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Abstract

Within the framework of the project MOSAIK, funded by the German
Federal Ministry of Education and Research (BMBF), a radiative urban canopy
model (URTM) was implemented to parameterize the three-dimensional
(3D) solar radiation effects in the model system PALM 6.0 for urban ap-
plications (PALM-4U). URTM considers the radiation interactions between
the urban elements (surfaces, buildings, urban vegetation, etc.) based on
the so-called view factors approach, using ray tracing methods. This model
is coupled to the main radiation model of PALM-4U, e.g. the RRTMG. The
model can be used to parameterize radiation interactions in complex ur-
ban geometries for different spacial scales starting from a street canyon to
a city. Following the successful implementation of PALM4-U, BMBF sup-
ported the next phase of PALM-4U development of to meet the needs of
municipalities and other practice users. In this second-phase of PALM-4U
development we will implement an alternative three-dimensional radia-
tion scheme to enhance the calculation of the longwave divergence within
the urban canopy yielding a more realistic description of the cooling of air
in a city during nighttime. In addition, this scheme correctly considers in-
teractions with atmospheric constituents in the urban canopy layer and
above, such as water vapor, fog, and clouds. We will also update the urban
radiation transfer model implemented in the first phase to support the im-
mersive boundary conditions as well as the parametrization scheme DCEP
to consider the influence of precipitation on the urban surfaces.
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1. Outline of the problem, aim and scope of the

project and its subject- specific significance

1.1 Introduction

The interactions between the urban environments and the atmosphere are stud-

ied by modern computer-based models called Urban climate models (UCMs),

which are are broadly classified into two categories: The urban canopy-layer

models and the urban boundary-layer models. While the first category exam-

ines the mesoscale variations occurring above the canopy-height (Skamarock et

al. 2019; Schlünzen et al. 2018; Jacob et al. 2012; Rockel et al. 2008), the second

one focuses on the microscale variations occurring below the canopy-height

(Maronga et al. 2020; Salim et al. 2018; Franke et al. 2012; Gross 2012; Früh et al.

2011; Eichhorn and Kniffka 2010; Huttner and Bruse 2009).

The second category of UCMs has received an increasing interest as mod-

ern urban planning tools over the last decades. They have been used to identify

the implications of climate change for urban areas and to substantiate plan-

ning decisions as well as adaptation measures for climate change scenarios.

The development of these models has been mainly driven by recent advances

in computer capacities, numerical algorithms, parameterization of microme-

teorological processes, and data availability for urban structure (Masson et al.

2020). Together, these advances enabled UCM to perform high-resolution sim-

ulations for large configurations.

One of these UCMs is the PALM model system 6.0, which is developed within

the framework of the project MOSAIK (funded by BMBF) to be a modern and

highly efficient model allowing for simulations over neighbourhood and city-

scale with building-resolving spatial resolution (Maronga et al. 2019, 2020). The

model is particularly enhanced by the components needed for the application

in urban environments (so-called PALM-4U components), such as interactive

building surface and air quality schemes. Within the development of the PALM-
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4U, a radiative urban canopy model (URTM) was implemented to parameterize

the three-dimensional (3D) solar radiation effects in PALM-4U (Krč et al. 2020;

Salim et al. 2020).

Modelling the radiative transfer processes within PALM-4U is a key com-

ponent since it provides the surface radiation budget required for solving the

surface energy balance to realistically model boundary-layer processes. Mod-

elling these radiative processes includes radiation absorption, emission, reflec-

tion and scattering (Krč et al. 2020; Salim et al. 2020). The model PALM-4U with

its radiative urban canopy model, i.e. URTM, is used to simulate complex ur-

ban geometries for different spacial scales starting from a street canyon to a city,

Fig. 1. The shortcomings of the current approach are detailed in the following

section.

(a) SW radiation flux (b) LW radiation flux

Figure 1: Simulation of (a) surface temperature and (b) reflected longwave ra-
diation flux received by each surface for an urban area (Ernst-Reuter-Platz in
Charlottenburg, Berlin) during a summer day at 13:00.

1.2 Problem outline

Following the successful implementation of PALM4-U, BMBF supported the

next phase of the project MOSAIK to further develop PALM-4U to meet the

needs of municipalities and other practice users. For the radiation part of the
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model, we will focus on the following radiation related issues:

• Radiation parameterizations in the model PALM-4U assume horizontal

homogeneity of the radiation divergence. These parameterizations are

based on a coupled system of URTM and the main radiation model used

in PALM-4U, i.e. RRTMG (Clough et al. 2005). While this coupled radi-

ation model is a surface-to-surface base, some 3D radiation related pro-

cesses are not well captured, e.g. the longwave divergence within the ur-

ban canopy. These processes may affect the model capabilities to simulate

the realistic cooling of air in a city during nighttime, which is confirmed

by observations as shown in Fig. 2.

• These parameterizations have limited consideration of the interactions

with atmospheric constituents in the urban canopy layer and above, such

as water vapour, fog, and clouds. It also assumes limited consideration of

atmospheric composition in the boundary layer. It allows no considera-

tion of 3D effects in clouds.

• PALM-4U explicitly resolves obstacles within the 3-D model domain by a

blocking approach, in which the wind velocity components vanish at the

building boundaries. All buildings are treated to fit the grid so that titled

surfaces are approximated to the grid structure. This results in geomet-

rical approximations of the buildings that do not conform on Cartesian

grids. All radiation interactions will be then based on this modified geom-

etry.

• For non building-resolving simulations, PALM-4U is coupled with a multi-

layer city parameterization scheme. The Double Canyon Effect Parame-

terization scheme (DCEP) (Schubert et al. 2012) was implemented in PALM-

4U in the first phase of MOSAIK project for this purpose. The effect of pre-

cipitation on urban surfaces, in particular the surface cooling by runoff, is

not yet considered by this urban parameterization scheme.



3D RADIATION IN URBAN CLIMATE MODELS 5

Figure 2: Observed longwave radiative heating rate in boundary layer (Steen-
eveld et al. 2010)

1.3 Objectives and work program

The main objectives of the project are to:

• develop and evaluate an alternative 3D radiation model for building-resolving

simulations, allowing for shading effects of clouds and improved long-

wave radiative cooling during night-time,

• update and evaluate the URTM to support the immersive boundary con-

ditions to allow for the tilted urban surfaces in order to better map the

realistic buildings and orography in the urban domains, and

• enhanced and evaluate the DCEP scheme to consider the effect of precip-

itation on urban surfaces, in particular the surface cooling by runoff

To accomplish these objectives, the project consists of three main work pack-

ages:

1. Development and testing 3D radiation scheme (3D-RAD),
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2. Implementation and evaluation of immersive boundary condition in URTM

(IBC-RAD), and

3. Update and evaluation of DCEP for non-building resolving runs (DCEP).

2. Outline of the mathematical and information

technology

The model system PALM 6.0 will be used to run the simulation planned in this

project. The further development of PALM concerning the 3D radiation will be

mainly performed in Humboldt Universität zu Berlin and will be administered

by Leibniz University Hannover.

The PALM model system solves the three-dimensional, non-hydrostatic, fil-

tered, incompressible Navier–Stokes equations of wind (u, v, and w) and scalar

variables (sub-grid-scale (SGS) turbulent kinetic energy, potential temperature,

and specific humidity). These variables are staggered on an Arakawa-C Carte-

sian grid (Harlow and Welch, 1965; Arakawa and Lamb, 1977) with scalars de-

fined at the centre of a grid box and the velocity components defined on the

respective box faces. The Boussinesq-approximation is applied to the filtered

Navier–Stokes equations, and thus density variations are neglected except for

the buoyancy term. The SGS turbulence parameterization depends on the mode

of simulation being LES or the Reynolds-averaged Navier–Stokes (RANS).

3. Outline of the applied or planned algorithmic,

mathematical, and numerical methods and

solution procedures

Generally PALM-4U uses central finite differences scheme on a Cartesian grid

for spacial discretization and a third-order Runge-Kutta scheme for marching in
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time. For scalar quantities, PALM-4U utilizes a fifth-order scheme after Wicker

and Skamarock (2002). The Poisson equation can either be solved directly us-

ing Fast-Fourier-Transform (FFT), a tri-diagonal matrix, and backwards FFT, or

using an iterative multigrid method. Message Passing Interface (MPI) is used

for communications between the parallelized sub-domains, which are divided

using a horizontal 2D domain decomposition.

The urban surfaces and overhanging structures as well as the orography

heights are represented in PALM-4U using a blocking approach. They inter-

act to the flow dynamics by drag and friction forces, assuming a constant flux

layer between the surface and the adjacent air volume.

The proposed 3D radiation scheme will extend the TenStream scheme. For

PALM-DCEP, the multi-layer DCEP represents the urban surfaces using effec-

tive two-dimensional street canyons that are characterized by their building

and street width as well as their building height distribution. It is mainly based

on the so-called Building Effect Parametrization BEP (Martilli et al. 2002).

4. Statements about the particular suitability of

parallel computers for working on the problem

All simulations of large domains required for the proposed project require a

large amount of computational resources for many reasons. First, the fine grid

resolution in the building-resolving simulations is required to run the model

in its Large Eddy Simulation mode to resolve the micro-scale turbulence be-

tween buildings, which results in huge grid size. Second, the 3D nature of the

TenStream model, along with the fine grid resolution, requires considerable

amount of computer resources and without the parallel computer such as HLRN

facilities it would be rather impossible to evaluate the proposed method. Third,

the simulations should be rather long to capture the diurnal cycle in order to

match the observations as precise as possible. Finally, we expect relatively small
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timesteps for all the simulations due to the grid size and the meteorological

conditions.

For all these reasons we believe that these increased computational demands

can only be satisfied by massively parallel computer architectures such as the

HLRN-IV system.

5. Statements about the degree of parallelism and

expected scalability behaviour

As its name imply, PALM-4U is well-known by its outstanding parallelization

character since its first version released (Maronga et al., 2015). The model core

as well as its embedded modules are designed so that parallelization metrics

are considered. PALM was chosen to be one of the benchmark application pro-

grams for many HPCs such as the Atos machines of HLRN-IV and its predeces-

sors as well as for the IBM-Power6 of the German Climate Computing Center

(DKRZ).

The parallelization of the radiation related routines in PALM-4U is also checked

and showed a good scalability behaviour (Krč et al., 2020; Resler et al., 2017).

This scalability behaviour, along with the general behaviour of PALM-4U, im-

proves when the grid size increases with increasing number of PEs. The Ten-

Stream scheme uses the highly parallelized PETSc library (Abhyankar et al. 2018)

and DCEP works independently for each horizontal grid cell. Thus, the pro-

posed modifications of PALM-4U in this project are expected to have good scal-

ability.
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6. Description and results of previous and

preparatory work

During the first phase of MOSAIK we evaluated the new URTM implementa-

tion in PALM-4U to include the radiative transfer processes within urban do-

mains. Moreover, we used PALM-4U with the new implementation of URTM to

highlight the importance of including these processes in urban climate models,

Figs. 3 and 4. The results of both studies are submitted to the journal Geoscien-

tific Model Development (GMD) (Krč et al. 2020; Salim et al. 2020).

Figure 3: An aerial view of a realistic urban configuration showing the 3D build-
ings and vegetation. The configuration is centred around Ernst-Reuter-Platz in
Charlottenburg in Berlin

7. Sound and comprehensible estimate of the

requested resources
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Figure 4: Shortwave radiation flux received by each surface in the simulated
area (Ernst-Reuter-Platz in Charlottenburg, Berlin) during a summer day at
08:00

7.1 Computer resources for 3D-RAD

We require computer resources for evaluating the implementations of the new

3D radiation scheme. This scheme couples the 3D radiative transfer model Ten-

Stream to the model PALM-4U. After the successful model development, we

need to run two main simulations for Berlin. In the first simulation, we will

use PALM-4U with the traditional implementations, i.e. RRTM-URTM, and the

second simulation will be devoted to the same model domain using the new

implementations of the coupled model PALM-4U-TenStream.

The domain size for both simulations is relatively large compared to stan-

dard building resolving simulations. The domain will be 46 km x 40 km x 3.5

km. Since we will resolve buildings and orography, we will use fine spatial res-

olutions (1m for the child domain and 15 m for the parent domain). We need

at least 24h simulation time (model time) plus the time needed for proper spin-

up, both static and dynamic. We expect to use about 70 nodes to run such sim-

ulations for 11 restarts on 12 hrs bases. So one simulates hour needs about 20
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kNPL. In total we need 20 kNPL/hr x 24 hr x 2 simulations = 960 kNPL.

Both simulations will show the advantage of using 3D radiation parameter-

izations over the traditional RRTMG-URTM scheme. Also the results will show

the additional computational requirement to use this 3D radiation scheme.

7.2 Computer resources for IBC-RAD

The first simulation is designed in this work package to get a reference simu-

lation results of the model PALM-4U with its traditional blocking approach of

buildings treatment. In this simulation all buildings are fitted to the Cartesian

grid. All tilted surfaces are approximated to match the gird structure. The sec-

ond simulation will be for the same domain size and buildings, however the

immersive boundary conditions will be used, allowing for the tilted urban sur-

faces in order to better map the realistic buildings and orography of the domain.

The domain chosen for this simulations is a neighborhood in Berlin. The do-

main size will be 6 km x 6 km x 3.5 km with a spacial resolution of 1 m. A whole

diurnal cycle will be simulated in addition to the spin-up time. We expect to use

about 70 nodes to run the each simulation for 5 restarts on 12 hrs bases. In total

we need approximately 480 kNPL.

7.3 Computer resources for DCEP

We will start the simulations of this work package by a base simulation, in which

the Double Canyon Effect Parameterization scheme (DCEP) is activated in PALM-

4U to account for the effect of buildings which is not explicitly resolved. Af-

ter enhancing the scheme to consider the effect of precipitation on urban sur-

faces, in particular the surface cooling by runoff, we will run another simulation

for the same domain to find the advantage of the new implementation. Both

results will be evaluated against measurements of weather stations for Berlin

(Germany). We expect that we need 200 kNPL for this work package.
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7.4 Disk and tape storage

Due to the size of the simulations, we request 25 TB for of temporary (WORK)

and archiving disk space and 10 TB on the tapes. This disk space will be mainly

for storing the results as well as the restart data.

8. Estimated duration of the project

The project will run for two and a half years until the end of the BMBF-MOSAIK2

project.
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