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Introduction: Detailed Simulation of Clouds

“Parallel coupling framework and advanced time integration 
methods for detailed cloud processes in atmospheric models”

Cooperation with Leibniz Institute for Tropospheric
Research (IfT), Leipzig, Germany

Performance improvement of the model system
COSMO-SPECS

– Detailed modeling of interactions between
aerosol particles, clouds, and precipitation

– COSMO Model: non-hydrostatic limited-area
atmospheric model (www.cosmo-model.org)

– SPECS: Cloud parameterization scheme of COSMO 
replaced by the detailed cloud model SPECS
(SPECtral bin microphysicS) [Simmel06, Grützun08]
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Introduction: COSMO-SPECS Performance

SPECS is very costly

– > 99% of total runtime

SPECS runtime varies strongly

– Depending on range of droplet size 
distribution and the presence of 
frozen particles

This leads to severe load imbalance

– COSMO's parallelization is based 
on static 2D partitioning

Dynamic load balancing needed to run
realistic cases on large HPC systems
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• Original COSMO-SPECS
• BlueGene/P, 2048 processes
• End of the simulation
• Cloud has formed

• Heavy load imbalance
• Only a few processes 
have more work (purple)

• Most processes are 
waiting (red)
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Introduction: Basic Idea of FD4

Present approaches:

– Cloud model is implemented as a 
submodule within the weather model

– Uses (static) data structures of the 
weather model

Our idea:

– Separate cloud model data from weather 
model data structures

– Independent domain decompositions

– Dynamic load balancing for the cloud 
model

– (Re)couple weather and cloud model
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Introduction: Basic Idea of FD4

Present approaches:

– Cloud model is implemented as a 
submodule within the weather model

– Uses (static) data structures of the 
weather model

Our idea:

– Separate cloud model data from weather 
model data structures

– Independent domain decompositions

– Dynamic load balancing for the cloud 
model

– (Re)couple weather and cloud model

Functionality provided by FD4
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Framework FD4: Key Features

FD4 = Four-Dimensional Distributed Dynamic Data structures

Dynamic load balancing

– Regular grid managed by FD4

– Block-based 3D decomposition

– Hilbert space-filling curve 
[Sagan94] partitioning

Model coupling

Adaptive block mode

4th dimension
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Framework FD4: Key Features

FD4 = Four-Dimensional Distributed Dynamic Data structures

Dynamic load balancing

Model coupling

– Data exchange between FD4 
based model and external model

– E.g. CFD or weather model

– Direct data transfer between 
overlapping parts of of the 
partitions

Adaptive block mode

4th dimension
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Framework FD4: Key Features

FD4 = Four-Dimensional Distributed Dynamic Data structures

Dynamic load balancing

Model coupling

Adaptive block mode

– Save memory in case data and 
computations are required for a 
spatial subset only

– Suitable for multiphase problems 
like drops, clouds, flame fronts 

4th dimension
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Framework FD4: Key Features

FD4 = Four-Dimensional Distributed Dynamic Data structures

Dynamic load balancing

Model coupling

Adaptive block mode

4th dimension

– Extra dimension of grid variables 

– E.g. array of gas phase tracers, 
size resolving models

– FD4 is optimized for a large 4th 
dimension

– COSMO-SPECS requires
2 x 11 x 66 ~ 1500 values



 14

Framework FD4: Implementation

FD4 is written in Fortran 95

MPI based parallelization

(Simple) I/O interfaces to

– NetCDF

– Vis5D

Open source software

! MPI initialization
call MPI_Init(err)
call MPI_Comm_rank(MPI_COMM_WORLD, rank, err) 
call MPI_Comm_size(MPI_COMM_WORLD, nproc, err)
! create the domain and allocate memory
call fd4_domain_create(domain, nb, size,     &
     vartab, ng, peri, MPI_COMM_WORLD, err)
call fd4_util_allocate_all_blocks(domain, err)
! initialize ghost communication
call fd4_ghostcomm_create(ghostcomm, domain, &
     4, vars, steps, err)
! loop over time steps
do timestep=1,nsteps
  ! exchange ghosts
  call fd4_ghostcomm_exch(ghostcomm, err)
  ! loop over local blocks
  call fd4_iter_init(domain, iter)
  do while(associated(iter%cur))
    ! do some computations
    call compute_block(iter)
    call fd4_iter_next(iter)
  end do
  ! dynamic load balancing
  call fd4_balance_readjust(domain, err)
end do

Available at http://www.tu-dresden.de/zih/clouds
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Framework FD4: Dynamic Load Balancing Movie

Overhead test of adaptive block mode and load balancing [Lieber10]

FD4 adapts to cloud formation in COSMO weather model

Real-life scenario, 249 x 174 x 50 grid, 256 processes
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Application of FD4: COSMO-SPECS+FD4

FD4 Coupling FD4 Coupling

COSMO

Computes
dynamics

Static MxN
partitioning

SPECS

Computes
Microphysics 

Data dynamically 
balanced by FD4

FD4

Send data to
SPECS grid:

u, v, w,
T, p, , qρ v

FD4

Receive data from
SPECS grid:

T, qΔ v, qc, qi

FD4 Coupling
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Application of FD4: Scalability Benchmark Case

Comparing original COSMO-SPECS with COSMO-SPECS+FD4

Test scenario: heat bubble results in growth of cumulus cloud

30 min forecast time

Vertical grid: 48 nonuniform height levels (up to 18 km)

Horizontal grid: 80 x 80, 1km resolution

2 x 2 x 4 = 16 grid cells per FD4 block, 19 200 blocks

t = 0 min t = 10 min t = 20 min t = 30 min

Heat bubble
Growing 
cumulus 

cloud

Cloud ice
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Application of FD4: SGI Altix 4700 (mars) Scalability

FD4 load balancing and coupling

Ghost exchange for SPECS including 
waiting times due to imbalance

COSMO computations

SPECS advection

SPECS microphysics

Communication 
overhead grows 

strongly

• 6% overhead for FD4 dynamic load 
balancing and coupling

• 3 times faster than original version

24:19 min

8:03 min
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Application of FD4: BlueGene/P Scalability Benchmark

How far can we scale? Are we prepared for HRSK-2?

IBM BlueGene/P System at Jülich Supercomputing Centre

– 294 912 IBM PowerPC 450 processors, #9 in the Top500

Weak scaling test: problem size per process = constant

– Replicated heat bubble for each 32 x 32 grid section

http://www.fz-juelich.de/jsc/
393 21616x8512x25632768

786 432

12 288

6144

3072

# FD4 
blocks

16x16512x51265 536

…

2x264x641024

2x164x32512

1x132x32256

# Replicated 
cloudsGrid size# Proc.
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Application of FD4: BlueGene/P Scalability Benchmark

Waiting time due to imbalance

FD4 load balancing and coupling

Ghost exchange for SPECS

COSMO computations

SPECS advection

SPECS microphysics

>40% waiting 
time due to load 

imbalance

• 7% for FD4 dynamic load balancing 
and coupling

• 2 times faster than original version
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• COSMO-SPECS+FD4
• BlueGene/P, 16 384 processes
• End of the simulation
• Cloud has formed

• Good load balance
• MPI overhead 13% (red)
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• COSMO-SPECS+FD4
• BlueGene/P, 16 384 processes
• Complete model run time

Number of grid blocks 
each process owns
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Conclusion & Outlook

FD4 provides highly scalable dynamic load balancing and coupling 
for multiphase models

Scalability to 10 000s of processes

COSMO-SPECS performance increased significantly by FD4

FD4 not limited to meteorology

Freely available at http://www.tu-dresden.de/zih/clouds 

Outlook:

– Multirate time stepping in COSMO-SPECS+FD4

– Parallel I/O in FD4

– Simulate a real-case scenario with COSMO-SPECS+FD4
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Thank you for your attention!
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