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Abstract
Large eddy simulation codes PALM and LESNIC were urbanized. In the context of the turbulenceresolving modelling, model urbanization means model ability to simulate the turbulent flow over
complex surface geometry with spatially heterogeneous surface boundary conditions, i.e. including
the urban morphology. The parallelized atmospheric large-eddy model (PALM) developed at the
Institute for Meteorology and Climatology (IMUK), University of Hannover, was urbanized by M.
Letzel and the developer team (http://www.muk.uni-hannover.de/~raasch/PALM_group/) using the
mask method for incompressible flows. The large-eddy simulation improved code (LESNIC)
developed at Nansen Environmental and Remote Sensing Center (NERSC) was urbanized using an
immersed boundary method. This report describes the urbanization procedure of turbulenceresolving models and experiments with the urbanized models aiming to developing an hierarchy of
urban canopy parameterisations for different scale models.
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1. Urbanization of Turbulence-Resolving Models
1.1. Problem formulation
Urbanization of meteorological models has the aim to incorporate description of specific urban
surface features (urban morphology) and representation of the emission inventory into the dynamical model core in connection with other (micro)physical processes in the code. Symbolically this
can be written as

dΨ
= RHS + FΨu ,
dt

(1)

where Ψ is any of model prognostic variables, e.g. velocity, dΨ / dt is its change with time (tendency) and RHS is the sum of all non-urban terms and forces in the governing equation.
The urban features are introduced through FΨu term, which in fact consist of two parts:
•

The part resolved on the given mesh, e.g. the surface geometry explicitly given in a Digital
Elevation Model and enforcing U n - normal to the surface component of the flow velocity
to be 0.

•

And the part unresolved on the given mesh, e.g. the surface geometry on scales smaller then
the grid scale, which is prescribed through the aerodynamical surface roughness.

In the meteorological models, both the urban features and emission sources are typically unresolved
the model mesh. It implies the need for sophisticated and often controversial parameterizations
based on ad-hoc assumptions (see MEGAPOLI Deliverable 2.3). As the models are using the
terrain-following coordinates, U n is aligned with the vertical coordinate. Advantage of this approach is that the unresolved part of Ψ consist only on the single-column vertical flux to be parameterized.
In turbulence-resolving models, challenges are different. The models are aimed to resolve explicitly
the largest part of the flow fluctuations and therefore the surface features, which generate those
fluctuations, are to be resolved on the model mesh as well. The mesh is a rectangular Cartesian
mesh with grid nodes located partially under the surface. It leads to the boundary conditions imposed on all 5 facets for each grid cell with Ψ fluxes in 3 dimensions. Moreover, at each facet, the
boundary conditions for Ψ can differ. Thus, the urbanization of a turbulence-resolving model
requires significant coding work and careful formulation of the boundary conditions that results in
time and memory consuming computational routines. Advantage, however, once coded, the urbanized model does not depend (or depend to the minimal degree) on the assumptions. Just opposite, it
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may serve as a mean to validate those assumptions for the large-scale meteorological models.
Several methods have been proposed already to incorporate a complex surface geometry and to
compute surface fluxes (e.g. Iaccarino and Verzicco, 2003). We exploited two, probably the most
popular ones: the mask method by Briscolini and Santangelo (1989) in the model PALM; and the
flux immersed boundary method by Breugem and Boersma (Pourquie et al., 2009) in the model
LESNIC.

Figure 1.1 : (from Paravento et al., 2008): (a) The Fadlun–Verzicco immersed boundary (IB) method: the
velocity defined one grid point into the flow with respect to the body wall is a linear interpolation which
ensures zero tangential velocity at the boundary. (b) The Breugem–Boersma IB method: at the position of the
body the original tangential stress is removed and the new one is added to the momentum in order to impose
no-slip at the wall. This is equivalent to applying a force ft which does not depend on a linear interpolation
of velocity values outside the body but depends on the velocities at the boundary and inside it. (c) Temperature treatment for IB methods. The heat flux contained in the diffusive term of the energy equation is replaced with the correct flux we want to impose.
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1.2. PALM urbanization
PALM is the parallelized Large-Eddy Simulation (LES) Model developing since 1997 at the Institute for Meteorology and Climatology (IMUK), University of Hannover. This model is optimized
for use on massively parallel computers, and it is therefore very well suited for simulations with an
extremely large number of grid points. Up to data, the largest experiment with PALM has been
calculated using 40963 grid points on 12000 CPU cores. For MEGAPOLI project, the largest
experiment is limited to size of the Paris morphology database (Deliverable 2.1). At present, the
largest experiment has been calculated using 10243 grid points on 1024 CPU cores of the Bergen
University PARALLAB supercomputer facility CRAY XT4 (Computer time was funded by Norwegian national program NOTUR). The simulation result is presented on the illustration and will be
discussed in the following Chapter 2.
The urban version of PALM (Letzel et al., 2008) uses the mask method of Briscolini and Santan-

gelo (1989). The surface geometry is given as a 2D map conforming the Digital Elevation Model
(DEM) format. The staggered zero wall-normal velocity components define the position of the
obstacle walls. Letzel et al. (2008) produced tests of the urban PALM including cavity lead-driven
flow, street canyon flow and neighbourhood simulations.
The urban version of PALM is activated by “topography” mode. The user can choose between the
following modes: 'flat' – flat surface; 'single_building' – flow around a single rectangular building
mounted on a flat surface. The building size and location can be specified by the parameters building_height, building_length_x, building_length_y, building_wall_left and building_wall_south;
'single_street_canyon' – flow over a single, quasi-2D street canyon of infinite length oriented either
in x- or in y-direction. The canyon size, orientation and location can be specified by the parameters
canyon_height plus either canyon_width_x and canyon_wall_left or canyon_width_y and canyon_wall_south; and 'read_from_file' – flow around arbitrary topography. This mode requires the
input file, which has been prepared using separate MATLAB routine from the surface morphology
data provided for Paris in MEGAPOLI. Non-flat topography modes may assign a kinematic sensible wall_heatflux and a kinematic wall_humidityflux (requires humidity = .T.) or a wall_scalarflux
(requires passive_scalar = .T.) at the five topography faces. Wall fluxes (sensible, humidity and
scalar fluxes) can be prescribed on 5 facets as: top face (facet 0); left face (1); right face (2); south
face (3); and north face (4). In addition, PALM admits (only in user-defined version) horizontally
heterogeneous surface features prescribed as 2D maps.
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1.2. LESNIC urbanization
LESNIC is the large-eddy simulation improved code model developing since 2003 at the Nansen
Environmental and Remote Sensing Center (Esau, 2004). This code has advanced sub-grid scale
closure based on the dynamic mixed model, free rotation Cartesian coordinate system and higher
order time advancement algorithms. LESNIC is urbanized differently. In fact, Briscolini and

Santangelo (1989) method is of the first order of accuracy and of limited efficiency. Its spurious
oscillations near the complex geometry surface require fine resolution grid as well as severe limitations of the time step. Another disadvantage is that the boundary conditions are given in terms of
the prognostic variables but not in terms of the fluxes as staggered grid implementation would
require. Breugem and Boersma stress method (Paravento et al., 2008; Pourquie et al., 2009)
overcome those difficulties proposing to identify the boundary with the (prescribed) surface fluxes.
On the one side, the method has disadvantage as the boundary position becomes uncertain on the
staggered grid (the same boundary has different half-grid size shifted position for different variables). On the other side, the method has several advantages: flexible description of von Neumann
boundary conditions; compatibility with the pressure solver; the second-order of accuracy; possibility to account for the surface porosity (parks, unresolved surface morphology), moving surfaces
(streets), and variability of the surface heat flux.
The idea of the method is as follows. Taken Eq. (1), the urban feature term can be described as

FΨu =

dΨ
− RHS ,
dt

(2)

where the tendency, dΨ / dt , and the right hand side of equation, RHS , are computed in the absence of the boundary, and FΨu is the desired prescribed flux at the boundary. The difference introduces the correction f Ψu to be added into the equation (1) to obtain the given boundary flux, i.e.

dΨ
dt

Ω+Γ

=

dΨ
dt

Ω

+ f Ψu =

dΨ
dt

Ω

+ (− RHS + FΨu ) .

(3)

Here, we obtain the complete solution in the 3D domain, Ω , and at the 2D boundary, Γ , solving the
problem first for the domain without boundary and then introducing the correction to the solution
due to the boundary fluxes. At the last step, the pressure solver assures the incompressibility of the
flow. This last step introduced some penetration velocity, which could be non-negligible and
require several iterations on under-resolved geometry as it is in the case of urban simulations.
However, it has been shown that for relatively slow flow this error has insignificant effect on
turbulent statistics.
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The surface boundary elevations are prescribed in LESNIC in the same way as in PALM. But the
surface conditions are given differently. LESNIC requires a map of surface types for 3 possible
facets (front, side and top) on each grid cell. The surface type is just an integer index, which identifies a record in a type file. The record describes all features characterizing this specific surface type,
e.g. the high Reynolds number neutrally stratified flow can be characterized through surface roughness, penetration momentum flux and the direction of the surface normal vector. In the case of
stratified flow, quantities required in the Monin-Obukhov theory, the surface heat flux or the surface temperature, temperature roughness, etc, are added.

2. Approach to Utilize Urbanized LES in MEGAPOLI Paris
Plume Case Study
2.1. Numerical Experiments
The urbanized turbulence-resolving model is valuable source of data to complement direct observations in an urban environment. To work out the approach, the central Paris area was simulated with
PALM. The simulations with LESNIC are not ready yet. In this study, the numerical experiments
are organized in several stages.
The 1st stage

Paris

urban

morphology

from

the

MEGAPOLI

Deliverable

2.1

(https://wiki.tkk.fi/display/Megapoli/2.+Morphology+Database) was converted (using MATLAB
script available on http://megapoliforum.dmi.dk/) into LES boundary conditions. Figure 2.1 shows
the Paris DEM with buildings used in the simulations at 10 m (finest available; run A) and 50 m
(run Z) resolutions. For coarse resolution meshes, sub-grid quantities such as the sub-grid RMS of
the DEM (Figure 2.1c) can be defined and used to constraint roughness parameterizations.
The 2nd stage

PALM was run for rural DEM (elevation of the surface without buildings) and the rural surface
roughness (the value typical for the SIRTA site was adopted). This run serves to spin up the model
and to simulate the effect of the topography on the flow in the absence of buildings. The model was
run for 12 hours in a periodic domain. Figure 2.2 shows the rural flow (run A) at the end of the 12th
hour close to the surface, between the surface and the blending height and above the blending
height. At the lowest levels, the valley is clearly seen. The flow is organized in the characteristic
elongated streaks pattern. The relief wakes (low speed and disorganized flow areas) are noticeable
but not particularly significant. Above the relief, the influence of the hills still could be recognized
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(a)

(b)

(c)
Figure 2.1 : (a) The finest available resolution (10 m) of the Paris DEM with buildings and the central Paris
domain used in the PALM runs. (b) The 50 m reduced resolution of the Paris DEM with buildings and the
reduced central Paris domain used in the PALM runs. (c) The sub-grid root-mean square DEM for the same
mesh and area as in (b). The colour scale rgives the elevation in meters; S-N gives the South to North
direction; W-E gives West to East direction in meters.
www.megapoli.info
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as low speed wakes. Those wakes designate the areas of low-speed fluid ejection into the boundary
layer, i.e. the primary areas of pollution mixing. As one can observe, the mixing is very restricted in
space. Above the blending height, however, the effect of the relief cannot be observed directly as
the definition of the blending height level actually suggest.
The 3rd stage

The rural PALM run was used as initial conditions to the urban PALM run (DEM plus buildings,
parks and streets), designated run AUL. The run duration was additional 2 hours in the periodic
domain, which is more then enough for a flow of 5 m s-1 to pass 36 km path, larger than the urban
greater Paris area. The velocity anomalies at the end of this run are given at the illustration. The
instant velocity snapshots did not reveal obviously different structure from that of the rural run A.
More detailed statistical analysis, however, reveals the important differences (See the next Section).

(a)

(b)

(c)
Figure 2.2 : Instant snapshot of the atmospheric boundary layer velocity anomalies in rural PALM simulations with DEM topography. The data are at three levels: (a) close to the surface at 58 m (above the lowest
point in the domain); (b) between the surface and the blending height at 118 m; (c) above the blending
height at 478 m.
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2.2. Statistical analysis of the urban Paris simulations: Urban law of the
wall
In this Section, we demonstrate applicability of the urbanized turbulence-resolving models to the
research goals beyond the straightforward simulations of fine resolution meteorological fields on
the city and neighbourhood scales within and above the urban canopy. We addressed the following
problem. The meteorological models relay on the logarithmic law of the wall, cast other directly
through the surface stress or indirectly through the surface drag coefficient, to account for the
unresolved surface roughness and the urban roughness sub-layer. Numerous hypotheses, notably
Garratt (1992), have been proposed to relate the parameters of the law with morphological properties of the underlying surface. The law of the wall over very rough surface reads
2

⎡
⎤
⎢
⎥
κ
⎢
⎥ u 2
τ=
(4)
⎢ ⎛ z − d ⎞⎥ 1
1
0
⎟⎟ ⎥
⎢ ln⎜⎜
⎢⎣ ⎝ z 0 ⎠ ⎥⎦
where parameters z 0 and d 0 are unknown surface roughness and displacement height, κ is the von

Karman constant, τ is the surface Reynolds stress, z1 the height of the first computational level
above the ground and u1 module of the velocity vector at that height. The parameters are often
related to the surface morphology using the mean height of the roughness elements hb and empirical constants A0 , Ad to be further parameterized. This leads to expressions like d 0 = Ad hb and z 0
= A0 hb . In specific form proposed by Garratt (1992), the expressions read
z 0 = γ 1 (hb − d 0 ) , γ 1 = 0.2-0.4,
2
d 0 = hb .
3

(5)
(6)

The LES runs (A, Z, AUL and ZUL) provide sufficient information to evaluate the urban law of the
wall parameterizations on different scales. The LES runs resolve the urban roughness layer with
several levels place below the mean hb . Moreover, they admit statistically significant aggregation
since the law of the wall is not valid for a single profile but only on average to some spatial or time
domain. Figure 2.3 demonstrate the fitting in L2 norm of the theoretical law (4) to the aggregated at
the given scale velocity profile from the LES urban fine resolution run AUL. The profile has been
randomly chosen to illustrate the algorithm. The MATLAB algorithm can be found at
http://megapoliforum.dmi.dk. Processing the LES runs at different resolution and with different
aggregation, we are able to verify the proposed parameterizations or to propose a new one if needed.
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(a)

(b)
Figure 2.3 : Illustration of the urban law of the wall fitting algorithm. (a) The averaged velocity profile
aggregated over 2500 by 2500 m2 area (black curve with dots representing selected model levels). The
optimal fitting curve (red) represents Eq. (4) with parameters z 0 and d 0 corresponding to the minimum of
functional f ( z 0 , d 0 ) − g (u ) 2 (b) where f (⋅) returns the velocity profile after Eq. (4) and g (⋅) returns the
averaged velocity profile from LES.

Figure 2.4 : Validation of Garratt (1992) parameterization for the displacement height on basis of the run A
and AUL simulations (code PALM, 10 m resolution mesh). Large dots correspond to 1000 m aggregation
(averaging over 10,000 profiles in the area 1 km2 for each dot); small dots – 2500 m aggregation (averaging
over 62,500 profiles in the area 6.25 1 km2 for each dot). Rural simulations (run A with the Paris DEM but
without buildings) are depicted in grey. Eq. (6) with the optimal fitting Ad = 1.08 is given by the black solid
line. The black dashed line represents Ad = 1.0. Urban simulations (run AUL) are depicted in green. Eq. (6)
with the optimal fitting Ad = 0.79 is given by green solid line; red line represents the Garratt’s Ad = 0.75.

Figure 2.4 demonstrates the validation of the popular Garratt (1992) parameterization for the
displacement height in Eq. (6). The objective statistical analysis reveals the distinct differences
www.megapoli.info
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between the boundary layer flow above the rural relief (grey dots) and the same relief but with
buildings on the top (green dots). In the former case, the displacement height is directly proportional, Ad ≈ 1.0 , to the mean relief height, hb , within the area of aggregation (both of 1 km2 and
6.25 km2). The flow over the urban surface morphology with buildings has been significantly
modified. The optimal parameterization, if cast through Eq. (6), conforms the Garratt’s suggestion
with Ad ≈ 2 / 3 (up to the accuracy of data). This analysis is to be drawn further.

2.3. Maps of the optimal urban boundary layer parameters for the central Paris area
Another utility of the above algorithm is to equip a large scale meteorological and urban air quality
models with dynamically optimal maps of z 0 and d 0 parameters for the Paris central area. Figure
2.5 shows those maps for 1000 m aggregation, which corresponds to 1 km model mesh resolution.
Figure 2.6 shows the maps for 2500 m aggregation. Aggregation on the scale and at the location of
the grid of a specific model could be completed after request.
Unexpectedly, the aggregated parameter maps revealed little direct correspondence between the
aggregated (averaged) relief heights, hb , and the roughness and displacement height parameters.
The effect of the building height distribution alone is even less. This could be a specific feature of
Paris where the relief height is large comparative to the building height. However, we cannot
exclude for the time being more general dynamic effect of the relief (building) wake aggregation by
the flow turbulence. The displacement height better represents the linear regression model with
respect to hb as it follows also from the previous Section analysis. But there is significant data
scatter, which cannot be explained in simple linear model frameworks. The wake effect looks as a
plausible explanation and could be supported by some laboratory studies (Lin et al., 2007). The
surface roughness has almost no correspondence to hb . Larger z 0 could be found over more open
park areas as well as over densely built neighborhoods. At least for the Paris area, there is no reason
attribute z 0 to the height of the obstacles on scales from 10 m to 10,000 m. The data and literature
hint that z 0 could be more dependent on the height variations (e.g. steepness of the slopes). This is
the subject for further studies.
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(a)

(b)

(c)
Figure 2.5 : Maps of the urban boundary layer parameters z 0 (a), d 0 (b) and hb (c) in the run AUL. The
aggregation was done for 1000 m scale (1 km2 area) averaging 10,000 individual profiles. The maps correspond to the original urban morphology of the central Paris at 10 m resolution given in Figure 2.1a. Colours
represent the height in meters.
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(a)

(b)

(c)
Figure 2.6 : The same as in Figure 2.5 but for the 2500 m aggregation scale.
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3. Conclusions
This report described two popular approaches to urbanize turbulence-resolving models with rectangular Cartesian mesh. The mask method has been already implemented and tested in the code
PALM. Another, advanced and more flexible immersed boundary stress method is implemented in
the code LESNIC. It currently undergoes testing and debugging.
The urbanized PALM code has been used to study a hierarchy of urban canopy parameterisations at
different scales utilizing the MEGAPOLI (Deliverable 2.1) urban morphology database for the
central Paris area at 10 m resolution. This study pursued the following goals:

•

To simulate the rural (RBL) and urban (UBL) boundary layers over the realistic Paris digital
elevation model surface at different resolutions, e.g. 10 m and 50 m; to simulate the transition from RBL to UBL.

•

To conduct statistical analysis of the simulations; to optimize the urban canopy (surface
layer) parameterization using the simulated data.

•

To obtain aggregated maps of the urban surface layer parameters on different scales for further use in the large-scale meteorological simulations.

This study revealed that in the Paris area the surface topography plays more important role for the
boundary layer flow development than the buildings on the top of the relief. The RBL features such
as velocity streaks, stronger velocity over the river values, hill wakes, strong concentrated updraughts etc are also recognizable in the UBL. The momentum blending height is located at about
300 m.
However, the statistical analysis of the aggregated data reveals distinct features of the UBL in the
urban logarithmic law of the wall parameterization. The displacement height is no longer proportional to the mean relief height with the proportionality coefficient close to 1.0 as in the RBL. It has
larger scatter in the UBL and the proportionality coefficient about 2/3 as in Garratt (1992) empirical parameterization. This reduction could be the effect of streets and other gaps between the
obstacles. The simulated data will be used in further studies. The maps of the aggregated surface
layer parameters were also computed in the study to be used in the large-scale meteorological
simulations with Enviro-HIRLAM.
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