
Introducing libmpdata++ and libcloudph++:
reusable software components

for atmospheric modelling

Sylwester Arabas1,
Wojciech W. Grabowski2, Anna Jaruga1, Dorota Jarecka2,1,

Hanna Paw lowska1, Piotr K. Smolarkiewicz3, Maciej Waruszewski1

1: University of Warsaw, 2: NCAR, 3: ECMWF

6th GCRM & 3rd NHM @ RIKEN AICS, Kobe, Sep. 25th 2014



aerosol-cloud interactions

: a conceptual picture



aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

· aerosol particles of natural 
  and anthropogenic origin 
  act as condensation nuclei

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


aerosol-cloud interactions: a conceptual picture

background image: vitsly.ru / Hokusai

vitsly.ru


software challenges

I robust numerics (dynamics)

I novel microphysics (aerosol-cloud interactions)

I maintainability (modular, intelligible code)

I result reproducibility (open source, easy to use)



software challenges

I robust numerics (dynamics)

I novel microphysics (aerosol-cloud interactions)

I maintainability (modular, intelligible code)

I result reproducibility (open source, easy to use)



software challenges

I robust numerics (dynamics)

I novel microphysics (aerosol-cloud interactions)

I maintainability (modular, intelligible code)

I result reproducibility (open source, easy to use)



software challenges

I robust numerics (dynamics)

I novel microphysics (aerosol-cloud interactions)

I maintainability (modular, intelligible code)

I result reproducibility (open source, easy to use)



free & open-source C++ libraries developed at our group

libmpdata++ / arXiv:1407.1309 / submitted to GMD

libmpdata++ 0.1: a library of parallel MPDATA solvers

for systems of generalised transport equations

Anna Jaruga1, Sylwester Arabas1, Dorota Jarecka1,2, Hanna Pawlowska1, Piotr K. Smolarkiewicz∗3,
and Maciej Waruszewski1

1Institute of Geophysics, Faculty of Physics, University of Warsaw, Warsaw, Poland
2National Center for Atmospheric Research, Boulder, Colorado, USA

3European Centre for Medium-Range Weather Forecasts, Reading, United Kingdom

Abstract

This paper accompanies first release of libm-
pdata++, a C++ library implementing the
Multidimensional Positive-Definite Advection
Transport Algorithm (MPDATA). The library
o↵ers basic numerical solvers for systems of
generalised transport equations. The solvers
are forward-in-time, conservative and non-
linearly stable. The libmpdata++ library cov-
ers the basic second-order-accurate formula-
tion of MPDATA, its third-order variant, the
infinite-gauge option for variable-sign fields
and a flux-corrected transport extension to
guarantee non-oscillatory solutions. The li-
brary is equipped with a non-symmetric vari-
ational elliptic solver for implicit evaluation of
pressure gradient terms. All solvers o↵er par-
allelisation through domain decomposition us-
ing shared-memory parallelisation.

The paper describes the library program-
ming interface, and serves as a user guide.
Supported options are illustrated with bench-
marks discussed in the MPDATA literature.
Benchmark descriptions include code snippets
as well as quantitative representations of sim-
ulation results. Examples of applications in-
clude: homogeneous transport in one, two and
three dimensions in Cartesian and spherical
domains; shallow-water system compared with
analytical solution (originally derived for a 2D
case); and a buoyant convection problem in
an incompressible Boussinesq fluid with inter-
facial instability. All the examples are imple-
mented out of the library tree. Regardless
of the di↵erences in the problem dimension-
ality, right-hand-side terms, boundary condi-
tions and parallelisation approach, all the ex-
amples use the same unmodified library, which
is a key goal of libmpdata++ design. The de-
sign, based on the principle of separation of
concerns, prioritises the user and developer

∗
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productivity. The libmpdata++ library is im-
plemented in C++, making use of the Blitz++
multi-dimensional array containers, and is re-
leased as free/libre and open-source software.
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Abstract

This paper introduces a library of algo-
rithms for representing cloud microphysics in
numerical models. The library is written in
C++, hence the name libcloudph++. In the
current release, the library covers three warm-
rain schemes: the single- and double-moment
bulk schemes, and the particle-based scheme
with Monte-Carlo coalescence. The three
schemes are intended for modelling frame-
works of di↵erent dimensionality and com-
plexity ranging from parcel models to multi-
dimensional cloud-resolving (e.g. large-eddy)
simulations. A two-dimensional prescribed-
flow framework is used in example simula-
tions presented in the paper with the aim
of highlighting the library features. The lib-

cloudph++ and all its mandatory dependen-
cies are free and open-source software. The
Boost.units library is used for zero-overhead
dimensional analysis of the code at compile
time. The particle-based scheme is imple-
mented using the Thrust library that allows
to leverage the power of graphics processing
units (GPU), retaining the possibility to com-
pile the unchanged code for execution on single
or multiple standard processors (CPUs). The
paper includes complete description of the pro-
gramming interface (API) of the library and a
performance analysis including comparison of
GPU and CPU setups.
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1 Introduction

Representation of cloud processes in numerical
models is crucial for weather and climate predic-
tion. Taking climate modelling as an example, one
may learn that numerous distinct modelling sys-
tems are designed in similar ways, sharing not only
the concepts but also the implementations of some
of their components (Pennell and Reichler, 2010).
This creates a perfect opportunity for code reuse
which is one of the key ”best practices” for scientific
computing (Wilson et al., 2014, sec. 6). The real-
ity, however, is that the code to be shared is often
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libmpdata++: 1D advection / hello world

∂t(Gψ) +∇ · (G~uψ) = GR

Smolarkiewicz’s MPDATA scheme

I sign-preserving

I non-oscillatory

I small implicit diffusion

a “hello-world” example
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 1 #include <libmpdata++/solvers/mpdata.hpp>
 2 #include <libmpdata++/concurr/serial.hpp>
 3 #include <libmpdata++/output/gnuplot.hpp>
 4 
 5 using namespace libmpdataxx;
 6 using namespace blitz::tensor;
 7 
 8 int main()
 9 {
10   // compile-time parameters
11   struct ct_params_t : ct_params_default_t
12   {
13     using real_t = double;
14     enum { n_dims = 1 };
15     enum { n_eqns = 1 };
16   };
17 
18   // solver choice
19   using slv_t = solvers::mpdata<ct_params_t>;
20 
21   // output choice
22   using slv_out_t = output::gnuplot<slv_t>;
23 
24   // concurency choice + boundary conditions
25   using run_t = concurr::serial<slv_out_t,
26     bcond::open, bcond::open>;
27 
28   // run-time parameters
29   typename slv_out_t::rt_params_t p;
30   int nx = 101, nt = 100;
31   ct_params_t::real_t dx = 0.1;
32   p.grid_size = { nx };
33   p.outfreq = 20;
34 
35   run_t run(p);              // instantiation
36   run.advectee() =           // initial cond.
37     -.5 + 1 / (pow(dx*(i - (nx-1)/2.), 2) + 1);
38   run.advector() = .5;       // Courant number
39   run.advance(nt);           // integration
40 }
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libmpdata++: implemented MPDATA flavours

basic 2-pass MPDATA + “abs” trick for var-sign signals
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libmpdata++: 2D (3D) shallow-water system
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libmpdata++: 2D Boussinesq convection
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libmpdata++: summary & some technicalities

free & open source C++ library of parallel MPDATA solvers

key features:
I reusable – API documented in the paper; out-of-tree setups

I rich set of MPDATA flavours (incl. FCT, infinite-gauge, . . . )

I 1D, 2D & 3D integration; optional coordinate transformation

I four types of solvers:
I adv (homogeneous advection)
I adv+rhs (+ right-hand-side terms)
I adv+rhs+vip (+ prognosed velocity)
I adv+rhs+vip+prs (+ elliptic pressure solver)

I implemented using Blitz++ (no loops, expression templates)

I built-in HDF5/XDMF output

I shared-memory parallelisation using OpenMP or Boost.Thread

I separation of concerns (numerics / boundary cond. / io / concurrency)

I compact C++11 code (< 10 kLOC)
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free & open-source C++ libraries developed at our group
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libmpdata++ 0.1: a library of parallel MPDATA solvers

for systems of generalised transport equations

Anna Jaruga1, Sylwester Arabas1, Dorota Jarecka1,2, Hanna Pawlowska1, Piotr K. Smolarkiewicz∗3,
and Maciej Waruszewski1

1Institute of Geophysics, Faculty of Physics, University of Warsaw, Warsaw, Poland
2National Center for Atmospheric Research, Boulder, Colorado, USA

3European Centre for Medium-Range Weather Forecasts, Reading, United Kingdom

Abstract

This paper accompanies first release of libm-
pdata++, a C++ library implementing the
Multidimensional Positive-Definite Advection
Transport Algorithm (MPDATA). The library
o↵ers basic numerical solvers for systems of
generalised transport equations. The solvers
are forward-in-time, conservative and non-
linearly stable. The libmpdata++ library cov-
ers the basic second-order-accurate formula-
tion of MPDATA, its third-order variant, the
infinite-gauge option for variable-sign fields
and a flux-corrected transport extension to
guarantee non-oscillatory solutions. The li-
brary is equipped with a non-symmetric vari-
ational elliptic solver for implicit evaluation of
pressure gradient terms. All solvers o↵er par-
allelisation through domain decomposition us-
ing shared-memory parallelisation.

The paper describes the library program-
ming interface, and serves as a user guide.
Supported options are illustrated with bench-
marks discussed in the MPDATA literature.
Benchmark descriptions include code snippets
as well as quantitative representations of sim-
ulation results. Examples of applications in-
clude: homogeneous transport in one, two and
three dimensions in Cartesian and spherical
domains; shallow-water system compared with
analytical solution (originally derived for a 2D
case); and a buoyant convection problem in
an incompressible Boussinesq fluid with inter-
facial instability. All the examples are imple-
mented out of the library tree. Regardless
of the di↵erences in the problem dimension-
ality, right-hand-side terms, boundary condi-
tions and parallelisation approach, all the ex-
amples use the same unmodified library, which
is a key goal of libmpdata++ design. The de-
sign, based on the principle of separation of
concerns, prioritises the user and developer

∗
A�liate Professor at the University of Warsaw

productivity. The libmpdata++ library is im-
plemented in C++, making use of the Blitz++
multi-dimensional array containers, and is re-
leased as free/libre and open-source software.

Contents

1 Introduction 2

2 Library design 2
2.1 Dependencies . . . . . . . . . . . . . 2
2.2 Components . . . . . . . . . . . . . . 3
2.3 Computational domain and grid . . 3
2.4 Error and progress reporting . . . . 3

3 Advective transport 4
3.1 Implemented algorithms . . . . . . . 5
3.2 Library interface . . . . . . . . . . . 6
3.3 Example: “hello world” . . . . . . . 7
3.4 Example: advection scheme options . 9
3.5 Example: convergence tests in 1D . . 11
3.6 Example: rotating cone in 2D . . . . 13
3.7 Example: revolving sphere in 3D . . 15
3.8 Example: 2D advection on a sphere 16

4 Inhomogeneous advective transport 17
4.1 Implemented algorithms . . . . . . . 17
4.2 Library interface . . . . . . . . . . . 17
4.3 Example: translating oscillator . . . 18

5 Transport with prognosed velocity 19
5.1 Implemented algorithms . . . . . . . 19
5.2 Library interface . . . . . . . . . . . 19
5.3 Example: 1D shallow-water system . 20
5.4 Example: 2D shallow-water system . 21

6 Systems with elliptic pressure equa-
tion 22
6.1 Implemented algorithms . . . . . . . 22
6.2 Library interface . . . . . . . . . . . 23
6.3 Example: Boussinesq convection . . 23

7 Remarks 24

1

ar
X

iv
:1

40
7.

13
09

v2
  [

ph
ys

ic
s.c

om
p-

ph
]  

18
 A

ug
 2

01
4

libcloudph++ / arXiv:1310.1905 / submitted to GMD

libcloudph++ 0.2: single-moment bulk, double-moment bulk, and

particle-based warm-rain microphysics library in C++

Sylwester Arabas1, Anna Jaruga1, Hanna Pawlowska1, Wojciech W. Grabowski⇤2

1Institute of Geophysics, Faculty of Physics, University of Warsaw, Warsaw, Poland
2National Center for Atmospheric Research (NCAR), Boulder, Colorado, USA

Abstract

This paper introduces a library of algo-
rithms for representing cloud microphysics in
numerical models. The library is written in
C++, hence the name libcloudph++. In the
current release, the library covers three warm-
rain schemes: the single- and double-moment
bulk schemes, and the particle-based scheme
with Monte-Carlo coalescence. The three
schemes are intended for modelling frame-
works of di↵erent dimensionality and com-
plexity ranging from parcel models to multi-
dimensional cloud-resolving (e.g. large-eddy)
simulations. A two-dimensional prescribed-
flow framework is used in example simula-
tions presented in the paper with the aim
of highlighting the library features. The lib-

cloudph++ and all its mandatory dependen-
cies are free and open-source software. The
Boost.units library is used for zero-overhead
dimensional analysis of the code at compile
time. The particle-based scheme is imple-
mented using the Thrust library that allows
to leverage the power of graphics processing
units (GPU), retaining the possibility to com-
pile the unchanged code for execution on single
or multiple standard processors (CPUs). The
paper includes complete description of the pro-
gramming interface (API) of the library and a
performance analysis including comparison of
GPU and CPU setups.
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1 Introduction

Representation of cloud processes in numerical
models is crucial for weather and climate predic-
tion. Taking climate modelling as an example, one
may learn that numerous distinct modelling sys-
tems are designed in similar ways, sharing not only
the concepts but also the implementations of some
of their components (Pennell and Reichler, 2010).
This creates a perfect opportunity for code reuse
which is one of the key ”best practices” for scientific
computing (Wilson et al., 2014, sec. 6). The real-
ity, however, is that the code to be shared is often
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Abstract

This paper accompanies first release of libm-
pdata++, a C++ library implementing the
Multidimensional Positive-Definite Advection
Transport Algorithm (MPDATA). The library
o↵ers basic numerical solvers for systems of
generalised transport equations. The solvers
are forward-in-time, conservative and non-
linearly stable. The libmpdata++ library cov-
ers the basic second-order-accurate formula-
tion of MPDATA, its third-order variant, the
infinite-gauge option for variable-sign fields
and a flux-corrected transport extension to
guarantee non-oscillatory solutions. The li-
brary is equipped with a non-symmetric vari-
ational elliptic solver for implicit evaluation of
pressure gradient terms. All solvers o↵er par-
allelisation through domain decomposition us-
ing shared-memory parallelisation.

The paper describes the library program-
ming interface, and serves as a user guide.
Supported options are illustrated with bench-
marks discussed in the MPDATA literature.
Benchmark descriptions include code snippets
as well as quantitative representations of sim-
ulation results. Examples of applications in-
clude: homogeneous transport in one, two and
three dimensions in Cartesian and spherical
domains; shallow-water system compared with
analytical solution (originally derived for a 2D
case); and a buoyant convection problem in
an incompressible Boussinesq fluid with inter-
facial instability. All the examples are imple-
mented out of the library tree. Regardless
of the di↵erences in the problem dimension-
ality, right-hand-side terms, boundary condi-
tions and parallelisation approach, all the ex-
amples use the same unmodified library, which
is a key goal of libmpdata++ design. The de-
sign, based on the principle of separation of
concerns, prioritises the user and developer

∗
A�liate Professor at the University of Warsaw

productivity. The libmpdata++ library is im-
plemented in C++, making use of the Blitz++
multi-dimensional array containers, and is re-
leased as free/libre and open-source software.

Contents

1 Introduction 2

2 Library design 2
2.1 Dependencies . . . . . . . . . . . . . 2
2.2 Components . . . . . . . . . . . . . . 3
2.3 Computational domain and grid . . 3
2.4 Error and progress reporting . . . . 3

3 Advective transport 4
3.1 Implemented algorithms . . . . . . . 5
3.2 Library interface . . . . . . . . . . . 6
3.3 Example: “hello world” . . . . . . . 7
3.4 Example: advection scheme options . 9
3.5 Example: convergence tests in 1D . . 11
3.6 Example: rotating cone in 2D . . . . 13
3.7 Example: revolving sphere in 3D . . 15
3.8 Example: 2D advection on a sphere 16

4 Inhomogeneous advective transport 17
4.1 Implemented algorithms . . . . . . . 17
4.2 Library interface . . . . . . . . . . . 17
4.3 Example: translating oscillator . . . 18

5 Transport with prognosed velocity 19
5.1 Implemented algorithms . . . . . . . 19
5.2 Library interface . . . . . . . . . . . 19
5.3 Example: 1D shallow-water system . 20
5.4 Example: 2D shallow-water system . 21

6 Systems with elliptic pressure equa-
tion 22
6.1 Implemented algorithms . . . . . . . 22
6.2 Library interface . . . . . . . . . . . 23
6.3 Example: Boussinesq convection . . 23

7 Remarks 24

1

ar
X

iv
:1

40
7.

13
09

v2
  [

ph
ys

ic
s.c

om
p-

ph
]  

18
 A

ug
 2

01
4

libcloudph++ / arXiv:1310.1905 / submitted to GMD

libcloudph++ 0.2: single-moment bulk, double-moment bulk, and

particle-based warm-rain microphysics library in C++

Sylwester Arabas1, Anna Jaruga1, Hanna Pawlowska1, Wojciech W. Grabowski⇤2

1Institute of Geophysics, Faculty of Physics, University of Warsaw, Warsaw, Poland
2National Center for Atmospheric Research (NCAR), Boulder, Colorado, USA

Abstract

This paper introduces a library of algo-
rithms for representing cloud microphysics in
numerical models. The library is written in
C++, hence the name libcloudph++. In the
current release, the library covers three warm-
rain schemes: the single- and double-moment
bulk schemes, and the particle-based scheme
with Monte-Carlo coalescence. The three
schemes are intended for modelling frame-
works of di↵erent dimensionality and com-
plexity ranging from parcel models to multi-
dimensional cloud-resolving (e.g. large-eddy)
simulations. A two-dimensional prescribed-
flow framework is used in example simula-
tions presented in the paper with the aim
of highlighting the library features. The lib-

cloudph++ and all its mandatory dependen-
cies are free and open-source software. The
Boost.units library is used for zero-overhead
dimensional analysis of the code at compile
time. The particle-based scheme is imple-
mented using the Thrust library that allows
to leverage the power of graphics processing
units (GPU), retaining the possibility to com-
pile the unchanged code for execution on single
or multiple standard processors (CPUs). The
paper includes complete description of the pro-
gramming interface (API) of the library and a
performance analysis including comparison of
GPU and CPU setups.
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1 Introduction

Representation of cloud processes in numerical
models is crucial for weather and climate predic-
tion. Taking climate modelling as an example, one
may learn that numerous distinct modelling sys-
tems are designed in similar ways, sharing not only
the concepts but also the implementations of some
of their components (Pennell and Reichler, 2010).
This creates a perfect opportunity for code reuse
which is one of the key ”best practices” for scientific
computing (Wilson et al., 2014, sec. 6). The real-
ity, however, is that the code to be shared is often
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libcloudph++: VOCALS-inspired aerosol processing set-up
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Figure 9: Plots of dry and wet size spectra for ten location within the simulation domain. The locations
and their labels (a–j) are overlaid on plots in Figure 8. The vertical bars at 0.5 µm and 25 µm indicate the
range of particle wet radii which is associated with cloud droplets. See section 5.4 for discussion.
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libcloudph++: summary & some technicalities

free & open source C++ library of algorithms for cloud µ-physics

key features:

I reusable – API documented in the paper

I three schemes (all written from scratch):
I 1-moment: Kessler
I 2-moment: Morrison & Grabowski 2008
I Lagrangian: Shima et al. 2009 (Monte-Carlo coalescence)

I Lagrangian scheme optionally GPU-resident (via Thrust)

I compact code (500 / 1000 / 4500 LOC)

I written using Boost.units – compile-time dimensional analysis
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I postdoc position at our group: http://foss.igf.fuw.edu.pl/

I libmpdata++ paper: http://arxiv.org/abs/1407.1309

I libcloudph++ paper: http://arxiv.org/abs/1310.1905

I code repositories: http://github.com/igfuw/
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libcloudph++: GPU-resident option for Lagrangian scheme
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particles / 8 per cell / serial
particles / 32 per cell / CUDA
particles / 32 per cell / OpenMP / 4 threads
particles / 32 per cell / OpenMP / 2 threads
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implemented using Thrust: OpenMP/GPU choice with no code modif.
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I aqueous chemistry for the Lagrangian scheme
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I optimisations (incl. adaptive timesteps) for super-droplet scheme
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I Python bindings (Boost.Python)
(with Dorota Jarecka / NCAR)

I DALES/libcloudph++ coupling
(with Harm Jonker / TU Delft)
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libcloudph++: reusable µ-physics
sequence diagram

solver libcloudph++

adjust

call adj cellwise(⇢

d

, ✓, r

v

, r

c

, r

r

)

condensationmodifies: ✓, r
v

, r
c

, r
r

update rhs terms

call rhs cellwise(r

c

, r

r

)

coalescencemodifies: ṙ
c

, ṙ
r

call rhs columnswise(⇢

d

, r

r

)

sedimentationmodifies: ṙ
r

, returns rain flux

apply rhs terms

advect

output

if time for outputif time for output

for each timestepfor each timestep

Figure 3: Sequence diagram of libcloudph++ API calls for the single-moment bulk scheme and a prototype
transport equation solver. Diagram discussed in section 3.2.2. See also caption of Figure 2 for description or
diagram elements.

over elements of a set of array slices or a set of vec-
tors) are performed using the Boost.Iterator library.

3.4 Example results

The simulation framework and setup described in
section 2 and implemented using libcloudph++ as
described in appendix C were used to perform an
example simulation with the single-moment bulk
scheme. Integration of the transport equations was
done using the nonoscillatory variant of MPDATA
(Smolarkiewicz, 2006). Figure 4 presents a snap-
shot of cloud and rain water fields after 30 min-
utes simulation time (excluding the spin-up period).

The cloud deck is located in the upper part of
the domain with the cloud water content increasing
from the cloud base up to the upper boundary of the
domain. The model has reached a quasi-stationary
state and features a drizzle shaft that forms in the
updraught region in the left-hand side of the do-
main. The quasi-stationary state was preceded by
a transient rainfall across the entire domain in the
first minutes of the simulation caused by the initial
cloud water content exceeding the autoconversion
threshold in the upper part of the entire cloud deck.

9

programming interface
eqs. 9-13) and Khvorostyanov and Curry (2006).
The concentrations of activated droplets are com-
puted separately for each mode of the aerosol size
distribution and then summed.

The size distribution of aerosols is not resolved
by the model. To take into account the decrease of
aerosol concentration due to previous activation, in
each timestep the number of available aerosols is ap-
proximated as the di↵erence between initial aerosol
concentration and the concentration of preexisting
cloud droplets. Note that this approximation is
valid for weakly precipitating clouds only. For a
strongly raining cloud, the model should include an
additional variable, the concentration of activated
cloud droplets. It di↵ers from the droplet concen-
tration because of collision-coalescence (see Eqs. (7)
and (8) in Morrison and Grabowski, 2008).

The changes in cloud and rain water due to con-
densation and evaporation follow eq. (8) in Morri-
son and Grabowski (2007) with the phase relaxation
times computed following eq. (4) in Morrison et al.
(2005) adapted to fall speed parameterisation used
in Morrison and Grabowski (2007).

The decrease in number concentration due to
evaporation of cloud droplets and rain drops is com-
puted following the approach of Khairoutdinov and
Kogan (2000). Cloud droplet concentration is kept
constant during evaporation, until all cloud water
has to be removed. Rain drop concentration de-
creases during evaporation preserving the mean size
of rain (drizzle) drops.

4.1.3 Coalescence

Parameterisation of autoconversion and accretion
follows the one of Khairoutdinov and Kogan (2000).
In contrast to the single-moment scheme, the auto-
conversion rate is a continuous function, and the
rain onset is not controlled by a single threshold.
Drizzle drops formed due to autoconversion are as-
sumed to have initial radius of 25 µm.

4.1.4 Sedimentation

Sedimentation is calculated in the same way as
in the single-moment scheme (see section 3.1.4),
employing upstream advection. Sedimentation ve-
locities (mass-weighted for the rain density and
number-weighted for the rain drop concentration)
are calculated applying drop terminal velocity for-
mulation given in Simmel et al. (2002, Table 2).
Sedimentation velocity is multiplied by ⇢

d0

/⇢

d

to
follow eq. A4 in Morrison et al. (2005), where ⇢

d0

is the density of dry air at standard conditions.

template<typename real_t>
struct opts_t
{
bool

acti = true, // activation

cond = true, // condensation

acnv = true, // autoconversion

accr = true, // accretion

sedi = true; // sedimentation

// RH limit for activation

real_t RH_max = 44;

// aerosol spectrum

struct lognormal_mode_t
{

real_t
mean_rd, // [m]

sdev_rd, // [1]

N_stp, // [m-3] @STP

chem_b; // [1]

};
std::vector<lognormal_mode_t> dry_distros;

};

Listing 4.1: blk 2m::opts t definition

template <typename real_t, class cont_t>
void rhs_cellwise(
const opts_t<real_t> &opts,
cont_t &dot_th_cont,
cont_t &dot_rv_cont,
cont_t &dot_rc_cont,
cont_t &dot_nc_cont,
cont_t &dot_rr_cont,
cont_t &dot_nr_cont,
const cont_t &rhod_cont,
const cont_t &th_cont,
const cont_t &rv_cont,
const cont_t &rc_cont,
const cont_t &nc_cont,
const cont_t &rr_cont,
const cont_t &nr_cont,
const real_t &dt

)

Listing 4.2: blk 2m::rhs cellwise() signature

template <typename real_t, class cont_t>
real_t rhs_columnwise(
const opts_t<real_t> &opts,
cont_t &dot_rr_cont,
cont_t &dot_nr_cont,
const cont_t &rhod_cont,
const cont_t &rr_cont,
const cont_t &nr_cont,
const real_t &dt,
const real_t &dz

)

Listing 4.3: blk 1m::rhs columnwise() signature

11
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Figure 9: Plots of dry and wet size spectra for ten location within the simulation domain. The locations
and their labels (a–j) are overlaid on plots in Figure 8. The vertical bars at 0.5 µm and 25 µm indicate the
range of particle wet radii which is associated with cloud droplets. See section 5.4 for discussion.
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