terrain) – required at the resolution of the model
grid, which typically is a few hundred metres (typically 250 m).
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units

name

description

T

K
(or°C)

air temperature

air temperature at ‘exposure’ level, i.e. at 1.5-2m
above the ground, or an average street-canyon
value

q

kg kg-1

specific humidity specific humidity at ‘exposure’ level (see above);
from q and T we can also calculate relative
humidity

u

m s-1

wind speed

wind speed (at 10-m level, or within the street
canyon)

Rs

W m-2

SW radiant
exposure

mean exposure to shortwave radiation for a
person in the street canyon

W m-2

LW radiant
exposure

mean exposure to longwave radiation for a person
in the street canyon

c

Rlc

Table 2. Selection of UrbClim output parameters – provided at the resolution of the
model grid, which typically is a few hundred metres (typically 250 m).

Regarding the meteorological data needed to validate the models: data for Bilbao and
Antwerp are available through TECNALIA and VITO. For the other cities, we will have
to manage with locally available data, ideally through data provision by the local
partner/user, alternatively using the synoptic measurements distributed by the National
Climatic Data Center (US). In case of data provision by a local partner/user, it is
mandatory that suitable meta-data (description of the data, measurement techniques,
estimated accuracy, …) be available.

- 15 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

Figure 2. Surface characteristics of the UrbClim model domain for Bilbao, showing
(from left to right and top to bottom): vegetation cover fraction, land use type, sea
surface temperature, terrain height, soil sealing degree, roughness length.

On the output side, the urban climate simulations will mainly yield information regarding
urban heat stress, and to a lesser extent also on drought, pluvial flooding, and air
quality. These output parameters will in principle be available at an hourly time step,
although for the urban climate projections, for reasons of data storage limitations, we
will probably have to aggregate these parameters into e.g. daily max/mean values or
so. In the project we will consider rather long simulation periods, covering the Summer
seasons (May-Sep) of several tens of years. The hourly data can be aggregated into
data sets that are more easily manipulated, e.g., seasonal means, percentiles, etc…
Apart from these output parameters we can generate quantities derived from them,
such as thermal comfort indices.
This information will be available to the WPs dealing with impacts, in particular health
(WP6). Apart from that, we believe that the urban climate information (maps) generated
in WP4 constitutes very powerful material to communicate with a variety of
stakeholders.

3 Enviro-HIRLAM
The work with Enviro-HIRLAM focuses on the Bilbao metropolitan area, located at the
Basque Country coast (Cantabric Sea), north of the Iberian Peninsula (Figure 3). Its
medium size, the complex surrounding topography and the sea breeze interactions
generates great interest for this city. Bilbao runs along an estuary with a length of 16 km,
aligned in a southeast-northwest direction. Two mountain ranges run parallel to the
- 16 -
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waterway: the highest with 700 m height and the other 300 m. Four main valleys are
identified (Figure 3): (1) the upper Nervion and Ibaizabal which merge southeast of the
city; (2) the Cadagua valley emplaces from the southwest, cutting through the higher
mountain range to join the estuary just northwest of the city; (3) the Asua valley,
shallower, is located northeast the city at the other side of the lower mountain range,
connected directly to the sea, overcome directly by the sea breeze; (4) the lower Nervion
estuary flowing directly into the sea and on its sides the land reach the 70 m height. The
topography and the sea induce thermal circulations that enhance the problems of
pollution dispersal, trapping contaminants in eddies formed by the steep terrain. These
effects are more strongly developed under anticyclonic conditions, characterized by
cloudless skies and low wind speed (Oke, 1987; Velazquez-Lozada et al., 2006; Hidalgo
et al., 2008).
We present numerical simulations of the urban canopy for the Bilbao metropolitan area.
The modelling is performed using the Enviro-HIRLAM numerical weather prediction and
atmospheric chemical transport modelling system (Korsholm et al. 2008; Baklanov et al.
2009), coupled with the Building Effect Parameterization (BEP, Martilli et al., 2002)
module and a parameterization of the anthropogenic heat fluxes extracted from the Large
scale Urban Consumption of energY (LUCY) model (Allen et al, 2010). The objectives are
to assess the development of the urban heat island under the influence of thermal
circulations originated by the topography and the sea breezes. Selecting case studies
under low wind conditions, the variables analysed are the air temperature and relative
humidity at 2 m, the potential temperature, the sensible and latent heat fluxes at the
surface and the wind speed at 10 m.

Figure 3. The Bilbao metropolitan area in the Basque Country Region, north Spain.
The four meteorological stations selected for the validation and analysis of the urban
heat island effect are shown (letters A-D).
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3.1 Model description
The Enviro-HIRLAM (Environment – High Resolution Limited Area Model) is an online
coupled numerical weather prediction and atmospheric chemical transport modelling
system for research and forecasting of both meteorological and chemical weather
(Korsholm et al 2008; Baklanov et al., 2009; Baklanov et al., 2008). The meteorological
and chemistry model solve the governing equations describing the main processes:
emission, advection, horizontal and vertical diffusion, wet and dry deposition,
convection, chemistry and aerosol feedbacks. The system realisation includes the
nesting of domains for higher resolutions, different types of urbanization;
implementation of chemical mechanisms and aerosol dynamics and feedback
mechanisms).
Natural land covers are simulated by the Interaction Soil-Biosphere-Atmosphere (ISBA)
land surface scheme, originally developed by Noilhan and Planton (1989) and further
up-dated in the HIRLAM model as modified by Mahura et al. (2005) to include the
urban effects implementing the Building Effect Parameterization (BEP, Martilli et al.,
2002) module. BEP represents the city by a combination of several urban districts.
Each district is classified as a combination of multiple streets and buildings of constant
widths but with different heights and with similar thermo-dynamical characteristics. The
parameterization includes computation of contributions from every facet of the urban
substrate (street canyon floor, roofs and walls of buildings) for the momentum, heat
and turbulent kinetic energy equation separately as contributions of the vertical
surfaces (building walls) as well as horizontal surfaces (floors and roofs).

Figure 4. Boundaries and setup parameters (see Table) of the selected modelling
domains – P15, -B05 and B02 – of Enviro-HIRLAM setup for the simulations.

The Large scale Urban Consumption of energY model (LUCY) simulates the
anthropogenic heat fluxes (further denoted QF, in W m-2) from the global down to
individual city scale at 0.25 arc-minute resolution (Allen et al., 2010). It includes
information on different working patterns, public holidays and vehicle use and energy
consumption. The model is based on a simple partitioning of the anthropgenic heat flux
(Grimmond, 1992; Sailor and Lu, 2004), with contributions from vehicle emissions, from
- 18 -
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buildings and from human metabolic heat. The simulations for Bilbao include a
constant (40 W m-2) anthropogenic heat flux added to the surface scheme of the BEP
module.
The meteorological data used as boundary conditions of the outer domain originate
from the European Centre for Medium Range Weather Forecast (ECMWF). The
resolution is 15 km and 40 levels are available in the vertical direction. These data are
used as boundary conditions with input frequency of 3 hours: three nested domains are
selected with spatial grid resolutions of, 15, 5 and 2.4 km, containing 154 x 148, 130 x
100, and 130 x 116 cells, respectively (Figure 4).
We conducted simulations at 2.4 km resolution for the Bilbao metropolitan area, for one
summer (13-18 July 2009) and one winter (20-29 January 2010) episode, each with
high observed levels of particulate matter, and at hourly output frequency. We
considered (1) a realistic situation (hereafter, URB), in which Enviro-HIRLAM was
coupled with BEP and anthropogenic heat fluxes, and (2) a situation in which the uran
area was covered by the ISBA scheme and simulating natural land cover only
(hereafter, CTRL). The impact of the city on the meteorological variables and the
development of the UHI is studied by evaluating the difference between outputs of the
urbanized vs. control runs.

3.2 Model validation
The validation of the simulation results with the observations is done using data from
four meteorological stations: an urban station (DEUSTO), an inland suburban station
(BASAURI) and two rural stations, one near the coast (GALEA) and the other (DERIO)
in a valley parallel to Bilbao. The observed data are provided by the Basque
Meteorological Agency (EUSKALMET), see Table 3 for a description of the stations.
Location

station

Lon (º)

Lat (º)

Urban
fraction

Urban Class

Urban

Deusto

-2.966

43.283 0.6

City centre

Suburban - Inland Basauri

-2.883

43.243 0.4

Resid. high-dense

Rural - Coastal

Punta galea

-3.033

43.373 0.0

None

Rural Inland

Derio

−2.852 43.293 0.0

None

Table 3. Characteristics of the meteorological stations selected. Data provided by the
Basque Meteorological Agency (EUSKALMET).
Data
MEAN
a) TEMPERATURE
Urban
OBS
20.78
URB
20.02
CTRL
19.80
Coastal
OBS
19.80
URB
18.78
CTRL
18.85
Hinterland
OBS
21.17
URB
19.25
CTRL
19.33
b) RELATIVE HUMIDITY
Urban
OBS
82.45
URB
68.47

Sigma

ME

MSE

RMSE

RMSEub

2.12
2.51
2.69

-0.77
-0.98

3.39
4.13

1.84
2.03

1.68
1.78

1.38
1.24
1.23

-1.02
-0.96

2.10
2.01

1.45
1.42

1.03
1.04

2.53
2.80
2.95

-1.92
-1.84

7.57
7.19

2.75
2.68

1.97
1.95

6.50
12.28

-3.98

297.87

17.26

10.11
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CTRL
Coastal
OBS
URB
CTRL
Hinterland
OBS
URB
CTRL
c) WIND
Urban
OBS
URB
CTRL
Coastal
OBS
URB
CTRL
Hinterland
OBS
URB
CTRL

D4.1

70.76

13.50

-11.69

255.15

15.97

10.88

91.71
81.89
77.98

5.46
8.78
6.40

-9.82
-13.73

191.74
222.20

13.85
14.91

9.76
5.80

94.17
73.81
73.61

8.55
14.29
14.99

-20.36
-20.56

560.77
571.01

23.68
23.90

12.09
12.18

2.31
1.78
1.90

1.27
0.96
1.43

-0.52
-0.40

1.55
1.80

1.24
1.34

1.129
1.281

3.60
2.69
2.74

2.21
1.46
1.63

-0.91
-0.86

4.69
4.29

2.16
2.07

1.965
1.885

1.91
1.64
1.78

1.37
1.08
1.40

-0.26
-0.13

1.05
0.87

1.02
0.93

0.989
0.923

Table 4. Skill of statistics for the (a) temperature, (b) relative humidity at 2 metres
surface and (c) wind speed at 10 m at the stations selected (urban, sub-urban
coastal and hinterland) for 3-5 July 2009. The comparison is applied to the urbanized
(URB) and reference (CTRL) simulations vs. the observations.

The simulation performance is assessed using the Pearson linear correlation
coefficient (Wilks 1995; Freitas et al., 2006; Seibert, 2004). It assesses the linear
relationship between the simulations and the observations but fails to account for bias
(Freitas et al., 2006). For a better characterisation the mean error (ME) is also
computed, giving the bias of the simulations. Accuracy is assessed based on the mean
square error (MSE), where high values of MSE indicate a high level of discrepancy
between the simulations and the observations. The root square of MSE (RMSE)
represents the typical magnitude of the simulation error and it has the same dimension
as the original variable.
According to Pielke (2002) and Freitas et al. (2006) the parameter RMSEub evaluate
the skill of a simulation, which represents the unbiased root MSE after a mean
deviation is removed. A simulation has skill if the following conditions are met: (1)
σobs~σsim, (2) RMSE<σobs, (3) RMSEub<σobs, where σobs is the standard deviation of
observations and σsim is the standard deviation of the simulations.

Data

R
Summer MEAN

Sigma

RMSE

RMSEub

R
Winter

MEAN

Sigma

9.15

2.83

RMSE

RMSEub

a) TEMPERATURE
Urban
OBS

20.51

2.47

CTRL

0.81

18.78

2.97

2.46

3.66

0.86

8.56

2.95

1.64

1.53

URB

0.82

19.01

2.98

2.28

4.37

0.88

8.48

2.97

1.61

1.46

19.75

1.95

9.25

2.61

Coastal
OBS
CTRL

0.72

18.34

1.5

1.94

1.81

0.92

9.06

2.51

1.04

1.32

URB

0.76

18.26

1.63

1.95

1.61

0.94

9.03

2.54

1.02

1.61

20.66

3.11

8.1

3.55

Inland
OBS
CTRL

0.82

18.24

3.52

3.17

4.18

0.81

7.79

2.97

2.14

2.98

URB

0.82

18.32

3.53

3.12

4.24

0.81

7.61

3.05

2.17

2.8

19.64

3.4

4.9

3.35

Rural
OBS
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CTRL

0.9

18.13

3.76

2.28

2.95

0.5

7.53

2.9

4.3

5.35

URB

0.9

18.12

3.77

2.28

2.91

0.5

7.22

3.03

4.15

5.15

b) RELATIVE HUMIDITY
Urban
OBS

0.01

0.0017

CTRL

0.78

0.009

0.0013 0.002

0.00000164

0.92

0.00578 0.0012
0.00465 0.00108 0.0014 0.00047

URB

0.75

0.009

0.0012 0.002

0.00000196

0.91

0.00469 0.00101 0.001

0.011

0.0016

0.00558 0.00123

0.00052

Coastal
OBS
CTRL

0.89

0.0095

0.0013 0.0016 0.000000578 0.91

0.00501 0.00118 0.001

0.00106

URB

0.85

0.0095

0.0013 0.0017 0.000000777 0.91

0.00505 0.00115 0.001

0.0011

0.00606 0.00137

Inland
OBS

0.0123

0.0019

CTRL

0.77

0.009

0.0013 0.0034 0.00000148

0.91

0.00469 0.00108 0.0014 0.002

URB

0.73

0.0091

0.0013 0.0034 0.00000173

0.92

0.00475 0.001

0.0103

0.0015

0.0043

0.0014 0.00197

Rural
OBS

0.00107

CTRL

0.82

0.0091

0.0012 0.0015 0.000000809 0.38

0.00483 0.00112 0.0014 0.0021

URB

0.78

0.0091

0.0013 0.0016 0.000000998 0.39

0.00492 0.00104 0.0014 0.00216

3.25

2.09

3.08

1.82

c) WIND
Urban
OBS
CTRL

0.7

2.66

2.01

1.7

3.53

0.4

3.48

1.94

2.36

2.33

URB

0.66

2.3

1.52

1.83

3.2

0.41

2.98

1.52

2.09

2.08

Coastal
OBS

5.44

3.46

5.79

3.39

CTRL

0.83

4.01

3.12

2.43

3.87

0.67

5.16

2.93

2.68

2.73

URB

0.83

3.9

2.9

2.54

3.99

0.68

5

2.99

2.7

2.69

2.82

2.23

2.1

2.1

1.31

Inland
OBS
CTRL

0.84

2.51

1.83

1.26

1.5

0.54

3.21

1.64

1.81

2.01

URB

0.81

2.17

1.46

1.48

1.78

0.55

2.76

1.34

1.4

1.81

Rural
OBS

1.94

1.6

1.05

1.44

CTRL

0.85

2.42

1.83

1.09

1.74

0.39

2.85

1.52

2.4

2.13

URB

0.85

2.38

1.76

1.09

0.89

0.4

2.69

1.45

2.31

2.02

Table 5. Skill of statistics for 2 m temperature (T, in °C) and specific humidity (q, in kg
kg-1) and 10 m wind speed (FF, in m s-1) at the selected stations (urban, suburban
hinterland, coastal and rural) (a) in summer on the 13th–18th of July 2009 and (b) in
winter on the 20th–29th of January 2010. The comparison is applied to the urbanised
(URB) and the control (CTRL) simulations versus the observations. The statistics
represented are Pearson’s correlation coefficient (R); mean and standard deviation
(σ); and root mean quare error (RMSE) and the un-biased RMSE (RMSEub).

All the simulations represent the observed diurnal cycles for the three variables (Figure
5). They compromise the skill of statistics with the exception of the humidity at the
urban and hinterland stations. The ME values indicate that the three meteorological
variables underestimate the observations. For both simulated temperatures, the RMSE
values are small, containing errors below 2 ºC. For the wind speed at 10 m, the RMSE
error is less than 0.9 ms-1 and the relative humidity errors are less sufficient to be
consistent (-11 %) with the exception of the hinterland station (-20%), moving away
from observations.
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Figure 5. Urban and control simulations vs. observational time series for temperature (ºC) and relative humidity (%) at 2 metres and wind speed at 10
metres surface (m s-1) for the validation locations during the 5th of July 2009.
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Figure 6. Box plots of the URB and CTRL simulations vs. the observations of the diurnal cycle for 3-5 July 2009 at the sites selected (a-urban, b-suburban coastal and c-hinterland). The 50% of the data fall inside the box. The lower and upper edges identify the 25th resp. 75th percentile of the series.
The median is represented by the line inside the box. Two extreme categories of data are also represented: the Inter quartile Range (IQR) (that ranges
from 1.5 times upwards the IQ range from the p75th and the lower limit means 1.5 times downwards the IQ range from the p25th) and data with values
3 times more than the IQR from median and cases with values more than 1.5 times the IQR, represented by an asterisk and a circle respectively.

Modelled vs. observed standard deviations of the temperature, wind and relative humidity are found to be very similar. The correlation
coefficients show a mean value of 0.75 for the temperature in the urban and hinterland stations and 0.6 at the coastal site. For the wind
speed, the best correlation is found in the hinterland station (0.7), at the urban and coastal station it is 0.5. The correlation of the relative
humidity still exceeds 0.5, but it is less correlated comparied to the other variables. Figure 5 provides time series for temperature and relative
humidity at 2 metre and wind speed at 10 metre surface for the validation locations for 5 July 2009.
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Additionally, box plots diagrams are used to test the improvement and the accuracy of
the urban simulations with the observations (Figure 6). For the temperature, at the
urban site, it is shown that the urban simulations are slightly superior in terms of both
accuracy and precision than the control simulations. At the sub-urban stations no
difference is found between the two simulations. It could be explained as the urban
heat island in the sub-urban areas are negligible compared to the urban centre. In
contrast, for the relative humidity, the URB simulations and observed data are in a
better agreement between the urban simulations and the observations at the sub-urban
stations. At the urban station, the simulations are not accurate enough compared to the
observations. For the wind speed, at the three sites, the urban simulations are slightly
superior to the control simulations (Figure 6).
The evaluation of the URB and CTRL simulations is realised by comparison against the
observations at the four stations (urban, suburban, rural and coastal). The Pearson’s
linear correlation coefficient (R) assesses the linear relationship of the URB and CTRL
simulations during both episodes at the four stations. For both types of simulations, the
correlation coefficient for the 2 m air temperature varies from 0.86 to 0.89 and from
0.87 to 0.92 for the summer and winter episodes, respectively. The correlation
coefficient for the specific humidity goes from 0.72 to 0.81 and from 0.91 to 0.93 for
these periods. For wind speed, the highest correlation is found in summer (0.70–0.85).
In winter it decreases to 0.6 near the coast and 0.4 at the rural, inland and urban
stations. The simulated wind direction is fairly correlated (0.4 to 0.5) with observations,
due to a higher bias in the S-E direction. Furthermore, as seen in Figure 6, and using
the criteria mentioned above, it is found that the model has the ability to reproduce the
observations following the criteria defined by Pielke (2002). In general, although both
simulations tend to slightly underestimate the observations, the simulation errors are
less than 2.5 °C for air temperature, 1.5 g kg−1 for specific humidity, 3 m s−1 for wind
speed, and 40° for the wind direction.
Focusing on the urban station, both simulations satisfactorily reproduce the air
temperature and the specific humidity and their diurnal cycle. When the winds are from
the northern direction, both the wind speed and direction are in good agreement with
the observations. The larger discrepancies appear with winds coming from the S-E
direction, i.e. the land breezes.
Finally, as an indicator for the quality of the simulations, Figure 7 shows the negligible
discrepancy of the numerical noise between control vs. urbanized simulations. The
fluctuations due to the non-linearity of the model of the 0-250 seconds are caused by
the digital filter in the model (enhancing the accuracy for the simulations) which runs
both forward and backwards, while the peaks in the beginning of each cycle (3 hours)
corresponds to the spin-up period, not being an obstacle since values are still close to
1. They arise due to increased noise near the boundary zone when mixing the model
state with the new boundary values.
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Figure 7. Differences of the numerical noise between the control and the urbanized
simulations on the 5th of July 2009.

3.3 Analysis of Bilbao’s urban climate
3.3.1 Synoptic conditions
Thermal differences and pressure gradients due to the complex orography and the
proximity to the sea produce local wind systems in the Bilbao area. These are most
developed in Summer under anti-cyclonic weather (Oke, 1987). During the first hours
in the morning, the air starts to rise due to the heat of the ground forming a pressure
low. It makes the colder sea breeze penetrate through the estuary to substitute the
warm upward moving air (the sea breeze), a feedback advects the warm air into the
sea aloft. At midday more intense winds are present and during the afternoon the
circulation starts to decrease until it disappears one/two hours after sunset. The cooling
of the ground provokes the land breeze development when the gradient is forward to
the sea. It is weaker than the sea breeze due to the temperature difference between
the land surface and the sea is lower compared to the daytime situation.
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Figure 8. Monthly means
on diurnal cycle during
July 2009 at the urban
station (ERANDIO). On
average, the land-sea
breeze regime prevailed
during night time from 21
UTC to 7 UTC, mostly
with winds <1.5 m/s, while
the sea breeze starts to
penetrate into the city at 8
UTC. The sea breeze
circulation prevails until 20
UTC
reaching
the
maximum at 15 UTC.

Also, during the day the air above the slopes of the mountains and the floor of the
valley is heated by the underlying surface to a temperature higher over the centre of
the valley. As a result the anabatic winds appear, closing the circulation developed
across the valley with the air sinking in the centre. During daytime, the cross valley
circulation (up-valley winds) transports sensible heat from the surrounding active
surfaces to warm the whole valley atmosphere. The loop is closed in height with the
anti-valley winds flowing downvalley. The valley breezes are the result of the pressure
gradient between the air columns situated in the valley and out of it, i.e. at the coast. At
night, the valley surfaces cool by the emission of long-wave radiation. The lower air
layers cool and slide down-slope under the influence of gravity (katabatic winds). The
convergence of these slope winds at the valley centre results in a weak lifting motion.
All of the down-slope flows combine into a down-valley flow known as the mountain
winds. The change from anabatic into katabatic winds flow the cold air of the mountain
slopes into the valley, contributing to the thermal inversion development.
A wind direction analysis based on observations is performed for July 2009 to
characterize the atmospheric diffusion in Bilbao. It is in accordance with the description
of the thermal circulation due to a complex terrain, the sea proximity and other studies
for the Bilbao city (Millán et al., 1987 and Millán et al,. 1984). During this month, the
sea and the up-valley breezes easily reached Bilbao and notice their influence at 8-9
UTC, i.e. the regime (NW-SE directions) prevailed during day time hours, entering from
the sea to the city along the waterway, from 9 to 22 UTC. The land and down-valley
winds (SE-NW directions), in contrast, prevailed from 22 to 09 UTC. The days selected
were 3-5 July 2009, focusing on the 5th when the transport within the mixed layer is
dominated by local circulations and the most suitable conditions appeared for a
maximum UHI. The large-scale wind was characterized by a weak velocity: daily
means of the wind below 3 ms-1, with clear skies. During these days, the atmospheric
conditions were stable with a height of the mixing layer between 50-100 meters.

3.3.2 Surface energy balance
The urban heat island is the result of the energy balance of the city-atmosphere system
(Hidalgo et al., 2008). The energy interchanged between the surface and the
atmosphere is quantified following Oke (1987), as
Q* + QF = QLE + QH + Qs + QA
The flux densities of net all-wave radiation (Q*) is given in the model by the sum of the
net long-wave and short-wave radiation at the surface, the sensible heat (QH) and the
latent heat (QLE) fluxes. The anthropogenic flux (QF) is a constant (40 Wm-2) extracted
from the LUCY model (Allen et al., 2010). It is assumed that the below roof advection
divergence ( QA) is negligible (Oke, 1987). The storage heat flux ( Qs) is significant in
urban areas given the materials and morphology of the urban surface (Grimmond and
Oke, 1999) but consideration must be given to the vicinity of the sea and the
complexity of the topography. In the urban models one of the options to obtain the Qs
is through residual of the energy balance equation (Grimmond et al., 2009). The
criterion yields positive values when the surface is communicating heat to the
atmosphere. The analysis of the surface energy balance is performed during the 5th of
July 2009.
By comparing the suburban (coastal and hinterland) and urban results, it is possible to
assess the impact of urbanization upon the energy balance (Figure 9). The maximum
net-radiation heat flux (Q*) occurs at 15 UTC, and it is offset by a loss at the three sites
during the night. During the daytime, the net radiation input is larger in the suburban
coastal site (maximum of 876 Wm-2) than in the urban site (725 Wm-2 as maximum).
This fact is explained based on the water properties: the sea reflects more radiation to
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Fluxes at urban site (W/m2)

the atmosphere than the vegetated or non-vegetated soils and the heat capacity takes
more energy input comparing with most other natural materials (Oke, 1987). At the
sub-urban hinterland the lowest value (600 Wm-2) of the net radiation appears
comparable with the other sites. It could be explained due to its emplacement: between
the two mountains in the narrowest area of the valley and due to the lesser sensible
heat fluxes.
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Figure 9. Components of the surface energy balance for the different sites
considered.

The sensible heat (QH) result from the temperature difference between the atmosphere
and the ground. It is expected that the more non-vegetated soils the more convective
heat emissions generate. The largest QH appears at the urban site (367 Wm-2) while
the QH are 252 Wm-2at the sub-urban hinterland station. At the coastal site, the lowest
QH (178 Wm-2) occurs, explained with the large heat capacity and the small convection
heat emissions of water. The latent heat flux (QLE) is larger in vegetated soils due to
evapo-transpiration processes and moisture availability. During the daytime the QLE
was larger at the sub-urban (hinterland) (200 Wm-2 as maximum) that in the urban sites
(135 Wm-2 as maximum). The sub-urban surface location could indicate that
evaporation and transpiration processes are carried out. At the urban site the
processes are dominated by the evaporation and the urban surface blocks the
transpiration. At the sub-urban coastal site, the QLE is 117 Wm-2 where the process
occurred is the evaporation of water.
The residual (storage) energy at the urban site (222 Wm-2 as maximum) is larger than
at sub-urban hinterland (150 Wm-2 as maximum), implying that the urban canopy
contains more energy storage capacity. At the sub-urban (coastal) site the R is 580
Wm-2. The most influencing feature for a large heat storage is the proximity to the sea
and the secondary the non-vegetated and urbanized soils. By comparing the surface
energy balance of the control vs. urban simulations, the heat fluxes emitting to the
atmosphere are lower than in the urban simulations. That means that the cooling in
that area is greater and the heat island does not appear. The additional input of energy
into the atmosphere helps to explain why the rate of cooling at night is smaller in the
urban area and why the temperature at night was warmer there. The difference in the
distribution of the surface energy between the urbanized, suburban and coastal zones
is the key to the breeze generation. Upward motions are generated in the urban zone,
favouring a convective circulation over the city (Hidalgo et al, 2008).

3.3.3 Urban Heat Island (UHI) quantification
During the night of the 4-5 July 2009, when the land breeze regime prevails, the UHI
develops until reaching its maximum (0.82 ºC) at 3 UTC in the urban station. The
maximum at the sub-urban hinterland station is 0.6 ºC at 4 UTC and at the coastal
station is almost negligible (0.2 ºC at 3 UTC). At the early hours in the morning this
effect disappears, when solar heating initiated fumigation and sea and up-valley
breezes re-enter the stagnated air mass into the city around 6 UTC. At night a ground-
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based inversion could be formed in the bottom of the valleys by a combination of
radiation cooling and the accumulation of cold down-slope drainage wind.
A blocking of the stabilized air mass could occur over the surroundings of Bilbao due to
the roughness and the heat island and the generation of upward motions in the urban
zone. This effect can be observed in the wind difference between the urban and control
simulations: while the wind is accelerated up to 1 ms-1 at the urban station, during the
early hours, the wind difference range between -0.3 to -0.7 m-1 at sub-urban sites. The
difference in the relative humidity shows a decrease during the development of the UHI
phenomenon at night and, when the sea breezes penetrate in the city the relative
humidity increases.

Figure 10. Diurnal cycle for the differences of (a) air temperature at 2 m and (b) wind
speed at 10 m and (c) relative humidity at 2 m between the outputs of the urbanized
(BEP + AHF) and control runs for 3-5 July 2009.
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Figure 11. Difference plots for the (a) air temperature at 2 m and (b) wind speed at 10
m between the outputs of the urbanized (BEP + AHF) and control runs of the EnviroHIRLAM model on 5th of July 2009 at 6 UTC.

During the daytime hours (from 7 to 14 UTC) the wind at the coastal station is
increased due to the peak flows of the sea breeze circulation, while the difference in
the wind shows a decreased at the urban and at the sub-urban hinterland station.
Following the influence of the sea and up-valley breeze circulation, it causes a positive
relative humidity anomaly during the afternoon. The UHI during the day hours appears
to be negligible at urban and coastal sites but a negative effect occurs at the sub-urban
hinterland site (-1.3 ºC at 15 UTC). This fact could be explained by the fact that this
area is located in the upper side of the valley in the center of the two mountain ranges.
Additionally, while the type of districts is that of “high density buildings”, the rest of the
city is characterized as industrial-residential-centre and is located in the open side of
the valley towards the sea. These characteristics provoke “cold spots” where the
shadows and the lesser heating of the building materials produce a lower temperature
during the day. The gradient between the slopes of the surrounded mountains and the
area is larger and the anabatic plus up-valley winds increase (the difference of the wind
in the simulations is 1 ms-1 in the hinterland and negative in the city centre and in the
coast).
From the late afternoon towards the night-time (15 to 23 UTC) the process of the
development of the UHI starts again when the land breeze regime moves out from the
city to the sea. While the wind speed at the sub-urban areas commences to decrease,
it increases at the urban areas. The temperature anomaly (urban minus control
simulations) reach 0.4 ºC at 23 UTC at the urban site while in the sub-urban areas still
negligible but increasing.

4 UrbClim
4.1 Model description
UrbClim is an urban climate model designed to cover agglomeration-scale domains at
a spatial resolution of a few hundred metres. It is composed of a land surface scheme
containing urban energy and water exchange physics (Figure 12), coupled to a 3-D
atmospheric boundary layer module. The latter is tied to synoptic-scale meteorological
fields through the lateral and top boundary conditions, to ensure that the extranal
climate forcing is properly taken into account.
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Figure 12. Schematic representation of the urban surface scheme, showing the
urban slab (grey) co-existing with vegetation (green) and bare soil brown) fractions.
Water stored on the urban surface or on vegetation is shown in blue.

In the land surface portion of the model, urban terrain is represented as an
impermeable slab with appropriate parameter values for albedo, emissivity, and
aerodynamic and thermal roughness length, and accounting for anthropogenic heat
fluxes. Note that this urban surface scheme was previously used within the mesoscale
meteorological model ARPS (Xue et al., 2000), where it has demonstrated good skill in
reproducing observed surface energy fluxes (Demuzere et al., 2008), radiometric
surface temperatures (De Ridder, 2006; De Ridder et al., 2008; De Ridder et al., 2012),
and urban-rural 2-m air temperature differences (Van Weverberg et al., 2008; Sarkar
and De Ridder, 2011; Wouters et al., 2013).
At the start of the RAMSES project, the UrbClim model had been applied to two test
cases: Toulouse (France) and Ghent (Belgium), at a spatial resolution of 250 m.
Simulated turbulent energy fluxes and urban-rural temperature differences were
compared to observed values. Despite its simplicity, UrbClim was found to be of the
same level of accuracy than more sophisticated models models (see, e.g.,
Bohnenstengel et al., 2011; Salamanca et al., 2011; Chemel and Sokhi, 2012; Loridan
et al., 2013). At the same time, the urban boundary layer climate model is faster than
high-resolution mesoscale climate models by at least two orders of magnitude.
Because of that, the model is well suited for long time integrations, in particular for
applications in urban climate (adaptation) projections.
The gain in execution speed observed in UrbClim is due to several reasons. First, the
model does not calculate the pressure gradient as a function of internal variables;
instead, this quantity is prescribed from the large-scale forcing fields. This leads to a
considerable gain in execution speed. Indeed, most mesoscale models operating at
km-scale resolution being non-hydrostatic, they either solve a computationally costly
Poisson equation to diagnose pressure (anelastic models), or they need to drastically
reduce the time step to solve that portion of the dynamics permitting acoustic waves as
a solution (compressible models). In either case, the resulting decrease in execution
- 32 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

speed is considerable. In UrbClim, the main limitation on the time step is that enforced
by the Courant criterion for the numerical solution of advection. This, together with a
relatively low model top and associated low maximum wind speed, generally allows a
fairly long time increment. Apart from this, a more obvious reason why the UrbClim
model is fast is that many processes occurring in the atmosphere, such as radiation
transfer and cloud/precipitation physics, are not treated internally; instead the involved
quantities (surface downwelling radiation, precipitation) are taken from the large-scale
forcing model.
Obviously, this speed of execution comes at a price. In particular, the omission of a
calculation of the pressure gradient as a function of the internal variables within the
domain inhibits the development of local thermal circulations. Also, the lack of a
microphysics scheme does not allow the model to make predictions regarding the
effect of cities on local cloud and precipitation patterns.

Antwerp

London

Bilbao

clon (° E)

longitude of centre

4.43

-0.08

-2.93

clat (° N)

latitude of centre

51.23

51.50

43.25

nx, ny

# horizontal cells

121

351

121

dx [m]

spatial resolution

250

250

250

EPSG

projection code

31370

3035

2062

period

simulation period

8/12 & 7-8/13

5-9/2012

7/2009

Table 6. Parameters determining the domain used in the simulations for Antwerp,
London and Bilbao. The EPSG code refers to the universal spatial reference
database convention (http://spatialreference.org).

In conclusion, it is fair to say that the performance of UrbClim is of a similar level as
that of more detailed models, at a fraction of the computational cost. When no detailed
information regarding the urban canopy layer is required (such as separate wall and
roof temperatures, in-canopy turbulence profiles, etc...), or when only limited data
regarding canopy geometry and material characteristics is available, a simple model as
the one presented here constitutes a useful alternative for use in urban climate
studies. This is particularly true when considering the execution speed of UrbClim
compared to that of traditional ‘urbanized’ regional climate models, set against the
rather long time integrations required to generate urban climate projections and/or
scenario simulations, which are increasingly needed as a support tool to address urban
climate adaptation issues.
The execution speed of UrbClim is such that it brings urban climate projections within
the realm of what is feasible with current computing power. Given a modest-sized
computer cluster with a few tens of CPUs, and considering that different simulation
periods can be distributed over different processors, UrbClim is capable of performing
simulations covering tens of years, while accounting for several climate forcing and
urban land use change scenarios, and all of that within a matter of a few weeks wall
clock time.

4.2 Model validation
As mentioned before, UrbClim was applied to three cities: Antwerp, London, and
Bilbao. The specification of the domain and periods covered for each of the cities is
provided in Table 1.
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4.2.1 Antwerp
The UrbClim model grid for Antwerp is defined by the parameters listed in Table 1. The
horizontal extent of the grid is about 30 km. In the vertical, the model grid is constituted
of 19 vertical levels, for which the resolution increases from 20m at the surface to
250m at the top of the model domain, located at a height of 3 km. The projection of the
grid is in Belgian Lambert 72 coordinates, defined by EPSG code 31370 in the
universal spatial reference database. The position of the grid is shown in Figure 13.

Figure 13. Overlay of the UrbClim grid over Antwerp on Google Earth.

To validate the UrbClim model for this domain, simulations were performed for the
periods August 2012 and July-August 2013. Figure 4 shows the intensity of the UHI for
the city of Antwerp at midnight (mean situation for the summer of 2013), the timing of
maximal UHI intensity (i.e., urban-rural temperature difference), which reaches 4°C in
the city centre and parts of the sea harbor. In the modelled and observed time series
that will be shown later on, it is shown that the intensity can reach 8-9°C during some
nights. Figure 5 displays the hourly mean maps for the Summer of 2013. The UHI
intensity is maximum at midnight and dissipates slowly during the night. In the morning,
around 08:00h, it is at a minimum. During the day, the difference in near-surface air
temperature between the water bodies and the land surface starts increasing, reaching
2-3°C. When the sun sets, the rural areas start to cool down rapidly, while the city
surface remains warms, and the UHI pattern becomes apparent, reaching again a
maximum of 4°C at midnight.
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Figure 14. Mean UHI intensity for the period July-August 2013 at 00:00h local time.

To validate simulation results, in July 2012 VITO set up a measurement network
in/around Antwerp (Figure 16), at a Bio-farm in Vremde (rural) and in the schoolyard of
the Royal Lyceum (city centre). In 2013, the network was extended with stations in the
harbour area (Polderdijkweg), the city park (Stadspark) and a second urban location
(Borgerhout).
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Figure 15. Mean UHI intensity during the period July-August 2013 for each hour of
the day, starting at 00:00h local time.

Figure 16. Location of the VITO measurement stations in the Antwerp area.
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Figure 17. Urban-rural 2-m air temperature difference between the city centre and the
rural station for the measurements (black) and the UrbClim model (red), for August
2012. Error statistics (model bias, root mean square error and correlation coefficient)
are given in the top left of the figure.

Results of model performance assessment are shown in Figure 17 and Figure 18. The
model is found to work well for both periods, capturing the timing and magnitude of the
UHI at all locations, and featuring mean errors slightly above 1°C, and correlation
coefficients of around 0.7, except for the Stadspark location, which is explained by the
much smaller amplitude of the diurnal cycle of the UHI intensity.

Figure 18. Urban-rural 2-m air temperature difference for the measurements ( black)
and the UrbClim model (red) for the period July-August 2013. Error statistics (model
bias, root mean square error and correlation coefficient) are given in the top left of
the plots.

4.2.2 London
The UrbClim model grid used for London is also as specified in Table 6. Owing to the
considerable extent of London, as well as the location of the rural station relatively far
away from the city (see below), the horizontal extent of the grid is about 80 km. In the
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vertical, the model grid is the same as that used for Antwerp. The projection of the grid
is in ETRS89/ETRS-LAEA coordinates, defined by EPSG code 3035 in the universal
spatial reference database. The position of the model domain over London is shown in
Figure 19.

Figure 19. Overlay of the UrbClim grid over London on Google Earth.

A model simulation for the summer of 2012 (May-September) was performed with the
UrbClim model, which was quite a challenge regarding the big model domain (the
simulation took one month of calculation on on CPU). The result is shown in Figure x.
The mean temperature differences between the city and the environment reach 4°C,
which is substantially larger than in Bilbao and Antwerp. Unfortunately, only two suited
measurement stations could be found for this area. One is located in a park, which is
far from ideal to assess the UHI effect, the other one is located far away from the city
center, which is also not ideal. Nevertheless, the model performance (shown in Figure
x) is satisfactorily, as the error statistics come close to the ones of Bilbao and Antwerp,
where we had much more suited measurements. So our confidence is high that we are
able to perform valuable model simulations for the RAMSES project in the coming
years.

Figure 20. Urban-rural 2-m air temperature difference for the measurements (black)
and the UrbClim model (red) for the period May-September 2012. Error statistics
(model bias, root mean square error and correlation coefficient) are given in the top
left of the plots.
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Figure 21. Mean 2m temperatures for the period May-September 2012.

4.2.3 Bilbao
The UrbClim model grid used for Bilbao is, as before, defined by the parameters listed
in Table 6. The horizontal extent of the grid is again 30 km, and the vertical levels are
also as before. The projection of the grid is in Spain Madrid 1870 coordinates, defined
by EPSG code 2062 in the universal spatial reference database. The the grid is shown
in Figure 22.
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Figure 22. Overlay of the UrbClim grid over Bilbao on Google Earth.

The simulated UHI intensity for Bilbao for July 2009 (the same month as that used for
the Enviro-HIRLAM simulations) is shown in Figure 23. It should be noted that in Figure
23 we subtracted the topographical effects, which are substantial in this region, in order
to show the UHI effect more clearly. Also the location of the measurement stations, is
shown on the map. The mean UHI intensity in Bilbao is rather weak, about 1°C, which
is well below the values for Antwerp. The peak values (shown in Figure 24) reach
about 4°C during this month.
UrbClim performance is as shown in Figure 24, which displays the temperature
differences between the city center and the two rural locations, both simulated and
observed. Clearly, the UrbClim model performs very well during this month, capturing
the UHI effect with negligible bias, a low root mean square error, and good correlation
coefficients. The Bilbao case is particularly encouraging for the UrbClim model. Indeed,
as UrbClim does not represent internal dynamics (the pressure gradient is specified
from the external forcing and not calculated as an internal model field), it is not capable
of generating any local circulations, such as sea or mountain breeze systems.
Nevertheless, the model appears very well capable of correctly reproducing observed
urban-rural air temperature differences.
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Figure 23. Mean UHI intensity for Bilbao, the period July 2009.

Figure 24. Urban-rural 2-m air temperature difference for the measurements (black)
and the UrbClim model (red) for Bilbao, for the period May-September 2012. Error
statistics (model bias, root mean square error and correlation coefficient) are given in
the top left of the plots.
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Table 7. Comparison of the error statistics for the modelled 2m temperatures at four
different locations in and around Bilbao. The Enviro-HIRLAM results are those
specified in González-Aparicio et al. (2012).

Finally, a comparison with the results of the Enviro-HIRLAM model is shown in Table 7.
A description of the results from the Enviro-HIRLAM model used for this comparison
can be found in González-Aparicio et al. (2012). Note that, now, we compare the
temperature time series observed at individual stations, and not (as above) the
temperature differences occurring between urban and rural stations, which explains
why the correlations are much higher here than in the results shown above. Clearly,
the UrbClim model outperforms the more complex Enviro-HIRLAM model when it
comes to reproducing observed temperatures. Clearly, the higher resolution of the
UrbClim model, as well as its tight cooling to ECMWF model output, are explaining
factors for this finding. Nevertheless, this result strengthens our confidence in the
approach to perform the model simulations of the RAMSES project with the UrbClim
model.

4.3 Other cities – preparatory work
4.3.1 Skopje
Via Gerardo Sanches Martinez (WHO), good contacts were established with the
Skopje municipality (Macedonia, contact person Mihael Vodeb, head of the GIS
department). A list of data requirements for the Urbclim model demonstration on
Skopje was discussed with WHO during a technical meeting at VITO on Oct. 3th 2013.
The data list included in-situ air temperature measurements, 3-D information on the city
and shape files with administrative boundaries, census tracts, land use (streets, green
spaces, buildings, industrial facilities,…) etc… As far as the air temperature
measurements for Skopje are concerned, they are acquired at Zajcev Rid, a hill just
outside the city where the hydro-meteorological institute is located. So, all the available
measurements we have are from there. There is possibly an additional source of in-situ
air temperature measurements at the airport, although this site is even further away
from the city than the hydro-meteorological institute. Intra-city measurement campaigns
were occasionally conducted, so we have requested to be allowed access to these
data as this is the only source of inner city temperature measurements we will have. A
datafile with the daily maximum temperature May-September from 2006 to 2012 at the
hydro-meteorological institute has already been made available, as well as a document
describing climate change scenarios for Macedonia, by M.Sc. Aleksandar Karafilovski
(December 2012, see http://www.unfccc.org.mk/).
Furthermore, it was investigated how a coupling can be made between an excel-based
WHO tool, used for calculating health impacts, and the UrbClim model. In order to
compute heat-related mortality, the WHO will make use of maximum apparent
temperature, a climatological variable (based on air and dewpoint temperature) which
can easily be computed in post-processing from UrbClim output, together with the
definition of heat waves described in (D’Ippoliti et al, 2010). It therefore becomes
feasible to directly perform a mortality estimation based upon long-term UrbClim
climate projections.
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4.3.2 Rio de Janeiro
During the course of our search for meteorological data in/near Rio de Janeiro,
required for the validation of UrbClim simulations, we established contacts with
Andrews Lucena of the Universidade Federal do Rio de Janeiro. Andrews has
conducted investigations on the urban heat island of Rio (Lucena et al., 2013), using
in-situ and remote sensing data, as well as modelling. We are currently considering the
possibility to define a sort of joint work programme, through which we might gain
access to the local data. This is particularly relevant since the search for data showed
limitations in the representativity of synoptic meteorological data available in the NCDC
data archive. Also, a collaboration would surely strengthen the applicability of any
results we are going to produce, and it certainly would be the right thing to
acknowledge existing local urban climate expertise; we expect this will also only be
beneficial to us. A concrete option would be to aim for a postdoc scholarship, to be
funded through the Belgian Science Policy Office programme aiming at non-EU
researchers. This is a competitive programme, though, so no success can be
guaranteed.
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5 ENVI-met
The alteration of radiation budget and the wind pattern inside the urban area is
responsible for important thermal comfort spatial variations and thus affects urban
quality of life. Inside the urban environment microclimatic conditions vary from that of
the rural areas. Local thermal comfort can be significantly influenced by the location
and orientation of buildings and other urban elements (i.e. vegetation), the materials
used in urban constructions and landuse characteristics.
In this sense, the design of urban spaces (e.g. urban squares) is a key issue that
conditions thermal comfort and use by pedestrians. Urban space design should
consider the climatic conditions to which each urban space is exposed. Thus, not only
geographical location and the regional climate characteristics influencing the urban
area need to be taken into consideration but also the location of the urban space inside
the whole urban area. This last aspect is important not only for the expected use by
pedestrians, but because of the climatic alteration caused by the rest of the urban area
on local urban climate.
This part of the study, which was carried out with the ENVI-met microscale urban
climate model, focuses on the analysis of microclimatic variables in urban spaces, their
influence on thermal comfort and the comparison with modelling results. Four urban
spaces have been selected in different districts of Bilbao (Spain). These spaces are
basically squares and parks. The principal aim is to validate the specific measured
microclimatic data with results provided by ENVI-met model and analyse the
deviations. Thus, the confidence on modelling results are established, identifying the
weakness and providing quantitative assessment of model accuracy.
(It should be noted at this point that, whereas in the description of work the SOLWEIG
model was still included as a candidate, we have decided to continue with ENVI-Met
only, as the latter contains more detail of the flow field.)
The regional climate in Bilbao is characterized by moderate temperatures in winter and
summer. It is a region with a lot of rain and significant oceanic influence due to the
proximity of the Atlantic Ocean. Typical precipitation is in the range of 1,100-2,000
mm/year. Rain is more frequent in spring and autumn, while July is the month with
least rain. Annual mean temperature is 14-15ºC with mean temperature variations
along the year from 20.9ºC in July to 8.8ºC in December. During winters daily
maximum temperature (Tmax) is 13ºC and minimum (Tmin) is 6ºC. The Summer
season does not usually register high temperatures. Highest values occur in July with
Tmax of 26ºC and Tmin of 16ºC (Figure 25). However, heat waves can occur several
times per year and air temperature can reach up to 40ºC. Also during winter, when
south winds are present, air temperature values of 20ºC can occur. Relative humidity is
quite constant during the year. Mean monthly values vary from 68% on February to
74% in December (Figure 25).
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Figure 25. Monthly variation of air temperature, relative humidity and precipitation in
Bilbao considering the years 2005-2009 (elaborated from Bilbao’s Airport - Spanish
Meteorological Agency).

The effect of the urban heat island (UHI) has been analysed in Bilbao (Acero, 2013a).
Temperature anomalies with respect to nearby rural areas have been derived (Table 8)
for different periods of the year. Mean highest Tu-r (i.e., urban minus rural
temperature, which is a measure for UHI intensity) is quite similar during all the year.
On the contrary, mean lowest Tu-r varies significantly between seasons. Negative
Tu-r shows the existence of an Urban Cold Island (UCI) that is more intense during
spring and summer. This seasonal variation of the characteristics of Bilbao UHI is
directly related with the influence of sea breeze in the region.
Mean
Highest
Lowest
Winter
0.75 ( 0.54)
2.36 ( 1.01)
-0.90 ( 0.79)
Spring
0.55 ( 0.63)
2.34 ( 1.19)
-1.37 ( 0.88)
Summer
0.70 ( 0.66)
2.54 ( 1.00)
-1.40 ( 0.98)
Autumm
0.88 ( 0.55)
2.51 ( 1.00)
-0.79 ( 0.79)
Yearly mean
0.73 ( 0.60)
2.44 ( 1.05)
-1.10 ( 0.90)
Table 8. Daily temperature anomalies ( Tu-r) between Feria (urban station) and
Bilbao Airport (rural station) in different periods of the year (Acero, 2013a).

Atmospheric dynamics in Bilbao is influenced in an important way by complex terrain
and sea/land interactions (Millan, 1984). Surface air flow is channelled through different
valleys (Figure 26). Both the topography and the proximity of the sea are the factors
that develop sea/land and mountain/valley breezes which occur with relatively high
frequency especially in stable atmosphere situations. The intensity of the sea/land
breezes depend on solar radiation, air temperature and sea surface temperature. On
the other hand, anabatic/katabatic winds are conditioned by mountain slopes and their
orientation. Mountain breezes along the valleys can overlap land breezes directed to
sea. These local to regional phenomena interact with the prevailing synoptic
meteorology producing a specific atmospheric dynamics in the Bilbao.
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Figure 26. Representation of predominant wind directions in the surroundings of
Bilbao and location of meteorological stations (Acero, 2013a)

The first step to include climate criteria and thermal comfort aspects in the urban
planning and design is to develop an Urban Climate Map (Acero, 2013b). This covers
the spatial scale of the whole city of Bilbao and defines climate recommendations at
the mesoscale (i.e. 100 meter resolution). However, to analyse in depth thermal
comfort on urban spaces (at, e.g., 2 meter resolution) further investigations are
required. Thermal comfort needs to be considered in both spatial scales (mesoscale
and microscale) to define properly and coherently climate change adaptation
strategies.

5.1 Methodology
In this section we provide an overview of the methodology used for the validation. First
we describe the study areas and the measurements, then the ENVI-met model, and
finally the validation strategy itself.

5.1.1 Study areas
The measurement campaigns consisted in recording climatic variables inside specific
areas with mobile devices. The aim of the campaign was to evaluate microclimatic
differences inside each area.
Measurements were carried out during three days (6th to 8th August 2010) with typical
summertime weather (i.e. influence of sea breeze) from sunrise to sunset covering all
the sunlight hours. The experimental areas were selected from an evaluation of Bilbao
land use and the regional climate affecting the urban area. Specific measuring sites
inside each area were selected considering urban climate expert knowledge. The
location and the typology of the areas is given in Table 9.
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Area
A
B
C
D

Name
Ribera Deusto
Miribilla
Casco Viejo
Indautxu

D4.1

X (UTM)
30504426
30504498
30504655
30504820

Y (UTM)
4788715
4789088
4789329
4789591

Z (m)
5.0
85.0
10.0
25.0

TYPE
Urban Park
Wide Street
Square
Square

Table 9. Description of the measuring areas during the campaigns.

The four selected areas are quite different: Ribera Deusto is located beside the river
(i.e. the most important ventilation path in the city); Miribilla was in an open-set urban
development area with high 8-storey buildings in one of the most elevated areas of the
city; Casco Viejo is in a very dense urban development; and Indautxu is in a compact
area in the city centre with medium height buildings (6 stories). Daily measurements
were taken in two areas. Table 10 shows the exact measuring period in each of the
selected areas. Inside the four areas, mobile sensors were moved from one site to
another. The periods in each specific site was appropriate to record representative
data and evaluate microclimatic differences.

Mobile measurement periods
Area

Day

A-Ribera
Deusto

Start
End
Start
End
Start
End
Start
End

B-Miribilla
C-Casco
Viejo
D-Indautxu

2010/08/06

2010/08/07

1

2

3

4

6:35
9:37
6:55
9:41

11:10
19:15
11:06
12:30

13:22
15:30

16:40
19:15

1

6:32
9:30
6:42
9:35

2

10:55
12:36
11:15
12:38

3

13:15
16:18
13:32
19:41

2010/08/08
4

1

2

3

4

16:38
19:00

8:27
12:28
6:41
10:02

11:00
12:37

13:15
15:45

16:39
19:04

Table 10. Schedule of the measurements conducted in the four urban areas.

- 47 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

Figure 27. Location of the measuring areas during the campaigns in Bilbao. Location
of Deusto meteorological stations (Basque Meteorological Agency).
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Figure 28. From top to bottom and left to right: the experimental areas of Ribera
Deusto, Miribilla Casco Viejo, and Indautxu. The green dots represent the specific
measuring sites.

All the instruments were installed in a shopping cart which was easy to move (Figure
29). With this system the following variables were measured: air temperature (Ta),
relative humidity (RH), pressure (P), wind speed (WS), wind direction (WD) and globe
temperature (Tg). Data of the first five variables were obtained with a unique device:
the Weather Transmitter WXT520 of Vaisala. Tg measurements were done with a
home-made instrument following Thorsson et al. (2007). Both instruments were
connected to a data logger CR200 of Campbell Scientific, Inc.

Figure 29. Mobile measuring system developed for Bilbao urban climate
measurements.

The technical characteristics (Table 11) of Weather Transmitter WXT520 were found
suitable for urban climate analysis. For globe temperature measurements, a 40 mm
ping-pong ball with a PT100 temperature sensor inside the middle of the ball was used.
Following Thorsson et al. (2007) the ball was painted grey (RAL 7038). The PT100 was
1/3 DIN with three wires. The thermo-resistance thermometer was inside a steel
protective sleeve of 5 mm of diameter and 20 mm long. The sensor was connected to a
PT100 signal transmitter for a 24Vdc power supply with an output signal of 0-2.5 V.
Data were stored in the CR200 data logger. The whole system recorded 1 minute
average values of climate variables at 1.1 meter a.g.l. From these data, mean radiant
temperature (Tmrt) was calculated as in Thorsson et al. (2007).

- 49 -

RAMSES Project (Grant Agreement n° 308497)

Wind Speed
Range
Accuracy

0..60 m/s
3% at 0..35m/s
5% at 35..60m/s

Output
resolution

0.1 m/s

Wind
Direction
0..360º
3%
1º

D4.1

Pressure

Relative Humidity

600..1100 hPa

0..100%RH

0.5hPa at 0..30ºC
1hPa at -52..+60ºC
0.1 hPa

3%RH at 0..90% RH
5%RH at 90..100%RH
0.1%RH

Temperature
-52..+60ºC
0.3ºC at 20ºC
0.2ºC at -52ºC
0.7ºC at 60ºC
0.1ºC

Table 11. Technical data of Weather Transmitter WXT520 of Vaisala.

a)

b)
Figure 30. Components of the devices installed in the mobile measuring system: a)
Vaisala WXT520, b) Globe temperature.

Additionally, hourly meteorological data of the Deusto station from the Basque
Meteorological Network were used to evaluate regional climate conditions affecting the
Bilbao urban area during the measurement campaigns. This site is located in an open
non-vegetated area surrounded by water and exposed directly to the sea breeze front.

5.1.2 The ENVI-met Model
The ENVI-met model was used to simulate microclimatic variables during the period of
the measurements. This is a three-dimensional non-hydrostatic microclimate model
developed to calculate and simulate climate variables and pollutant dispersion in urban
areas with a typical grid resolution of 0.5 to 10 meters and a timestep of up to 10
seconds. It models the evolution of the output variables during diurnal cycles using
fundamental laws of fluid dynamics and thermo dynamics. The model considers direct,
reflected and diffused solar radiation. The presence of vegetation is considered in the
radiative fluxes including shading, absorption and also re-radiation. The ENVI-met
software uses input values for buildings, vegetation, surfaces characteristics, soils,
climatic conditions and pollutant emissions. The integration of all the different
submodules in a CFD model increases the computational costs. The vegetation
module in ENVI-met describes the plants as porous elements characterized by LAD
(Leaf Area Density, m2/m3). It is included in the momentum and turbulent kinetic
energy equations.
Considering the period of the measurements (i.e. from sunrise to sunset), simulations
were launched at 4:00 local time (i.e. UTC+2), i.e. approximately 3 hours before
sunrise. The background air flow characteristics that forced the model where taken
from Deusto station from the Basque Meteorological Network. The total modelling time
was 20 hours which included the period when measurements were carried out.
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Discrete receptors were defined in the model for the locations of the measurements.
For these, output climate values of the model every 30 minutes were available. For the
whole grid, outputs were recorded every hour.
Characteristics of the model dimensions in each area are given in Table 12. Table 13
shows a representation of the location of buildings and vegetation. The meteorological
boundary conditions during each day of campaign considered in the modelling are in
Table 14. Figure 31 shows Ta and RH hourly evolution introduced to the model. Wind
speed (WS) and direction (WD) of the air flow affecting the model area was considered
constant during the whole modelling period due to model limitations. An adequate
value of WS and WD was considered for each simulation period taking into account the
air flow during daytime when the sea breeze was well established (i.e. 9:00 -19:00
UTC).
Number of grid cells (x,y,z)
Size of grid cells (meters) (x,y,z)
Nesting grids
Model rotation out of grid north

RiberaDeusto
167, 104, 30
2, 2, increasing
with height
6
-19º

Miribilla
167, 146, 30
2, 2, increasing
with height
6
39º

CascoViejo
109, 101, 26
2, 2, 2
9
18º

Indautxu
167, 167, 30
2, 2, increasing
with height
6
16.6º

Table 12. Description of the model dimensions of each area.

Area A: RiberaDeusto

Area B: Miribilla

Area C: CascoViejo

Area D: Indautxu

Table 13. Representation of the model input (including buildings and vegetation) for
each area.
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Wind Speed at 10 m a.g.l.
Wind direction
Roughness length
Minimum air temperature
Maximum air temperature
Minimum relative humidity
Maximum relative humidity
Cloud cover (octans)

D4.1

6th August
2.31 m/s
292º
0.1
288.75º (7:00 CET)
296.95º (18:00 CET)
51.30% (18:00 CET)
82.50% (7:00 CET)
2

7th August
3.69 m/s
281º
0.1
289.15º (7:00 CET)
296.55º (15:00 CET)
58.70% (19:00 CET)
81.90% (7:00 CET)
0

8th August
1.67 m/s
314º
0.1
292.25º (8:00 CET)
296.05º (18:00 CET)
65.80% (18:00 CET)
83.70% (8:00 CET)
8

Table 14. Description of the model meteorological boundary conditions.

Figure 31. Hourly evolution of air temperature and relative humidity in Deusto
meteorological station, used as meteorological boundary conditions in the model.

5.1.3 Model evaluation
The evaluation of the model was done by comparing the measured data with the
simulated temporal variations of Ta, RH, WS, Tmrt and the physiological equivalent
temperature index (PET) for thermal comfort assessement.
Initially, the analysis involved calculation of mean values for the whole period the
mobile sensor was measuring in each site. However, results for Tmrt were affected by
the adaptation time required by the sensor when changing from one site to another.
This was noticed specially when moving from sunshine to shadow sites and vice versa.
With the aim of having representative data, 10 minute mean values were calculated for
the data collected in each site (Thorsson et al., 2007). During the first 10 minutes,
mean Tmrt was calculated with the last minute value of the period considering the
measurement at this moment was already reliable. For the following 10 minutes at the
same site, mean Tmrt was calculated with the 1-minute Tmrt values. In the case of Ta,
RH, WS, 10-minute mean values were always calculated with 1 minute values.
Tmrt values were derived from Tg measurements following the equation (Thorsson et
al., 2007):

To evaluate model performance, at each site every 10-minute mean measurement of
Ta, RH, WS and Tmrt was compared with the temporally closest modelled data (i.e.
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every 30 minutes). Comparison was made with ENVI-met output values at 1 meter
height.
Thermal comfort was determined using the PET index (Höppe, 1999). It assesses
thermal comfort (Table 15) by taking into account Ta and RH conditions as well as
radiation and wind data (i.e. Tmrt and WS). Additionally, the human metabolic heat rate
and other personal parameters need to be considered (e.g. age, gender, clothing,
weight and height). For this study, PET index was calculated with standardized data
(age: 35 years, height: 1.75; metabolic rate: 80 W/m2; clothing: 0.9; weight: 75 kg; sex:
man).

Table 15. Assessment of PET index, thermal perception and grade of physiological
stress (Matzarakis and Mayer, 1996).

To analyze the most relevant variables that explain the differences between measured
and modelled data, regression analyses (stepwise method) was used. In this case, the
PET differences (measured-modelled) were considered as the dependent variable
while the independent variables were the differences in Tmrt, WS, T and RH. In the
stepwise regression, variables can be entered or removed depending on the model
significance (probability) of the F-value or the eigenvalue of F.
Seven regression analyses have been conducted. The first one included all data
available (i.e. 338 pairs of measured and modelled data), while the other six were for
each day and in each area where the measurements were carried out (Table 9).

Day
th
6 August
7th August
8th August

Ribera Deusto
N=65

Miribilla
N=54
N=23

Area
Casco Viejo
N=63
N=65

Indautxu
N=68

Table 16. Number (N) of measured and modelled pairs for each area and selected
day.

5.2 Validation results
The results of the comparison of the microscale modelling versus measurements are
presented individually for each of the four areas.

5.2.1 Indautxu
The best relationship between the modelled and the measured data is for the air
temperature (r2=0.9633) followed by the relative humidity (r2=0.8926). Thus, ENVI-met
represents fairly well both variables (Figure 32).
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Figure 32. Air temperature and relative humidity: comparison between measured and
modelled values in Indautxu.

However, the temporal evolution of air temperature (Ta) and relative humidity (RH)
shows differences between measured and modelled values of up to 3.15 ºC and
19.16% respectively. In the case of Ta, greatest differences occur around midday
(Figure 33). During the morning hours, measured data are very well represented by the
modelling. During the afternoon, midday differences tend to reduce. Results are in
correspondence with the urban heat island effect (i.e. accumulated heat). This effect is
represented in the measured data since the simulation results are forced by Ta in a
suburban area location surrounded by water where the urban heat island effect is
negligible (Acero, 2013a). Results for RH confirm this aspect (Figure 33). Modelled
values are higher than measured ones during all the period. Highest differences in RH
occur during the afternoon (16-17 hours UTC) which is related to the establishment of
a well-developed sea breeze after midday that has less influence inside the urban area
(e.g. Indautxu area). First measurements in the morning show an anomaly in the
values trend during approximately 30 minutes caused by a decrease in Ta and an
increase in RH. This is associated with the hosing of the square and thus the cooling
effect of water in the pavement.

Figure 33. Air temperature and relative humidity temporal evolution of measured and
modelled values in Indautxu.
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Figure 34. Wind speed temporal evolution of measured and modelled values in
Indautxu

In the case of wind speed (WS), modelled values do not represent correctly measured
data. This result can be understood by realizing that the model is driven by an initial
WS and WD which does not change in time, whereas real meteorological conditions
do, of course, change. In any case, the model seems to overestimate observed WS
(Figure 34). Thus, as expected, results show significant differences especially during
the hours in which the observed regional WD in Bilbao is different to the flow condition
used in the modelling.
Mean Radiant Temperature (Tmrt) does not show a very good relationship (r2=0.4534)
between measured and modelled values. This is due to two reasons:
(1) Shortwave (SW) radiation is overestimated by the model and thus simulated
Tmrt presents higher values than the ones measured.
(2) Model resolution does not correctly account for sun radiation exposure
caused by certain urban elements.
At this point it is interesting to compare simulated direct SW radiation with measured
incoming radiation in the meteorological station of Deusto (i.e. suburban area location
surrounded by water). Results show that incoming solar radiation is overestimated by
the model (Figure 35). Consequently, incident solar radiation should have been
adjusted in the model. However, due to the lack of radiation data inside the area,
incoming solar radiation was not corrected. Additionally, this comparison shows the
effects of shadowing due to different elements in the square. In site 4 during the
morning, the model represents the shadow caused by vegetation. This also occurs
around 16:00 UTC in site 0 where the model estimates shadow due to vegetation.
However, during the following hour, model estimations result in no shadow in site 0.
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Figure 35. Temporal evolution of radiation parameters measured in Deusto
meteorological station and modelled direct shortwave radiation in Indautxu.

Figure 36. Temporal evolution of Mean Radiant Temperature: measured and
modelled values in Indautxu.

Model overestimation of solar radiation is the main reason for the overestimation of
Tmrt in different sites inside the square, not only the ones exposed to direct SW
radiation (Figure 36). For example, site 4 during the morning is located in shadow (as
noted during the campaign) but the difference between modelled and measured Tmrt is
significant. This shows that not only direct SW radiation is overestimated but that there
are errors in other radiation components (e.g. diffuse/reflected SW radiation, longwave
(LW) radiation) which could be caused by an incorrect evaluation of the surface
albedos and temperature, and vegetation properties (e.g. Leaf Area Index).
Overestimation of Tmrt after midday is in the range of 20ºC. Other sites (i.e. 5&6 before
midday and 0 during the afternoon) present the highest differences up to 45ºC due to
model resolution and an inaccurate definition of the urban elements (e.g., vegetation).
Thus, in the former cases, the model is estimating that sites are exposed to direct solar
radiation while the real situation is that the measurements were done under shadow
conditions (as noted during the campaign).

5.2.2 Ribera Deusto
Similarly to the Indautxu area, results of the modelling of Ta and RH in Ribera Deusto
show a good correlation with measured data. Explained variances are r2=0.9322 and
r2=0.9065 respectively (Figure 37).
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Figure 37. Air temperature and relative humidity comparison between measured and
modelled values in Ribera Deusto.

In the case of Ta, the difference between measurements and modelling values are
small (Figure 38). The mean difference between model-observation pairs is 0.5 ºC.
Measured values are always higher during daytime except during the first hours after
sunrise (until 9:00 UTC). During this first period of the day the urban surface has not
been heated up by the Sun’s radiaiton and thus is colder than water temperature which
has a significant effect in the data that is forcing the model. The highest differences
occur in sites 11, 12 and 13 after midday, reaching 2.69 ºC. This result is in agreement
with the location of these sites and the period of the day when they were recorded.
Sites 11, 12 and 13 are the closest locations (2-3 m distance) to a south oriented
building façade and are farthest from the river waterway. During the afternoon, sites
influenced by the shadow of big dense trees present close measured and modelled
vales (i.e., site 0).

Figure 38. Air temperature and relative humidity temporal evolution of measured and
modelled values in Ribera Deusto.

RH shows differences between measured and modelled values that range from 4.7%
to 17.3%, always higher in the model results. Lower differences occur previous to
intense solar heating (i.e. around 9:00 UTC) when accumulated heat by urban
structures is low. During the rest of the day, heat accumulation increases differences
between modelled and measured since this effect is not so marked on RH values that
force the model (data from suburban station surrounded by water). RH deviations
decrease around midday in sites 4 and 9 because they are located close to the river
waterway (4 m distance) and thus higher RH values are measured (i.e. less influence
of urban heat storage).
As in the case of Indautxu, Tmrt does not show a very good relationship (r2=0.4647)
between measured and modelled values because of a disagreement in the radiation
budget estimated by the model and the influence of urban elements. In the case of
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Ribera Deusto measured total incoming radiation is higher than the modelled direct SW
radiation during the central part of the day which can be justified by an overestimation
of the cloud cover value (i.e. 2/8 octans). However, during the first hours of
measurements results are opposite showing an evolution of cloudiness along the day.
During the morning site 3 is influenced by the shadow of very dense trees which
basically eliminates direct SW radiation. During the late afternoon (i.e. 18:00 UTC
onwards) most of the area is affected by the shadow from buildings situated northwest
(Figure 39). Previous to that time, direct SW radiation on site 0 is due to shadow from
dense trees. However, results in site 8 during the afternoon (around 18:00 UTC) are
not correctly represented by the model. At this time the model estimated that site 8 is
already under the influence of shadow (Figure 40) but measurements of Tmrt (Figure
41) show that solar radiation is still present for several minutes more (i.e. Tmrt
decreases from 18:00 to 18:10).

Figure 39. Spatial distribution of modelled direct shortwave radiation in Indautxu at
16:00 UTC (left) and 18:00 UTC (right).

Figure 40. Temporal evolution of radiation parameters measured in Deusto
meteorological station and modelled direct shortwave radiation in Ribera Deusto.
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Figure 41. Evolution of Mean Radiant Temperature: measured and modelled values
in Ribera Deusto.

Despite the fact that solar radiation is underestimated by the model during the central
part of the day, Tmrt is still overestimated in most sun-exposed locations except in site
8 at midday. However, differences between measured and modelled values are much
closer than in the case of Indautxu due to an underestimation of direct SW radiation (as
explained before). Furthermore, considering that Tmrt is overestimated by the model in
shadow conditions where simulated direct SW radiation is null (e.g. site 0 during the
afternoon), it can be interpreted that other radiation components have also been
overestimated.

5.2.3 Casco Viejo
In this area measurements were taken during two days with significant climatological
differences between them. This affected the results of the comparison, i.e. different
relationships between measured and modelled values appear depending on the
prevailing climatology. This is shown in the relationship of measured and modelled Ta
and RH values. 7th August was completely clear, without any clouds, while during 8th
August skies were completely covered with low dense clouds (8/8 octans). Correlation
coefficients (r) present a better relationship between modelled and measured Ta
values for cloudless day (Figure 42). In the case of RH the best relationship occurs on
the overcast day. The lack of intense solar heating reduces heat accumulation in the
urban area and thus reduces the influence on driving measured and modelled Ta
values. In this situation, local area properties can increase the influence on measured
values, as occurs with RH.
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Day 2010/08/07

Day 2010/08/08

Figure 42. Air temperature (upper panels) and relative humidity (lower panels):
comparison between measured and modelled values in Casco Viejo during two days
of measurements.

Difference between measured and modelled temporal evolution of Ta and RH can be
seen on Table 10. Higher maximum Ta deviations (model vs observations) occur on
the clear sky day around midday when intense solar radiation increases the effect of
the urban heat island (Figure 41). Higher simulated Ta values occur during the first
hours in the morning are consistent with the effect of water temperature in the data
forcing the model. This causes negative minimum Ta deviation values. However,
minimum absolute Ta deviation values are lower during the morning of the overcast
day due to the effect of low dense clouds that reduced nocturnal heat release in the
urban area. Similarly, mean absolute RH deviations, is higher during the clear sky day
(Figure 43). In this case, highest differences occur during the afternoon (~17 hours
UTC) which is related to the establishment of a well-developed sea breeze after
midday that has less influence inside the urban area (e.g. Casco Viejo). Thus, the
presence and lack of solar radiation explains the different deviations between the
modelled and measured values along the day.
On neither of the days, WS is correctly represented by the model. In fact, the
correlation coefficient is close to zero.
In the case of Tmrt, the relationship between measured and modelled values is again
relatively poor (r2=0.5145 for the clear day and r2=0.3877 for the overcast day).
Initially, it could be expected that in the absence of solar radiation on 8th August, the
relationship between values could be better since the problem of model resolution to
represent correctly direct sun radiation exposure in relation to certain urban elements
would be avoided. However, the results for both (clear and overcast) days show little
relationship.
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7th August

8th August

ΔWS
(m/s)

ΔTa
(ºC)

ΔRH
(%)

ΔTmrt
(ºC)

ΔWS
(m/s)

ΔT
(ºC)

ΔRH
(%)

ΔTmrt
(ºC)

Maximum

1.13

3.53

-0.25

16.57

0.98

2.02

-2.91

12.00

Minimum

0.01

-1.95

-20.09

-38.72

-0.15

-0.45

-15.57

-0.73

Median

0.50

1.73

-12.13

-15.01

0.36

1.01

-9.37

6.98

Mean

0.46

1.36

-11.90

-13.24

0.38

0.88

-9.19

6.83

Table 17. Deviations of simulated versus observed climate variables for 2010/08/07
and 2010/08/08 in Casco Viejo.

In the case of Casco Viejo it is especially interesting to evaluate measured and
modelled radiation parameters. Comparison of simulated direct SW radiation with
measured incoming radiation in a suburban area location shows that incoming solar
radiation is overestimated by the model on 7 August, which is the cloudless day (Figure
43). This is similar to results for Indautxu on the same day. Also, the effects of
shadows, mainly caused by buildings in the square can be seen on Figure 43 on 7
August. In site 3 during the morning, the model represents the shadow during the first
20 minutes. However, the last period of the measurement at the same site, when sun
elevation is sufficient, direct solar radiation is present. In the case of the overcast day,
direct SW radiation estimated by the model is null and diffuse SW radiation is lower
than the measured incoming radiation.

Figure 43. Air temperature and relative humidity temporal evolution of measured and
modelled values for days 2010/08/07 and 2010/08/08 in Casco Viejo.

Overestimation of solar radiation is the main reason for the overestimation of Tmrt on 7
August (clear sky day). This can be noticed in sites exposed to direct SW radiation
(e.g. site 5 before midday) and sites influenced by the shadows from the nearby
- 61 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

building (e.g. site 2 around 14:30 UTC) where difference between modelled and
measured Tmrt is still significant (~ 12 ºC). Again, this shows that not only direct SW
radiation is overestimated but that there are errors in other radiation components (e.g.
diffuse/ reflected SW radiation, LW radiation) which could be caused by an incorrect
evaluation of the surface albedos and temperature. Overestimation of Tmrt in sites
exposed directly to sun radiation range from 20 to 35 ºC depending on its location and
time of the day. On shadow sites the value is around 12 ºC after sunrise and before
sunset. However, other sites (i.e. 3&4 before midday and 0 during the afternoon)
present lower model Tmrt estimation than the measurements. The reason is that the
model expects these sites to be in shadow but the measurements were really done
under direct sun radiation despite the shadow from the building was close to the sensor
(as noted during the field campaign). Thus, the accurate definition of the buildings (e.g.
height) and the resolution of the vertical grid are conditioning the results and can cause
an unrealistic estimation of direct solar radiation with relevant consequences in urban
thermal comfort evaluation.

Figure 44. Temporal evolution of radiation parameters measured in the Deusto
meteorological station and modelled direct/diffuse shortwave radiation in Casco Viejo
on 2010/08/07 (upper panel) and 2010/08/08 (lower panel).

Contrary to the results on the clear sky day, during the overcast day (i.e. 8th August)
measured Tmrt is higher than values predicted by the model (Figure 45). Values during
a short period at midday when measured and modelled values are mostly equal (sites
4&0) correspond to a reduction in total incoming radiation that is not taken into account
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by the model, and thus is not reflect in the Tmrt estimation. General underestimation of
modelled Tmrt during the overcast day can be justified by an underestimation of SW
radiation and urban Lw radiation. The influence of the latter is suggested because in
the absence of total incoming radiation around sunrise and sunset (i.e. first and last
measurements in Figure 45), measured Tmrt is higher than modelled values.

Figure 45. Mean Radiant Temperature temporal evolution of measured and modelled
values for days 2010/08/07 and 2010/08/08 in Casco Viejo.

5.2.4 Miribilla
The relationship between measured and modelled Ta values in Miribilla is the worst of
the four urban areas analyzed. This is related to the location of Miribilla on an elevated
area where the temporal variation of climate variables can differ from other areas
located in the lower part of the valley (i.e. Indautxu, Casco Viejo, Ribera). Since Ta
forcing data are from a location in the lowest part of the valley, modelling results in
Miribilla are expected to exhibit a higher deviation from the measurements.
Relationship between modelled and measured values of Ta and RH are better in the
case of the mostly clear sky (~2/8 octans) on 7 August than on the overcast day, i.e. 8
August (Figure 46). The more significant difference between these days is for RH.
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Lower correlation of RH during the overcast day has to be associated to atmospheric
dynamics since lack of solar radiation reduces the intensity of sea breeze and thus
elevated areas can be influenced by other climatic phenomena (e.g. downslope winds)
characterized by less water content.
Day 2010/08/06

Day 2010/08/08

Figure 46. Air temperature (up row) and relative humidity (down row) comparison
between measured and modelled values in Miribilladuring the two days of
measurements.

The mean difference between measured and simulated Ta values is highest during the
clear sky day. During the overcast day this difference is negligible (Figure 47). The
temporal evolution during both days is different due to meteorological conditions.
During the clear sky day modelled values are up to 2.63 ºC higher than the values
measured. This occurs during morning hours when modelled results are always higher
than measured. Afterwards, at midday and during the afternoon the deviation in Ta
tends to be reduced significantly. On the contrary, during the overcast day, the
maximum morning-time deviation only reaches 0.77 ºC. During the afternoon,
measured values are higher than the ones modelled up to 0.64ºC. This difference is
much greater than in the case of clear sky during the same period of the day (i.e.
afternoon). Results are consistent with the existence of different local climates inside
the urban area. Specifically, climatological variables at Miribilla are expected to differ at
some extent from the rest of the areas. During the morning hours, measured values
are lower because Miribilla is influenced by its location on a hillside, approximately 80
meters above the bottom of the valley where the rest of the locations, including the
meteorological station that generates the model forcing data, is located. Additionally,
atmospheric dynamics can differ since the influence of sea breeze that is felt from
9:00-10:00 UTC onwards in the meteorological station, is not registered in Miribilla until
a few hours later. Difference between clear sky and overcast day in the morning
results, has to be archived to a reduction on night-time cooling due to the presence of
clouds previous to sunrise on the overcast day. In this situation local Ta differences
inside the city tend to homogenize.
- 64 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

These results are validated by the RH temporal evolution. During the clear sky day,
morning deviations (model vs measurements) of RH values are small. This is
consistent with the lower Ta measured in Miribilla and the expected lower water
content (i.e. specific humidity) due to its elevation and distance to the river. In these
conditions, RH forcing the model from the lower part of the valley and measured data
can be similar. From midday onwards RH differences increase in correspondence with
urban heat accumulation and the influence of the sea breeze (i.e. higher water content)
that has less influence in Miribilla, where measured values are always lower.
6th August

8th August

ΔWS
(m/s)

ΔTa
(ºC)

ΔRH
(%)

ΔTmrt
(ºC)

ΔWS
(m/s)

ΔT
(ºC)

ΔRH
(%)

ΔTmrt
(ºC)

Maximum

1.36

0.91

1.77

7.9

2.02

0.64

-4.05

2.35

Minimum

-1.44

-2.63

-14.03

-39.67

-1.24

-0.77

-13.45

-14.21

Median

-0.66

-0.49

-8.43

-10.50

-1.00

-0.05

-8.52

-2.42

Mean

-0.44

-0.75

-7.42

-10.65

-0.67

-0.04

-8.72

-3.42

Table 18. Difference between measured and modelled cClimate variables for
2010/08/06 and 2010/08/08 in Miribilla.

Figure 47. Air temperature and relative humidity temporal evolution of measured and
modelled values for days 2010/08/07 and 2010/08/08 in Miribilla.

In the case of WS, modelled values do not represent measured data correctly. As
stated previously, this result can be understood mainly because the model initial
forcing wind conditions (i.e. speed and direction) do not change along the simulation.
Obviously, this differs from the real regional air flow direction in Bilbao, and results of
the correlation between modelled and measured data differ significantly. However, in
the case of the overcast day, results appear to be a bit better (r2= 0.4372). In this case,
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WS modelling in Miribilla improves results with respect to measurements because of
two reasons:
(1) Thermal turbulence generated by solar radiation is reduced due to cloud
cover (8/8 octans), and consequently, the model might improve solving flow
dynamics.
(2) Reduction of mechanical turbulence due to low wind speed in an urban
development like Miribilla (i.e. an open area, wide street)
The model-vs-observation deviation of Tmrt also shows interesting results compared to
previous areas. Indeeed, of all the areas, the best relationship between measured and
modelled data for all the analyzed areas occurs in Miribilla (r2=0.7042). This result is
related to a correct estimation of solar radiation exposure done by the model since
shadows are correctly identified in mostly all the measurement sites. However, during
the overcast day, the relationship (r2=0.4088) degrades to one similar to the rest of the
sites (Figure 48).
Day 2010/08/06

Day 2010/08/08

Figure 48. Mean radiant temperature comparison between measured and modelled
values in Miribilla during the two days of measurements.

Analysis of solar influence in the measuring sites shows that during the mostly clear
sky day (i.e. 6 August) there is an underestimation of direct SW radiation during the
midday (Figure 25), as occurred in the case of Ribera (same day of measurements),
caused by an overestimation of cloud cover in the model. However, this might not
occur during the first hours in the morning and late afternoon when Sw radiation
estimation is higher than total incoming measured data, similar to other areas during
the clear sky day (7 August). Null direct SW radiation agrees with shadow sites (noted
in field campaign notes) except in site 14. Variability in the measured incoming
radiation is due to cloud influence (i.e. temporal variation of cloudiness). During the
overcast day (8 August), temporal evolution of Tmrt shows a similar pattern with
respect to Casco Viejo on the same measurement day. However, in the case of
Miribilla, modelled diffuse SW radiation is higher than in Casco Viejo due to the
different urban development areas, being the former a more open urban area.
Tmrt is overestimated in most sun exposed sites in correspondence with radiation
influence. However, after midday, modelled and measured data in sites 8, 2 and 5 tend
to be similar. Despite the fact that modelled direct SW radiation does not show an
important change after midday, Tmrt estimation does reflect a reduction in the
mentioned sites. In this case, results have to be related to the location of the
measuring sites with respect to the other locations (i.e. sites 14, 15) which have less
vegetation in their surroundings, and are located between buildings.
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Figure 49. Temporal evolution of radiation parameters measured in the Deusto
meteorological station and modelled direct/diffuse shortwave radiation in Miribilla on
2010/08/06 (upper panel) and 2010/08/08 (lower panel).

Thus, reflected SW radiation and LW radiation emitted by buildings result in higher
Tmrt in sites 14 and 15, contrary to sites 8, 2 and 5 that are located in a more open
location. At this time, after midday, measured incoming solar radiation shows a
decrease in magnitude, caused by clouds, that can be interpreted as the fluctuation
registered on the measured Tmrt at the sites. Finally, while the mean Tmrt deviation is
10.5 ºC (being higher in the modelled values), the only site where shadow presence is
not reproduced correctly by the model (site 14 around midday) shows a difference of
40ºC (Figure 50).
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Figure 50. Mean Radiant Temperature temporal evolution of measured and modelled
values for days 2010/08/06 and 2010/08/08 in Miribilla.

In the case of the overcast day Tmrt deviations are much smaller. The mean deviation
is 3.4 ºC, values being higher in the model results (Figure 50). Results of Tmrt during
this day are significantly different to the ones registered in Casco Viejo (see above). As
mentioned previously, this is related to the difference in the urban development of both
areas. In the case of Miribilla, estimated diffuse SW radiation is higher. However, LW
radiation from buildings is lower in most sites due to the urban openness. Thus,
considering that measured Tmrt is similar in both areas, it follows that higher diffuse
SW radiation in Miribilla is at least partly compensated by lower LW radiation. The fact
that simulated Tmrt in Casco Viejo during the same day (overcast conditions) is
underestimated can be interpreted as (1) simulated LW radiation is underestimated in
Casco Viejo, and/or (2) Diffuse SW radiation is overestimated in Miribilla. Thus, the
radiation budget of the model seems to lack precision and should be improved.
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Figure 51. Spatial distribution of modelled longwave radiation (including effect of
buildings and vegetation) at 10:00 UTC in Miribilla (left) and Casco Viejo (right).

5.3 Analysis of thermal comfort
5.3.1 Thermal perception during the campaigns
Table 19 presents a statistical analysis of the results of the measurements. Highest
values of PET (Physiological Environmental Index) are registered in Miribilla (PET =
44.3ºC) at midday on 6 August. However, these levels perceived as ‘very hot’ (PET >
41ºC) are not common during the measurement campaigns. Most of the highest PET
values occur around midday and the first hours of the afternoon (until 16:00 UTC) and
are in the range of ‘hot’ (35 < PET < 41º) as is shown on Figure 52. In contrast, on the
overcast day, thermal stress perception only reaches the ‘slightly warm’ level. Lowest
values occur at Casco Viejo (PET = 13.5ºC) at 7:00 on 7 August due to clear sky and
the effect of night-time cooling. Generally, PET values during the first hours of the day
are ‘slightly cool’ (13ºC < PET < 18ºC). However, this varies between areas,
measurement sites and meteorological conditions mainly due to the presence or
absence of solar radiation. Towards the end of the afternoon, thermal sensation is
mostly in the range of ‘neutral/comfortable’.
Measured
PET(ºC)

6th August

7th August

8th August

Ribera Miribilla Indautxu Casco Viejo Miribilla Casco Viejo

Maximum

44.31

39.75

40.08

41.41

27.84

28.18

Minimum

17.67

14.86

18.11

13.55

19.02

18.44

Median

28.28

27.10

23.58

29.84

23.35

24.72

Mean

28.32

26.71

25.92

29.95

22.88

24.14

Table 19. Description of PET values derived from measured climate variables data
for each area and selected day.

5.3.2 Validation of the simulated thermal comfort index (PET)
Figure 52 shows the temporal evolution of measured and modelled PET during the
campaigns in the different areas. As expected, considering the differences between
measured and modelled climate variables (i.e. T, RH, WS, Tmrt) described above, PET
derived from model results presents little correlation with actually measured values.
- 69 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

Day 2010/08/08

Day 2010/08/07

Day 2010/08/06

Table 20 shows Pearson’s correlation coefficient between measured and modelled
PET.

Figure 52. PET temporal evolution of measured and modelled values each area and
day of measurements.

Pearson correlation coefficient (r)
6th August
7th August
8th August

Ribera Deusto

0.7414**

Miribilla

0.7892**

Indautxu

0.5992**

Casco Viejo

0.6544**

Miribilla

0.6107*

Casco Viejo

0.7511**

All days and areas

0.6797**

** p<0.001
* p<0.01
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Table 20. PET correlation coefficients between measured and modelled values for
each area and selected day, as well as for all data available.

Mean differences between measured and modelled PET values show that, on clear sky
days, the model yields higher values than those derived from the measurements.
Conversely, during the overcast day, mean modelled PET results are slightly
underestimated. The highest mean deviation (-10.3ºC) occurs in Casco Viejo on the
clear sky day (7 August) when the Tmrt model overestimation is highest.
ΔPET(ºC) Day 6

Day 7

Day 8

Ribera Miribilla Indautxu Casco Viejo Miribilla Casco Viejo
Maximum

10.00

4.95

8.23

6.49

4.14

4.94

Minimum

-19.92

-18.79

-25.61

-29.46

-5.54

-1.70

Median

-2.14

-3.41

-8.45

-10.94

1.04

2.05

Mean

-1.47

-4.21

-7.82

-10.30

0.06

2.00

Figure 53. Description of ΔPET (PETmeasured – PETmodelled) values for each area
and selected day.

Considering the deviations of the simulated PET values compared to the observations,
it turns out that the evaluation of thermal comfort in urban areas should not be
performed exclusively with model results. Thus, comparison between areas or
scenarios based exclusively on modelling will be uncertain. For example, whereas
mean PET from measured data in Indautxu is 25.9ºC, which corresponds to a ‘slightly
warm’ thermal perception, simulated mean PET yields ‘warm’ conditions.
Obviously, the reason for PET variation is the deviation on the modelled climate
variables. On one hand the model resolution does not always define with sufficient
precision the morphological aspect of urban elements and thus their influence on
climatic variables (e.g. solar radiation exposure). On the other hand, the impossibility of
forcing the model with real WS and WD, and solar irradiance (i.e. cloudiness), is
problematic. With these limitations, a tendency towards simulated high PET values
arises. In this sense, future developments of ENVI-met should consider increasing the
performance of the model (Huttner, 2012).
Despite modelling results show deviation with respect to measurements, this is not a
limitation to evaluate future scenarios for climate change and/or adaptation measures.
Hopefully, knowing the limitations of the model allows analysing with sufficient
confidence differences between modelled scenarios.

5.3.3 Contribution of climate variables to thermal comfort
To analyse the relevance of each variable to explain the measured PET, seven
regression analyses have been conducted. The first included all data available (i.e. 338
pairs of measured and modelled data), while the other six were for each area and on
the selected days during which the measurements were carried out. The synthesis of
the analysis is provided in Table 21 and Table 22.
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6th August
Ribera
Miribilla

Model All days and
areas
1
2
3

0.893
Tmrt
0.969
Tmrt,Ta
0.995
Tmrt,Ta,WS

0.893
Tmrt
0.977
Tmrt,Ta
0.998
Tmrt,Ta,WS

-

-

4

D4.1

0.933
Tmrt
0.968
Tmrt,Ta
0.994
Tmrt,Ta,WS
0.994
Tmrt,Ta,WS,RH

7th August
Indautxu
CascoViejo
0.938
Tmrt
0.985
Tmrt,Ta
0.998
Tmrt,Ta,WS
-

8th August
Miribilla
CascoViejo

0.915
Tmrt
0.985
Tmrt,Ta
0.995
Tmrt,Ta,WS
0.995
Tmrt,Ta,WS,RH

0.871
0.842
Tmrt
Ta
0.942
0.944
Tmrt,WS
Ta,Tmrt
0.996
0.999
Tmrt,WS,Ta Ta,Tmrt,WS
-

-

Table 21. Values of adjusted R squared from the seven regression analysis of
measured PET with the independent variables involved.

Independent
variable

All days and

Tmrt

6th August

7th August

8th August

Ribera

Miribilla

Indautxu

Casco
Viejo

Miribilla

Casco
Viejo

0.932

1.02

0.903

0.944

0.850

0.990

0.653

WS

0.307

0.292

0.397

0.301

0.402

0.289

0.410

Ta

-0.188

-0.197

-0.194

-0.156

-0.114

-0.429

-0.249

RH

-

-

0.103

-

0.081

-

-

areas

Table 22. Values of standardized regression coefficients (Beta) from the seven
regression analysis of measured PET.

The regression analysis shows that Tmrt is the most relevant variable to explain the
variation of measured PET (89.3% of the variance) during the whole measurement
period, including all days and sites. This applies both to PET calculated with measured
as with simulated data (the latter is not presented here).
When conducting the analysis separately for each day and area, Tmrt is again the
most relevant variable in most of the cases, except for Casco Viejo during overcast
conditions (8 August) when Ta is the principal variable explaining 84.2% of the
variance. However, in this case, correlation with PET of both Ta and Tmrt is significant
(r=0.919, p<0.001 and r=0.915, p<0.001 respectively), which indicates their close
relationship and the importance of both variables in the variability of PET. This result is
in accordance with the climatic situation on 8 August, which is characterized by
overcast conditions hence no direct solar radiation.
The analysis also shows that RH is not a relevant variable to determine PET variations,
which can be basically determined by the other three (Tmrt, Ta and WS). This is
consistent with the dependence of RH on Ta. Thus, correlation between RH and Ta is
high and significant (r=-0.820, p<0.001), and negative (i.e., increase of Ta is
associated with decrees of RH). Similarly, correlations between PET, and RH and Ta
are similar (r=-0.617, p<0.001 and r=0.584, p<0.001 respectively).

5.3.4 Deviation of measured versus modelled thermal comfort
Similarly to the previous section, the relevance of the deviation (measured-minusmodelled value, denoted with a ‘Δ’ in front of the considered variable) of each climate
variable was analysed with the aim of explaining ΔPET (i.e. PETmeasured –
PETmodelled). One regression analysis was made for all the available data (i.e. 338
pairs of measured and modelled data), and six other analyses were conducted for each
area and on the selected days with measurements. The synthesis of this analysis is
given in Table 23 and Table 24.
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th

Model

All days and areas

1

th

6 August

th

7 August

8 August

Ribera

Miribilla

Indautxu

CascoViejo

Miribilla

CascoViejo

0.785
ΔTmrt

0.915
ΔTmrt

0.802
ΔTmrt

0.834
ΔTmrt

0.967
ΔTmrt

0.490
ΔWS

0.547
ΔTmrt

2

0.914
ΔTmrt,ΔWS

0.982
ΔTmrt,ΔWS

0.872
ΔTmrt,ΔWS

0.921
ΔTmrt,ΔWS

0.971
ΔTmrt,ΔTa

0.954
ΔWS,ΔTmrt

0.905
ΔTmrt,ΔWS

3

0.932
ΔTmrt,ΔWS,ΔTa

0.986
ΔTmrt,ΔWS,ΔRH

0.957
ΔTmrt,ΔWS,ΔTa

0.930
ΔTmrt,ΔWS,ΔTa

0.978
ΔTmrt,ΔTa,ΔWS

0.984
ΔWS,ΔTmrt,ΔRH

0.976
ΔTmrt,ΔWS,ΔTa

4

*

0.988
ΔTmrt,ΔWS,ΔRH,ΔTa

*

*

*

*

*

Table 23. Values of adjusted R squared from the seven regression analysis of ΔPET
(PETmeasured - PETmodelled) with the independent variables involved.

6th August

7th August

Independent
variable

All days and
areas

Ribera

Miribilla

Indautxu

Tmrt
WS
Ta
RH

1.008
-0.411
0.138
*

1.023
-0.283
-0.092
-0.147

0.743
-0.390
0.394
*

0.819
-0.343
0.101
*

Casco
Viejo
0.971
-0.089
0.098
*

8th August
Miribilla
0.864
-1.094
*
-0.276

Casco
Viejo
0.848
-0.574
0.267
*

Table 24. Values of standardized regression coefficients (Beta) from the seven
regression analysis of ΔPET (PETmeasured - PETmodelled).

Again the regression analysis shows that ΔTmrt is the most relevant variable to explain
the variations of ΔPET (78.5% of the variance) during the whole measurement period,
including all days and areas. Similarly, correlation of ΔPET with ΔTmrt is significant
(r=0.887, p<0.001).
The results for each individual day and area show that variations in ΔPET can be
explained to an important extent by ΔTmrt variations, especially during days when
direct solar radiation is present (6 and 7 August). For these days, ΔTmrt can explain
between 80.2% and 96.7% of ΔPET variance. On the contrary, during the overcast
day, ΔWS also becomes a relevant variable. Specifically, in Miribilla ΔWS explains
49% of ΔPET variance. Correlation of ΔPET with ΔWS and ΔTmrt is -0.717 (p<0.001)
and 0.448 (p<0.05), respectively. In the case of Casco Viejo on the overcast day,
ΔTmrt is the most relevant variable (54.7% of ΔPET variance) and correlation of ΔPET
with ΔWS and ΔTmrt is -0.411 (p<0.001) and 0.744 (p<0.001), respectively.
Differences between both areas during overcast conditions are related to the type of
urban development. High urban density in Casco Viejo causes a higher influence of the
radiative component, whereas in more open areas as Miribilla the wind speed
variability is more relevant.
Results show two differentiated patterns that explain ΔPET. On one hand, on clear or
mostly clear sky days (i.e. 6 and 7 August), ΔTmrt is the most relevant variable. On the
other, on cloudy days in the absence of direct solar radiation (8 August), model
estimations of both WS and Tmrt play an important role in ΔPET. Relevance of ΔRH
and ΔTa on ΔPET is low independently of climate conditions, since the modelled RH
and Ta are driven by measured data values, and as seen previously, correlations
between measured and modelled variables are significantly high.
Thus, deviations of estimated PET values resulting from ENVI-met modelling, as
compared to measured data values, are mainly due to deviation in the Tmrt and WS.
During clear sky days the first parameter is dominant. It turns out that Tmrt estimation
needs to be improved in relation with the radiation budget solved by ENVI-met, and
that forcing the model WS and WD would hopefully also improve correlation of
measured and modelled values, and thus improve PET model estimations. In this
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sense, and considering our case study, ΔPET is reduced significantly when estimating
PET based on (1) modelled Ta, RH, WS and measured Tmrt (this will be further
referred to as PETa); (2) modelled Ta, RH, and measured Tmrt and WS (denoted
PETb).
ΔPET(ºC)

ΔPETa(ºC)

ΔPETb(ºC)

Maximum

10.00

6.73

2.61

Minimum

-29.46

-6.86

-2.41

Median

-1.92

0.54

0.43

Mean

-3.96

0.61

0.49

Table 25. Values of ΔPET, ΔPETa, ΔPETb values for each area and selected day.

The relationship between measured and modelled PET improves from r=0.6797
(p<0.001) to r=0.9272 (p<0.001) and r=0.9894 (p<0.001) for modelled PETa and PETb
respectively. Similarly, regression analysis of the different estimations of ΔPET (Table
26 and Table 27) shows the relevance of ΔWS when measured Tmrt is taken into
account by the model (i.e. ΔTmrt=0 in ΔPETa).
Model ΔPET
1
0.785
ΔTmrt
2
0.914
ΔTmrt,ΔWS
3
0.932
ΔTmrt,ΔWS,ΔTa

ΔPETa
0.458
ΔWS
0.814
ΔWS, ΔTa
0.831
ΔWS, ΔTa,ΔRH

ΔPETb
0.983
ΔTa
0.985
ΔTa, ΔRH

Table 26. Values of adjusted R-squared from the three regression analysis of ΔPET,
ΔPETa, ΔPETb with the independent variables involved.

Independent
variable
Tmrt
Ta
WS
RH

ΔPET

ΔPETa

ΔPETb

1.008
-0.411
0.138
-

0.572
-0.830
0.139

0.979
0.041

Table 27. Values of standardized regression coefficients (Beta) from the three
regression analysis of ΔPET, ΔPETa, ΔPETb.

- 74 -

RAMSES Project (Grant Agreement n° 308497)

D4.1

6 Problems encountered and remediation
At one time during the first project year, we faced a rather unpleasant problem with the
UrbClim model: when comparing the temperatures simulated for Bilbao with observed
values, we found spurious temperature peaks not accounted for in the data (Figure 54),
discrepancies exceeding 5°C. Such poor behaviour had not been observed in any
simulations conducted before.

Figure 54. Simulated (red) versus observed (black) temperature for the Bilbao area,
for July 2009. The Spurious temperature peaks are shwon in the ellipses.

Fortunately, the cause of the problem could be tracked down to a coding error in the
calculation of the pressure gradient force, which happened to be very slightly out of
balance compared to the wind field, thus producing spurious wind convergencedivergence patterns near the lateral boundaries, which in turn led to downdrafts of
relatively warm air during periods characterized by strong temperature inversions.
Anyway, the problem could easily be remedied, and after correction of the code the
spurious temperature spikes disappeared completely, in the end yielding a very
satisfactory validation for Bilbao, as shown previously.
We’ve also had a delay caused by the version of ENVI-Met used. Initially, version 3.1
of ENVI-met was used. However, preliminary comparisons of simulated temperature
and humidity with observed values results showed a significant deviation. This issue is
not surprising, given the limitations in the configuration of the model in version 3.1,
which only admits a single atmospheric profile for the whole simulation. Thus, it does
not account for (external) atmospheric temporal variability and consequently cannot
correctly represent the evolution of climatic variables along the day.
Considering the aim of the project to validate measured climatic data, the model should
have the possibility to include the effect of atmospheric temporal variations. This
means that the meteorological data should be forced with real climate data
representative of the regional climate along the day. The possibility of forcing Ta and
RH along the day is available version 4. Therefore, it was decided to continue with this
version 4 for the remainder of the project.

7 Look forward
7.1 Main tasks of the second project year
In Task 4.2, which will take most of the year 2014, the work with UrbClim will focus on
the generation of urban climate projections. This will be achieved by forcing UrbClim
with GCM output fields (‘dynamical downscaling’). We will cover periods of up to
several tens of years (focusing on the Summer periods).
With respect to air pollution, originally, it was proposed to use the Enviro-HIRLAM
model and then, downscaled to resolutions of up to 500 m, use the ENVI-Met model to
analyse the urban air pollution. However, during the past year a statistical model has
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been developed to forecast the air pollution over the Bilbao metropolitan area. When
comparing simulation results to observed concentrations, it was found that this model
performs better than the deterministic Enviro-HIRLAM simulation results. Other
advantages to use a statistical approach for future projections are its modest
requirements in terms of computational resources; moreover, it is a methodology
proven robust in the atmospheric sciences. Thus, the objective of this activity is to use
the statistical model for the Bilbao metropolitan area which is based on climatic and
urban parameters. This model will be used to study air pollution levels based on future
climatic evolution and urban growth scenarios for Bilbao to evaluate the climatic and air
quality shifts under a context of climate change.
Based on the possibilities of the model ENVI-met and the urban climate adaptations
strategies selected in the context of RAMSES project, specific relevant scenarios
affecting thermal comfort will be launched. These scenarios will focus on urban
squares and parks. Special attention is expected on the vegetation issue.

7.2 Urban climate projections: computational issues
Producing the urban climate projections constitutes a big challenge, mainly because of
the huge amount of simulations required. This amount of simulations arises from the
large number of combinations when considering the number of (1) forcing GCMs, (2)
climate scenarios, (3) adaptation scenarios, and (4) number of years and (5) cities to
be covered.
First, the number of GCMs we need to consider is in the range of a few tens. The need
to consider so many driving/forcing GCMs stems from the need to account for natural
climate variability, which is assumed present in an ensemble of GCMs. (Note that,
ideally, we would have used Regional Climate Modelling results from the CORDEX
initiative, but given that the CORDEX archive is currently far from complete, we will
have to rely on CMIP5 results, which contains a few tens of GCMs.
The number of climate scenarios will most likely be two. As also discussed at the
Antwerp meeting (November 2013), we should certainly consider the RCP8.5 scenario
of the IPCC, and also a weaker one, either RCP2.6 or RCP4.5. The number of
adaptation scenarios, related to e.g. changes in urban vegetation abundance, density,
albedo, etc… can be numerous, but will have to be limited to a few (say three or so)
per city, i.e., which actually rather means: one reference (base case) situation and two
scenarios.
IN RAMSES we will be considering Summer periods (May-September), which can be
run separately for different years, and which allows an efficient parallel implementation
on a computer cluster. There are several constraints regarding the periods to be
covered. First of all, these periods should be long enough so as to be climatically
relevant. Generally, use is made of 30-year periods, although in its most recent report
the IPCC considers 20-year periods, the period 1986-2005 constituting the reference.
Obviously, it would make sense to stick to the same periods as those used by the
IPCC. There is, however, some discussion regarding which period to be considered for
the future projections. From a scientific point of view, the far future (2081-2100) is more
interesting as it will yield stronger climate-change signals. On the other hand, as was
also apparent from the Antwerp meeting in November 2013, policy makers have a
shorter time horizon, hence rather favour periods extending a few tens of years in the
future (e.g., 2026-2045). Taking a reference period, together with near-future and a farfuture periods each covering 20 years, we end up with 60 years alltogether.
Finally, the number of cities to be covered in RAMSES is in principle eight, although
the number of cities requiring a ‘full’ urban climate projection treatment could probably
be a bit more limited. On the other hand, if one wants to compare urban climate
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change between the cities, using the full sample of eight case cities would be
beneficial, so let us assume that all eight cities will indeed be covered.
Accounting for all the above, we will need to consider:
30 (GCMs) 2 (RCP scenarios)
8 (cities) = 86400 simulations

3 (adaptation scenarios)

60 (years)

Even though the UrbClim model is more than hundred-fold faster than traditional
mesoscale urban climate models, it still takes about 50 hours on a single CPU to
simulate an entire Summer (May-September) season, at least when employing the
usual set-up of 120 grid cells in each horizontal direction and a spatial resolution of 250
m.
Alltogether, conducting the set of simulations just mentioned would entail a staggering
500 CPU-years to be executed which, even on a relatively large computer cluster as
the one available at VITO (containing several hundred CPU’s), is prohibitive. Indeed,
even assuming that we can have permanent access to 100 CPU’s, and that nothing
goes wrong, we would need 5 years of continuous calculation to produce the required
data, which is clearly out of the question. We might want to seek access to a
supercomputer, but the overhead in terms of code adaptation, data transfer etc… are
high. (The production of these simulation results would induce a small heat island of its
own, most likely, simply from the heat shed by the CPUs at work.)
A possible way out would be to reduce the spatial resolution of UrbClim, using 1 km
instead of 250 m. This can be justified in the case of urban climate projections for the
relatively far-away future, where uncertainty is high anyway and where the finer spatial
details are perhaps less relevant, the more so when considering the uncertainty related
to the future spatial lay-out of cities. Also, the finer spatial detail could most likely be
partly recovered by using spatial downscaling techniques in post-processing. The gain
of reducing the spatial resolution is considerable. Even considering that a slightly larger
domain size would be required to avoid edge effects, the sheer reduction of the
number of grid cells would lead to a ten-fold decrease in computational time. In
addition, the lower resolution would yield an estimated factor of two gain in CPU
requirements because of a longer time step. (Normally this gain would be a factor four,
but it only applies to the atmospheric module of UrbClim, and not to the surface energy
balance calculations, hence we estimate a gain of a factor two.) So, bringing the spatial
resolution to 1 km would result in an estimated gain of a factor 20, which would reduce
the total computation time of the above example (access to 100 CPUs) to 3 months,
which is far more manageable than the 5 years required for the ‘full-resolution’ set of
simulations.
Another option could be to reduce computational time by reducing the number of years
to be covered for each period. Indeed, the propsed 20-year simulations were presented
above as being necessary for the production of climatically relevant results, i.e., to filter
out year-to-year variability which is inherent in the climate system. However, using 30
different GCMs will most likely achieve the same, i.e., forcing UrbClim by 30 different
GCMs, each of them having its own internal climate variability, which is in principle not
correlated with that of the other GCMs (at least for longer lead times), might also lead
to ‘climatologies’, even when considering only single years. If this could be
demonstrated to work, we could obtain a gain of a factor 30, which would also bring
down the total computational time to manageable proportions (few months).
At the start of 2014, we will consider both the ‘reduced-resolution’ and the ‘reducednumber-of-years’ options and, based on a reflection of the pro’s and con’s of each,
decide which avenue to follow.
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8 Conclusions
During the first project year of RAMSES, we conducted urban climate simulations
aiming at the validation of the models involved. At the scale of an entire city, it was
demonstrated, for Antwerp, London, and Bilbao, that the UrbClim model is capable of
correctly reproducing observed climate parameters, in particular urban-rural
temperature differences. In an intercomparison study carried out over Bilbao, UrbClim
was also found to outperform the ENVIRO-Hirlam model. While the latter contains a
more detailed and complete representation of atmospheric dynamics and physics,
UrbClim had the advantage of a higher resolution (250 m compared to 2.5 km for
ENVIRO-Hirlam), which for a rather small city as Bilbao can make a considerable
difference. Noting further that UrbClim is very fast compared to traditional mesoscale
models such as ENVIRO-Hirlam, and considering the large amount of computations
required within RAMSES to generate the urban climate projections, it was decided that
in the remainder of the project, these projections will be conducted with the UrbClim
model.
We also conducted a validation exercise with the ENVI-met microscale model. This
involved the acquisition of suitable experimental data, which was done by means of a
mobile platform equiped with temperature, humidity, and radiation sensors. It was
found that the model at times has difficulties reproducing observed values of mean
radiant temperature as well as of the wind speed and direction. An in-depth
investigation showed that the causes for the deviations in simulated mean radiant
temperature were mainly related to problems in the calculation of shortwave radiation,
which depends strongly on the fine-scale morphological details of the urban fabric
(together with the exact position of the radiation sensor), which is sometimes difficult to
specify with great precision. The problems with the deviating wind speed and direction
could be traced back to the fact that these quantities cannot be prescribed properly in
the forcing profiles. It is proposed that future work will be based on a combination of
simulated and measured climate parameters.
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