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1 INTRODUCTION
This document presents the developments that are being implemented in order to derive
from remote sensing acquisitions, multidimensional normalization functions that needed to
estimate the spatial distribution of albedo in urban environment. This work is conducted in
the frame of the URBANFLUXES project which aims to determine anthropogenic heat flux (QF)
in urban environments at a resolution of 100 m. Albedo is a major component within the
surface energy budget, playing a key role in the determination of radiation balance.
Up to now there was no remote sensing model able to simulate an accurate 2D distribution
of urban albedo. Indeed, in order to reach this objective, three major difficulties must be
overcome:
- The remote sensing model must consider explicitly the 3D architecture of urban
environments, and simulate the radiance images and radiative budget of urban
environment. Hence, apart from physical modeling considerations, the model must be able
to work with urban databases, including vegetation and digital elevation model.
- The model must work with any atmosphere conditions, possibly with pollution in the urban
environment. Hence, the model must model radiative transfer both in the atmosphere and
in the air within the urban environment.
- An operational methodology must allow one to calibrate outputs of the remote sensing
model in terms of 2D distribution of albedo (i.e., albedo image). This calibration is important
because one cannot expect to have the optical properties of all urban surface elements.
Indeed, they vary with space (e.g., tiles of roofs have different reflectance values depending
on their age and time (e.g., wet and dry roofs have different reflectance values).
In addition, the remote sensing model should be able to work with local measurements of
bottom of atmosphere (BOA) spectral irradiance, including its angular distribution. This point
is important in order to provide albedo simulations in the absence of satellite acquisitions.
The next paragraph presents a radiative transfer model, the DART, that fulfils the above
requirements. It is a unique model that is distributed by Paul Sabatier University, as free
licenses for research and education.

Figure 1 gives a schematic presentation of our objective: calibration of DART model with
remote sensing images in order to simulate the map of urban surface albedo at the time of
satellite image acquisition and at the spatial resolution of this satellite image. Actually, the
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DART simulated albedo image can be resampled to any spatial resolution. In addition, it can
be used also for computing surface albedo for any urban zone (e.g., LCZ).

Bale urban database
(buildings + trees)

Satellite radiance:
30m x 30m

Calibration of DART
with remote sensing
DART albedo:
30m x 30m

DART radiance:
0.5m x 0.5m

DART radiance:
30m x 30m

Figure 1: DART calibration with a remote sensing image (e.g. Landsat) for
simulating urban surface albedo.
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2 PROJECT OVERVIEW
The anthropogenic heat flux (QF) is the heat flux resulting from vehicular emissions, space
heating and cooling of buildings, industrial processing and the metabolic heat release by
people. Both urban planning and Earth system science communities need spatially
disaggregated QF data, at local (neighbourhood, or areas larger than the order of 100 m x 100
m) and city scales. Such information is practically impossible to derive by point in-situ fluxes
measurements, while satellite remote sensing is a valuable tool for estimating Urban Energy
Budget (UEB) parameters exploiting Earth Observation (EO) data. While the estimation of QF
spatial patterns by current EO systems is a scientific challenge, the major challenge lies on
the innovative exploitation of the Copernicus Sentinels synergistic observations to estimate
the spatiotemporal patterns of QF and all other UEB fluxes.
The main goal of URBANFLUXES is to investigate the potential of EO to retrieve QF, supported
by simple meteorological measurements. The main research question addresses whether EO
is able to provide reliable estimates of QF for the time of the satellite acquisition.
URBANFLUXES answers this question by investigating the potential of EO to retrieve QF
spatial patterns, by developing a method capable of deriving QF from current and future EO
systems. URBANFLUXES aims to develop an EO-based methodology easily transferable to any
urban area and capable of providing QF benchmark data for different applications.
URBANFLUXES is expected to increase the value of EO data for scientific analyses and future
emerging applications (such as urban planning and local/regional level climate change
mitigation/adaptation), by exploiting the improved data quality, coverage and revisit times of
the Copernicus Sentinels data. To this end, the specific objectives of the project are:










to improve the accuracy of the radiation balance spatial distribution calculation;
to develop EO-based methods to estimate the flux of heat storage in the urban fabric,
as well as the turbulent sensible and latent heat fluxes at local scale;
to employ energy budget closure to estimate the anthropogenic heat flux patterns;
to specify and analyse the uncertainties associated with the derived products;
to evaluate the products by comparisons with QF estimations by independent methods;
to improve the understanding of the impact of QF on urban climate; and to
communicate this understanding to the urban planning community, which will in turn
lead to a better understanding of what new knowledge is needed on the ground;
to exploit Sentinels 2 and 3 synergistic observations to retrieve UEB fluxes at the local
scale, with the frequency of the Sentinel 3 series acquisitions.
to standardise the resulting products, and by organizing an effective dissemination
mechanism, to enhance their use by urban planners and decision makers in cities, as
well as by EO scientists, Earth system modellers and urban climatologists.
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The duration of URBANFLUXES is three years and it is divided into two main phases: during
the 1st Phase an analysis method is being developed to estimate QF spatial patterns using
currently available satellite data; during the 2nd Phase the developed method will be adapted
to Sentinels synergy to derive QF spatiotemporal patterns. Three different urban areas are
selected in URBANFLUXES as case studies: a highly urbanized mega city (London); a typical
central European medium size city, that requires a substantial amount of energy for heating
(Basel); and a smaller, low latitude Mediterranean city that requires a substantial amount of
energy for cooling (Heraklion). The project uses a Community of Practice (CoP) approach,
which means that in the case studies, local stakeholders and scientists meet on a regular
basis to learn from each other and to make clear what aspects are important for the future
users of the URBANFLUXES products.
URBANFLUXES is expected to generate a novel analysis method for estimation of UEB
components from Copernicus data, enabling its integration into applications and operational
services; for example to: develop rules of thumb for density and green space ratio,
distinguish between insulated and non-insulated buildings and evaluate the implementation
of climate change mitigation technologies, such as solar-screening and green-belting.
Despite its local importance, QF is omitted from climate models simulations. Observations of
global temperature evolution indicate a pronounced warming over the last 150 years, with an
increase in the occurrence of heat waves. The added value and benefit expected to emerge
from URBANFLUXES is therefore related to quality of life, because it is expected to improve
our understanding of the contribution of QF to heat wave intensity and thus to allow insight
into strategies for mitigation. QF estimates are needed for all cities to be able to document
the magnitude of the fluxes effects on urban climate so that the impact of QF can be included
in climate modelling. URBANFLUXES is therefore expected to advance the current knowledge
of the impacts of QF on urban heat island and hence on urban climate, and consequently on
energy consumption in cities. This will lead to the development of tools and strategies to
mitigate these effects, improving thermal comfort (social benefit) and energy efficiency
(economic benefit). The long term operation of the Sentinels series guarantees the future
supply of satellite observations, providing the means for the development and realization of
the URBANFLUXES methodology.
URBANFLUXES is expected to support sustainable planning strategies relevant to climate
change mitigation and adaptation in cities, because knowledge of QF spatio-temporal
patterns is important for urban planning (e.g. to reduce or prevent QF hot spots), health (e.g.
to estimate the impact on thermal comfort) and future proofing (e.g. to plan and implement
interventions towards QF reduction in these areas). Planning tools, such as Urban Climatic
Maps and Climatope Maps, should be enriched with information on QF patterns. Mapping
provides visualization of assessments of these phenomena to help planners, developers and
policy makers make better decisions on mitigation and adaptation.
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3 DART MODEL
DART is a three-dimensional (3D) model computing radiation propagation through the entire
Earth-atmosphere system in the entire optical domain from visible to thermal infrared parts
of the electromagnetic spectrum (EMS) [1]-[5]. As shown in Figure 2, it simulates 3D radiative
budget and reflected radiation of urban and natural landscapes as acquired by imaging
radiometers and LIDAR scanners aboard of space and airborne platforms. The DART model,
developed in the CESBIO Laboratory (www.cesbio.ups-tlse.fr/fr/dart.htm) since 1992, can
work with any 3D experimental landscape configuration (atmosphere, terrain geomorphology,
forest stands, agricultural crops, angular solar illumination of any day, Earth-atmosphere
curvature, etc.) and instrument specifications (spatial and spectral resolutions, sensor viewing
directions, platform altitude, etc.).

Figure 2: DART cell matrix of the Earth / Atmosphere system. The atmosphere has three
vertical levels: upper (i.e., just layers), mid (i.e., cells of any size) and lower atmosphere (i.e.,
same cell size as the land surface). Land surface elements are simulated as the juxtaposition
of facets and turbid cells.
DART forward simulations of vegetation reflectance were successfully verified by real
measurements [6] and also cross-compared against a number of independently designed 3D
reflectance models (e.g., FLIGHT [7], Sprint [8], Raytran [9]) in the context of the RAdiation
transfer Model Intercomparison (RAMI) experiment [10]-[14]. To date, DART has been
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successfully employed in various scientific applications, including development of inversion
techniques for airborne and satellite reflectance images [16]-[18], simulation of airborne
sensor images of vegetation and urban landscapes [19], design of satellite sensors (e.g., NASA
DESDynl, CNES Pleiades, CNES LIDAR mission project [20]), impact studies of canopy structure
on satellite image texture [21], modelling of 3D distribution of photosynthesis and primary
production rates in vegetation canopies [22], investigation of influence of Norway spruce
forest structure and woody elements on canopy reflectance [23], design of a new chlorophyll
estimating vegetation index for a conifer forest canopy [24], and studies of tropical forest
texture [25]-[27], among others.
DART creates and manages 3D landscapes independently from the RT modelling (e.g., visible
and thermal infrared spectro-radiometers, LIDAR, radiative budget). This multi-sensor
functionality allows users to simulate several sensors with the sample landscape. Major scene
elements are: trees, grass and crop canopies, urban features, and water bodies. A DART
simulated tree is made of a trunk, optionally with branches created with solid facets, and crown
foliage simulated as a set of turbid cells, with specific vertical and horizontal distributions of leaf
volume density. Its crown shape is predefined as ellipsoidal, conical, trapezoidal, or others.
Trees of several species with different geometric and optical properties can be exactly or
randomly located within the simulated scene of any user-defined size. Grass and crops are
simulated as turbid media that can be located anywhere in space. Urban objects (houses, roads,
etc.) contain solid walls and a roof built from facets. Finally, water bodies (rivers, lakes, etc.) are
simulated as facets of appropriate optical properties. Specific 3D transformations and optical
properties can be assigned to each landscape object. Additionally, DART can use external
libraries (Figure 3) to import, and to some extent edit (e.g., translation, homothetic and
rotation transformations) landscape elements, digital elevation models (DEM) and digital
surface models (DSM) produced by other software or measured in field. Importantly, the
imported and DART-created landscape objects can be combined to simulate Earth scenes of
varying complexity. The optical properties of each landscape element and the geometry and
optical properties of the atmosphere are specified and stored in SQL databases.

a)

b)

c)

d)

e)

f)
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Figure 3: Examples of natural and artificial 3D objects imported by DART, simulated with facets:
a) wheat plant, b) corn plant, c) rice canopy, d) sunflower plant, e) cherry tree and f) airplane.
DART landscapes, hereafter called "scenes", are constructed with a dual approach as an array
of 3D cells (voxels) where each scene element, with any geometry, is created as a set of cells
that contains turbid media and/or facets (triangles and parallelograms). Turbid medium is a
statistical representation of a matter, such as fluids (air, soot, water, etc.) and vegetation
foliage or small-sized woody elements. A fluid turbid medium is a volume of homogeneously
distributed particles that are defined by their density (particles / m3), cross section (m2 /
particle), single scattering albedo, and scattering phase function. Turbid vegetation medium
is a volume of leaf elements that are simulated as infinitely small flat surfaces that are
defined by their orientation, i.e. Leaf Angle Distribution (LAD; sr-1), volume density (m2/m3),
and optical properties of Lambertian and/or specular nature. Finally, a facet is a surface
element that is defined by its orientation in space, area and optical properties (Lambertian,
Hapke, RPV and other reflectance functions with a specular component and also isotropic
and direct transmittance). It is used to build virtual houses, plant leaves, tree trunks or
branches. Vegetation canopies can, therefore, be simulated as assemblies of turbid medium
voxels or geometrical primitives built from facets or combination of both.
Atmospheric cells are used to simulate attenuation effects for satellite at-sensor radiance and
also to model the influence of atmosphere on the radiative budget of Earth surfaces. The
atmosphere can be treated as an interface above the simulated Earth scene or as a lightpropagating medium above and within the simulated Earth scene, with cell sizes inversely
proportional with the particle density. These cells are characterised by their gas and aerosols
contents and spectral properties (i.e., phase functions, vertical profiles, extinction coefficients,
spherical albedo, etc.). These quantities can be predefined manually or taken from an
atmospheric database. DART contains a database that stores the properties of major
atmospheric gases and aerosol parameters for wavelengths between 0.3µm and 50µm. In
addition, external databases can be imported, for instance from the AErosol RObotic
NETwork (AERONET; http://aeronet.gsfc.nasa.gov/) or the European Centre for MediumRange Weather Forecasts (ECMWF; http://ecmwf.int/). Atmospheric RT modelling includes
the Earth-atmosphere radiative coupling (i.e., radiation that is emitted and/or scattered by
the Earth can be backscattered by the atmosphere towards the Earth). It can be simulated for
any spectral band within the optical domain from the ultraviolet up to the thermal infrared
part of electromagnetic spectrum. The Earth-atmosphere coupling was successfully crosscompared [28][29] with simulations of the MODTRAN atmosphere RT model [30].
A basic DART simulation procedure is carried out with four processing modules: i) Direction,
ii) Phase, iii) Maket, and iv) Dart (Figure 4). The Direction module computes discrete
directions of light propagation with radiation being propagated along N discrete directions n
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with an angular sector width n (sr). Any number of N discrete directions (n, n) can be
n solid angle range, as for example
for oversampling angular regions with an anisotropic radiative behaviour such as the hop
spot configuration [51]. The discrete directions are calculated automatically or adapted to
any user specified configuration. They include a set of U directions that sample the 4 space
(n n =4π) and V directions (v, v) that are called fictive directions because fluxes along
these directions do not contribute to fluxes along any other direction where N = U + V.
Importantly, in addition to these discrete directions, DART can also track radiation along any
direction in the 4 space, for example for simulating airborne acquisitions and LIDAR signals.
These so-called flexible directions are not pre-defined. Their number depends on the number
of emitting and scattering elements towards the sensor. Depending on the scene dimensions,
the number of flexible directions can exceed 106.
Optical properties for all non-flexible discrete directions are pre-computed with the Phase
module. It computes the scattering phase functions of all scene and atmosphere elements
depending on their geometry and optical properties. For example, the phase functions of
vegetation depend on the actual leaf reflectance and transmittance and the plant specific
LAD. This is important for vegetation in urban environments.
The Maket module builds the spatial arrangement of landscape elements within a simulated
scene. Scene features are created and/or imported as 3D objects with specified optical
properties. Importantly, scene cell dimensions (x, y, z) define the output spatial sampling,
and cell dimensions in DART can be varied within the same scene to optimize final resolution.
Finally, the Dart module computes radiation propagation and interactions for any experimental
and instrumental configuration using one of the two computational approaches: i) Ray
tracking and ii) Ray-Carlo. Ray tracking simulates radiative budget and images of optical
airborne and satellite radiometers. For that, it tracks iteratively radiation fluxes W(r,n) along
N discrete directions (n), and one flexible flux, at any location r. These fluxes are defined by
three components: their total intensity, the radiation unrelated to leaf biochemistry and the
polarization degree associated to first order scattering. The values of these components
depend on thermal emission and/or scattering, which in turn depend on local temperature
and optical properties of intercepted surfaces or volumetric scattering elements. A scattering
event at iteration i gives rise to N fluxes, and the event is repeated in latter iterations. The
fraction of W(r,i) that is scattered along a given j direction is defined by the local
scattering phase function P(ij), with i being a non-fictive discrete direction, or a set of
discrete directions, and j being a direction that can be discrete, fictive and flexible.
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The 2nd modelling approach simulates terrestrial, airborne, and satellite LIDAR signals from
waveforms and photon counting RS instruments. It combines 2 methods that are described in
the LIDAR section. Using Monte Carlo and ray tracking techniques, the Ray-Carlo method
tracks radiometric quantities corresponding to photons with specific weights, which are for
simplicity reasons called just photons. During a scattering event, the so-called Box method
determines the discrete direction of photon scattering using the same scattering functions as
the Ray tracking approach. Simultaneously a photon with a very small weight is tracked to the
LIDAR sensor. Ray tracking can additionally simulate solar noise that is present in LIDAR signal.

Figure 4: Scheme illustrating DART model architecture: 4 processing modules
(Direction, Phase, Maket, Dart) and input data (landscape, sensor, atmosphere) are
controlled through a GUI or pre-programmed scripts.
Apart from the 4 basic modules, supportive tools are integrated in DART distribution to
facilitate quick and easy simulations and subsequent analysis of simulated results:
- Calculation of foliar reflectance and transmittance properties with the PROSPECT leaf RT
model, using leaf biochemical properties (i.e., total chlorophyll content, etc.) and leaf
mesophyll structural parameter.
- Computation of scene spectra and broadband image data (reflectance, temperature
brightness, and radiance), using a sensor specific spectral response function for either a
single DART simulation with N spectral bands, or for a sequence of N single spectral band
simulations. This is important for computing radiative budget over the whole spectrum.
- Importation of urban databases and land cover maps for creating 3D landscapes, possibly
with 3D turbid media as vegetation or fluid (air pollution, low altitude cloud cover, etc.).
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- Importation or creation of Digital Elevation Models (DEM). DEMs can be created as a
raster re-sampled to the DART spatial resolution or imported either from external raster
image file or as a triangulated irregular network (TIN) object.
- Automatic sequence of Q simulations with Sequence module. Any parameter (LAI, spectral
band, date,...) A1,…, AM can take N1,…, NM values, respectively, with any variable grouping
(Q ≤ ∏M
i=1 Ni ). Outcomes are stored in a Look-Up Table (LUT) database for further display
and analysis. It is worth noting that a single ray tracking simulation with N bands is much
faster than the corresponding N mono-band simulations (e.g., 50 times faster if N > 103).
- The simulated 3D radiative budget can be extracted and displayed over any modelled 3D
object and also as images of vertical and horizontal layers of a given 3D scene.
- The transformation from facets to turbid medium objects converts 3D plant objects (trees)
composed of many facets (> 106) into a turbid vegetation medium that keeps the original
3D foliage density and LAD distribution. This method remediates constraints limiting RT
simulations with many vegetation objects (e.g., forest) that lead to too large
computational times and computer memory requirements.
- The creation of 3D objects by using volumes with pre-defined shapes that can be filled
with various 3D objects (triangles, discs, etc.). It allows a quick test of simple hypotheses,
as for instance the influence of vegetation leaf shape and size in turbid media simulations.
- The transformation of LIDAR multi-pulse outputs into industrial Sorted Pulse Data (SPD)
format. Implementation of the SPDlib software (http://www.spdlib.org) allows users to
create, display, and analyse their own LIDAR point clouds.
- Display tools for visualisation and quick analysis of spectral images, albedo images, etc. and
LIDAR waveform and photon counting outputs, etc.
While the basic DART modules are programmed in C++ language ( 400 000 lines of code),
most external tools are written in Python language. In addition, a Graphic User Interface
(GUI), programmed in Java language, allows users to manage model inputs (RT approach,
scene geometry, view direction,…), to specify required output products (BRF, radiative
budget,…), display results, and run the external scripts. A strong feature of DART is
acceleration of RT modelling using multithreaded computation, allowing use of a specified
number of processor cores simultaneously.
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4 REMOTE SENSING CALIBRATION OF DART: URBAN ALBEDO IMAGES
Below, we present major results that were achieved in the frame of the URBANFLUXES
project. Basically, there are 3 types of results:
- DART improvements in order to better adapt the model to requirements of the
URBANFLUXES requirements.
- Development of a methodology in order to calibrate DART with remote sensing images.
- Satellite derived albedo images.

4.1 DART improvements
In the frame of URBANFLUXES, urban information is provided as urban databases. In a first
step, some databases had to be adapted. Indeed, DART commonly works with 3D objects that
are made of facets, with the common format "obj". DART works also with scene elements
that are simulated as "turbid medium". It is typically the case for vegetation that can be
simulated either as the juxtaposition of facets or as the juxtaposition of DART cells (voxels)
that are filled with turbid medium. Vegetation can be input as a set of characteristics
(coordinates, dimension, optical properties) per tree.
Apart from this preparation work, three major DART improvements were implemented.
Presently work continues for improving results.

4.1.1

Modeling acquisition of in-situ camera.

DART was recently improved in order to simulate sensors with finite Field of View (FOV) [19],
either satellite or airborne. Indeed, when simulating a camera or a scanner image, the
different scene elements of a given landscape are not viewed along the same direction,
especially for sensors with broad FOV. The consideration of all possible viewing directions
required an innovative improvement in DART radiative transfer modeling in order to handle
the tremendous number of viewing directions to consider. In the frame of URBAFLUXES, this
new functionality of DART was extended in order to simulate a downward looking camera or
scanner at any altitude above a urban or natural landscape. This is illustrated by Figure 5. It
shows the simulation of a downward looking sensor right on top an urban district.
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Figure 5: DART simulation of a fish-eye camera above an urban environment.
a) Visible (colour composite). b) Thermal infrared.
Presently, DART modeling is being improved for simulating sensors in urban and natural
landscapes, with any view direction, in the visible spectral domain up to the thermal infrared
domain. Simulating this sensor configuration will be very useful in URBANFLUXES for
improving understanding, analysis and use of the numerous sensors that are used in urban
environments. For example, DART will be useful for determining the optimal location of
sensors and for assessing to which extent local atmosphere (e.g., pollution,…) affects sensor
acquisitions. Presently, this work is completed for sensors that see scene elements (i.e. wall,
roof, vegetation, gas, aerosol,…) that are in the actually simulated urban / natural scene.
Figure 6 illustrates this new type of DART simulation. Work is being continued for improving
results and for implementing the simulation of situations where the sensor vision is beyond
the actually simulated Earth scene.

a)

b)

c)

Figure 6: DART simulation of in-situ with upward (a) and horizontal view directions (b, c).
In (a), leaves are simulated with facets, and as turbid material in (b, c).

Urban Anthropogenic heat flux from Earth Observation Satellites
Multidimensional normalization functions
Deliverable D4.1
Page 14 of 31

4.1.2

Atmosphere database

In relation with the above improvement concerning the modeling of sensor acquisition within
the earth landscape, the DART atmosphere database and its management were significantly
improved in order to improve the flexibility of DART model when dealing with different
atmospheres, especially when in-situ and / or satellite measurements of atmosphere
conditions are available. In short, DART database was completed using atmosphere
transmittance spectra for absorption and scattering mechanisms, derived from the Modtran
atmosphere model. In addition, DART code and Graphic User interface (GUI) were adapted in
order to handle this new information. For example, with this improvement, one can specify
gas (H2O, O3, CO2, CO, CH4, N2O, O2, N2, etc.) and aerosol amounts in the urban, scene
independently of the atmosphere characteristics above the urban environment. This is
accomplished by importing HITRAN [36] [37] line-by-line cross-section database (with
specified temperature and pressure) for thermal infrared spectral domain, as well as the MPIMainz [38] cross-section database for visible/ near infrared spectral domain.
Figure 7 and Figure 8 show comparisons of DART and Modtran models in the visible / near
infrared and thermal infrared spectral domains, respectively. It appears that the up-date of
atmosphere database and the introduction of new one, combined with an improved
atmosphere radiative transfer modeling brings DART simulations of the atmosphere very
close to Modtran 5.1 simulations, which is very encouraging for simulating accurately in-situ
sensors in URBANFLUXES.

a)

b)

c)

Figure 7: DART(red) vs. Modtran 5.1 (blue) in the short wavelengths (UV, VIS, near
infrared). Gas model: US Standard. Aerosol model: Rural, visibility = 23km
a) Sun irradiance. b) BOA radiance. c) TOA reflectance (ground = 0.5).
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a)

c)

b)

d)

Figure 8: DART(red) vs. Modtran (blue) in the long wavelengths (thermal infrared). Gas
model: Tropical. Aerosol model: Rural, visibility = 23km
a) Path radiance calculated at TOA of scattered + emitted fluxes from atmosphere.
b) Direct transmitted radiance from Earth to TOA. c) Total TOA radiance
(Tground = 299.15K). d) TOA brightness temperature (Tground = 299.15K).
4.1.3

Decomposition of sensor radiance image into images per type of scene element

When analyzing in-situ sensor images (i.e., radiance images), a usual classical difficulty is to
assess the radiance and area proportion of each type of surface material (e.g., wall, roof,
atmosphere, etc.) per image pixel. This decomposition is very useful in the so-called “iterative
calibration” method that calibrates DART with remote sensing images, as presented in Error!
eference source not found.. Hence, DART is being improved in order to simulate, in addition
to the "classical" sensor radiance image 𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑣 ), the radiance image
𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑣 ) and cross section 𝜎𝑛 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑣 ) images of each type n
of scene element per pixel, for directions long the view direction Ω𝑣 . A preliminary version
that simulates the contribution of the atmosphere in an in-situ acquisition is presently being
tested.
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4.2 DART calibration with remote sensing images
Two types of methods dedicated to the calibration of DART with satellite images have been
developed:
- The so-called "direct calibration". It is a straightforward method that calibrates DART
without assessing the optical properties of the surface elements per pixel. This method is
fully developed. Up to now, it has been successfully tested with Basel city and a Landsat 8
image.
- The so-called "iterative calibration". It uses an iterative procedure for deriving the optical
properties from the satellite image. These optical properties lead to a DART satellite image
that is very close to the satellite image at hand. In theory, the "iterative approach" is more
accurate than the “direct calibration” method. However, it is more complex, and it is still
being tested.
4.2.1

Direct calibration

Figure 9 shows a nadir and an oblique views of Basel in DART Graphic User Interface. Figure
10 illustrates DART simulation of urban environments. It shows DART simulated images of
Basel, Switzerland:
a) Pushbroom image with zoom.
b) Camera image.
c) Satellite color composite (RGB) image.
d) Satellite thermal infrared image.

Figure 9: DART 3D view of Basel.
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In the simulations of Figure 10, roofs and walls appear clearly with different colors that depict their respective
reflectance values. However, these reflectance values are not accurate. Indeed, DART simulation
uses optical properties of the urban surface elements that cannot be practically known
accurately. In particular, the reflectance values of urban surface elements vary with time and
space. This stresses the necessity to calibrate DART with actual remote sensing images (

Figure 1) in order to correct the fact that the reflectance values of all urban surface elements
cannot be known. The approach that is used for calibrating DART model with remote sensing
images is presented below. It is illustrated with Basel city because this city was the first one
for which we had all necessary information:
- urban database: buildings / houses with tree information (location, dimensions) and a
distinction between roofs and walls (i.e., a group for walls and a group for roofs in the *.obj.
One must note that the optical properties of vegetation, walls, roofs, streets is not known.
Actually, as already mentioned, this information cannot be really available. Once more, this
expected lack of information requires a calibration of DART.
- atmospherically corrected satellite image. This image was a multispectral Landsat 8 image
with 30m spatial resolution. It was corrected of atmospheric effects by DLR using the ATCOR
atmosphere correction model [39].

b)

a)
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c)

d)
Figure 10: DART simulated images of Basel, Switzerland. a) Pushbroom image with zoom. b)
Camera image. c) Satellite RGB image. d) Satellite TIR image.
A major objective of the URBANFLUXES project is to calibrate the DART simulated urban
albedo 𝐴𝐷𝐴𝑅𝑇,Δ𝜆 and exitance 𝑀𝐷𝐴𝑅𝑇,Δ𝜆 images using atmospherically corrected satellite
image(s) as reference images. Actually, the DART simulated albedo 𝐴𝐷𝐴𝑅𝑇,Δ𝜆 and exitance
𝑀𝐷𝐴𝑅𝑇,Δ𝜆 images cannot be very accurate products because they are derived from DART
simulations the accuracy of which depends on the accuracy of the reflectance values of the
urban surface elements. It must be noted that DART can compute the albedo and exitance,
for any hour and date, using actual atmosphere data derived from in-situ or satellite
acquisitions (e.g. ECMWF, Aeronet network, Sentinel-3). The 5 steps of the DART calibration
method are presented below.
Step 1. DART simulates the reflectance image for view direction of the satellite image
The simulation is conducted with optical properties as realistic as possible. Spatial
resolution is equal to the (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) dimension of DART voxels (e.g., 0.5m).
The DART radiance image of interest, 𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 ), which
corresponds to sd, is simulated with the view direction of the available satellite
image. It must be noted that the satellite image can be atmospherically corrected or
not. If it is not atmospherically corrected, the radiance image of interest is a "Top of
Atmosphere" image that corresponds to a so-called "direct-direct" configuration: dd.
If the satellite image is atmospherically corrected we have 2 possible situations:
- The atmosphere correction model provides an atmospherically corrected satellite
image that corresponds to the so-called illumination configuration “direct sun”. In
that case, the BOA irradiance is direct. Hence, the reflectance is "direct - direct": dd.
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- The atmosphere correction model provides an atmospherically corrected satellite
image that corresponds to actual BOA irradiance, with actual sun and atmosphere
irradiance. The associated reflectance value is noted sd and not hd, "hemispheric direct", because the atmosphere irradiance is not necessarily isotropic.
In URBANFLUXES, the satellite images at hand are atmospherically corrected. In
addition, due to the atmosphere correction code that is used, the DART simulated
physical term of interest is:
𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴 (Ω𝑆 ), 𝐿𝑎𝑡𝑚 (Ω), Ω𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 )
with: - 𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 : coordinates of a given point in the DART simulated scene
- Ω𝑆 , Ω𝑠𝑎𝑡 : sun and satellite view direction, respectively
- 𝐸𝑆,𝐵𝑂𝐴 : sun irradiance at the bottom of the atmosphere (BOA)
- 𝐿𝑎𝑡𝑚 (Ω): atmosphere radiance
- 𝑡𝑠𝑎𝑡 : time at satellite acquisition
Presently, this methodology is implemented for an atmospherically corrected satellite
image. However, it could be easily adapted to satellite images that are not
atmospherically corrected.
Step 2. The DART radiance image 𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴 (Ω𝑆 ), 𝐿𝑎𝑡𝑚 (Ω), Ω𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 )
that corresponds to the view direction of the available atmospherically satellite image
is resampled to the spatial resolution (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of this satellite image.
Step 3. Computation of the calibration factor 𝐾Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 ) per pixel equal to the ratio
"reflectance value of pixel (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of satellite image" divided by "reflectance value
of pixel (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of the DART image at the satellite spatial resolution". This factor
"corrects" for the fact that Earth surfaces optical properties are not or poorly known.
𝐾Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 ) =

𝐿𝑠𝑎𝑡,Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , Ω𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 )
𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , Ω𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 )

It is interesting to note that: 𝐾Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 ) = 𝜌

(1)

𝜌𝑠𝑑,𝑠𝑎𝑡,Δ𝜆 (𝑥𝑠𝑎𝑡 ,𝑦𝑠𝑎𝑡 ,Ω𝑆 ,Ω𝑠𝑎𝑡 )
𝑠𝑑,𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝑠𝑎𝑡 ,𝑦𝑠𝑎𝑡 ,Ω𝑆 ,Ω𝑠𝑎𝑡 ,𝑡𝑠𝑎𝑡 )

Step 4. Computation of urban surface albedo 𝐴Δ𝜆
The albedo image for spectral band Δ𝜆 is computed with:
𝐴Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 (Ω𝑆 ), 𝐿𝑎𝑡𝑚,Δ𝜆 (Ω), 𝑡𝑠𝑎𝑡 )
= 𝐾Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , 𝑡𝑠𝑎𝑡 ). 𝐴𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 (Ω𝑆 ), 𝐿𝑎𝑡𝑚,Δ𝜆 (Ω), 𝑡𝑠𝑎𝑡 )

(2)

Urban Anthropogenic heat flux from Earth Observation Satellites
Multidimensional normalization functions
Deliverable D4.1
Page 20 of 31

where 𝐴𝐷𝐴𝑅𝑇,Δ𝜆 is the albedo computed by DART, for spectral interval Δ𝜆:
𝐴𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴 (Ω𝑆 ), 𝐿𝑎𝑡𝑚 (Ω), 𝑡𝑠𝑎𝑡 )
=

𝜌𝑑ℎ 𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 + ∫ 𝜌𝑑ℎ,Δ𝜆 (Ω)𝐿𝑎𝑡𝑚,Δ𝜆 (Ω) cos(𝜃) 𝑑Ω
𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 + ∫ 𝐿𝑎𝑡𝑚,Δ𝜆 (Ω) cos(𝜃) 𝑑Ω

(3)

Figure 11: Basel albedo. a) Mean spectral albedo for the 7 Landsat bands. The rather large
values in the blue-green region may be indicative of some underestimate of aerosol
load during the atmosphere correction of the Landsat image. b) Albedo image.

Step 5. Computation of urban surface albedo 𝐴
The albedo 𝐴 is computed as the mean over all spectrum of all spectral albedos
𝐴Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , 𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 (Ω𝑆 ), 𝐿𝑎𝑡𝑚,Δ𝜆 (Ω), 𝑡𝑠𝑎𝑡 ) weighted by BOA irradiance
𝐸𝑆,𝐵𝑂𝐴,Δ𝜆 (Ω𝑆 ).
4.2.2

Iterative calibration

The iterative calibration computes the optical properties of the surface elements in each pixel
of the satellite image. Actually, this calibration requires the consideration of several pixels.
Indeed, if the scene elements that give rise to a given pixel belong to N types of scene
elements, if we consider a single satellite pixel, then we have an equation with N unknowns,
per satellite spectral band. The adopted solution to this problem is to work per group of
pixels, with the assumption that in each group of pixels, each type of surface element has the
same optical property. Then, for each group of pixels, we get a system of equations with a
number of equations equal or larger than the number of unknowns. The steps of this
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approach are presented below, with N being the number of types of scene elements in the
studied urban zone. The iterative procedure starts with iteration order k = 1.
Step 1. Creation of a regular grid with a mesh size equal to MxM pixels in the satellite image,
with M being the integer number equal or larger than √𝑁. Hence, in a cell of the grid,
the number of satellite pixels is equal or larger than 𝑁.
Step 2. DART simulation of the total radiance image 𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 ) and also
the
radiance
𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 )
and
cross
section
𝜎𝑛 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 ) images per scene element n, with Ω𝑠𝑎𝑡 the satellite view
direction. The simulation is conducted in such a way that each surface element n
that is viewed by a DART pixel d along the satellite view direction Ω𝑠𝑎𝑡 has a
𝑘
reflectance value 𝜌𝑛,𝑑,Δ𝜆
(𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ).
Note: radiance and reflectance values are proportional terms. Indeed, we have:
𝜌𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 ) =

𝜋.𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (𝑥𝐷𝐴𝑅𝑇 ,𝑦𝐷𝐴𝑅𝑇 ,Ω𝑠𝑎𝑡 )
𝐸𝐷𝐴𝑅𝑇,𝐵𝑂𝐴,Δ𝜆

In the first iteration k=1, if we do not have information on the reflectance of urban
𝑘
surface elements, 𝜌𝑛,𝑑,Δ𝜆
(𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) has a constant value that is selected as a
plausible value. However, in many cases, one has some information on
𝑘
𝜌𝑛,𝑑,Δ𝜆
(𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ). For example, this information can come from a recent
airborne survey. In the frame if URBANFLUXES, one can and should take advantage
of the fact that DART has already been calibrated with a satellite image (e.g.,
Sentinel-2, Landsat 8, etc.) that was acquired some time earlier the satellite image
that is being used in the calibration. Indeed, it allows one to initiate the reflectance
𝑘
𝜌𝑛,𝑑,Δ𝜆
(𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) of each urban surface element per DART pixel. Obviously,
one must consider the fact the satellite images that are used for calibrating DART
products, can have different spatial resolutions and different spectral bands.
The next steps of present iteration k aim to compute the reflectance value
𝑘+1
𝜌𝑛,𝑑,Δ𝜆
(𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) that will be used by DART simulation in the next iteration
k+1, with aims that the DART radiance image gets closer and closer to the satellite
radiance image.
The mean irradiance of scene elements of type n in DART pixel d is:
𝐸𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑑 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) =

𝜋.𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛 (𝑥𝐷𝐴𝑅𝑇 ,𝑦𝐷𝐴𝑅𝑇 ) ∆𝑥𝑠𝑎𝑡 .∆𝑦𝑠𝑎𝑡 .𝑐𝑜𝑠𝜃𝑠𝑎𝑡
.𝜎 (𝑥 ,𝑦 ,Ω )
𝑘 (𝑥
𝜌𝑛
𝐷𝐴𝑅𝑇 ,𝑦𝐷𝐴𝑅𝑇 )
𝑛,𝑑 𝑠𝑎𝑡 𝑠𝑎𝑡 𝑠𝑎𝑡
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where 𝜎𝑛,𝑑 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑠𝑎𝑡 ) is the cross section of scene element n that is
viewed by DART pixel d along satellite view direction Ω𝑠𝑎𝑡 .
Step 3. Resampling the DART radiance 𝐿𝐷𝐴𝑅𝑇,Δ𝜆 (Ω𝑠𝑎𝑡 ) and component (𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛 ) images to
the satellite spatial resolution (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ). Here, we assume that each satellite pixel m
contains an integer number 𝐷2 of DART pixels: Then, for any given satellite pixel m:
2

- Radiance: 𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑠𝑎𝑡 ) =

∑𝐷
𝑑=1 𝐿𝑠𝑑,𝐷𝐴𝑅𝑇,Δ𝜆,𝑑
𝐷2

, with d  [1 𝐷2 ] being the

index of DART pixels in the considered satellite pixel.
- Mean radiance of scene element n  [1 N]:
2

𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡,Ω𝑠𝑎𝑡 ) =

𝐷
∑𝑑=1
𝐿𝑠𝑑,𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑖

𝐷2

- The mean irradiance of scene elements of type n in satellite pixel m:
2

𝐷
∑𝑑=1
𝐸𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑑 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ). 𝜎𝑛,𝑑 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 )
2

∑𝐷
𝑑=1 𝜎𝑛,𝑑 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 )
DART computes the area of scene element n that is viewed by DART pixel “d”
𝜎𝑛,𝑑 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) along the satellite view direction Ω𝑠𝑎𝑡 . Hence, the area of scene
element n that is viewed by satellite pixel “m” (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) along the satellite view
direction Ω𝑠𝑎𝑡 is:
𝐷2

𝜎𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) = ∑ 𝜎𝑛,𝑑 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 ) .
𝑑=1

However, in a first approximation, the mean irradiance of scene elements of type n
in satellite pixel m is simply computed as:
𝐸𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) =

𝜋.𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛 (𝑥𝑠𝑎𝑡 ,𝑦𝑠𝑎𝑡 ,Ω𝑠𝑎𝑡 ) ∆𝑥𝑠𝑎𝑡 .∆𝑦𝑠𝑎𝑡 .𝑐𝑜𝑠𝜃𝑠𝑎𝑡
.𝜎 (𝑥 ,𝑦 ,Ω )
𝑘 (𝑥
𝜌𝑛,𝑚
𝑠𝑎𝑡 ,𝑦𝑠𝑎𝑡 )
𝑛,𝑚 𝑠𝑎𝑡 𝑠𝑎𝑡 𝑠𝑎𝑡

∆𝑥𝑠𝑎𝑡 , ∆𝑦𝑠𝑎𝑡 : satellite pixel dimensions
𝑘 (𝑥
𝜌𝑛,𝑚
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ): reflectance of scene element n in satellite pixel m that is used at
𝑘 (𝑥
iteration order k. If k > 1, 𝜌𝑛,𝑚
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) was computed at teration order k-1. For
each satellite pixel m, each type of urban element n is assumed to have the same
𝑘 (𝑥
2
reflectance value𝜌𝑛,𝑚
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) in all 𝐷 DART pixels of satellite pixel m.
2

𝜎𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑠𝑎𝑡 ) = ∑𝐷
𝑑=1 𝜎𝑛,𝑑 (𝑥𝐷𝐴𝑅𝑇 , 𝑦𝐷𝐴𝑅𝑇 , Ω𝑠𝑎𝑡 ): total cross section of scene
element n in satellite pixel m, for satellite view direction , Ω𝑠𝑎𝑡 .
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∆𝑥𝑠𝑎𝑡 .∆𝑦𝑠𝑎𝑡 .cosθsat
n,m (xsat ,ysat ,Ω𝑠𝑎𝑡 )

Note: the ratio σ

is introduced because in the DART radiance image,

the radiance of any pixel is per effective square meter of the pixel area (i.e.,
∆𝑥𝑠𝑎𝑡 . ∆𝑦𝑠𝑎𝑡 . cosθsat ), whereas the radiance of scene element n is per effective
square meter of the area surface element n (i.e., σn,m (xsat , ysat , Ω𝑠𝑎𝑡 )). Hence,
the two radiance values are equal only if the pixel sees only one scene element.
Indeed, in that case: ∆𝑥𝑠𝑎𝑡 . ∆𝑦𝑠𝑎𝑡 . cosθsat = σn,m (xsat , ysat , Ω𝑠𝑎𝑡 ).
Step 4. Comparison of DART and satellite radiance images for all satellite pixels.
If the DART and satellite radiance images are close enough, one considers that the
urban albedo image that is simulated by DART simultaneously with the satellite image
is correct and the procedure is stopped.
If the difference is too large, then one goes to step 5.
Step 5. DART calibration with satellite image in each cell of the mesh
This calibration is conducted for all M2 pixels in each cell u of the mesh. Hence, in
each cell of the mesh, the number of pixels to analyze is larger than the number N of
types of surface elements. Then, a deconvolution can be conducted in order to assess
the optical properties of each surface element of type n that is present in the studied
pixel. For each satellite pixel m  [1 M2], we consider the system of M2 equations with
N unknowns 𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 :
2
∑𝑁
𝑛=1 𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑠𝑎𝑡 ) = 𝐿𝑠𝑎𝑡,Δ𝜆,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑠𝑎𝑡 ) m  [1 M ]

Actually, this system of equations is not verified because we are in the case where the
DART and satellite radiance images differ. Indeed, DART radiance values
𝑘 (𝑥
𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) are computed with optical properties 𝜌𝑛,𝑢
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) that
are not exact. In order to determine better guesses of the urban surface reflectance
values, and considering the fact that radiance values are proportional to reflectance
values, the system of M2 equations is written as a system of M2 equations where the
𝑘+1 (𝑥
expected reflectance values 𝜌𝑛,𝑢
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of scene elements are the unknowns:
𝑘+1 (𝑥
𝜌𝑛,𝑢
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 )
∑
. 𝐿𝐷𝐴𝑅𝑇,Δ𝜆,𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) = 𝐿𝑠𝑎𝑡,Δ𝜆,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 )
𝑘
𝑛=1 𝜌𝑛,𝑢 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 )
𝑁

In this equation, the mean irradiance value of scene elements of type n is computed
𝑘 (𝑥
by DART using the reflectance values 𝜌𝑛,𝑢
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of scene elements of type n.
𝑘+1 (𝑥
Hence, solving this system leads to new reflectance values 𝜌𝑛,𝑢
𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) of surface
elements of type n that are in the M2 pixels of the cell u of the mesh. These
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reflectance values will be used in iteration order k+1, which corresponds to starting
a new iteration from Step 2.
It may happen that there is no solution for one or several cells of the mesh. For example,
there is no solution if a satellite pixel contains N types of scene elements and if all the other
(M2 - 1) pixels of the cell of the grid contain a unique and same type of scene element. In that
case, the adopted solution is simply to increase the mesh grid up to a value such that this
problem does not occur anymore for any cell of the mesh.
Actually, satellite images are not always available. In that case, DART simulations are
conducted using:
- Surface elements with optical properties that were calculated when calibrating DART with
last available satellite image.
- Available atmosphere illumination conditions (e.g., direct sun irradiance Es,BOA, and sky
irradiance Eatm,). This information can originate from ECMWF, Meteo France, in-situ
sensors, etc. In that case, the albedo is computed using:
𝐴Δ𝜆 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 , Ω𝑆 , 𝐸𝑠,𝐵𝑂𝐴 (Ω𝑆 ), 𝐸𝑎𝑡𝑚 , 𝑡𝑠𝑎𝑡 )

(1)

= 𝐸𝑠,𝐵𝑂𝐴 (Ω𝑆 ). 𝐴DART,black sky,Δ𝜆 + 𝐸𝑎𝑡𝑚 . 𝐴DART,white sky,Δ𝜆

with: - White sky albedo: ADART,white sky,(xsat, ysat, Es,BOA(s)=0, Latm=𝐸𝑎𝑡𝑚
, tsat)
𝜋
- Black sky albedo: ADART,black sky,(x , y , E ( ), L =0, t ), with N directions  for
sat sat s,BOA n
atm
sat
n
atmosphere radiance.
The validity of the approach can be tested by comparing the DART simulated "white sky" and
"black sky" albedos with the corresponding MODIS products.

5 CONCLUSION
An innovative methodology for deriving maps of urban albedo has been designed and
implemented. Preliminary tests in the city of Basel were successful. They were conducted
with an atmospherically corrected Landsat 8 image. It must be noted that the designed
methodology is much more ambitious than the approach originally planned in URBANFLUXES.
Indeed, the developed methodology does not rely "simply" on a function of urban anisotropic
reflectance. A major point of the two developed methodologies is take advantage of urban
database. The two developed methodologies, especially the "iterative calibration" are
innovative and as such their accuracy and robustness must be assessed. In order to perform
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these tasks, and accordingly to the objectives of URBANFLUXES, we will apply these
methodologies to:
a) All available satellite images of Basel.
The application of the methodology to several satellite images will allow us to verify the
robustness of the approach and its potential for operational use. For example, the use of
satellite images that are acquired within a relatively short time period should lead to
optical properties of urban surface elements that are rather close, especially if there is
no or very little vegetation, because vegetation reflectance changes with time. Actually,
the reflectance of urban surface elements is supposed to vary with time much less than
pure vegetation. It will be particularly interesting to analyse the time evolution of
𝜌𝑛,𝑚 (𝑥𝑠𝑎𝑡 , 𝑦𝑠𝑎𝑡 ) on successive Sentinel-2 images.
b) Heraklion and London
The methodology will be applied also to London and Heraklion as expected In the
URBANFLUXES project. This application to cities other than Basel will constitute another
test of the robustness of the methodology that calibrates DART with satellite imagery.
Indeed, compared to the case of Basel, the cases of London and Heraklion present
differences in climate conditions and also in urban database characteristics, which will
have impacts in terms of accuracy of results (i.e., urban surface reflectance and albedo)
and also in terms technical constraints (i.e., computation time, computer memory,…).
Generally speaking, the direct and the iterative calibrations will be applied and compared in
terms of accuracy and also in terms of technical performance (i.e., computation time,
computer memory,…). The latter point is very important for transforming the developed
methodology into an operational approach.
In a next step, towards the estimation of the net all-wave radiation (Q*), we will simulate the
3D radiative budget in the sun spectral domain. This extension should not be too difficult to
achieve because a single DART simulation provides at the same time remote sensing images
and the 3D radiative budget of the whole urban scene. A difficulty will be due to the fact that
the optical properties of walls cannot be derived from satellite images, at least in most cases,
because these elements are not "seen" by the satellite sensor. Attention will be paid to the
format of data storage. Indeed, storing 3D information is costly in terms of computer
memory.
Following, WP4 will devise a methodology in order to calibrate DART in the thermal infrared,
using satellite thermal infrared images. As expected, an additional complexity will come from
the fact that a single measurement in the thermal infrared domain depends on two
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unknowns: the temperature and the emissivity of the observed urban surface elements. We
will investigate the computation and application of multidimensional normalization functions
as originally mentioned in the URBANFLUXES project. However, the optimal approach will be
surely to investigate, an apply if it works, extensions of the two calibration procedures that
were designed for calibrating DART radiance and albedo images with satellite images
acquired in the visible and near infrared spectral domains.
In both cases, we will consider groups of satellite pixels with the assumption that some
physical quantities are constant in each group. The possibility to have the same emissivity
and thermodynamic temperature will be particularly investigated. For the extension of the
so-called “iterative calibration”, a straightforward approach will be to consider groups of M2
satellite pixels, where M is the integer number equal or larger than √2. 𝑁. This approach
ensures that in a group of M2 satellite pixels we get a number of unknowns that is smaller or
equal to the number of equations (i.e., number of pixels).
The difference of spatial resolution between the different satellite images in the thermal
infrared (e.g., 1Km for Sentine-3 and 0.01 km for Sentinel-2) will have to be considered. For
example, we will investigate the following approach. a) Application of the "iterative
calibration" with high resolution thermal infrared satellite (e.g., 100 m spatial resolution) in
order to determine the emissivity and temperature at high spatial resolution of the surface
elements of the urban database. b) During the time interval when high spatial resolution
satellite images in the thermal infrared are not available, the emissivity of surface elements
determined in a) is used with lower spatial resolution satellite images in the thermal infrared
(e.g., Sentinel-3). In that case, the temperature is the only variable, which allows one to get
DART simulated maps of thermal exitance.
In short, in this first part of the project, we devised an original and operational methodology
for deriving maps of urban albedo from satellite images, without the need of in-situ
measurements or information, although this type information could improve results. We
devised also the so-called “iterative calibration” which is expected to improve results, at least
for cases where accurate urban databases are available. However, in case of incomplete
urban databases, the “direct calibration method” may prove to be more robust. It must be
noted that here the notion of accuracy for an urban database depends on the spatial
resolution and geometric registration of satellite imagery. At last, it is important to note that
the designed calibration methods rely on the fact that DART is an accurate and operational
model for simulating both satellite images and the urban surface radiation balance (Q*). It is
a very encouraging achievement for the survey of cities with remote sensing, especially with
the increasing availability of satellite systems, such as Sentinel-2.
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