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Abstract. In this paper, we report on the first implementation
of atmospheric chemistry and aerosol as part of the European
Centre for Medium-Range Weather Forecasts (ECMWF)
OpenlFS model. OpenlFS is a portable version of ECMWEF’s
global numerical weather prediction model. Modules and in-
put data for model cycle CY43R3, which have been devel-
oped as part of the Copernicus Atmosphere Monitoring Ser-
vice (CAMS), have been ported to OpenlFS with the modi-
fied CBO5 tropospheric chemistry scheme, the bulk bin tro-
pospheric aerosol module, and the option to use Belgian As-
similation System for Chemical ObsErvations (BASCOE)-
based stratospheric ozone chemistry. We give an overview of
the model, and describe the datasets used for emissions and
dry deposition, which are similar to those used in the model
configuration applied to create the CAMS reanalysis. We
evaluate two reference model configurations with and with-
out the stratospheric chemistry extension against standard
observational datasets for tropospheric ozone, surface carbon
monoxide (CO), tropospheric nitrogen dioxide (NOj), and
aerosol optical depth. The results give basic confidence in
the model implementation and configuration. This OpenlFS
version with atmospheric composition components is open
to the scientific user community under a standard OpenlFS
license.

1 Introduction

The presence and amount of reactive trace gases and aerosol
in the atmosphere are important for local air quality condi-
tions (Im et al., 2018) and for the Earth’s radiation balance

(Szopa et al., 2021). Hence, knowledge with regard to their
variability and evolution helps to identify policy measures
aimed at improving air quality or mitigating near-term cli-
mate change or both. Furthermore, good understanding of
and, in turn, constraints on atmospheric composition are im-
portant building blocks in the generation of satellite retrieval
products for many species and trace gases (van Geffen et al.,
2021; De Smedt et al., 2018).

For many of these applications, chemistry transport mod-
els (CTMs), such as the global model TM5-MP (Williams
et al., 2017; Huijnen et al., 2010), are appropriate. However,
limitations exist in the sense that these require meteorolog-
ical input from a separate data stream, which implies that
any feedback of the chemistry and aerosol simulation on the
meteorology is either ignored or can only be accounted for
through an external coupling with the meteorological model.
With chemistry and aerosol components embedded in the
meteorological model, such an external coupling is no longer
needed. This makes the model both computationally more
efficient and more consistent in terms of transport. It also al-
lows for a full description of feedbacks between composition
and meteorology. One limitation is that the atmospheric com-
position module needs to be run at the same grid as the me-
teorological model. Therefore, the resolution of an OpenlFS
model configuration without atmospheric composition typi-
cally must be coarsened to achieve acceptable computational
costs when switching on this module.

In the framework of the Copernicus Atmosphere Monitor-
ing Service (CAMS; https://atmosphere.copernicus.eu/, last
access: 1 August 2022), the tropospheric chemistry module
originating from TMS5, based on a modified version of the
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Carbon Bond 2005 (CB05) scheme (Yarwood et al., 2005),
has been implemented into ECMWF’s Integrated Forecast-
ing System (IFS; Flemming et al., 2015). This module has
been extended and updated over time (Huijnen et al., 2019;
Williams et al., 2022). Alternative chemistry modules are
also supported (Huijnen et al., 2017), particularly a mod-
ule for stratospheric chemistry based on the Belgian As-
similation System for Chemical ObsErvations (BASCOE)
chemistry, which can be switched on in combination with
the CBO5-type chemistry (Huijnen et al., 2016). Likewise,
a module describing the fate of aerosol has been devel-
oped over time (Morcrette et al., 2009; Rémy et al., 2019,
2022). The composition aspects have also been integrated
in ECMWF’s data assimilation system (Inness et al., 2015),
allowing the assimilation of satellite observations of trace
gases and aerosol. This enables running the model in an op-
erational context to provide global analyses, reanalyses, and
forecasts of atmospheric composition and may in general
be referred to as IFS composition (or IFS-CB05-AER, IFS-
CBO05-BASCOE, etc., to specify a particular configuration).
The OpenlFS model (https://confluence.ecmwf.int/
display/OIFS, last access: 1 August 2022) is a portable
version of the ECMWEF global IFS numerical weather pre-
diction (NWP) model that is available to research institutes
and universities. It enables the scientific community to use
selected cycles of the ECMWF operational IFS model on
local computers at their own institutes. OpenlFS has the
same forecasting capability as IFS, it supports the same
grid resolutions up to the operational resolution, and it can
be used for ensemble forecasting (Ollinaho et al., 2021).
The model codes differ, however, as the IFS code for data
assimilation and observation processing have been removed
from OpenlIFS. OpenlFS is used in professional training
and university teaching (e.g. Szépszé et al., 2019) and as
a research tool to investigate atmospheric processes on a
wide range of topics from NWP to climatologically relevant
timescales (https://confluence.ecmwf.int/display/OIFS/
OpenlFS+publications, last access: 1 August 2022). In the
realm of climate applications, OpenIFS will form the atmo-
spheric component of the next generation (version 4) of the
European community Earth system model. A recent, more
detailed description of OpenlFS 40r1 is available in Sparrow
et al. (2021). The current version, OpenlFS 43r3 (version 2),
which is used in this work, is based on IFS cycle CY43R3,
which is described in detail both at the scientific (ECMWF,
2017a, b) and technical levels (ECMWE, 2017c, d). Until
now, OpenlFS did not contain support for atmospheric
composition modelling as has been developed in CAMS.
Here we present a first version of OpenlIFS that contains
modules for atmospheric composition, based on the CB05,
CBO05-BASCOE, and AER, which we refer to as OpenlF-
S/AC. This version relies on model code that has been de-
veloped as part of CAMS, although alternative schemes will
be introduced in future versions of the model. In particu-
lar, a modal aerosol representation based on M7 (Vignati et
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al., 2004) is currently in development for use in EC-Earth4.
Thus, in contrast to the various configurations of EC-Earth3
(Doscher et al., 2022), in which aerosol is either prescribed
or, as in EC-Earth3-AerChem, simulated interactively using
a two-way coupling between IFS and TMS5 (van Noije et
al., 2021), the use of OpenlFS/AC in EC-Earth4 will enable
simulating aerosol and optionally tropospheric and/or strato-
spheric chemistry using tracers inside OpenlIFS.

Apart from the actual model code, which involves parame-
terizations of processes affecting the budgets of atmospheric
tracers (emission, chemical conversion, transport, and de-
position), the integration of composition modelling also in-
cludes the preparation of required input data (tracer defini-
tion, emissions, and deposition specifications), along with el-
emental post-processing (data archiving and validation). In
the following subsections, we provide an overview of the
parameterizations and the corresponding input datasets re-
quired to perform model simulations with OpenIFS/AC. Fur-
thermore, we provide a first global evaluation of the model
performance in terms of reactive trace gases and aerosol. The
purpose of this evaluation is primarily to present the techni-
cal feasibility of the system and to provide a benchmark for
future developments. The version of the model as presented
here is made available to the community under the OpenlFS
license. In Sect. 8, we provide information that describes the
access to the model code, along with its elemental input data
and pre- and post-processing scripts that are necessary to run
the model as described here.

2 OpenIFS meteorology and model configurations

OpenlIFS 4313 is based on IFS cycle CY43R3, which was
ECMWF’s operational model configuration in the time pe-
riod of July 2017-June 2018. The IFS is a spectral NWP
model that applies the semi-Lagrangian (SL) semi-implicit
method to solve the governing dynamical equations. The
simulation of the hydrological cycle is described in Forbes et
al. (2011) and includes prognostic representations of cloud
fraction, cloud liquid water, cloud ice, rain, and snow.

As described in Flemming et al. (2015), the tracer trans-
port is modelled by advection of the tracer mass mixing
ratios by the SL method (Temperton et al., 2001; Hortal,
2002). Vertical redistribution by diffusion and convection is
described in Beljaars and Viterbo (1998) and Bechtold et
al. (2014). Emission and dry deposition are handled as part
of the diffusion scheme.

The chemical trace gases and aerosol and their processes
are represented only in grid point space using a mass mixing
ratio as the prognostic variable.

In our standard configuration, the horizontal grid is a re-
duced Gaussian grid (Hortal and Simmons, 1991). As with
the IFS, OpenlFS can be run at varying vertical and horizon-
tal resolutions. A standard horizontal resolution for which in-
put data are available is the 77255 spectral resolution, which
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corresponds to a grid box size of about 80 km. In our cur-
rent configuration, the vertical discretization uses 91 levels
up to the model top at 0.01 hPa (80 km), using a hybrid sigma
pressure coordinate. The vertical extent of the lowest level is
about 10 m; it is 90 m at about 300 m above ground level and
approximately 400 m at about 10 km in height. In the frame-
work of CAMS, the composition modelling in the IFS has
been tested at various alternative horizontal and vertical res-
olutions, providing scope for running OpenlFS/AC on differ-
ent resolutions as well.

Surface fluxes of energy and water over land, and the
corresponding sub-surface quantities, are represented in
OpenlFS with the Hydrology Tiled ECMWF Scheme for
Surface Exchanges over Land (HTESSEL; Balsamo et al.,
2009). Recent improvements to OpenlFS 43r3 include a re-
vised land surface hydrology which addresses surface runoff.
This also includes a new formulation to represent inland wa-
ter bodies such as resolved lakes and sub-grid coastal wa-
ter, using the freshwater lake model, FLake. A technical de-
scription of the land surface scheme is available in ECMWF
(2017b). OpenlFS further includes two-way coupling to the
sea surface via an ocean surface wave model (ECMWEF,
20174d).

This version of OpenlFS uses the modular ecRad radia-
tion scheme (Hogan and Bozzo, 2018) which uses the Monte
Carlo Independent Column Approximation (McICA) code.
In comparison to the earlier McRad scheme, ecRad uses a
modular approach and results in longwave radiation transfer
improvements, reduced temperature profile biases, and less
noise in partially cloudy conditions.

OpenlFS is designed originally as a forecast model in an
NWP framework. However, various constraints can be pro-
vided to the model, as indicated in Table 1, through spec-
ifying the initial conditions and composition surface fluxes
at the start of the run and through different ways to con-
strain meteorology and surface fluxes throughout the run.
This allows the use of the model for different application
types. Here we present the use of OpenIFS/AC, primarily in
the “nudging” configuration. In this configuration, selected
meteorological quantities (e.g. winds and surface pressure)
are nudged towards prescribed input data with specified re-
laxation time constants. In this configuration, the emissions
and deposition velocities are updated daily from a prepared
dataset. This allows the model to keep running efficiently for
longer periods (typically a year), while keeping the meteo-
rology and emissions constrained towards external datasets
on a high temporal and spatial resolution.

Nevertheless, we develop the model such that it can be
equally used in other configurations. A “cyclic forecast” con-
figuration is designed to execute free forecast runs repeti-
tively, using the updated initialization of meteorology and
emissions from an external source, such as ECMWF op-
erational meteorological analyses. In this configuration, no
nudging, or surface flux updates, within each forecast is ap-
plied. This is, in principle, suitable for near-real-time appli-
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cations, e.g. to provide a priori model composition fields for
satellite retrieval products.

When extending the forecast range of such an individual
forecast run, while not enforcing any constraints (nudging)
of meteorology, this results in a “free run” of both mete-
orology and composition. This configuration therefore al-
lows one to study the model climate and could be used to
study composition—meteorology feedbacks. It is expected to
be best suited for climate applications, e.g. within an EC-
Earth framework. Still, specific nudging, e.g. for sea surface
temperature, and using updates of emissions throughout the
run to account for seasonal to decadal changes would be nec-
essary to make this configuration most useful for scientific
purposes. Indeed, Table 1 only reflects the reference model
configurations, while in practice mixtures may turn out to be
more useful.

Also an important consideration in this context is the avail-
ability of meteorological input data at the actual resolution of
the model. If the user chooses to run the model with a (hor-
izontal/vertical) grid resolution that differs from that of the
input data, then a re-gridding procedure is required.

3 Atmospheric chemistry and aerosol

In this section, we describe key aspects concerning the atmo-
spheric chemistry and aerosol modules and the main options
available in this version of OpenlFS/AC. For the troposphere,
this concerns the modified CB0O5 mechanism (see Sect. 3.1),
while for the stratosphere one may choose between the linear
ozone model or the BASCOE-based module for stratospheric
ozone chemistry (Sect. 3.2). A description of the AER bulk
bin tropospheric aerosol module is given in Sect. 3.3. The
specification of reference emissions and dry and wet depo-
sition is given in Sect. 3.4 and 3.5, respectively. Some com-
ments on tracer advection aspects in OpenlFS are given in
Sect. 3.6.

3.1 Tropospheric chemistry

The modified CB05 module for tropospheric chemistry in our
version of OpenlFS/AC is based on the CB05 scheme from
Yarwood et al. (2005). It uses a lumping approach for or-
ganic species, depending on their functional groups. In its ap-
plication in the TM5 and CAMS models, modifications and
extensions have been developed, which include an explicit
treatment of C1 to C3 species (Williams et al., 2013) and pa-
rameterization of SO;, dimethyl sulfide (DMS), methane sul-
fonic acid (MSA), and ammonia (NH3) chemistry (see also
Huijnen et al., 2010). Gas—aerosol partitioning of nitrate and
ammonium is calculated using the Equilibrium Simplified
Aerosol Model (EQSAM; Metzger et al., 2002). The mod-
ified band approach (MBA) is adopted for the online compu-
tation of photolysis rates in the troposphere (Williams et al.,
2012) and uses seven absorption bands across the spectral
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Table 1. Overview of standard configurations to operate OpenIFS/AC experiments.

Configuration

Meteorology and composition
initialization specifications

Meteorological nudging and
emissions specification

Application

Cyclic forecast

Daily initialization of meteorol-
ogy from external source (anal-

No relaxation of meteorology;
updated emissions at the start of
each forecast

Near-real-time composition
modelling; short experiments

ysis), composition from preced-
ing forecast or external source

on composition modelling
Not suitable for composition—
meteorology feedback

Nudging Initialization of meteorology Meteorology relaxation to- Extended runs with specified
and composition only at first wards user-specified fields meteorology  for  compo-
start; use of restart fields from external source; daily sition modelling. Limited

emission specification applicability for composition—
meteorology feedback studies

Free run Initialization of meteorology No relaxation for meteorology; Model climate experiments.

and composition only at first
start; use of restart fields

use of monthly emissions

Also allows investigation of
composition—meteorology
feedback

range of 202—695 nm, accounting for cloud and aerosol opti-
cal properties. Heterogeneous reactions and photolysis rates
in the troposphere depend on cloud droplets and prognostic
aerosol tracers. The reaction rates for the troposphere follow
the recommendations given in either the Jet Propulsion Lab-
oratory (JPL) evaluation 17 (Sander et al., 2011) or Atkinson
et al. (2006).

The complete chemical mechanism, as applied for the tro-
posphere, is referred to as “tcOla” and consists of 55 tracers,
104 gas phase reactions, 20 photolysis rates, 3 heterogeneous
reactions, and 2 aqueous phase reactions. It is extensively
documented in Flemming et al. (2015).

Depending on requirements in terms of numerical accu-
racy, computational costs, and flexibility, the user can choose
between two solvers, i.e. one based on the Euler backward
iterative (EBI) method or one based on Kinetic PreProcessor
(KPP) routines, using the four-stage and third-order Rosen-
brock solver (Sandu and Sander, 2006).

3.2 Stratospheric chemistry

Above the tropopause, the stratospheric ozone is either gov-
erned by a linear ozone chemistry scheme (Cariolle and
Teyssedre, 2007) or by explicit modelling of stratospheric
composition. For the latter option, the chemical scheme and
the parameterization for polar stratospheric clouds (PSCs)
from the BASCOE system version “sbl4a” have been im-
plemented in the IFS in the framework of CAMS (Huij-
nen et al., 2016) and here made available for OpenIFS/AC.
Photolysis rates were computed offline by an early version
of the tropospheric ultraviolet and visible (TUV) package
(Madronich and Flocke, 1999) and are provided as lookup
tables as a function of log-pressure altitude, ozone overhead
column, and solar zenith angle. This version of the TUV
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package was originally developed for the two-dimensional
model SOCRATES (Chabrillat and Fonteyn, 2003). It uses
cross section and quantum yield data from the JPL evalua-
tion 15 (Sander et al., 2006), except for the cross section of
Cl;0; and the quantum yields of HyO;, which were updated
to the JPL evaluation 17 (Sander et al., 2011). Later cycles of
IFS also contain the option to use online computation of pho-
tolysis for the stratosphere, along with some further revisions
and optimizations of this module.

Photolysis rates for reactions occurring in both the tropo-
sphere and stratosphere are merged at the interface in order to
ensure a smooth transition between the two schemes. To dis-
tinguish between the tropospheric and stratospheric regime,
we use a chemical definition of the tropopause level, whereby
tropospheric grid cells are defined at O3 < 200 ppb (parts per
billion) and CO > 40 ppb for p > 40 hPa. Gas phase and het-
erogeneous reaction rates are taken from JPL evaluation 17
(Sander et al., 2011) and JPL evaluation 13 (Sander et al.,
2000), respectively. The reaction mechanism in the strato-
sphere is solved using a KPP-based four-stage and third-
order Rosenbrock solver (Sandu and Sander, 2006). The ap-
proach followed here to differentiate between tropospheric
and stratospheric chemistry is chosen for reasons of compu-
tational efficiency and combines chemical mechanisms and
parameterizations (e.g. of photolysis rates and heterogeneous
chemistry) that are optimized for their respective domains
(Huijnen et al., 2016).

3.3 Tropospheric aerosol

The standard aerosol module, as available in OpenlFS, is
based on the AER module as developed in CAMS (Mor-
crette et al., 2009; Rémy et al., 2019), as of the status of
CY43R3. It consists of a bulk bin scheme, originally de-
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rived from the Atmosphérique/Laboratoire de Météorologie
Dynamique — Zoom (LOA/LMDZ) model (Boucher et al.,
2002; Reddy et al., 2005), with aerosol species characteris-
tics as shown in Table 2. The prognostic species are sea salt,
desert dust, organic matter (OM), black carbon (BC), and sul-
fate. Optionally, the OpenIFS/AC aerosol module can be run
in stand-alone mode (without interaction with chemistry), in
combination with a single gas phase precursor, viz. SO,. The
SO,-to-sulfate conversion rate is parameterized as a function
of relative humidity and temperature. In our configuration,
we run the module coupled with CB05-based tropospheric
chemistry.

Both sea salt and desert dust are represented with three
bins. As described in Reddy et al. (2005), sea salt emis-
sions and sea salt particle radii are expressed at 80 % relative
humidity (RH). This is different from all the other aerosol
species in AER, which are expressed as dry mixing ratios
(0% RH). Users should pay special attention to this when
dealing with a diagnosed sea salt aerosol mass mixing ratio,
which needs to be divided by a factor of 4.3 to convert to the
dry mass mixing ratio in order to account for hygroscopic
growth and change in density. For both dust and sea salt,
there is no mass transfer between bins. For OM and BC the
AER module accounts for both hydrophilic and hydrophobic
fractions. Here an ageing process describes the mass transfer
from the hydrophobic to hydrophilic OM and BC.

Ageing of hydrophobic OM and BC into hydrophilic
aerosol is modelled through a fixed lifetime of 1.16 d (Rémy
et al., 2019). Hygroscopic growth of aerosol, which is
strongly affecting the optical properties, is implicitly mod-
elled through a growth factor, depending on the ambient rel-
ative humidity.

A parameterization for (coarse- and fine-mode) nitrates
and ammonium aerosol with production from the chemistry
is available but not applied here. In all, AER is thus com-
posed of 11 prognostic aerosol variables, or 14 when in-
cluding nitrates and ammonium, representing tropospheric
aerosol. Note that later cycles of IFS, as operated in CAMS,
also include improved representation of secondary inorganic
and organic aerosol, together with various other updates
(Rémy et al., 2019, 2022). This is expected to become avail-
able in future versions of OpenIFS/AC.

3.4 Emissions and surface boundary conditions

Application of trace gas and aerosol emissions in OpenlF-
S/AC is provided through specific GRIB (GRIdded Bi-
nary or General Regularly-distributed Information in Binary
form) files which contain the total daily or monthly emis-
sions per tracer as a combination of anthropogenic, biogenic,
soil, oceanic, and biomass burning sources. Furthermore, the
aerosol biomass burning emissions are treated separately.
The surface emissions are injected as lower boundary flux in
the diffusion scheme. Additionally, atmospheric emissions of
aircraft NO, are prescribed, while lightning NO, is parame-
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terized, depending on the convection, as described in Flem-
ming et al. (2015).

In our current configuration as presented here, we use
MACCity anthropogenic trace gas and aerosol emissions
(Granier et al., 2011), with upscaled wintertime CO traffic
emissions, according to Stein et al. (2014). Following Rémy
et al. (2019), the aerosol of the black carbon emissions are
distributed by 20 % into the hydrophilic black carbon trac-
ers and the remaining 80 % into the hydrophobic black car-
bon tracers, as first proposed by Reddy et al. (2005). The
MACCity emissions of organic carbon are translated into
26 Tgyr~! OM emissions using an OM:OC ratio of 1.8.
In the model, the OM emissions are divided evenly between
hydrophilic and hydrophobic OM tracers. In this configura-
tion, the secondary organic aerosol (SOA) is added as part of
the organic matter species and is emitted at the surface and
contributes with biogenic (19.1 Tgyr~!) and anthropogenic
(144 Tg yr~!) sources, following Dentener et al. (2006) and
Spracklen et al. (2011; see also Rémy et al., 2019). Although
this parameterization has been shown to be beneficial for ad-
dressing negative biases in aerosol optical depth (AOD) cli-
matology, the simplistic treatment of direct emissions cur-
rently also results in positive model biases for surface partic-
ulate matter (PM).

Biogenic emissions originate from the MEGAN-MACC
(Model of Emissions of Gases and Aerosols from Nature —
Monitoring Atmospheric Composition and Climate project)
inventory (Sindelarova et al., 2014), while oceanic emissions
are taken from POET-based oceanic emissions (Granier et
al., 2005). This is consistent with the emissions used for the
CAMS reanalysis (Inness et al., 2019).

Daily biomass burning emissions of trace gases and OM
and BC aretaken from the Global Fire Assimilation System
(GFAS) version 1.2, which uses satellite retrievals of fire ra-
diative power (Kaiser et al., 2012). For the aerosol tracers, a
scaling factor of 3.4 is applied to the GFAS biomass burn-
ing sources when used in the IFS. This factor has been in-
troduced to minimize the error compared to MODIS AOD
(Kaiser et al., 2012; Rémy et al., 2019) and may reflect
unrepresented precursors of OM and BC. Biomass burning
emissions of trace gases are so far by default released at the
surface, while for aerosol, daily-specific injection heights are
adopted as provided along with the GFAS fire emissions (see
also Rémy et al., 2017).

The actual emission totals used in the simulation for 2010
are given in Table 3.

Sea salt emissions in this version of OpenlFS/AC-AER
follow the Monahan et al. (1986) parameterization, as de-
scribed in Morcrette et al. (2009). For desert dust emissions,
the parameterization, as developed in Morcrette et al. (2009),
is adopted, which is based on Ginoux et al. (2001) and is also
detailed in Rémy et al. (2019).

Methane (CH4) and N>O and a selection of chlorofluo-
rocarbons (CFCs), in the case of running with the BASCOE-
based stratospheric chemistry, are prescribed at the surface as

Geosci. Model Dev., 15, 6221-6241, 2022
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Table 2. Aerosol species and parameters of the size distribution associated with each aerosol type in OpenlFS/AC (ryoq is mode radius, p
is particle density, and o is geometric standard deviation). Values are for the dry aerosol, apart from sea salt, which is given at 80 % relative
humidity (RH).

Aerosol type Size bin limits (sphere radius; pm)  p (kg m~3) T'mod (Um) o
Sea salt 0.03-0.5 1183  0.1992,1.992 1.9,2.0
(80 % RH) 0.5-5.0
5.0-20
Desert dust 0.03-0.55 2610 0.29 2.0
0.55-0.9
0.9-20
Black carbon 0.005-0.5 1000 0.0118 20
Sulfates 0.005-20 1760  0.0355 2.0
Organic matter  0.005-20 2000 0.021 2.24

Table 3. Overview of standard emissions used in the current OpenIFS/AC configuration (Tg species per year, unless specified otherwise).

Tracer Anthropogenic  Biogenic  Biomass burning  Other

CO 599 93 325 20 (oceanic)
NO* 71 - 9.5 10.5 (soil)
CH,0O 34 4.9 56 -

CH3;0H 2.2 134 144 -

CyHg 33 0.3 2.2 1.0 (oceanic)
C,H5;0H 3.2 19.6 02 -

CoHy 7.6 30.5 4.7 1.4 (oceanic)
C3Hg 4.0 0.03 14 1.3 (oceanic)
C3Hg 35 155 2.9 1.5 (oceanic)
Paraffins (Tg C) 31 1 05 -

Olefins (Tg C) 24 0.7 0.6 -

Aldehydes (TgC) 1.1 6.5 2.6

CH3COCH3 1.3 38 38 -

Isoprene - 597 - -

Terpenes - 98 - -

SO, 97 - 0.8 13 (volcanic)
DMS - - — 38 (oceanic)
NH3 42 2 11.3 8 (soil)

OM (Tg OM) 190 - 68

BC 5.1 6.9

* In addition to the emissions specified here, 0.8 Tg N yr—!

4.1TgN yr*1 lightning NOy emissions are also applied.

aircraft emissions (Lamarque et al., 2010) and

boundary conditions, while for N»O and CFCs, annually and plied to these deposition velocities, as described by a co-
zonally fixed values are currently assumed (Huijnen et al., sine function of the solar zenith angle with +50 % variation.
2016), and for CHy, zonally and seasonally varying surface We note that more recent versions of the IFS, as operated
concentrations are adopted based on a climatology derived in CAMS, use an online computation of dry deposition ve-
from NOAA flask observations ranging from 2003 to 2014. locities. Wet scavenging, including in-cloud and below-cloud
scavenging and re-evaporation, is treated following Jacob et
3.5 Deposition and sedimentation al. (2000). The reader is referred to Flemming et al. (2015)
for further details on the dry and wet deposition parameteri-
In the current configuration of OpenlFS/AC, dry deposition zations for the gases.
velocities for trace gases are provided as trace-gas-specific Aerosol dry and wet deposition and aerosol sedimenta-

monthly mean fields from a simulation, using the approach  tion follow the implementation proposed by Morcrette et
discussed in Michou et al. (2004). A diurnal variation is ap-
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al. (2009), as also described by Rémy et al. (2019). More
specifically, dry deposition is modelled following the Reddy
et al. (2005) parameterization, with fixed deposition veloc-
ity values per species, which are different over continents
and ocean for sea salt and sulfate aerosol. For wet deposi-
tion, the model includes parameterizations for in-cloud and
below-cloud scavenging which make use of the cloud water
and precipitation fluxes in the IFS. All aerosol tracers, except
hydrophobic OM and BC, are subject to wet deposition. Sed-
imentation is described according to the Thomkins (2005)
parameterization and is only applied to super-coarse dust and
sea salt.

3.6 Tracer mass advection

The SL advection scheme does not conserve mass, mainly
due to errors associated with the interpolation method to
compute the start point of the trajectory of the variable to-
wards each individual grid point due to advection. Therefore,
a mass fixer needs to be applied to ensure global mass con-
servation (Diamantakis and Flemming, 2014). If not properly
handled, this may result in various unwanted artefacts, such
as spurious drifts on the troposphere for long-lived tracers
such as CH4 and CO; (Agusti-Panareda et al., 2017), mass
redistribution and drifts in stratospheric composition (Hui-
jnen et al., 2016), and local plume distortion (Diamantakis
and Flemming, 2014). While these aspects are acknowledged
and have been the subject of model improvement in more
recent cycles of the IFS, various options already exist in
OpenlFS 43r3v2, including specific modifications for tracers
representing reactive trace gases that can be used to optimize
their mass conservation properties.

First, the user may choose the interpolation method to
be quasi-monotonic to avoid under- or overshoots together
with negative values. Second, the user may choose between
various mass fixer algorithms. For reactive trace gases and
aerosol, the preferred option is to use a mass fixer that is pro-
portional to the amount of tracer mass within each grid cell.
For long-lived tracers (CH4 and CO,) it was pointed out that
the Bermejo—Conde scheme is preferred (Agusti-Panareda et
al., 2017).

Finally, the wuse of family tracer advection
has been introduced in the context of strato-
spheric chemistry (Huijnen et al., 2016). The NO,
(=NO+ NO3 +NO3 + HNO3 + HO,NO, +2x NyOs +
CINO;+ CIONO;+ BrONOy), Cl, (= 2x Cl,02+ OCIO +
BrCl 4+ HOCl + CIONO;+ Cl 4+ HCI + CIO + CINO, 42 x
Cl, + CIOO), and Bry (BrCl, HOBr, BrONO;, Br, HBr,
and BrO) families have much smoother spatial gradients,
especially near the terminator, where large gradients exist
for trace gases that are subject to photolytic production or
loss, and therefore do not require a mass fixing. As a result,
advection of these family tracers results in much smaller
mass conservation errors compared to that of individual
trace gases. The local mass of individual trace gases is then
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computed by application of the same partitioning ratios as
before the advection steps; hence, advection is assumed to
conserve the partitioning within the advected families.

4 Input and output data and their handling

In this section, we describe some technical details regarding
input and output data that are specific to OpenlFS/AC, to the
extent this is different compared to a standard OpenlFS con-
figuration. Like the IFS, OpenlFS produces GRIB fields con-
taining 2D and 3D output fields with essentially user-specific
quantities. Also, the use of the XIOS infrastructure (Yepes-
Arbés et al., 2022) to allow NetCDF output is supported.
Pre- and post-processing scripts have been developed to han-
dle the model input and output, of which a basic selection is
available in the distribution package.

4.1 Inputdata

The following sets of atmospheric composition input data are
required to run OpenlIFS/AC.

1. Trace gas initial conditions (IC), including 3D fields
that are integral part of the ICMGGS$ {expid} INIUA
input data file in a GRIB format. In our experiments,
these fields are taken from existing IFS composition ex-
periments, as run in the CAMS configuration, but they
may equally be provided through other sources. These
tracer fields are defined in OpenIFS/AC by their name
list entries YCHEM_NL (1 :NCHEM), where the tracer
specifics (GRIB number and some physical parameters,
together with transport, deposition, and mass fixer set-
tings) are configured.

We note that, for various tracers (particularly those re-
quired to run stratospheric chemistry), the official GRIB
number in Table 217 is not yet supported in this cycle
of OpenlFS. Here we use entries from the free, experi-
mental GRIB Table 216 instead and rename the GRIB
numbers when using a more recent CAMS experiment
to provide input data.

2. Aerosol IC, which is similar to trace gas IC, is
provided in the ICMGGS${expid}INIUA data file,
with tracer fields defined in the name list entries
YAERO_NL (1 :NACTAERO) . Table files define the list
of chemistry and aerosol tracers, together with their
main tracer specifics. A script is used to generate the
corresponding name list entries.

3. Trace gas and aerosol surface emissions and biomass
burning injection heights. For trace gases, all surface
emissions are combined and provided as a single sur-
face flux to the OpenlFS, with a GRIB number to iden-
tify the respective fields. For aerosol emissions, these
are split out between two components, which allows the
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introduction of a diurnal cycle to only a subset of the
total emissions. Furthermore, aerosol biomass burning
emissions are treated separately, also allowing the appli-
cation of an injection height specifically for these emis-
sions.

4. 3D emissions of aircraft NO, emissions are provided
as a separate dataset. Currently, they are provided as a
monthly mean dataset available on various resolutions.

5. For trace gases to which dry deposition is applied, the
deposition velocities are ingested in the model, similar
to the emissions.

If OpenIFS/AC is run in a nudging configuration, then
the daily (or monthly) varying surface boundary conditions
(emissions and deposition) are required to be provided as part
of the nudging input dataset.

A standard CAMS-based input dataset of GRIB files, as
used for the model runs presented here, is provided in the
distribution package, along with the model code, to provide
a starting point for further modification.

4.2 Output data

In analogy to OpenlFS, various types of output fields asso-
ciated with composition-related quantities are supported by
OpenlFS/AC.

1. GRIB data files, containing model and/or interpolated
pressure level output of user-specific tracer fields, with
an output frequency of typically 3 h. This also includes
support for the output of total aerosol optical depth at
various wavelengths.

2. NetCDF data files, containing model level output of
user-specific tracer fields relying on XIOS infrastruc-
ture, are available. Output settings can be configured by
specific XML files.

3. Global mass and tendency diagnostics are available
in the source code, allowing us to analyse the evolu-
tion of tropospheric and stratospheric burden and the
global, accumulated tendencies due to emission, dry
and wet deposition, chemistry, and negative fixing and
mass fixing due to non-conservation of the SL ad-
vection scheme. This capability is triggered with the
LCHEM_DIA switch. Extended diagnostics of tenden-
cies due to photolysis and reactions with OH can addi-
tionally be activated when setting the LCHEM_DIAC to
true.

Code infrastructure to allow the output of accumulated
dry and wet deposition fluxes, e.g. to study nitrogen and
sulfur deposition, is in place as part of the tendency di-
agnostics capabilities, with deposition fluxes stored in
fields DDFLXA and WDFLXA, respectively. However, its
handling is not supported in the current version of pre-
and post-processing scripts.
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4.3 Pre-, runtime, and post-processing scripts

Whereas the (Fortran-based) model code for atmospheric
composition modules could essentially be taken over from
the developments done as part of the CAMS activities (Flem-
ming et al., 2015; Huijnen et al., 2016; Rémy et al., 2019),
the shell scripts to be able to conveniently set up the experi-
ments on any computing infrastructure, to run the model and
to digest the model output for analysis and archiving, had to
be largely developed. Here we describe the main functional-
ities of these three aspects. Further details can be found in
the README_atmo-composition text file provided in
the code release. A config.h file is used to specify the
key characteristics (configuration) of the model experiment,
such as the period to cover, the mode (free run/nudging), and
model settings. A high-level script is available to manage a
complete experiment workflow of a consistent series of con-
secutive OpenlFS runs. The post-processing is currently han-
dled independently, though.

4.3.1 Pre-processing scripts

The pre-processing scripts prepare all the data that are
needed for the requested model configuration, in particu-
lar the initial conditions and climatology. It consists of a
main level script named prep-ic-icmcl-compo. sh,
which calls a selection of low-level scripts situated in the
/scripts/ directory. If OpenlFS is run on ECMWF com-
puters, it may access MARS archives to find necessary
datasets. The pre-processing script may be run in parallel to
prepare data for multiple start dates of the full OpenIFS/AC
experiment. It may be set to look for already prepared data
files instead of creating them.

4.3.2 Runtime scripts

The script used to launch an OpenlFS/AC experiment is
called oifs-run.sh. This script reads the experiment
setup from config.h, continues to set up a run directory
(if not already done) and launches the OpenlFS executable
to start or continue the experiment. A wrapper around this
script is used to define the number of threads and proces-
sors, depending on user preferences. After the experiment is
finished, the output data are moved over to specific directo-
ries containing the log in ASCII format and restart files and
model output files in GRIB format.

4.3.3 Post-processing scripts

Many downstream applications, including validation activ-
ities, require NetCDF-based model data for a selection of
quantities.

Also, these output data need to be archived for later use.
Such NetCDF output can be configured using the XIOS in-
frastructure. Another option is to select and convert the stan-
dard GRIB output from OpenlFS into the requested format
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using the climate data operator (CDO) package. For this pur-
pose, a basic post-processing script is provided along with
the package. This script currently supports handling of GRIB
output from OpenlFS/AC, and stores these data in a user-
defined location, e.g. the ECMWF’s File Storage system,
ECFS. However, for XIOS-based NetCDF output, the com-
mand structure will be very similar.

5 Model evaluation
5.1 Configurations

Here we describe the model configurations as evaluated in
subsequent sections. The current configurations are as fol-
lows:

1. OpenlFS/AC-CB05-AER, with a standard configura-
tion, using EBI solver in troposphere (OpenlFS/AC-
CBOS5 for short).

2. OpenIFS/AC-CB05-BASCOE-AER, with a configura-
tion including stratospheric chemistry and using the
KPP solver both in the troposphere and the stratosphere
(OpenlFS/AC-CBA for short).

Both OpenlIFS/AC experiments have been performed on a
Tp 255 spectral horizontal resolution, with 91 model lev-
els in the vertical. The OpenlFS/AC-CBO05 configuration
uses a chemistry table file tm5verl5.txt, which con-
tains 56 tracers. The OpenlFS/AC-CB05-BASCOE configu-
ration uses a chemistry table file bascoetmbver2d. txt
and uses 100 tracers. Together with 11 tracers for the AER
aerosol module, the total number of tracers in these con-
figurations adds up to 67 and 111, respectively. Initial con-
ditions are taken on 1 January 2010 from two dedicated
experiments, which are in turn based on slightly different
experiments from the CAMS configuration, as reported in
Williams et al. (2021). The experiment using stratospheric
chemistry has been initialized at altitudes above 90 hPa from
a BASCOE-CTM model simulation, using the same model
version and configuration as for the BASCOE Reanalysis of
Aura MLS (Microwave Limb Sounder; Errera et al., 2019)
but with a finer latitude—longitude grid spacing of 2° x 2.5°.
In these OpenlFS/AC experiments, the vorticity and diver-
gence (hence winds) and surface pressure are nudged to-
wards the ERA-Interim reanalysis of meteorology (Dee et
al., 2011), with a relaxation time of 5.5 h, and, after vertical
interpolation of the ERA-Interim data, to the 91 model levels
used here.

The computational costs of the different model config-
urations are detailed in Table 4, where we compare the
OpenlFS/AC-CB05 and OpenlFS/AC-CBA runs to experi-
ments, where only tracer transport is switched on, and a ref-
erence version of OpenlFS, excluding the mentioned atmo-
spheric composition components. Including the initialization
and tracer transport of 67 tracers leads to a cost increase by
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about a factor 2.7, compared to the reference OpenlFS ex-
periment. Increasing this number of tracers by 65 % to 111
implies a further 36 % cost increase. Switching on the tropo-
spheric chemistry and aerosol processes implies a factor 3.7
increase in costs compared to the reference OpenIFS con-
figuration, while additionally switching on the stratospheric
chemistry, and simultaneously choosing for a more expen-
sive solver in the troposphere, results in a factor of 9.5 more
expensive configuration.

Of course it should be borne in mind that the actual com-
putational costs still depend a lot on the configuration of
the model and available computing infrastructure together
with available central processing units (CPUs). Other op-
tions, such as running (part of) the model in single preci-
sion, as exploited in IFS from CY47R3 onwards, may help
to reduce the costs of the model experiments. In summary,
this analysis shows that switching on/off particular modules,
but also, for instance, making deliberate choices on the out-
putting of fields, may result in an increase in computational
costs by up to a factor 10, with, in this configuration, num-
bers for simulation years per day ranging from 2.6 to 1.0.

5.2 Evaluation

In this section, we describe the OpenIFS/AC model evalua-
tion for key trace gases, viz. ozone, carbon monoxide, and
nitrogen dioxide, as well as for aerosol optical depth.

5.2.1 Tropospheric ozone

Table 5 presents the tropospheric ozone budget for our two
configurations of OpenlFS/AC. Compared to a more recent
version of IFS, we have a 5 % larger ozone production (and
loss). The methane lifetime computed by combining the
tropospheric loss due to reaction with OH, with assumed
loss at the surface and in the stratosphere of 70 Tgyr~!
(Ehhalt et al., 2001), is 9.0 (OpenIFS/AC-CBA) and 9.1 years
(OpenIFS/AC-CBO05), while it is 9.9 years in IFS CY47R1.1.
These differences may be driven by differences in the OH
primary production from Os photolysis, which ranges be-
tween 1677 Tg OHyr~! in OpenlIFS and 1424 TgOHyr ! in
IFS CY47R]1.

We have evaluated the tropospheric ozone mixing ratio
profiles from our experiments against sonde observations
from the World Ozone and Ultraviolet Radiation Data Cen-
tre (WOUDC), NOAA Earth System Research Laboratory
(ESRL), and Southern Hemisphere ADditional OZoneson-
des (SHADOZ) networks (see Figs. 1 and 2). Here we follow
the regional aggregation, as proposed by Tilmes et al. (2012),
although a few regions have been combined, as was also
done in Huijnen et al. (2019). Overall, a good agreement
across regions and seasons is found, with seasonal and re-
gional mean biases within a few parts per billion by volume
(ppbv) in the troposphere for most regional aggregates. The
largest discrepancies exist for the northern hemispheric sub-

Geosci. Model Dev., 15, 6221-6241, 2022



6230 V. Huijnen et al.: OpenIFS/AC: atmospheric chemistry and aerosol in OpenIFS 43r3

Table 4. Computational costs for various OpenIFS/AC configurations to run a 10 d nudging experiment on 77 255, 91 model levels, on 288
CPUs, using different configurations of OpenIFS and OpenlFS/AC. Costs are given in terms of runtime and model simulation years per day

(SYPD).
Configuration Runtime (s) SYPD
OpenlFS 242 9.9
OpenlFS/AC with CB0O5-AER tracer transport (67 tracers) 647 3.7
OpenlFS/AC with CB05-BASCOE-AER tracer transport (111 tracers) 881 2.7
OpenlFS/AC-CB05-AER; complete configuration 911 2.6
OpenlFS/AC-CB05-BASCOE-AER; complete configuration 2310 1.0

Table 5. Tropospheric ozone budget. The stratospheric inflow is calculated as the sum of the deposition and the tropospheric chemical loss
minus production. Also included are results from IFS CY47R1 (Williams et al., 2021) for the year 2014, for reference.

OpenlFS/AC-CB05  OpenIFS/AC-CBA  IFS CY47R1
Chemical production (Tg yr71 ) 4762 4815 4542
Stratospheric inflow (Tg yr— ) 348 336 247
Chemical loss (Tgyr—!) 4148 4230 3975
Dry deposition (Tgyr—!) 962 972 814
Tropospheric burden (Tg) 333 336 338
Tropospheric lifetime (d) 24 24 26

tropical region, with positive biases up to 20 ppb towards the
surface, but the model also has difficulties in capturing the
complex chemistry over the eastern USA summertime con-
ditions, which is a well-known problem of the chemistry ver-
sion developed in CAMS (e.g. Williams et al., 2021). Also,
positive biases remain in the tropical boundary layer, al-
though it should be emphasized that the observational data
coverage is very sparse, with only few sonde locations.

5.2.2 Stratospheric composition

Figure 3 shows the distributions of O3, HO, N>O, HNO3,
HCI, and CIO, as modelled by OpenlFS/AC-CBA on 1 Oc-
tober 2010 compared with chemical analyses of Aura MLS
observations by the BASCOE data assimilation system (Er-
rera et al., 2019). Figure 4 performs the same comparisons
for CH4 and NOy, using a BASCOE reanalysis of Envisat-
MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) observations (Errera et al., 2008, 2016). Overall,
the gas phase composition of the stratosphere is modelled
in a satisfactory manner, but some species exhibit noticeable
biases in some regions. The deficits of water vapour in the
lower mesosphere and ozone in the upper stratosphere are in-
herited from the BASCOE offline model (Errera et al., 2019).
The latter bias is related to an overestimation of NO, above
10 hPa (Fig. 4, bottom) and will be a target for improvement
in future developments of the model.

The performance of the model in simulating polar ozone
depletion is illustrated by Fig. 5, which shows decisive
improvements with the BASCOE module (OpenIFS/AC-
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CBA configuration) over the Cariolle parameterization
(OpenIFS/AC-CBOS5 configuration).

5.2.3 Tropospheric carbon monoxide

Evaluation against flask observations from the NOAA Earth
System Research Laboratories (ESRL; Novelli et al., 2003),
show an overall good performance against observations
(Fig. 6). Over the Northern Hemisphere during wintertime,
CO mixing ratios at the surface are underestimated, which is
a well-known feature in global atmospheric chemistry simu-
lations (Shindell et al., 2006), which, in part, has been reme-
died by using larger anthropogenic emissions than originally
provided in MACCity, following Stein et al. (2014). In con-
trast, over the Southern Hemisphere, the model mostly shows
a slight overestimate. Also, the different start conditions be-
tween the two experiments are clearly visible, resulting in a
spinup time, particularly for the OpenIFS/AC-CBO05 config-
uration.

This spinup effect is also visible from the CO tropospheric
chemistry budget (Table 6), which shows a smaller total sink
than the OpenIFS/AC-CBA configuration, associated with a
smaller burden at the northern mid and high latitudes during
the first months of 2010. Despite the larger OH, the carbon
monoxide tropospheric burdens in these OpenlFS/AC con-
figurations are also higher than those in IFS CY47R1. This
is associated with higher primary emissions and secondary
production of CO. This, in turn, has multiple reasons. For
instance, the isoprene emissions for 2010, as used in these
OpenlFS/AC simulations, add up to 588 Tg yr~!, while those
adopted in IFS CY47R1 are only 372 Tgyr~'. Also, the av-
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Figure 1. Evaluation of OpenlFS/AC tropospheric O3 profiles against sondes during December, January, and February (DJF) 2010. For
reference, data from the CAMS reanalysis are also provided (orange).
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Figure 2. Evaluation of OpenlFS/AC tropospheric O3 profiles against sondes during June, July, and August (JJA) 2010. For reference, data
from the CAMS reanalysis are also provided (orange).
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Figure 3. Latitude—pressure distributions of zonally averaged O3,
H,0, N,O, HNO3, HCl, and CIO (from top to bottom) on 1 Octo-
ber 2010 by OpenlFS/AC-CBA (left) and a BASCOE reanalysis of
Aura MLS observations (right).
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erage CO yield from isoprene oxidation has decreased a bit
with updated chemistry and, e.g., due to different scavenging
efficiencies for formaldehyde between the different versions
of IFS.

5.2.4 Tropospheric nitrogen dioxide

We have performed an evaluation of tropospheric NO;
columns against retrievals from OMI, using the QA4ECV
product (Boersma et al., 2017; see Fig. 7). Here we have so
far used 6 h model output, interpolated in time and space to-
wards OMI pixels, and selected good quality data with cloud
radiance fraction less than 0.5. This evaluation provides a
first-order basic assessment of the model performance in
terms of tropospheric NO, columns, although we acknowl-
edge that, in the future, a higher model sampling frequency
(at least 3h) is needed. Still, this evaluation indicates that
the main features are captured by the model, showing that
the large-scale spatial variation is in agreement with observa-
tions for both configurations. The evaluations suggest over-
all small negative biases over the continents, which is largest
over central Africa. This may be attributed to a combination
of fire and soil NO, emissions. Also, in this configuration of
OpenlFS, we do not apply a diurnal cycle to the various emis-
sion types. Smoke plumes from boreal fire emissions lead to
a positive model bias.

The performance of the OpenlFS/AC-CB0O5 and
OpenlFS/AC-CBA are mostly consistent, but large dif-
ferences are seen over the Middle Eastern region, where
the positive model bias has disappeared in OpenlFS/AC-
CBA. This was found to be a consequence of the use of
the KPP-based Rosenbrock solver for the tropospheric
chemistry rather than the EBI solver, as adopted in the
OpenlIFS/AC-CBO05 configuration.

5.2.5 Tropospheric aerosol

Table 7 compares the simulated dust and sea salt emissions
for each bin between OpenlFS/AC-AER and different IFS
versions (although for a different year), as presented in Rémy
et al. (2022). Here we scale sea salt emissions and burden
down by a factor 4.3 to obtain the dry aerosol mass. The val-
ues obtained with OpenIFS/AC can be compared, to some ex-
tent, with values from IFS-AER CY43R3, although a higher
resolution was used (77511 spectral truncation and 137 lev-
els over the vertical with IFS-AER against 77255 and 91
levels for OpenlFS/AC). The simulated dust and sea salt
aerosols emissions are generally lower with OpenIFS/AC, as
compared to IFS-AER CY43R3, even though the parame-
terizations for these online emissions are similar between the
two. This could be caused by the different resolution between
the OpenlFS/AC and IFS-AER simulations because the sim-
ulated surface wind speed has been shown to be quite depen-
dent on the time step in particular, while both sea salt aerosol
and dust emissions are highly dependent on surface wind
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Figure 5. Evaluation of OpenlFS/AC stratospheric O3 against sondes (black lines) during September—December 2010 at Neumayer Station
(8.3°W, 70.7° S), showing the OpenIFS/AC-CBO5 (red lines) and the OpenIFS/AC-CBA (blue lines) configurations. Error bars represent 1o
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Alert (-62.5, 82.4) Mace Head ( -9.9, 53.3) Niwot_Ridge_Colorado_United_States (-105.8,
160 160 180
140 140 160
= = =
2 120 g 120 g 140
Q 8 Q
O (5]
100 100 120
QIFS/AC-CBOS 80 QIFS/AG-CBOS 100 O g
80 QIFS/AC-CBA QIFS/AC-CBA OIFS/AC-CBA
Qbservations Observations Observations
2010.0 2010.2 2010.4 2010.6 2010.8 2011.0 2010.0 2010.2 2010.4 20106 2010.8 2011.0 20100 2010.2 2010.4 2010.6 2010.8 2011.0
year year year
Assekrem ( 5.4, 23.2) Ragged_Point_Barbados ( -59.4, 13.2) a0 Mauna Loa (-155.6, 19.5)
140
120 120
5 120 _ =
a -§_ 100 % 100
g 100 8& o
80 c 8
80 : OIFS/AC-CEOS 60 OIFS/AC-GBOS
OIFS/AG-CBA 60 OIFS/AC.CBA OIFS/AC-CBA
Observations Obsarvations Observations
2010.0 2010.2 2010.4 2010.6 2010.8 2011.0 2010.0 2010.2 2010.4 2010.6 2010.8 2011.0 2010.0 2010.2 2010.4 2010.6 2010.8 2011.0
year year year
Ascension Island ( -14.4, -7.9) Crozet_lsland_France ( 51.8, -46.5) Halley st. Antarctica ( -26.5, -75.6)
80 80
5 =
S 60 Beo
8 3
OIFSIAG-CBO5 40 AC-
JAC- OIFS/AC-CBOS
Ol . QIFS/AC-CBA OIFS/AC-CBA
Qbservations Qbservations Observations
2010.0 2010.2 2010.4 2010.6 2010.8 2011.0 2010.0 2010.2 2010.4 20106 2010.8 2011.0 2010.0 2010.2 2010.4 2010.6 2010.8 2011.0
year year year

Figure 6. Evaluation of OpenIFS/AC carbon monoxide mixing ratios at the surface against NOAA ESRL flask observations.
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Table 6. Tropospheric carbon monoxide budget. Also included are results from IFS CY47R1 (Williams et al., 2021) for the year 2014, for

reference.

OpenlFS/AC-CB05  OpenIFS/AC-CBA  IFS CY47R1
Emission (Tgyr—1) 1037 1037 973
Chemical production (Tgyr—!) 1580 1589 1489
Chemical loss (Tg yr_l) 2463 2570 2468
Dry deposition (Tg yr_l) 19 20 18
Tropospheric burden (Tg) 363 374 352
Tropospheric lifetime (d) 53 53 52
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Figure 7. Evaluation of OpenlFS/AC-CBO05 (a, b) and OpenlFS/AC-CBA (¢, d) tropospheric NO, columns against OMI observations,
averaged for July 2010. (a, ¢) Model tropospheric NO, columns. (b, d) Model bias with respect to the observations.

speed. Also, in comparison to the more recent IFS-AER con-
figuration in CY47R1, the sea salt emissions in OpenlFS/AC-
AER are significantly lower, though compensated to some
extent with a longer lifetime for bins 2 and 3.

We show monthly mean tropospheric AOD at 550 nm
for February and July in Fig. 8 and compare this to the
monthly product of merged AOD by Sogacheva et al. (2020),
which combines the retrievals from a wide variety of re-
mote sensors together with AERONET (AErosol RObotic
NETwork) data (Holben et al., 1998). The simulated and re-
trieved AOD show broadly the same patterns. In February,

Geosci. Model Dev., 15, 6221-6241, 2022

the maxima, with monthly simulated and retrieved values
of 0.5-0.8, can be found over the polluted areas of China
and India and from biomass burning sources over equatorial
Africa. AOD over most oceans is between 0.02 and 0.1 for
the simulations, while it is generally slightly higher for the
retrievals. In July, the dust-producing regions of the Sahara,
the Middle East, and Taklamakan/Gobi are also prominent,
with monthly AOD values between 0.25 and 0.5 in general,
for simulation and retrieval. The patterns between simulated
and retrieved AOD over dust source regions are very simi-
lar; however, some underestimation is noted for transatlantic
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Table 7. Yearly dust and dry sea salt emissions (Tg yr_l), burden (Tg), and lifetime (d), respectively, as simulated by OpenIlFS/AC-AER and
two versions of IFS-AER. Note that both IFS-AER configurations use a higher resolution (77, 511/137 levels).

Aerosol tracer  OpenlFS/AC-AER

IFS-AER CY43R3  IFS-AER CY47R1

Tg yr_lfl“g/d Tg yr_l/Tg/d Tg yr_I/Tg/d
Seasaltbin1  36.0/0.09/0.9 32.2/0.09/1.0 110/0.4/1.3
Seasaltbin2  2438/5.2/0.77 2767/3.5/0.46 6596/4.5/0.25
Seasaltbin3  2963/2.1/0.25 3364/1.4/0.16 13 658/1.4/0.04
Dust bin 1 68/1.5/8.0 88/1.7/7.0 4.9/0.12/8.9
Dust bin 2 181/3.5/7.0 292/5.9/7.2 45.2/1.0/8.1
Dust bin 3 1247/7.2/2.1 2055/8.5/1.5 3248/13.5/1.5
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Figure 8. Intercomparison of total AOD at 550 nm for February and July 2010, for OpenIFS/AC-CB05-AER and the Finnish Meteorological

Institute (FMI) merged AOD product.

transport. Boreal fires are simulated over parts of Canada and
Siberia, which correspond to retrieved values. July 2010 was
also a month with exceptional fire events over central Russia,
which appears over the retrieval but less so for the simulated
value. This could be caused by biomass burning sources of
organic matter and black carbon from GFAS being too low.
Finally, over the heavily populated areas of China, Europe,

https://doi.org/10.5194/gmd-15-6221-2022

and the eastern USA, the simulated values are biased low,
compared to the retrieved values.

Figure 9 shows regional comparisons of AOD at 550 nm
simulated by OpenIFS/AC against AERONET data (at
500 nm wavelength) and against the CAMS reanalysis (In-
ness et al., 2019) and the control run of the CAMS reanaly-
sis, which does not use data assimilation. In order to assess

Geosci. Model Dev., 15, 6221-6241, 2022
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Figure 9. Evaluation of total AOD at 550 nm from OpenlIFS/AC against observations from AERONET at 500 nm. Results from the CAMS

reanalysis and its control experiment are also included for reference.

the skill of the model in terms of dust and sea salt aerosol,
results are also shown for a selection of AERONET sites that
are representative of dust and sea salt aerosol (although other
aerosol types can also have some impact). The model cy-
cle used for the CAMS reanalysis is very close to CY43R3,
which makes the control run comparable to OpenIFS/AC.
AOD values from both the control run and OpenIFS/AC are
generally significantly below the AERONET values, partic-
ularly over Europe, North America, and over a selection of
stations more representative of sea salt aerosol. This under-
estimation corresponds to known issues of CY43R3 of IFS-
AER, which have been improved on in later operational cy-
cles. Over Europe and North America, a part of the under-
estimation comes from the fact that nitrates and ammonium
are not represented. For sea salt aerosol, the Monahan et
al. (1986) scheme used in CY43R3 IFS-AER and OpenlF-

Geosci. Model Dev., 15, 6221-6241, 2022

S/AC was shown to lead to strongly underestimated sea salt
AOD (see Rémy and Anguelova, 2021).

6 Conclusions

We have presented a first version of OpenIFS/AC, i.e. the
OpenlFS model extended with atmospheric composition
modules. The current release is based on OpenlFS 43r3
and includes chemistry and aerosol modules, as developed
in CAMS, along with standard input data such as emis-
sions and dry deposition velocities. This release includes
basic scripts for running the system in various modes, in-
cluding the nudged mode presented here. The composition
model currently provided is essentially the same as that
used for the CAMS reanalysis, although we emphasize that
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OpenlFS does not include the data assimilation capabilities
used to produce reanalysis products in CAMS. Specifically,
the model contains the modified CBOS5 tropospheric chem-
istry, which can optionally be coupled to the BASCOE-based
module for stratospheric chemistry and the AER bulk bin
aerosol module.

Along with a description of the model code and input data,
we have provided a basic evaluation of key quantities for
a l-year simulation for the year 2010, using relaxation of
winds and surface pressure towards ERA-Interim data. An
overall good performance was found against various datasets
for key trace gases and aerosol, e.g. showing realistic spa-
tial variations and/or seasonal cycle in tropospheric ozone,
stratospheric composition, carbon monoxide, nitrogen diox-
ide, and aerosol optical depth.

This release, for the first time, makes the atmospheric
composition modules integrated in ECMWF’s Integrated
Forecast System, as developed as part of CAMS, freely
available for use by other research institutes. The model is
ready for the integration of alternative chemistry and aerosol
schemes different from the ones provided here and allows
the use of inline chemistry as part of Earth system modelling
activities as, for instance, in EC-Earth.

We note that many of the limitations in the model config-
uration, as presented here, are known and have already been
addressed in more recent cycles of the IFS, such as, for in-
stance, documented in Williams et al. (2021) and Rémy et
al. (2022). With new cycles of OpenlFS coming up in future,
we intend to make updated versions of the atmospheric com-
position module available as well. Likewise, other, more up-
to-date emission inventories can be expected to help address
some of the biases seen here, and the application of more
up-to-date meteorological input data will also become avail-
able to OpenlFS/AC. Moreover, as part of the development
of EC-Earth4, the description of aerosols and their interac-
tions with radiation and clouds will be improved. In partic-
ular, fundamental limitations to the existing AER bulk bin
aerosol module have motivated us to invest in the implemen-
tation of a modal scheme based on an updated version of M7.
As such, OpenlFS/AC may foster research projects by con-
necting communities at the interface of meteorology, climate,
and atmospheric chemistry, enabling studies of trace gases
and aerosols in interaction with meteorology and climate.

Code availability. Access to OpenlFS requires a software licens-
ing agreement with ECMWE. OpenlFS licenses are free of charge
and are available to research or educational organizations. Personal
licenses are not provided. The use of the model and its source
code is limited to non-commercial purposes. Any operational use
or the production or dissemination of real-time forecasting products
is prohibited by the licence agreement. Provision of an OpenIFS
software licence does not include access to ECMWF computers or
data archives, other than public datasets. ECMWEF has limited re-
sources to provide support and may temporarily suspend the issuing
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of new OpenlFS licenses. Consideration may be given to requests
that are judged to be beneficial for future ECMWF scientific re-
search plans or those from scientists involved in new or existing
collaborations involving ECMWEF. More details on how to access
and use OpenlIFS are available on the OpenlFS web portal (https:
/Iconfluence.ecmwf.int/display/OIFS, last access: 8 March 2022).

OpenlFS  requires a  version of the ECMWF
ecCodes GRIB library for input and output
(https://doi.org/10.5281/zenodo.6970786, ECMWE, 2022).

The ecCodes program is available from the ECMWF GitHub
repository (https://github.com/ecmwf, last access: 7 August 2022).

The standard configuration of OpenlFS 43r3 does not contain
most of the addons described here (modules, scripts, and input data)
which are required to model trace gases and aerosol. These can be
obtained upon request as additional software to the standard model
under the same licence agreement as OpenlFS itself. Parties inter-
ested in using OpenIFS/AC should therefore contact ECMWF by
emailing openifs-support@ecmwf.int and outlining their proposed
use of the model.

Data availability. The OpenlFS/AC output data and scripts, as
used for evaluations presented in this paper, can be downloaded
from Zenodo at https://doi.org/10.5281/zenodo.6406674 (Huijnen,
2022).
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