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Abstract. The MAR model (Modèle Atmosphérique Régional) is a regional climate model used for weather forecasting and

climate studies over several continents, including polar regions. To simulate how solar and Earth’s infrared radiation propagate

through the atmosphere and drive climate, MAR uses the Morcrette radiation scheme. Last updated in the 2000’s
:::::
2000s, this

scheme is no longer maintained and lacks of
::
the

:
flexibility to add new capabilities, such as computing high resolution spectral

fluxes.5

This paper presents version 3.14 of MAR, an update that allows MAR to run with ecRad, the latest radiation scheme provided

by the European Centre for Medium-range Weather Forecast (ECMWF). Operational in the ECMWF’s Integrated Forecasting

System (IFS) since 2017, ecRad was designed with modularity in mind and is still in active development.

We evaluate the updated MAR by comparing its outputs over 2011–2020 for Belgium to gridded data provided by the Royal

Meteorological Institute of Belgium (RMIB) and by the EUMETSAT Satellite Application Facility on Land Surface Analysis.10

Several sensitivity experiments have been carried out to find the configuration achieving the most balanced radiative budget
:
,

as well as to demonstrate the updated MARoutperforms its former configuration
:
is
:::::
better

::::::::
equipped

::
to

:::::::
achieve

::::
such

::
a

::::::
balance.

Moreover, a MAR simulation running ecRad with high resolution ecCKD gas-optics models has been conducted to produce

spectral shortwave fluxes, which are compared to ground-based spectral measurements captured by the Royal Belgian Institute

for Space Aeronomy (BISA) at Uccle (Belgium; 50.797
:
°
:
N, 4.357

:
° E) in the 280–500 nm range from 2017 to 2020. Finally,15

as a first application of spectral shortwave fluxes computed by MAR running with ecRad, a method for predicting UV indices

is described and evaluated.

1 Introduction

The MAR model is a regional atmospheric model that was initially designed by Gallée and Schayes (1994) to study the climate

of various regions at high resolution (typically ranging from 5 to 25 km) over periods of time covering a few years up to several20

decades (Fettweis et al., 2013b). Throughout its decades of development, MAR has been tuned for polar areas in particular,

1



notably by coupling it with a snow model (De Ridder and Gallée, 1998; Gallée et al., 2001). This development allowed MAR

users to study the surface mass balance of the Greenland ice sheet starting from the early 2000’s
:::::
2000s

:
(Gallée and Duynkerke,

1997; Lefebre et al., 2003, 2005). Since then, MAR has been run to estimate the future impact of the Greenland ice sheet on

sea level rise (Fettweis et al., 2013a) and to predict the evolution of its surface temperatures (Delhasse et al., 2020; Hanna25

et al., 2020). MAR is also used to study the Antarctic ice sheet (Amory et al., 2021; Kittel, 2021) as well as the evolution of

the precipitation regime of various regions, such as western and equatorial Africa (Gallée et al., 2004; Doutreloup, 2019) and

central Europe (Wyard et al., 2020; Ménégoz et al., 2020).

A key component of the MAR model is its radiative transfer scheme, or radiation scheme. This module simulates how

both shortwave (solar) and longwave (Earth’s infrared) radiation propagate through the atmosphere and over the surface,30

with the latter resulting from the Earth’s surface being heated by the former. To accurately simulate the transfer of radiative

energy, a radiation scheme must take into account all optically active components within the atmosphere that either reflect

or absorb and scatter radiation (if not both), such as the Earth’s surface (and its albedo), greenhouse gases, aerosols, and

clouds. Having an accurate radiation scheme is crucial for a climate model, as how the radiative energy flows within the

atmosphere and over the surface is what regulates the Earth’s surface temperature. MAR up to version 3.13 uses the Morcrette35

(1991, 2002) radiation scheme, consisting of two separate schemes, respectively for shortwave (solar) radiation and longwave

(Earth’s infrared) radiation. This scheme was notably used in the ERA-40 reanalysis (Uppala et al., 2005) and is still used in

several regional climate models (Jacob et al., 2012; Hourdin et al., 2013).

Developed until the early 2000’s
:::::
2000s, the Morcrette scheme is no longer maintained. Moreover, it has become difficult to

update to improve or expand its capabilities due to the lack of modularity of its source code, partly because it pre-dates Fortran40

2003, which improved derived types and introduced object-oriented programming in the language (Reid, 2007). The difficulty

of updating the Morcrette scheme hinders potential improvements for the MAR model, such as producing spectral shortwave

fluxes to simulate snow albedo more accurately. Updating the radiation component of MAR also constitutes an opportunity to

fix its known radiative biases: MAR running with Morcrette is known for overestimating downward shortwave radiation and

underestimating downward longwave radiation, as evidenced by Fettweis et al. (2017), Delhasse et al. (2020), Wyard et al.45

(2018) and Kittel et al. (2022). Up to version 3.13 (Fettweis et al., 2023), MAR partially mitigates this issue by tuning the

outputs of the Morcrette scheme to slightly compensate known heat fluxes
:::
flux

:
biases, depending on the simulated region,

allowing MAR to simulate a correct near-surface temperature.

This paper discusses the inclusion in the MAR model of a new radiative transfer scheme: the ecRad radiation scheme

(Hogan and Bozzo, 2018), the latest radiative transfer scheme developed by the ECMWF. Since 2017, ecRad is used as the50

radiative transfer component of the operational weather forecast model of the ECMWF, the IFS. The key feature of ecRad

is its modularity: its architecture allows users to change independently, among others, the description of optical properties

with respect to clouds, greenhouse gases and aerosols, or the radiation solver (Hogan and Bozzo, 2018). Thanks to recent

development, the ecRad scheme is now also compatible with high resolution gas-optics models built by the ecCKD tool of

the ECMWF (Hogan and Matricardi, 2022) and even capable of outputting spectral shortwave radiative fluxes. Including the55

ecRad radiation scheme in the MAR model can therefore offer new research opportunities for the latter: for instance, MAR
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Table 1. Simplified timeline of the radiation schemes (and their main components) developped
:::::::
developed by the ECMWF and used in the

IFS. A more complete timeline (with more components and code updates) covering the 2000–2017 period can be found in Hogan and Bozzo

(2018). The bold elements correspond to the radiation scheme (and components) still used by MAR up to version 3.13.

2000 2002 2007 2017 2022

Name Morcrette McRad ecRad

Shortwave Custom, 4 bands Custom, 6 bands RRTM-G (1997), 14 bands
RRTM-G (1997), 14 bands or

ecCKD (2022), customizable

Longwave RRTM-G (1997), 16 bands
RRTM-G (1997), 16 bands or

ecCKD (2022), customizable

Solver Custom McICA (2003)

McICA (2003) or

Tripleclouds (2008) or

SPARTACUS (2016)

may produce high resolution spectral fluxes in the photosynthetically active region of the solar spectrum to force biosphere and

ocean biogeochemical models.

The paper is organized as follows. Section 2 first presents the ecRad radiation scheme by briefly reviewing its development

history and key features, including its recent updates with respects
:::::
respect

:
to spectral resolution, and by discussing how these60

features can benefit the MAR model. Section 3 subsequently details the changes and additions brought to MAR to interface it

with ecRad and take advantage of its improved representation of optically active components and improved spectral resolution.

Section 4 then evaluates the updated MAR model (version 3.14) embedding ecRad for Belgium by simulating the 2011–2020

decade and comparing the output variables of MAR, and radiative fluxes in particular, to gridded reference data based on ground

observations and/or satellite measurements, provided by the RMIB and by the EUMETSAT Satellite Application Facility on65

Land Surface Analysis. To highlight the benefits of including ecRad in MAR, Section 5
::::
first compares spectral shortwave

fluxes produced by MAR v3.14 to spectral observations recorded by the BISA at Uccle observatory
:::::
Royal

:::::::
Belgian

:::::::
Institute

:::
for

:::::
Space

:::::::::
Aeronomy

::
at

:::::
Uccle

:
(Belgium; 50.797

:
°
:
N, 4.357

:
° E) from 2017 to 2020and

:
,
::::
then discusses a first application of such

fluxes, consisting of predicting UV indices. Finally, Section 6 concludes this paper by summarizing its contributions, possible

improvements and opportunities.70

2 The ecRad radiation scheme

2.1 Development history

The ecRad radiation scheme is the latest milestone within several decades of development to improve the fidelity of the radiative

transfer scheme used within ECMWF’s operational weather prediction model, the IFS. Starting from the 1990’s
:::::
1990s, the IFS

used the radiation scheme of Morcrette (1991), which itself has gone through several updates up to the early 2000’s
:::::
2000s75

to incorporate various advances in modeling. One major update of the Morcrette scheme was the inclusion, in 2000, of the
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Figure 1. A high-level view of the architecture of the ecRad radiation scheme, inspired by Fig. 1 in Hogan and Bozzo (2018). The rounded and

dashed square
::::::::
rectangular boxes correspond respectively to ecRad (interchangeable) components and to ecRad inputs. The thermodynamics

box , an input of all components represented by short dashed arrows, corresponds to the description of temperature and pressure at each layer

interface and within each layer. Long dashed
:::::
Dashed

:
arrows model the inner ecRad data structures. Finally, the

:::
The

:
background dashed box

accounts for the interpolation steps used to go from the model to the radiation grid and vice versa.

Rapid Radiative Transfer Model for GCMs (RRTM-G) by Mlawer et al. (1997), a correlated-k model for gas absorption. At the

time, RRTM-G was used for longwave radiation only and significantly improved the estimation of surface downward longwave

radiation compared to contemporary models (Morcrette, 2002). For shortwave radiation, the Morcrette scheme used a custom

gas-optics scheme with 4 spectral bands in 2000, soon increased to 6 spectral bands in 2002 (Hogan and Bozzo, 2018). This80

version was notably used in the ERA-40 reanalysis (Morcrette, 2002; Uppala et al., 2005).

In 2007, the Morcrette scheme in the IFS was replaced by McRad (Morcrette et al., 2008), an improved radiative transfer

scheme. In addition to a better representation of surface albedo, this new scheme featured RRTM-G for both shortwave and

longwave radiation (respectively with 14 and 16 spectral bands) and the Monte-Carlo Independent Column Approximation

scheme (McICA) by Pincus et al. (2003), a radiation solver that simulates clouds with a stochastic generator. Though the McRad85

radiation scheme was a notable improvement over the Morcrette scheme, its source code was not designed for modularity,

making it difficult to include new schemes that act either as alternatives or as improvements over those already provided.

The ecRad radiation scheme by Hogan and Bozzo (2018), which became operational in 2017, provides a more modern

modular structure, facilitating inclusion of new advances in atmospheric modeling. Organized in several components through

which data flow via dedicated structures, ecRad allows users to swap one scheme with another in each component without90

breaking the flow of the whole radiative transfer scheme, as illustrated by Fig. 1. Moreover, ecRad manages most of the data

required by its inner components with NetCDF files, while the Morcrette scheme still used in MAR relies on hard-coded data,

notably for ozone mixing ratios.
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Thanks to its flexibility, ecRad provides, among others, several interchangeable schemes to solve radiation equations. In

addition to McICA (Pincus et al., 2003), already used by McRad, ecRad also provides the Tripleclouds radiation solver by95

Shonk and Hogan (2008), which models horizontal cloud inhomogeneity by representing three regions within each grid cell.

The more recent SPARTACUS (SPeedy Algorithm for Radiative TrAnsfer through CloUd Sides) scheme is another proposed

alternative, capable of simulating 3-D cloud longwave radiative effects (Schäfer et al., 2016; Hogan et al., 2016).

The treatment of the optical properties of gases is another major sub-component of a radiation scheme that may be exper-

imented with. Both the IFS and the MAR model have used the RRTM-G gas-optics scheme for Earth’s longwave radiation100

since the 2000’s
:::::
2000s, with the former also using it for shortwave radiation starting from 2007 with the replacement of the

Morcrette scheme by McRad. A promising alternative to this state-of-the-art solution is ecCKD (Hogan and Matricardi, 2022),

an open source tool from the ECMWF that builds fine-tuned gas-optics models via the correlated k-distribution method by

Goody et al. (1989), these models being managed with NetCDF files for convenience. Such a tool can be used to tailor high

resolution gas-optics models for specific applications while remaining computationally efficient.105

2.2 Opportunities for the MAR model

The MAR model is a Regional Climate Model (RCM) consisting of an atmospheric module (Gallée and Schayes, 1994; Gallée,

1995) coupled with SISVAT (Soil–Ice–Snow–Vegetation–Atmosphere–Transfer), a one-dimensional surface transfer scheme

(De Ridder and Gallée, 1998; Gallée et al., 2001). This coupling makes MAR a suitable tool to study polar ice sheets, notably

in Greenland (Gallée and Duynkerke, 1997; Lefebre et al., 2003, 2005). To compute shortwave and longwave radiative fluxes110

for its atmospheric module, MAR version 3.13 still uses a late build of the Morcrette scheme (Morcrette, 1991) from 2002 that

includes RRTM-G (Mlawer et al., 1997) for longwave radiation (cf. Table 1). An exhaustive
:
A
:::::

more
::::::::
complete

:
description of

the current MAR model is provided by Gallée et al. (2013).

Used by the ECMWF from the early 1990’s to the mid-2000’s
:::::
1990s

::
to

:::
the

:::::::::
mid-2000s

:
(Morcrette et al., 2008), the Morcrette

scheme is arguably too old to continue using it as the radiation scheme of MAR. First of all, it is no longer actively maintained115

and does not benefit from Fortran language updates from the 2000’s
:::::
2000s that would improve its modularity, such as improved

derived types and object-oriented programming mechanisms (Reid, 2007), therefore hindering the implementation of new

or improved features. Furthermore, some of its native characteristics are now outdated. For instance, the Morcrette scheme

still uses the monthly climatology by Tegen et al. (1997) for tropospheric aerosols, which has little reason to be preferred

over more modern climatologies, and in particular those using the Copernicus Atmospheric Monitoring Service (CAMS)120

aerosol specification (Flemming et al., 2017; Bozzo et al., 2017). Finally, another motivation for considering an update of the

radiation component of MAR is to eventually improve the radiative fluxes biases. Indeed, MAR with Morcrette is known to

have an imbalance between shortwave and longwave radiative fluxes, the former being typically overestimated while the latter

is underestimated (Fettweis et al., 2017; Delhasse et al., 2020; Wyard et al., 2018; Kittel et al., 2022).

Including the ecRad radiation scheme in the MAR model comes with multiple benefits. Replacing the aging Morcrette125

scheme by ecRad in MAR is not only a way to modernize MAR itself and an opportunity to fix its known imbalance between

shortwave and longwave radiation, but also a way to expand MAR capabilities without requiring any major change in the MAR
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source code. In particular, the latest version of ecRad (Hogan, 2024a) allows the computation of spectral shortwave radiative

fluxes into user-defined bands. Such a development offers new opportunities for the MAR model: for instance, the spectral

fluxes MAR could output may be used as forcings for other models or as a mean
:::::
means

:
of coupling MAR with them. Models130

that could use such forcings include biogeochemical models designed to study marine ecosystems (Lazzari et al., 2021b).

Another recent key development of ecRad that further motivates this new kind of application of MAR is the ability of

ecRad to use high resolution gas-optics models built with the ecCKD tool (Hogan and Matricardi, 2022) within its gas optics

component (cf. Fig. 1) in place of the classical RRTM-G scheme by Mlawer et al. (1997). The resulting increase in spectral

resolution is especially important. To benefit from the spectral information provided with the new generation of satellites135

like Sentinel, modern ocean biogeochemical models rely on a refined radiative transfer module that manages spectral bands

extending over a few dozens of nanometers, e.g. 25 nm
::::
from

::::
400

::
to

:::
425

:
nm (Lazzari et al., 2021b, a). This module needs to be

forced at the air-sea interface by spectral radiative fluxes, in particular in the Photosynthetically Active Range (PAR, 400–700

nm) but also in the UV and near-infrared ranges. Meanwhile, the (fixed) spectral bands of the RRTM-G gas-optics scheme in

ecRad include one band from 442 to 625 nm, which amounts to almost two thirds of the PAR, making the RRTM-G gas-optics140

scheme a poor candidate to compute spectral radiative fluxes in such a range.

By
::::
Using

:
ecCKD

:
to
:::::::
increase

:::
the

:::::::
spectral

::::::::
resolution

::::
also

:::::
comes

::
at

:
a
:::::::
smaller

:::::::::::
computational

:::::
cost.

::::
Like RRTM-G, ecCKD

::::::
models

:::::
define

:::::::
spectral

:::::::
intervals

::::::
within

:::::::
spectral

::::::
bands,

::
or

:::::::::
“g-points”,

::
to
::::::

model
:::
the

:::::::
spectral

::::::::
variation

::
of

:::
gas

:::::::::
absorption

::::::
within

::::::
bands.

:::
The

:::::::
number

::
of

::::
such

:::::::
g-points

:
,
:::::
which

::::
has

:
a
:::::
direct

::::::
impact

:::
on

:::::::::::
performance,

::
is

:::::::
typically

:::::
lower

::
in
:

ecCKD
::::::
models

::::
than

::
in

:
RRTM-

G
:::
(for

:::::
both

::::::::
shortwave

::::
and

::::::::
longwave

:::::::::
radiation),

:::::
even

:::::
when

:::
the

::::::
former

:::::
define

:::::
more

:::::::
spectral

::::::
bands.

:::
As

:
a
::::::
result,

::
by

:
swapping145

RRTM-G with high resolution ecCKD gas-optics models, ecRad can
:::::
easily output equally high resolution spectral shortwave

fluxes, spanning over one or several dozens of nm, assuming the bands requested by the user are not finer in resolution(though

this would only decrease the accuracy of the produced fluxes ).
:::
In

:::::::
practice,

:::::::::
requesting

::::
finer

:::::::
spectral

::::::
bands

::::
than

::::::
defined

:::
in

::
the

:
ecCKD

::::::::
shortwave

:::::::::
gas-optics

:::::
model

:::::
used

::
by

:
ecRad

:::::
results

::
in

:::::::
spectral

:::::
fluxes

::::
that

:::
are

:::::::::::
proportional

::
to

:::
the

::::::::::::
encompassing ec-

CKD
::::::
spectral

:::::
band. Therefore, embedding ecRad within MAR and configuring it to run with ecCKD gas-optics models opens150

the door for new future applications of the MAR model as well as for improvements of MAR itself. For instance, high resolution

spectral shortwave fluxes produced by ecRad/ecCKD may be used to implement a spectral snow albedo in MAR.

3 Inclusion of ecRad in MAR

The ecRad radiation scheme (version 1.5.0) is written in Fortran 2003 and consists of about 16,000 lines of code without

counting the source code of the RRTM-G scheme (Hogan and Bozzo, 2018). It is also an open source software that comes with155

excerpts from the IFS source code to show how the IFS initializes then runs ecRad throughout a simulation. While ecRad itself

did not require any modification to be embedded in MAR, the source code of MAR needed some adjustements to fully take

advantage of the improved representation of optically active components of ecRad as well as its improved spectral resolution.
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3.1 Updated greenhouse gas and aerosol forcings

Due to the development history of the ecRad radiation scheme and the IFS (cf. Sect. 2.1), the example subroutines from the160

IFS (Hogan, 2024a) share many similarities in terms of interface with the subroutines calling the Morcrette scheme (Morcrette,

1991, 2002) in MAR. Among others, the input variables of the IFS subroutine that calls ecRad include the same description

of pressure and temperature profiles as for the Morcrette scheme, and this also holds true for several water species and surface

variables (e.g., albedo, emissivity in the longwave or land/sea mask). However, ecRad natively offers more flexibility regarding

greenhouse gases and aerosols. Indeed, for each greenhouse gas or aerosol, ecRad expects volume or mass mixing ratios for165

each pressure layer of each air column of the encompassing model grid. The number of aerosol species taken into account

by ecRad can also be freely tuned
:::::
tuned,

::::
users

:::::
being

::::
able

::
to
::::::
define

::
up

:::
to

:::
256

::::::::
different

::::::
species. In comparison, the Morcrette

scheme as used by MAR expects a single average mixing ratio for most greenhouse gases and restricts aerosols to six species,

as in the climatology of Tegen et al. (1997).

Therefore, to make the most of
::
the

:
ecRad radiation scheme, the greenhouse gases and aerosols

::::::
aerosol

:
forcings of the170

MAR model were updated, re-using climatological data used in the IFS (cycle 46r1). The greenhouse gas forcings consist

of twelve monthly 2-D grids providing longitude-averaged mixing ratios for a meridional transect of the Earth’s atmosphere,

based on reanalyses over the 2000’s. For consistency’s sake
:::::
2000s.

::::
For

:::
the

::::
sake

:::
of

::::::::::
consistency, the initial volume mixing

ratios should be scaled to match the average surface mixing ratios of the year simulated by MAR, these averages depending on

either historical records or future climate scenarios. Such averages can be found in time series of the average surface volume175

mixing ratio of each greenhouse gas and for each year (from 0 to 2500) according to the Intergovernmental Panel on Climate

Change’s (IPCC) typical scenarios, the Representative Concentration Pathways (RCP) (Van Vuuren et al., 2011) and Shared

Socioeconomic Pathways (SSP) (O’Neill et al., 2016). Given a climate scenario time series, the consecutive average surface

mixing ratios corresponding to the period covered by the initial forcings are used to compute a period average. Then, the

average surface mixing ratio corresponding to the year MAR should simulate is divided by the period average to compute a180

scaling factor. This scaling factor is then applied on
:
to
:
the forcings for the month MAR should simulate. Finally, the scaled

forcings are interpolated in
:
to
:

the MAR grid and smoothed by averaging with respects
::::::
respect

:
to the horizontal axis. This

averaging mitigates the jumps in values that are due to the low resolution of the forcings with respects
::::::
respect to latitude, as the

aforementioned forcings define a total of 64 air columns between both poles in the meridional transect, with a latitude degree

difference between adjacent air columns ranging from 2.8 to 3.2.185

As ecRad is compatible with the CAMS aerosol specification, consisting of 11 hydrophilic or hydrophobic aerosol species

(Flemming et al., 2017; Bozzo et al., 2017), the MAR model was also updated to provide such forcings to ecRad. Their

preparation is essentially the same as for greenhouse gas forcings, the main difference being that
:::
the CAMS data provided

by the ECMWF (Hogan, 2024b) consists of monthly 3-D grids covering the global Earth’s atmosphere. However, with 61 air

columns between
::
the

:
poles in each of the 120 meridional transects w.r.t. longitude, only a few air columns from the initial190

forcings will be covering
:::::
cover

:
the high resolution MAR grid. Therefore, for simplicity’s sake

:::
the

::::
sake

::
of

:::::::::
simplicity, the

longitude coordinates of the MAR grid are averaged to select the meridional transect within the 3-D CAMS data that is the

7
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Figure 2. Longitude-averaged volume mixing ratios of CO2 for a meridional transect of the Earth’s atmosphere for January 2019 (SSP585).

closest in longitude to the MAR grid. The subsequent steps to prepare the aerosol forcings are then identical to those used to

prepare the greenhouse gases forcings.
:::
gas

::::::::
forcings.

3.2 Stratospheric layers on top of MAR grid195

As the MAR vertical discretization is usually tuned to simulate the whole troposphere and the lower part of the stratosphere

(i.e., slightly above the
:
a pressure value of 90 hPa), the impact of the stratosphere on radiative fluxes cannot be properly

simulated with the MAR grid alone. This limitation is especially problematic for ozone, which is typically found in greater

concentrations in the stratosphere, with then significant absorption of incoming solar radiation above 90 hPa, particularly in

the ultraviolet range (Hogan and Matricardi, 2020). As one of the motivations for replacing Morcrette by ecRad in MAR is to200

have a better and finer spectral representation of shortwave radiation (cf. Sect. 2.2), it is crucial to ensure the spectral effect of

ozone is properly represented.

However, adding stratospheric layers to the MAR grid may be counterproductive given the extra computational cost brought

by these additional layers. Indeed, as the stratosphere has little water vapor, stratospheric layers have little relevance for the

physical processes typically studied with the MAR model, such as precipitation, (near-
:::
near) surface temperature or snow and205

ice layers (Fettweis et al., 2013a, 2017; Wyard et al., 2020; Delhasse et al., 2020; Hanna et al., 2020; Amory et al., 2021; Kittel

et al., 2022), knowing that the general circulation is forced at its lateral boundaries.

To keep the usual MAR pressure description while simulating the radiative effects of the stratosphere, additional pressure

layers are added on top of the MAR grid just before calling ecRad and upon preparing the greenhouse gas and aerosol forcings

as described in Sect. 3.1.
::
In

:::::
other

::::::
words,

:::
the MAR

:::
grid

::
is
::::::::
extended

::::
with

:::::::::::
stratospheric

:::::::
pressure

::::::
layers

::::
only

::::::
during

::::::::
radiation210

::::::::::
calculations.

:
This means the MAR model can run with its usual vertical discretization while still receiving radiative fluxes

from ecRad that took
:::
take

:
account of properties of the stratosphere such as the peak ozone concentration. This also means,
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Figure 3. Volume mixing ratios for three greenhouse gases after fitting the forcings (from Figure 2) in
:
to

:
the MAR grid (Sect. 3.1). Due to

horizontal smoothing, the mixing ratios only vary vertically. MAR using sigma coordinates, the pressure values are based on a representative

air column. The dashed line delimits the extra layers added to take account of the radiative effects of the stratosphere (Sect. 3.2).

however, that some MAR variables fed to ecRad must be set or inferred with respect to the additional stratospheric layers so

that they are consistent with real world observations.

Based on the small water content in the stratosphere and previous work by Hogan and Matricardi (2020), the values of the215

additional stratospheric layers for the input variables required by ecRad were set as follows. First, it assumed that there is no

cloud, no liquid water, no ice crystals and no form of precipitation. Second, the top pressure layer of the extended MAR grid

must include the stratopause (1 hPa), and
::
the

:
specific humidity in all stratospheric layers is set to 3.1× 10−6 kg kg−1, i.e. the

typical median value across the stratosphere according to Hogan and Matricardi (2020), while the vapor saturation threshold is

set to the value for 0
:
° C, i.e. 3.8×10−3 kg kg−1, to prevent condensation and

::
to stay consistent with the previous assumptions.220

Finally, it is assumed
:::
that

:
the temperature at the stratopause is approximately 60

:
° C warmer than at the tropopause (Hogan and

Matricardi, 2020). For a given air column, the temperature for
::
of the stratospheric layers can be inferred by finding the plausible

tropopause in the column (which is not necessarily
:
at
:
the top of

:::
the said column), adding 60

:
° C to obtain the temperature at

the stratopause, then linearly interpolate
:
to

:
the intermediate values.

The immediate benefit of adding stratospheric layers on top of the MAR grid is to allow ecRad to capture the radiative225

effects of the peak concentration of ozone, with the greenhouse gas and aerosol concentrations at the extra pressure layers

being prepared with
::::
using

:
the same method as in Sect. 3.1. The number and limits of the extra pressure layers can be freely

configured by MAR users. By default, MAR running with ecRad adds three extra pressure layers on top of the MAR grid,

respectively extending from 0 hPa to 5.5 hPa, from 5.5 hPa to 20 hPa and from 20 hPa to around 50 hPa, this last limit

depending on the top of the MAR grid. The greenhouse gas and aerosol concentrations for each of these three layers are230

adjusted with the concentrations closest to 1 hPa (stratopause), 10 hPa and 30 hPa (respectively) in the forcings, yielding a

total of ozone that is close to the total of ozone from the forcings when vertically integrated, as shown in Figures 3 and 4.

9



Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

0

1

2

3

4

5

6

7

8

9

O
3

m
as

s
m

ix
in

g
ra

tio
,v

er
tic

al
in

te
gr

at
io

n
(g
.m
−2

)

Ozone forcings (mean over Belgium latitude range)
MAR with extra pressure layers (Belgium)
MAR without extra pressure layers (Belgium)

Figure 4. Comparison between
::
of

:
the initial ozone volume mixing ratios and the same mixing ratios fitted to a MAR grid over Belgium,

with
::::
before

:
and without

:::
after

:::::
adding

:
the extra pressure layers.

:::
The

::::::
mixing

::::
ratios

:::
are

:::::::
vertically

::::::::
integrated (gm−2

:
)
:::
and

:::::::
averaged

::
on

:
a
:::::::
monthly

::::
basis.

:::
The

:
concentrations

:
in

:::
the

::::
extra

:::::
layers

::
are

:
adjusted to those found at 1 hPa, 10 hPa and 30 hPa), after vertical integration () and on a

monthly basis, based
:
.
:::::
Based on the outputs of a sample MAR v3.14 run over Belgium in 2019.

3.3 Updated cloud fraction parameterization

Clouds are well known for playing a major role in distributing the radiative budget of the Earth (Ramanathan et al., 1989;

Shupe and Intrieri, 2004), with direct consequences for surface processes. For instance, by combining climate simulations235

and satellite observations, Van Tricht et al. (2016) demonstrated that clouds were enhancing ice sheet meltwater runoff in

Greenland. Properly representing clouds within a climate model is therefore necessary to compute radiative fluxes that are

consistent with real-world observations. When it comes to research involving the MAR model, Fettweis et al. (2017) also

noted that the biases in the radiative fluxes produced by the Morcrette scheme embedded in MAR were at least partly due to an

underestimated cloudiness, the radiation scheme also requiring cloud fraction values
::::::::
requiring

:
a
:::::
cloud

:::::::
fraction

:::::
value for each240

grid cellamong its inputs.

While accurately representing clouds within a computer model is
:
a whole research topic of its own (Sundqvist et al., 1989;

Xu and Randall, 1996; Tompkins, 2002; Shonk et al., 2010; Weverberg et al., 2013), the prediction of cloudiness in the MAR

model needed an update to improve the cloud fraction values it feeds to ecRad in order to further improve its output radiative

fluxes. Indeed, the code interfacing MAR with the Morcrette radiation scheme still computes cloud fraction values with
:::::
using245

an old formula from the ECMWF for predicting cloudiness at a large scale. Though this old approach can still be used, the cloud

fraction parameterizations from Sundqvist et al. (1989) and Xu and Randall (1996) were added in the MAR code computing

the cloud fraction values sent to
::::
used

::
by

:
ecRad, with MAR users being able to choose between all three parameterizations.
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The parameterizations from
::
by Sundqvist et al. (1989) and Xu and Randall (1996) were included in MAR for two reasons.

First, recent work by Wang et al. (2022) re-evaluated them
::::
these

:
with CloudSat data and showed that both parameteriza-250

tions struggle with predicting cloud vertical structure but are good at predicting the total cloud cover, which is currently the

most important requirement for MAR regarding cloudiness, given that research involving the MAR model focuses mostly on

(near-
:::
near) surface processes, as previously mentioned in Sect. 3.2. Second, both parameterizations are immediate in terms

of implementation, as they only need simple variables from a given grid cell to compute a cloud fraction (CF) for that cell,

without considering adjacent cells or grid-wide phenomena. On the one hand, Sundqvist et al. (1989) is solely based on relative255

humidity (RH), using a critical relative humidity threshold (RHc) to determine a plausible cloud fraction:

CF = 1−
√

1−RH

1−RHc
(1)

where the critical threshold depends on the horizontal resolution of the MAR grid in kilometers (dx) and the underlying type

of surface (Wang et al., 2022):260

RHc =

0.7+
√

1
25+dx3 if above land

0.81+
√

1
50+dx3 above sea

(2)

On the other hand, the parameterization of Xu and Randall (1996) needs relative humidity (RH), the total mixing ratio (qt)

of non-gaseous water species (i.e., droplets, ice crystalsand snowflakes
:
,
::::::::::
snowflakes,

::::
hail,

:::
etc.), the vapor saturation threshold

(qs) and 3 empirical parameters p, α and γ:265

CF = RHp

[
1− exp(− αqt

[(1−RH)qs]
γ )

]
(3)

where p, α and γ were empirically determined as p= 0.25, γ = 0.49 and α= 100 (Xu and Randall, 1996). Due to their sim-

plicity, the parameterizations from
::
by

:
Sundqvist et al. (1989) and Xu and Randall (1996) were preferred over more physically

realistic solutions, such as more advanced diagnostic parameterizations (Weverberg et al., 2021b, a) or prognostic solutions270

(Tompkins, 2002), both requiring more implementation work. The inclusion of these more complex solutions in the MAR

model is left for future work.

3.4 Default configuration of ecRad in MAR

The ecRad radiative transfer scheme includes a large number of options (Hogan and Bozzo, 2018; Hogan, 2024a). For

simplicity’s sake
::
To

:::::::
quickly

:::::::
establish

::
a
::::::
default

:::::::::::
configuration

:::
for MAR, ecRad was configured in MAR with its default or most275
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Table 2.
::::::::::
Configuration

::
of
:
ecRad

::
in MAR

:::::
v3.14.

::::::
Options

::::
used

::
to

:::::
design

:::::::::
experiments

::
in

::::
Sect.

:
4
:::
are

:::::::
included.

ecRad
::::::::
component

:::
or

:::::
option

:::::::::::
Configuration

::
in MAR

::::
v3.14

::::::
Aerosol

:::::
optics

:::::
scheme

: ::::::
CAMS

:::::::::::::::::
(Flemming et al., 2017)

:::::::
Fractional

:::::
stand.

::::
dev.

:
of
:::::::

in-cloud
::::
water

::::
(fw)

: ::
0.5

::
or

:::
0.75

::::::::
Gas-optics

::::::
scheme

::
for

::::::::
shortwave

:::::::
radiation RRTM-G

::
or ecCKD

::
(96

:::::::
g-points

::
for

::
44

::::::
bands)

::::::::
Gas-optics

::::::
scheme

::
for

::::::::
longwave

:::::::
radiation RRTM-G

::
or ecCKD

::
(64

:::::::
g-points

::
for

::
13

::::::
bands)

::
Ice

:::::
optics

::::::
scheme

::::::::::::
Fu et al. (1998)

::::::
(scheme

::::
from IFS)

:::::
Liquid

:::::
optics

::::::
scheme

::::::
Scheme

::::
from SOCRATES

::::::::::::::::
(Manners et al., 2015)

::::::::
Longwave

:::::::
scattering

:::::
effect

::
of

::::::
aerosols

::::::
Enabled

::::::::
Longwave

:::::::
scattering

:::::
effect

::
of

:::::
clouds

::::::
Enabled

:::::::
Radiation

:::::
solver Tripleclouds

:::::::::::::::::::
(Shonk and Hogan, 2008)

modern options, which can be exhaustively reviewed in the documentation from the wiki (Hogan, 2024b)
:::::::
reviewed

:::
in

:::::
Table

:
2. For instance, MAR always enables ecRad to simulate scattering of longwave radiation by clouds, given that such a feature

adds an extra computational cost of only 4% in (Hogan and Bozzo, 2018). Likewise, MAR always prepares its aerosol forcings

for ecRad with a monthly aerosol climatology compliant with the CAMS aerosol specification (Flemming et al., 2017) rather

than the old aerosol climatology of Tegen et al. (1997), with which .
:::::
With

:::
this

::::::::::::
configuration,

:
MAR can also enable ecRad to280

simulate the longwave scattering effect of aerosols. Still for simplicity’s sake
:
,
::
an

:::::::::
additional

::::::
process

:
ecRad

:
is

::::::
unable

::
to

:::::::
perform

::::
with

:::
the

:::::
Tegen

::::::::::
climatology.

::::::
While

:::
not

:
a
::::::
option

::
of

:
ecRad, MAR

:::
also

:
re-uses the parallelization strategy of the stand-alone im-

plementation of ecRad (Hogan, 2024b, a). It consists of processing one transect of the MAR grid at once while assigning
:
a

::::
time.

:::
For

:::::
each

:::::::
transect, (groups of) air columns from this slice

::
are

::::::::
assigned to distinct parallel processes, the design of ecRad

making this strategy very easy to implement.285

Among the three available solvers in ecRad, the Tripleclouds scheme (Shonk and Hogan, 2008) was picked as the default

solver to be used by ecRad in MAR,
:::
the

:
McICA

::::::
scheme

:::::::::::::::::
(Pincus et al., 2003)

:::::
being

:::
the

::::::
default

:::::
solver

:::
in ecRad. This choice

constitutes a compromise between the research purpose of MAR and the overall computational cost of running ecRad. Indeed,

the McICA(Pincus et al., 2003)
::::::
scheme was designed with operational weather forecasting in mind, while running ecRad with

SPARTACUS (Schäfer et al., 2016; Hogan et al., 2016), currently the most advanced of the three solvers, is significantly slower290

than with both McICA and Tripleclouds (Hogan and Bozzo, 2018). Of course, though Tripleclouds is the preferred radiation

solver to be used by ecRad embedded in MAR, MAR users can still configure ecRad to run with any of the available solvers.

Finally, two major parameters of ecRadwill be
::::
have

::::
been subsequently tuned to design sensitivity experiments in Sect. 4. The

first is the gas-optics scheme: due to their novelty, high resolution gas-optics models built by ecCKD (Hogan and Matricardi,

2022) needs
::::
need to be tested in a regional climate model like MAR before using them as a replacement to the classical RRTM-295

G scheme (Mlawer et al., 1997). The second is the fractional standard deviation of in-cloud water content, denoted as fw,
:
and

defined as the standard deviation of in-cloud water content divided by its mean (Shonk et al., 2010). This parameter controls

the inhomogeneity of water content in clouds modeled by the solvers: the smaller fw is, the more homogeneous clouds will
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be. Based on multiple data sources, Shonk et al. (2010) recommends using 0.75± 0.18, with global climate models in mind.

MAR therefore uses 0.75 by default. As is a regional climate model
:::::::
However, fw may be set with

::
to lower values, such as 0.5

:
,300

::
as

:::::
Table

:
1
::
in

::::::::::::::::
Shonk et al. (2010)

:::::::::
enumerates

:::::
many

:::
fw:::::

values
::::::
closer

::
to

:::
0.5

::::
than

::::
0.75

::
for

::::::::::
midlatitude

::
or

::::::
global

::::::
datasets

::::::::
covering

::
all

:::::::
seasons

:::::
above

::::
land

:::::::
surfaces.

4 Regional evaluation of MAR v3.14 for Belgium

4.1 Methodology

The ecRad radiation scheme is available in the MAR model since its version 3.14.0 (Fettweis and Grailet, 2024). For legacy305

reasons, but also to ease comparison between the new and the old radiation schemes, MAR v3.14 lets users decide whether to

use Morcrette or ecRad as the radiation scheme before compilation. As a result, all simulations discussed in this paper were

run with MAR v3.14, with some running with the Morcrette scheme and the others with ecRad.

Our methodology is the following
:
as

:::::::
follows. MAR v3.14 has first been configured with the same study domain as Wyard

et al. (2017), i.e., a grid centered on Belgium with a resolution of 5 by 5 km with
:::
and 24 pressure layers in sigma coordinates310

extending from the surface to the low stratosphere. We then selected the 2011–2020 decade as our period of simulation both

to evaluate MAR v3.14 on an extended period and to benefit from the most recent data products of the RMIB. As these data

products provide daily values, MAR v3.14 was tuned
:::::::::
configured to output daily values as well (means or totals, depending on

the variable). The boundary forcings for all simulations have been generated with the ERA5 dataset (Hersbach et al., 2020) for

the 2011–2020 decade.315

A total of nine simulations have been conducted and are listed with their respective configuration in Table 3. By running nine

experiments, each with a unique configuration, we complete
::::::::
completed

:
two tasks. First, we assess

::::::
assessed

:
the climate sensitiv-

ity of MAR v3.14 to various configurations of ecRad and establish which configuration works
:::::::::
established

::::::
which

:::::::::::
configuration

::::::
worked best for Belgium. Second, we evaluate

:::::::
evaluated

:
whether or not a well tuned MAR v3.14 can

::::
could

:
produce better ra-

diative fluxes with ecRad than with its previous configuration (i.e. still using the Morcrette scheme)with no negative trade-off,320

that is, no .
:::
In

:::
the

:::::::
process,

:::
we

::::
also

:::::::
assessed

::
if

:::::
there

:::
was

::::
any negative impact on other MARoutputs and without tuning the

output of the radiation scheme
:::::::
variables.

Our first two experiments, M1 and M2, consisted of running MAR v3.14 with the Morcrette scheme, respectively without

and with a heat fluxes
:::
flux tuning mechanism inherited from previous versions of MAR, which occurs

:
.
::::
This

:::::
tuning

::::::::::
mechanism

:
is
:::::::
applied

:
right after heat fluxes have been deduced from the outputs of Morcrette. Historically, this ad hoc mechanism has325

been implemented in previous MAR versions (up to version 3.13) to sligthly mitigate known radiative fluxes biases w.r.t.
:::
flux

:::::
biases

::::
with

::::::
respect

::
to ground observations that have been observed by previous research involving MAR (Fettweis et al., 2017;

Wyard et al., 2018; Delhasse et al., 2020; Kittel et al., 2022).
:::
By

::::::::
including

:::
and

::::::
tuning ecRad

::
in MAR,

:::
we

::::
also

:::
aim

::
at
::::::::
ensuring

MAR
::
no

:::::
longer

:::::
needs

::::
such

::
a
::::::::::
mechanism.

The seven remaining experiments all ran with the ecRad radiation scheme. E1 to E6 have been designed to evaluate not only330

ecRad itself but also the effects of the additions and parameters discussed in Sect. 3. The very first ecRad experiment E1 simply
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Table 3. Configurations of all nine MAR (v3.14) simulations discussed in this paper, run over Belgium for the 2011–2020 decade. All

experiments with ecRad use the Tripleclouds radiation solver. Each simulation was given a name for readability’s
::
the

:
sake

::
of

::::::::
readability.

Name Radiation Gas-optics Extra layers Cloud fraction Other parameters

M1 Morcrette SW: custom (6 b.), LW: RRTM-G (16 b.) None Initial No heat fluxes
:::
flux tuning

M2 Morcrette SW: custom (6 b.), LW: RRTM-G (16 b.) None Initial With heat fluxes
:::
flux

:
tuning

E1 ecRad RRTM-G (bands: 14 SW, 16 LW) None Initial fw = 0.75

E2 ecRad RRTM-G (bands: 14 SW, 16 LW) 3 (0 to ± 50 hPa) Initial fw = 0.75

E3 ecRad RRTM-G (bands: 14 SW, 16 LW) 3 (0 to ± 50 hPa) Xu & Randall fw = 0.75

E4 ecRad RRTM-G (bands: 14 SW, 16 LW) 3 (0 to ± 50 hPa) Sundqvist fw = 0.75

E5 ecRad RRTM-G (bands: 14 SW, 16 LW) 3 (0 to ± 50 hPa) Xu & Randall fw = 0.5

E6 ecRad RRTM-G (bands: 14 SW, 16 LW) 3 (0 to ± 50 hPa) Sundqvist fw = 0.5

E7 ecRad ecCKD (bands: 44 SW, 13 LW) 3 (0 to ± 50 hPa) Sundqvist fw = 0.75, spectral outputs

ran ecRad with its default parameters, briefly discussed in Sect. 3.4, and none of the adjustements
:::::::::
adjustments

:
described in

Sect. 3. Starting from E2, stratospheric pressure layers (Sect. 3.2) are added
:::::
during

::::::::
radiation

::::::::::
calculations, and the four next

experiments (from E3 to E6) test
:::::
tested the newly added cloud fraction parameterizations (Sect. 3.3) and two different values

for
:
of
:
the fw parameter of ecRad (Sect. 3.4).335

The final ecRad experiment, E7, reuses
:::::
reused

:
the configuration of E4 but swaps

:::::::
swapped

:
the classical RRTM-Ggas-optics

scheme
::::::
scheme

:::
for

::::
both

:::::::::
shortwave

::::
and

::::::::
longwave

:
with high resolution ecCKD gas-optics models (Hogan and Matricardi,

2022),
:
with two goals in mind. On the one hand, it is

::::
was meant to verify whether or not swapping RRTM-G with more

modern, high resolution gas-optics models has
:::
had any negative impact on MAR outputs. On the other hand, E7 was also

configured to output spectral shortwave fluxes, whose evaluation and first application, i.e. UV index prediction, are discussed340

in Sect. 5. For this purpose, the ecCKD models of E7 feature 44 bands in the shortwave and 13 in the longwave. To facilitate

accurate calculation of UV index, the former includes 21 bands in the 280–400 nm region. To represent spectral variation of

gas absorption within bands, the bands are divided further into “g-points”, such that the total number of quasi-monochromatic

spectral intervals is 96 in the shortwave and 64 in the longwave. This is fewer than the 112 and 140 used by RRTM-G in the

shortwave and longwave, respectively, resulting in ecCKD being more computationally efficient. It was found that shortwave345

gas-optics models generated by ecCKD version 1.4 and earlier tended to underestimate surface spectral UV fluxes compared to

benchmark line-by-line radiation calculations, which was fixed by increasing the weight of the UV fluxes in the optimization

step of the Hogan and Matricardi (2022) algorithm. The shortwave ecCKD model used in this paper is from version 1.6 of

ecCKD.

4.2 Evaluation of MAR physical variables350

We assess four classical physical output variables of MAR for all nine experiments from Table 3: daily average near-surface

:::
near

:::::::
surface

:
(around 2 m above ground) temperature, daily precipitation total, daily mean surface shortwave downward
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::::::::
downward

:::::::::
shortwave

:
fluxes and daily mean surface longwave downward

::::::::
downward

:::::::::
longwave

:
fluxes. The first three vari-

ables are compared to the gridded products provided by the RMIB, which give daily means or daily totals (in the case of

precipitation), with the daily mean temperature being based on observations at 2 above grass. These products cover the entire355

2011–2020 decade and were built by interpolating ground observations recorded at weather stations scattered across Belgium

(Journée and Bertrand, 2010, 2011; Journée et al., 2015). The daily mean shortwave downward
:::::::::
downward

::::::::
shortwave

:
fluxes

have been further refined by merging the ground observations with satellite measurements provided by the EUMETSAT Satel-

lite Application Facility on Land Surface Analysis (Journée and Bertrand, 2010; Trigo et al., 2011a). The daily mean longwave

downward
::::::::
downward

:::::::::
longwave

:
fluxes, i.e. the last of the four assessed MAR physical variables, are directly compared to360

MSG daily DSLF dataset (MDIDSLF), a gridded product covering Europe, Africa, part of South America and Middle-East

at 0.05 latitude-longitude resolution which provides downward surface .
:::::

This
:::::::
gridded

:::::::
product

:::::::
provides

:::::::
surface

:::::::::
downward

longwave fluxes as recorded by the
::::::::
successive

:
MSG satellites of EUMETSAT (Trigo et al., 2011a) , due to a

:
at
:::::

0.05 degree

::::::::::::::
latitude-longitude

:::::::::
resolution

::::
over

:
a
::::::
region

:::::::
covering

:::::::
Europe,

::::::
Africa,

::::
part

::
of

::::::
South

:::::::
America

:::
and

:::
the

:::::::::::
Middle-East.

::::
We

:::::
chose

::
to

:::
use

:::
this

:::::::
product

:::
due

::
to

:::
the lack of a gridded RMIB longwave product equivalent to the

:::::
RMIB

:
shortwave product. According to365

Trigo et al. (2011b), the DSLF product meets its target accuracy for more than 80% of its values, that is, a relative error below

10% compared to land-based observations.

For all experiments and for all variables, the time series for each grid cell from the corresponding RMIB/MSG product

is directly compared with the time series from the MAR grid cell that is the closest in geographical coordinates, as all used

products feature a nearly identical resolution to the MAR grid. RMIB products have an equivalent resolution of 5 by 5 km370

grid cells, only with
::
on

:
a different projectionsystem, while the MSG satellites longwave product has a resolution of 0.05 by

0.05 degree in latitude and longitude. Once MAR grid cells are paired with comparable grid cells from the data products, the

correlation, root-mean-square error (RMSE) and bias
:::
root

:::::
mean

::::::
square

::::::::
deviation

:::::::
(RMSD)

::::
and

:::::
mean

::::::::
difference

:
are computed

for each couple
:::
pair of time series. The resulting 2-D statistics , which can be visualized on the grids of the data products, have

been both saved and averaged , with
::::
have

::::
been

::::::::
averaged

::::
with

:::::::
respects

::
to

:::
the

::::
grid

:::
and

:::
are

:::::::::::
summarized

::
in Table 4providing the375

average statistics. .
:

Table 4 demonstrates, on the one hand, that all experiments performed well with respects
:::::
respect

:
to the RMIB products when

it comes to the daily mean temperature and the daily precipitation total: all
::::
nine simulations yielded an average correlation over

the Belgian territory above
::
of

::::::
around

:
0.98 for daily mean temperature and above

::
of

::::::
around 0.59 for daily precipitation total,

with fairly lowbiases.
:::::::::

Moreover,
:::
the

:::::
mean

::::::::::
differences

:::
are

:::::
fairly

:::
low, respectively significantly below 0.3

:
°
:
C and 0.1 mm in380

absolute value. The temperature statistics are marginally better with simulations, with lower mean root-mean-square errors and

slightly higher mean correlations.

The average statistics for radiative fluxes, on the other hand, are more contrasted. While all simulations yielded very
:::
our

::::::::::
experiments

::::::
yielded

:
good average correlation values, the shortwave fluxes biases differ significantly between M1 and M2 and

the experiments
:::
flux

:::::::::
differences

:::
are

::::::::::
considerable

::
in
:::::
some

::
of

:::::
them. In particular, the average shortwave fluxes biases are steadily385

decreasing from E1 to E4. The differences with respects to the MSG longwave product are likewise steadily decreasing from

E1to E4, with E4 and E7 providing the most balanced radiative fluxes, their mean decadal biases for shortwave radiation
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Table 4. Evaluation statistics for the main MAR output variables for all experiments from Table 3 and for the 2011–2020 period. All variables,

from both MAR and the data products, are (near-
:::
near) surface daily averages (daily total for precipitation). All statistics are 2-D averages of

gridded statistics computed by comparing times series from the reference data (longwave from EUMETSAT MSG satellites, the rest from

RMIB) and from the MAR grid points that are the closest in geographical coordinates.

Radiation scheme Morcrette ecRad

MAR simulation M1 M2 E1 E2 E3 E4 E5 E6 E7

Temperature (°C)

Correlation 0.980 0.980 0.981 0.981 0.981
::

0.980 0.981
::
0.980

:
0.981

::
0.980 0.981

::
0.980 0.981

RMSE
:::
RMSD 1.37

:
1.38

:
1.35

:
1.36

: :
1.39

:
1.38 1.37 1.35 1.35

::
1.36 1.34

:
1.36

:
1.34

:
1.36

:
1.34

Bias
::::
Difference

:
-0.01

::
-0.00 0.00 0.24

:
0.25

:
0.21

:
0.23

:
0.20

:
0.21

:
0.22

::
0.23 0.16 0.18 0.21

::
0.22

Precipitation (mm)

Correlation 0.593 0.593 0.590 0.591 0.593 0.592 0.592 0.593 0.592

RMSE
:::
RMSD 3.66 3.67 3.69 3.68 3.67 3.67 3.67 3.67 3.67

Bias
::::
Difference

:
-0.08

::
-0.07 -0.08

::
-0.07 -0.06

::
-0.05 -0.06

::
-0.05 -0.06 -0.06 -0.07

::
-0.06 -0.07 -0.07

Shortwave (W m−2 )

Correlation 0.940 0.939 0.945 0.945 0.944 0.947 0.941 0.943 0.947

RMSE
:::
RMSD 35.66 34.04 35.18 34.38

::
34.37 32.95 31.14 33.43 32.17 31.06

Bias
::::
Difference

:
2.64

:
2.63

:
-4.95 12.42 11.03 4.57

:
4.56

:
0.67

::
0.66 1.04

:
1.03

:
-2.71

::
-2.72 0.36

::
0.35

Longwave (W m−2 )

Correlation 0.851 0.859 0.876 0.876 0.871 0.884 0.864 0.877 0.882

RMSE
:::
RMSD 20.92 19.60

::
19.61 20.23

::
20.22 20.15

::
20.14 19.19 17.98 19.47

::
19.48 18.37

::
18.38 18.10

Difference -5.71
::

-5.65 0.00
:

0.05
:

-8.20
::

-8.16 -8.07
::

-8.03 -3.85
::

-3.81 -1.50
::
-1.45

:
-2.82

::
-2.77 -0.43

::
-0.38 -1.77

::
-1.72

and their mean differences w.r.t. MSG for longwave radiation being both in the [−2,2]
:
,
:::::
which

::::
use

::::
none

::
of
::::

the
::::::::::
adjustments

::::::::
described

::
in

:::::
Sect.

::
3,

::::::
yielded

::
a
:::::
mean

:::::::::
shortwave

::::
flux

::::::::
difference

:::
of

::::
+12

:
Wm−2.

:::
To

:::
put

::::
this

:::::::::
difference

:::
into

:::::::::::
perspective,

:::
the

::::::
average

:::::::::
shortwave

:::
flux

:::
for

:::
the

::::::
whole

:::::::::
2011–2020

::::::
decade

::::
and

::
for

:::
the

:::::
entire

:::::::
Belgian

:::::::
territory

::
in

:::
the

::::::
RMIB

::::::
product

::
is
:::::
about

::::
123390

Wm−2range.

Moreover, the .
:::
In

::::
other

::::::
words,

:::
E1

::
has

::::::
almost

::::::
+10%

::::::::
shortwave

::::::::
radiation

:::
on

::::::
average

::::
than

:::
the

::::::
RMIB

:::::::
product.

:::::
Such

:
a
:::::
large

::::::::
difference

::::::
would

:::::::::
discourage

:::
the

::::::::::
computation

::
of

:::::::
spectral

:::::::::
shortwave

:::::
fluxes

::::
with

:
ecRadexperiments demonstrate the benefits of

the additional pressure layers
::::::::
embedded

::
in

:::
the

:
MAR

::::::
model,

:::::
which

::
is

:::
one

::
of

:::
the

::::::::::
motivations

:::
for

::::::::
including

:
ecRad

:
in

:
MAR

::
in

:::
the

:::
first

:::::
place (cf. Sect. 3.2)and the new cloudiness parameterizations

:::
Sec.

::::
2.2).

:
395

::::::::
Hopefully,

::::::::::::
progressively

:::::::
enabling

:::
the

::::::::::
adjustments

:::
we

:::::::
brought

::
to MAR

::::
while

::::::::::
embedding ecRad (cf. Sect. 3.3 and Sect. 3.4)

. First,
:::
Sec.

::
3)
:::::::

steadily
:::::::::
improved

:::
the

::::
mean

::::::::
radiative

::::
flux

::::::::::
differences,

::::::::
eventually

::::::::
bringing

::::
them

:::::
close

::
to

::::
zero

:::
on

:::::::
average

::::
over

:::::::
Belgium.

:::
In

::::::::
particular,

:::
the

:::::
mean

:::::::::
differences

:::
are

:::::::::::
continuously

:::::::::
decreasing

:::
for

::::
both

:::::::::
shortwave

:::
and

:::::::::
longwave

:::::::
radiation

:::::
from E1

yielded the largest bias for shortwave radiation and the largest difference for longwave radiation , due to none of the adjustments

from Sect. 3 being used
::
to

:::
E4. Starting from E2, three

:::::::
radiation

:::::::::::
calculations

::
in

::
all

:
ecRad

:::::::::::
configurations

::::
take

:::::::
account

::
of

:::::
three400

::::::::
additional

:
stratospheric pressure layersare always

:
, added on top of the

::::
usual

:
MAR grid (using the configuration given in

Sec. 3.2), cutting down the average shortwave bias by almost 1.5 .
::::
This

:::::::
change

::::::
reduces

::::
the

:::::
mean

::::::::
shortwave

::::
flux

:::::::::
difference

::
by

::::::
almost

:::
1.5

:
Wm−2in the process

:
,
::::::
though

:::
we

::::::
expect

:::
the

::::::::
additional

:::::::::::
stratospheric

:::::::
pressure

::::::
layers

::
to

::
be

::::::
mostly

:::::::::
benefitial

::
to

::::::
spectral

::::::
fluxes

::
in

:::
the

::::
UV

:::::
range

:::
(cf.

:::::
Sect.

::
5). By respectively using the cloud fraction parameterizations of Xu and Randall

(1996) and Sundqvist et al. (1989), E3 and E4 significantly reduce both their bias for shortwave radiation and their difference405

w.r.t. MSG satellites for longwave radiation with respects
::::::
reduce

::::
their

:::::
mean

:::::::::
differences

:::
for

::::
both

::::
type

::
of

::::::::
radiation

::::
with

::::::
respect

to E1 and E2while maintaining similar correlation and providing lower root-mean-squared errors.
:::
At

:::
the

:::::
same

:::::
time,

::::
they

:::::::
maintain

::::
high

::::::::::
correlation

::::::
values

:::
and

:::::::
provide

:::::
lower

::::
root

::::::
mean

::::::
square

::::::::
deviations. In particular, E4 brings down the mean

bias for shortwave fluxes
:::::::::
shortwave

:::
flux

:::::::::
difference

:
to near zero, while reducing the mean difference w.r.t. MSG satellites
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for longwave fluxes to only -1.5
::
its

:::::
mean

::::::::
longwave

::::
flux

:::::::::
difference

::::
with

::::::
respect

::
to

:::
the

:::::
MSG

:::::::
product

::
to
:::::

only
::::
−1.5

:
Wm−2.410

::::::::
Likewise,

:::
E7

:::::::
provides

:::::::::
equivalent

::::::
results

::
to

:::
E4

:
,
:::::
which

::::::
means

::::::::
swapping

:::
the

::::::
classic

:
RRTM-G

::::::
scheme

::::
with

:
ecCKD

::::::::
gas-optics

:::::::
schemes

:::
for

::::
both

::::::::
shortwave

::::
and

::::::::
longwave

:::::::
radiation

:::
has

:::
no

:::::::
negative

::::::
impact

::
on

:
MAR

::::::
outputs

:::::
when

::
it

:::::
comes

::
to

::
a

:::::
central

:::::::
Europe

:::::
region

::::
such

::
as

::::::::
Belgium.

:

:::
Last

:::
but

:::
not

:::::
least, E5 and E6 , also respectively using the parameterizations of Xu and Randall (1996) and Sundqvist et al. (1989)

to compute cloud fraction values,
::::
reuse

:::
the

::::::::::::
configurations

:::
of

:::
E3

:::
and

:::
E4

:::::::::::
(respectively)

:::
but

:
further enhance cloudiness with415

respects to E3 and E4 by changing
::
by

:::::::
lowering

:
the value of the fw parameter in ecRad, which controls the homogene-

ity of the in-cloud water content (cf. Sect. 3.4). The default value of 0.75 suggested by Shonk et al. (2010) is replaced for

both simulations by 0.5, a lower value which ,
::
to

::::
0.5.

::::
This

:::::
lower

:::
fw:::::

value
:
falls slightly outside the recommended range of

0.75± 0.18but coincides with the lower mean
:
,
:::
but

:
is
::::
also

:::::
closer

:::
to

::
the

:::::
lower

:
fw values discussed by

:::::::::
enumerated

::
in

:::::
Table

::
1

::
in

Shonk et al. (2010), which were derived from high resolution datasets . By
:::::
global

::
or

::::::::::
midlatitude

:::::::
datasets

:::::::
covering

::::
land

:::::::
surfaces420

:::
and

::
all

:::::::
seasons.

:::
In

:::::::
practice, lowering fw to 0.5 with respects

:::::::
typically

:::::::::
reinforces

:::
the

:::::::
radiative

::::::
effects

::
of

::::::
clouds

::
in ecRad

:
,
::
as

:::
the

::::::::
variability

::
of

::::
their

:::::
water

::::::
content

::
is
:::::::
brought

:::::
closer

::
to

:::
the

:::::
mean

:::
(cf.

:::::
Figure

::
1
::
in

::::::::::::::::
Shonk et al. (2010)

:
).

::
By

::::::::
lowering

:::
fw ::::

with
::::::
respect

to E3
:::
and

:::
E4, E5 yielded a mean shortwave fluxes bias only slightly worse than E4, but

::
and

::::
E6

::::::
further

:::::::
lowered

:::
the

:::::
mean

::::::::
shortwave

::::
flux

::::::::::
differences,

::::::
though at the cost of

::::::
slightly worsening both the mean correlation and the mean RMSE. Likewise,

E6 worsens the mean correlation and RMSE with respects to E4, though it brings the mean difference for longwave fluxes425

close to zero while turning the mean bias for shortwave fluxes negative
::::::
RMSD. However, all three E4, E5 and E6 provides

::::
both

::::::::::
experiments

:::
still

:::::::
yielded better mean correlation and RMSE

:::::
RMSD

:
than both M1 and M2 while providing a better radia-

tive balanceon a decadal basis. Finally,
:
.
::
In

:::
the

::::
case

::
of E7provides comparable results to E4, which means

swapping the old scheme with gas-optics schemes for both shortwave and longwave radiation

has no negativeimpact on
::
E6

:
,
:::
the

:::::
mean

:::::::::
shortwave

::::
flux

:::::::::
difference

:::::
even

::::::
turned

::::::::
negative.

::
In

:::::
other

::::::
words,

::::::
while430

::::::
keeping

:::
the

:::::::
default

::::
0.75

:::::
value

:::
for

:::
fw::

is
:::::
sound

:::
for

::::::::
Belgium,

:::
fw:::::

may
::
be

:::::
tuned

:::
by

:
MARoutputs when it comes to a central

Europe region such as Belgium, with only a marginal improvement for shortwave fluxes and equally marginally worse statistics

for longwave fluxes
::::
users

::
to

:::::
adjust

:::
the

::::::::
radiative

::::::
balance

::
in

:::::::
regions

::::
other

::::
than

::::::::
Belgium.

To extend the analysis of the improved radiative fluxes obtained with
::::::
further

::::::
analyze

::::
the

::::::::
improved

:::::::::
shortwave

:::::
fluxes

:::
of

MAR
::::
v3.14, Table 5 provide seasonal statistics for the daily mean shortwave radiative fluxes for all nine experiments. The435

statistics are produced in the exact
::::::::
calculated

::
in

:::
the same manner as in

::
for

:
Table 4, except that

::
the

:
time series are each time

truncated to only provide values for 3 specific
::::
three

:
months corresponding to each of the 4

:::
four

:
seasons, e.g., December,

January and February (DJF) for winter. On the one hand, these seasonal statistics follow similar trends to those observed in

Table 4, with the mean correlations and root-mean-square errors being almost .
::
In
:::::::::

particular,
:::
the

:::::::::
correlation

::::::::::
coefficients

::::
and

:::
root

:::::
mean

::::::
square

:::::::::
deviations

:::
are always better with ecRad, and especially starting from E3

:::::
except

::::::
during

:::
the

:::::::
summer

:::
for

:::
E1,440

with
::
E2

:::
and

:::
E3:

::::::
during

:::
this

:::::::
season, E4

::
M1 and E7

:::
M2 providing arguably the best seasonal balance

::::::
provide

:::::::::
equivalent

::
or

:::::
better

:::::
results. On the other hand, the seasonal statistics for M1 and M2 show large

::::::::::::
non-negligible seasonal disparities regardless of

tuning the heat fluxes. In the case of M1, i.e. Morcrette with no tuning, the biases are quite good
:::::::::
differences

:::
are

:::::::::
negligible in

spring and autumn but considerable
:::::::::
noticeable in the winter and large

::::::::::
considerable

:
in the summer, with a mean bias

:::::::
positive
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Table 5. Statistics for the shortwave downward
::::::::
shortwave radiative fluxes (daily means) per season for all experiments from Table 3. Again,

statistics are 2-D averages of gridded statistics much like in Table 4, but the covered periods are adjusted to the four seasons.Underlined

statistics correspond to significant biases (i.e., larger than the average seasonal daily standard deviation of the RMIB data).

Radiation scheme Morcrette ecRad

MAR simulation M1 M2 E1 E2 E3 E4 E5 E6 E7

Winter (DJF)

Correlation 0.830
::

0.822 0.830
::

0.822 0.857
::

0.851 0.858
::

0.851 0.853
::

0.846 0.859
::

0.852 0.844
::

0.837 0.850
::

0.843 0.859
:::
0.853

RMSE
:::
RMSD 18.33

::
18.44 19.15

::
19.26 15.72

::
15.79 15.61

::
15.69 15.88

::
15.96 15.58

::
15.68 16.68

::
16.76 16.42

::
16.51 15.56

:::
15.66

Bias
::::
Difference

:
-7.40

::
-7.51 -9.86

::
-9.93 0.29

:
0.21

:
-0.27

::
-0.34 -2.50

::
-2.58 -3.08

::
-3.15 -4.19

::
-4.29 -4.76

::
-4.84 -3.24

:::
-3.31

Spring (MAM)

Correlation 0.894 0.893 0.898 0.898 0.897 0.902 0.894 0.898 0.902

RMSE
:::
RMSD 40.77

::
40.78 40.21 38.71

::
38.70 38.15 37.77 36.40 38.63 37.76 36.39

:::
36.40

Bias
::::
Difference

:
1.41 -7.84 12.16 10.57 4.83

:
4.82

:
0.80

:
0.79

:
0.51

:
0.49

:
-3.38

::
-3.39 0.54

::
0.53

Summer (JJA)

Correlation 0.844 0.843 0.843 0.844 0.847 0.861 0.845 0.859 0.862
:::
0.863

RMSE
:::
RMSD 48.12

::
48.11 43.58 50.20 48.70 44.94

::
44.93 41.27 44.67

::
44.66 41.99 41.04

:::
41.03

Bias
::::
Difference

:
18.78

::
18.77 6.00 29.74

::
29.74 27.50

::
27.49 17.20

::
17.18 8.58

:
8.57

:
12.15

::
12.13 3.84

:
3.82

:
8.14

::
8.12

Autumn (SON)

Correlation 0.905 0.904 0.917 0.917 0.910 0.914 0.904 0.908 0.913

RMSE
:::
RMSD 27.23 26.90 25.62

::
25.61 25.06

::
25.05 24.86 24.17 26.05 25.59 24.19

Bias
::::
Difference

:
-2.35

::
-2.36 -8.16 7.29

:
7.28

:
6.14 -1.33

::
-1.34 -3.64 -4.33

::
-4.35 -6.56

::
-6.57 -4.05

::::
mean

:::::::::
difference

:
of almost +20 Wm−2. While M2 brings down the same mean bias

::::::::
difference to only +6 Wm−2, it is at the445

cost of significantly worsening the spring and autumn biases and making the mean winter bias statistically significant
:::::::::
worsening

::
the

:::::
mean

::::::::::
differences

:::
for

::
all

:::::
three

:::::
other

::::::
seasons. While the two best ecRadsimulations

::::::::::
experiments

:
(E4 and E7) both have a

slightly worse summer bias
::::
mean

:::::::::
difference

::
in

:::::::
summer

:
than M2, at around +8 Wm−2, they provide better statistics for all

other seasons in addition to better mean correlations and root-mean-square errors
:::
root

:::::
mean

::::::
square

:::::::::
deviations for the summer.

In particular, all seasonal mean biases
:::::::::
differences are below 5 Wm−2 in absolute value with the exception of the summer. In450

conclusion, despite the Morcrette simulations
:::::::::
experiments

:
having reasonable mean decadal biases for radiative fluxes

:::::::
radiative

:::
flux

:::::::::
differences

:
in Table 4, the ecRadsimulations

:::::::::
experiments

:
exhibit a better seasonal behaviour.

Shortwave downward flux biases of M1 and M2 (v3.14 with Morcrette) for 2011–2020.

Shortwave downward flux biases of E7 (v3.14 with and ) for 2011–2020. Uccle location is given for Sect. 5.

Finally, Figures 5 and 6 illustrate the spatial variability of the shortwave fluxes biases
::::
mean

:::::::::
shortwave

:::
flux

::::::::::
differences over455

Belgium during 2011–2020 for three of our nine simulations
::::::::::
experiments: M1 and M2 (Fig. 5), and E7 (Fig. 6), respectively.

:
It
::
is
::::::
worth

:::::
noting

::::
that

:::
the

::::::
spatial

:::::::::
variability

::
of

:::
the

:::::
mean

:::::::::
shortwave

::::
flux

:::::::::
differences

:::
in

::
all

:
ecRad

::::::::::
experiments

::
is

:::::::
roughly

:::
the

:::::
same,

::::::
though

:::
the

:::::::::
differences

::::::::
decrease

:::::
along

::::
with

:::
the

:::::::::::
experiments,

::::
with

:::
E4

::::::::
providing

::::::
nearly

:::::::
identical

::::::
results

::
to

:::
E7.

:
Figure 5

further demonstrate that the old MAR configuration struggles to provide balanced shortwave biases
::::::
produce

::
a

::::::::
grid-wide

:::::
mean

::::::::
difference

:::::
close

::
to

::::
zero, regardless of tuning the heat fluxes, featuring

:
.
::::::
Indeed,

:::
M1

:
,
:::
the

:::::::::
simulation

::::::
without

::::::
tuning

:::
the

::::::
output460

:::::
fluxes,

::::::::
produced

:
an overwhelming majority of positive biases without tuning

::::::::::
differences,

:::::
while

:::
M2,

::::::
which

:::::
tuned

:
the output

fluxesand
:
,
:::::::
achieved

:
the opposite resultwith tuning. Figure 6, on the other hand, shows that MAR v3.14 running with the best

configuration of ecRad offers low biases
::::::::
differences

:
for most of the Belgian territory with a good balance between positive and

negative biases
:::::
while

::::::::
achieving

:
a
::::::::
grid-wide

:::::
mean

:::::::::
difference

::
of

::::
only

:::::
+0.35

:
Wm−2. Only the southern tip of Belgium exhibits

larger positive biases
::::::::
differences

:
with E7, though all three maps shown in Fig. 5 and Fig. 6

:::::::::
simulations

:
exhibit their highest465

biases
:::::::::
differences

:
in that area.
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(a) M1 (no output tuning)
Mean: +2.63 Wm−2
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(b) M2 (with output tuning)
Mean: −4.95 Wm−2

Figure 5.
::::
Mean

::::::::
shortwave

:::
flux

:::::::::
differences

::
of

::
M1

::
and

:::
M2 (MAR

::::
v3.14

::::
with

::::::::
Morcrette)

:::
for

:::::::::
2011–2020.

Uccle
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Figure 6.
::::
Mean

::::::::
shortwave

::::
flux

::::::::
differences

::
of

:::
E7

:
(MAR

::::
v3.14

::::
with ecRad

::
and

:
ecCKD

:
)
::
for

:::::::::
2011–2020.

::::::::
Grid-wide

:::::
mean

:::::::
difference

::
is

:::::
+0.35

Wm−2.
:::::
Uccle

::::::
location

::
is

::::
given

:::
for

::::
Sect.

:
5.

4.3 Impact of ecRad on MAR computational performance

To evaluate the cost of all code changes in MAR presented in this paper, the impact on execution time of running MAR with the

ecRad radiation scheme instead of the Morcrette scheme should also be assessed. To do so,
:::
four

::::::::::::
representative

::::::::::::
configurations

::
of the MAR model has been run several

::::
have

::::
been

::::
run

:::::::
multiple times for a whole day with the Belgium grid (cf. Sect. 4.1) on470

the same machine. Four configurations have been tested: the first is v3.14

:::
The

::::
first

::::::::::::
representative

:::::::::::
configuration

::
is

:::
M2

:::
(cf.

:::::
Table

:::
3),

::::::
which

:::::::
accounts

:::
for

::::
both

::::::::::
simulations

:::::::
running

:
with the Morcrette

schemeand the heat fluxes tuning (
:
,
::
as

:::
the

::::
heat

::::
flux

::::::
tuning

:::::::::
mechanism

::
is
:

assumed to have a negligible computational cost),

equivalent to M2 in Table 3, while the three other configurations all use with the configuration changes that are the most likely

to impact performance. The first configuration is equivalent to .
::::
The

::::::
second

:::::::
assessed

:::::::::::
configuration

::
is E1, i.e.,

::::::::::::
corresponding

::
to475

::
the

::::::::
simplest ecRadembedded in without the adjustments of

:::::::::::
configuration

::::::::
evaluated

::
in Sect. 3 and as the gas-optics scheme. The

second
:::
4.2.

::::
The

::::
third

::::
one

::
is

:::
E4,

::::::
which

:::::::
accounts

:::
for

:
ecRadconfiguration corresponds to

:::::::::::
configurations

:::::::
ranging

::::
from

:
E2 and

::
up

::
to

:::
E6

:
,
::
as

::
all

::::
five

::::::::::::
configurations adds the three extra pressure layers on top of the grid before calling to approximate

:::::
during
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Table 6. Relative increases
:::::
changes

:
in time elasped while calling

::::
during

:
ecRad

::::
calls with various configurations w.r.t. the

:::::
respect

::
to
:
Morcrette

scheme
::::
calls, both in MAR v3.14,

:::
for

::::::
various ecRad

:::::::::::
configurations.

:::
The

:::
M2

::::::::::
configuration

:::
was

::::
used

::
to

:::::
assess

::
the

::::::::::
performance

::
of

::::::::
Morcrette

:::::
scheme. Based on a single day of simulation (24 calls of radiation scheme) and using an increasing number of CPUs, with 5 repetitions.

Relative change with

Relative change with 4 CPUs 8 CPUs 12 CPUs Average

Timed element
::
Sim.

: ::::
Accounts

:
for
:

ecRad MAR ecRad MAR ecRad MAR ecRad MAR

, , no stratospheric layers
::
E1

:
E1 +32.96

::
32.9% +2.05

:
2.0% +45.88

::
45.8% -2.64

::
-2.6% +47.93

::
47.9% -1.92

::
-1.9% +42.25

::
42.2% -0.83

::
-0.8%

, , stratospheric layers
:
E4

:
E2 to

::
E6 +45.40

::
45.4% -0.28

::
-0.2% +69.90

::
69.9% +5.49

:
5.4% +66.56

::
66.5% +5.50

:
5.5% +60.62

::
60.6% +5.35

:
5.3%

, , stratospheric layers
:
E7

:
E7 +11.48

::
11.4% +1.45

:
1.4% +30.88

::
30.8% -1.46

::
-1.4% +36.33

::
36.3% -0.80

::
-0.8% +26.23

::
26.2% -0.27

::
-0.2%

:::::::
radiation

::::::::::
calculations

::
to

:::::::
account

:::
for

:::
the

::::::
spectral

::::::
effects

::
of

:
the stratosphere (cf. Sect. 3.2), therefore slightly increasing the grid

size. Finally, the last configuration assessed for performance corresponds to E7, i. e. , v3.14 with , the additional pressure480

layers and the high resolution gas-optics schemes. Indeed, changing the gas-optics schemes used by
::::
Table

:::
3).

:::
The

::::::::::
differences

:::::::
between

::::
these

::::::::::::
configurations

::
lie

::
in
:::
the

::::::
choice

::
of

:::
the

:::::
cloud

::::::
fraction

::::::::::::::
parameterization

::::
and

::
the

:::
fw:::::::::

parameter.
:::
On

:::
the

:::
one

:::::
hand,

:::
the

:::::::::::
computational

::::
cost

::
of

:::::
each

:::::
cloud

::::::
fraction

::::::::::::::
parameterization

::::
was

:::::::::
considered

::
to

:::
be

:::::::::
negligible,

::
as

::::
each

::::::::::::::
parameterization

:::::::
consists

::
of

:::::::
applying

::
a
::::::
single

:::::::
formula

::
on

:::::
each

::::
grid

:::
cell

::::
(cf.

::::
Sect.

:::::
3.3).

::::
On

:::
the

:::::
other

:::::
hand,

:::
the

:::
fw::::

was
:::::::
lowered

::
to

:::
0.5

:::
in

::::
only

::::
two

::::::::::::
configurations,

::::
none

::
of

::::::
which

::::
were

:::::::
retained

::
as

:::
the

::::
best

::::::::::::
configurations

::
of ecRadhas a non-negligible impact on performance as485

::
in MAR

:::
(cf.

:::::
Sect.

::::
4.2).

::::::
Finally,

:::
we

:::
also

::::::::
assessed

:::
the

:::
E7

:::::::::::
configuration

:::::
since

::
the

:
ecCKD schemes are meant to be computationally

efficient.
::::
more

:::::::
efficient

::::
than RRTM-G

::::
(used

:::
by

:::
all

::::
other

:
ecRad

::::::::::::
configurations)

::::
due

::
to

::::
their

::::::
smaller

:::::::
number

::
of
:::::::::

“g-points”
::::

(cf.

::::
Sect.

::::
4.1).

:

All four configurations have been run on the exact same machine with an increasing number of CPUs (4, 8 then 12 CPUs).

At each MAR run, the overall execution time was measured with the time command of Linux while the calls to the radiation490

scheme were individually timed with the help of the system_clock native Fortran function. To mitigate the randomness of

the experiments, notably induced by the varying I/O cost of reading files on disk, each scenario, defined by a configuration and

a number of CPUs, has been repeated a total of five times. All recorded times (overall MAR time and ecRad calls) were then

averaged for each scenario. Table 6 provides the relative changes in execution time between the ecRad configurations and the

Morcrette configuration
:::::::::::
configurations, for each number of CPUs used and on average.495

Table 6 shows that running MAR v3.14 with ecRad rather than Morcrette has barely an impact on the overall execution time,

the difference ranging from -1.92
::
in MAR

::::
times

:::::::
ranging

::::
from

::::
-1.9

:
to +5.5%, despite the time elasped during .

::
In

::::::::
practice,

:::
the

::::
time

::::::
elapsed

::::::
during

::::::::
individual

::::::::
radiation

::::
calls

::::
was

:::::
below

:::
the

:::::::
second

::
in

::
all

:::::::::::
experiments,

:::::::::
regardless

::
of

:::
the

:::::::
radiation

::::::::
scheme.

::
In

::::
other

::::::
words,

::::
even

::
if
:
ecRad calls being

::
are

:
up to +70% longer compared to Morcrette calls. In particular, the average relative

change in total time turned to be negative for two of the three configurations during our tests, suggesting the extra cost of500

running rather than Morcrette is negligible enough to be compensated by the random variation in
:::
than

:::::::::
Morcrette

:::::
calls, the

execution timeof
::::
extra

::::
time

::
is

::::::::
negligible

:::::::::
compared

::
to

::
the

::::
time

:::::::
elapsed

::::::
during

:::
I/O

:::::::::
operations

::::
(e.g.

::::::
reading

::::
files

::
on

:::::
disk),

::::::
which

::::
vary

::::::::
randomly

:::
and

::::
have

::
a

::::::
greater

:::
cost

:::
on MARas a whole.

::::::
overall

::::
times

::
in
::::
our

::::::::::
experiments.

:::::::
Indeed,

::
all

::::
lines

::
in
:::::
Table

::
6

::::::
feature

:
at
:::::
least

:::
one

:::::::
negative

:::::::
relative

::::::
change

:::
for

:::
the

::::::
overall MAR

::::
time,

::::::::
regardless

::
of

:::
the

::::::::
assessed

:::::::::::
configuration.

:
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:::
The

:::::::
varying

:::::::
duration

::
of ecRad calls lasting

::::::::
evidenced

:::
by

::::
Table

::
6

:::::::
deserves

:::::
some

::::::::::
commentary.

::
In

:::
all

::::::::::::
configurations, ecRad

::::
calls505

:::
last longer than Morcrette callsmay

:
.
:::
The

::::::
longer

:::::::
duration

:::
of ecRad

::::
calls

:::
can

:
be attributed to the increased spectral resolution

(Morcrette uses
::::::
several

::::::
factors.

:::::
First

::
of

:::
all,

::
all

:
ecRad

::::::::::::
configurations

::::
have

:
a
::::::
higher

:::::::
spectral

::::::::
resolution

:::
for

:::::::::
shortwave

::::::::
radiation

:::
than

::::
the

::::::::
Morcrette

::::::::::::
configurations

::::::
(using only 6 bands for shortwave radiation

::::::
spectral

::::::
bands, cf. Sect. 2.1)as well as to the

:
.

::::::
Second,

:::
all ecRad

::::::::::::
configurations

::::
deal

::::
with additional physical processesconsidered by , such as the longwave scattering

:::::
effect

of clouds and aerosols , which is always enabled in (cf. Sect. 3.4).510

Table 6 also shows there are non-negligible differences for radiation calls across the three
::::
Last

:::
but

:::
not

:::::
least,

::::
with

::::
the

::::::::
exception

::
of

:::
E1

:
,
:::
all

:
ecRad configurations . Unsurprisingly, the largest increase occurred after adding the pressure layers

approximating the stratosphere. By contrast, after swapping the
::::
take

::::::
account

::
of
:::::
three

::::::::
additional

:::::::
pressure

::::::
layers

:::::
during

::::::::
radiation

::::::::::
calculations

:::
(cf.

:::::
Table

::
3).

::::
This

:::::::
addition

:::::
alone

:::::::
explains

:::
the

::::::
longer ecRad

::::
calls

::
of

:::
E4

:::
with

::::::
respect

::
to
:::
E1

:
in
:::::
Table

::
6.
:

::::::::
Hopefully,

:
ecRad

::::::::::
performance

:::
can

::
be

::::::::
improved

:::
by

::::::::
replacing RRTM-Gscheme with ecCKD gas-optics schemes, calls became515

only +26% longer on average than Morcrette calls, even with the extra pressure layers and the additional simulated physical

processes. The performance of
::
as

:::::::::::
demonstrated

:::
by

:::
the

:::
E7

:::
line

::
in

:::::
Table

:::
6:

:::
E7

:::::::::::
systematically

::::::::
provided

:::
the

:::::::
shortest

:
ecRad

calls may be further improved by using
:
in
:::

all
:::::::::::
experiments.

::::
This

:::
can

:::
be

::::::::
attributed

:::
the

:::::
lower

:::::::
number

:::
of

:::::::
g-points

::::
used

:::
by

:::
the

ecCKDgas-optics schemes featuring less spectral intervals than the schemes used for this research, i.e., the current shortwave

gas-optics scheme, featuring
:::::::
models:

:::
the

:::
two

:
ecCKD

::::::
models

::::
used

::
by

:::
E7

:::::
feature

:
96 spectral intervals, may be replaced with a520

comparable scheme with
:::
such

:::::::
g-points

::
in

:::
the

::::::::
shortwave

::::
and 64 spectral intervals for improved performance

::
in

:::
the

:::::::::
longwave,

::::
while

:
RRTM-G

:
in

:
ecRad

:::
uses

::::::::::
respectively

::::
112

:::
and

::::
140

:::::::
g-points. In conclusion, running MAR v3.14 with the ecRad radiation

scheme has practically no extra cost, especially when ecCKD gas-optics schemes are preferred over RRTM-G.

5 Assessment of spectral shortwave fluxes

5.1 Methodology525

From the additional functionality within ecRad and ecCKD gas-optics models, MAR v3.14 is capable of producing fine surface

spectral shortwave downward
::::::::
downward

:::::::
spectral

:::::::::
shortwave

:
fluxes with user-defined spectral bands, provided the ecCKD

algorithm has pre-computed a gas-optics model with a resolution high enough to accommodate the user’s bands. As shortly

discussed in Sect. 2.2, such a feature offers new research opportunities for the MAR model, and we hereby demonstrate its

potential by both evaluating spectral shortwave fluxes produced by MAR v3.14 and using the same fluxes for predicting UV530

indices.

The UV index is a simple metric designed to inform the public about how much harmful ultraviolet radiation reaches the

Earth’s surface at a given time, as high doses of ultraviolet radiation at specific wavelengths can damage the human skin (WHO,

2002). UV indices below 6 correspond to low to moderate risks, while the 6–7 and 8–10 ranges correspond respectively to high

and very high risks, with 11 and more, though rare, amounting to extreme danger (WHO, 2002). UV indices are typically535

obtained by integrating surface downward ultraviolet radiative fluxes in Wm−2 on the 250–400 nm spectral range while

weighting them by the action spectrum for erythema, i.e.
:
, a redness of the skin that can be induced by solar radiation, as
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defined by ISO/CIE (1999). In particular, this spectrum gives more weight to the 250–328 nm range. Given the CIE action

spectrum ser(λ), which returns a weight given a wavelength λ expressed in nm, the UV index IUV is defined as

IUV = 40×
400∫

250

ser(λ)fsw(λ)dλ (4)540

where fsw(λ) denotes the surface downward shortwave radiative flux in Wm−2 at a given wavelength λ in nm and where the

product ser(λ)fSW (λ) is also called the erythemal irradiance (McKenzie et al., 2014).

To both evaluate the spectral fluxes produced by MAR v3.14 and use them to predict UV indices, the BISA
:::::
Royal

:
B

:::::
elgian

I
::::::
nstitute

:::
for

:
S

:::
pace

:
A

:::::::
eronomy,

:::
or

:::::::::::
BIRA-IASB

:::
(for

::::::::::
Koninklijk

:::::::
Belgisch

::::::::
Instituut

::::
voor

::::::::::::::::
Ruimte-Aeronomie

::
–
:::::::

Institut
:::::
royal545

::::::::::
d’Aéronomie

:::::::
Spatiale

:::
de

::::::::
Belgique

:
), provided us with spectral measurements captured by a spectrometer at Uccle observatory

(50.797
:
° N, 4.357

:
° E, cf. Fig. 6) from late June 2017 to December 2020. These measurements, given in mWm−2 nm−1,

cover the 280–500 nm spectral range with a step of 0.5 nm and have been captured every 15 minutes during daytime. They are

not continuous across the covered period, as they have been sporadically interrupted, and as a few days had to be omitted due to

calibration issues. The 280–500 nm range covers both the UV-A and UV-B ranges (Tobiska and Nusinov, 2006), and most of550

the range covered by the CIE action spectrum for erythema, i.e. 250–400 nm (ISO/CIE, 1999); note that virtually no radiation

in the range 250–280 nm penetrates to the surface due to being completely absorbed by ozone (Hogan and Matricardi, 2020).

The spectrometer also covers a third of the Photosynthetically Active Range (PAR), defined as 400–700 nm.

To compare MAR v3.14 with the spectral observations from Uccle, the simulation E7
:::::::::
experiment from Table 3 (Sect. 4.1),

running ecRad with high resolution ecCKD gas-optics models, has been configured to also produce hourly spectral shortwave555

fluxes in Wm−2. ecRad maps the surface spectral fluxes from internal shortwave bands (determined by the ecCKD gas-optics

model in use) to user-specified output bands, assuming that the optical properties of the atmosphere are constant across each

internal shortwave band. Therefore, the spectral distribution of radiation within each band is proportional to the incoming solar

spectrum at top of atmosphere. This means that if the user requests much finer spectral output than is resolved internally, the

spectral outputs may not be accurate, even though they will integrate to the same broadband shortwave flux.560

In our case, the
::
we

:::::::::
configured

::
a
::::
total

::
of

:::
29 output spectral bands we defined in our E7 simulation are virtually the same as

the internal spectral bands used in
::::::::::
experiment:

::
14

::::::::::
consecutive

:
5
:
nm

::::
wide

:::::
bands

:::::::
covering

:::
the

::::::::
280–350 nm

:::::
range

::::
(i.e.,

::::::::
280–285,

::::::::
285–290,

::::::::
290–295,

::::
etc.),

::::
and

::
15

::::::::::
consecutive

:::
10

:
nm

::::
wide

:::::
bands

:::
for

:::
the

::::::::
350–500 nm

:::::
range.

:::::
These

:::::
bands

:::
are

::::::
almost

:::::::
defined

::::::::
identically

::::::
among

:::
the

:::
44

::::::
spectral

::::::
bands

::::
from the 96 g-points ecCKD model for shortwave radiation used by E7 (cf. Sect. 4.1),

and therefore
:
.
:::
As

:
a
:::::
result,

:::::
there

::
is

:
no significant error is incurred by the mapping . The spectral bands of E7 cover the same565

spectral range as the Uccle data, i.e. 280–500 , and consist of 14 consecutive bands of 5 covering the 280–350 range and

15 consecutive bands of 10 for the 350–500 range. The
::::::
between

:::
the

:
ecCKD

::::::
spectral

:::::
bands

::::
and

:::
the

::::::::
requested

:::::::
spectral

::::::
bands.

::::::::
Moreover,

:::
the

:
14 first bands cover each a smaller range to ensure the UV-B range and the lower part of the UV-A range are

well captured enough for UV index prediction, with the part of the CIE action spectrum having the most impact on UV indices

ranging approximately from 280 to 310 nm (McKenzie et al., 2014).570
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Table 7. Evaluation statistics of MAR spectral shortwave downward fluxes for each spectral band defined in Sect. 5.1, compared to daytime

measurements recorded at Uccle between late
:::
June

:
2017 and December 2020 that were numerically integrated on the same spectral bands.

The Mean Uccle columns provide the mean and standard deviation of the latter. Only common dates and hours are compared.
:::
The

:::::
values

:::
for

::
the

:::
first

::::
two

::::
bands

:::::
(gray)

:::
are

::::::::
considered

::
as

::::
noise

::::::
because

:::
the

::::::::::
spectrometer

:
is
::::::
unable

::
to

::::::
measure

:::::
fluxes

:::::
below

::::
10−3 mWm−2 nm−1

:
,
:::::
which

::::::
amounts

::
to

:::::::
5× 10−6

:
Wm−2

::
for

:
a
::
5 nm

::::
wide

::::
band.

Band Mean Uccle Corr. RMSE Bias Band Mean Uccle Corr. RMSE Bias

nm W m−2 / W m−2 W m−2 nm W m−2 / W m−2 W m−2

280–285 7.2e−8
::::
7.2e−8 ± 1.3e−7

:::::
1.3e−7 -0.02 1.5e−7

::::
1.5e−7 −7.2e−8

:::::
−7.2e−8 360–370 1.46 ± 1.67 0.91 0.80

::
0.78 +0.16

::
0.12

285–290 5.5e−8
::::
5.5e−8 ± 1.2e−7

:::::
1.2e−7 0.00 2.8e−7

::::
2.8e−7 +1.9e−8

::::
2.0e−8 370–380 1.52 ± 1.74 0.91 0.86

::
0.84 +0.20

::
0.16

290–295 7.6e−6
::::
7.6e−6 ± 2.4e−5

:::::
2.4e−5 0.83 1.7e−5

::::
1.7e−5 −4.3e−6

:::::
−4.3e−6 380–390 1.39 ± 1.60 0.91 0.79

::
0.77 +0.17

::
0.14

295–300 5.5e−4
::::
5.5e−4 ± 1.3e−3

:::::
1.3e−3 0.89

::
0.90 6.7e−4

::::
6.7e−4 −1.7e−4

:::::
−1.7e−4 390–400 1.68 ± 1.93 0.91 0.90

::
0.89 +0.14

::
0.09

300–305 0.01 ± 0.02 0.92 8.6e−3
::::
8.7e−3 −2.4e−3

:::::
−2.5e−3 400–410 2.49 ± 2.87 0.91 1.48

::
1.45 +0.38

::
0.32

305–310 0.05 ± 0.08 0.93 0.03 −6.5e−4
:::::
−1.4e−3 410–420 2.67 ± 3.07 0.91 1.43

::
1.40 +0.16

::
0.10

310–315 0.14 ± 0.19 0.93 0.07 −1.3e−3
:::::
−4.0e−3 420–430 2.53 ± 2.91 0.90 1.46

::
1.43 +0.31

::
0.25

315–320 0.22 ± 0.29 0.93 0.12
:

0.11
:

+0.01
::::
6.3e−3 430–440 2.60 ± 2.99 0.90 1.45

::
1.42 +0.23

::
0.17

320–325 0.32 ± 0.39 0.93 0.17
:

0.16
:

+0.03
::
0.02 440–450 3.04 ± 3.51 0.90 1.71

::
1.68 +0.28

::
0.21

325–330 0.52 ± 0.61 0.92 0.25
:

0.24
:

+0.01
::::::
−7.4e−4 450–460 3.26 ± 3.75 0.90 1.89

::
1.85 +0.35

::
0.27

330–335 0.53 ± 0.61 0.92 0.28
:

0.27
:

+0.06
::
0.05 460–470 3.30 ± 3.79 0.90 1.86

::
1.83 +0.28

::
0.21

335–340 0.54 ± 0.62 0.92 0.29
:

0.28
:

+0.07
::
0.05 470–480 3.32 ± 3.84 0.90 1.92

::
1.89 +0.32

::
0.24

340–345 0.58 ± 0.66 0.92 0.32
:

0.31
:

+0.08
::
0.06 480–490 3.23 ± 3.74 0.90 1.84

::
1.81 +0.24

::
0.17

345–350 0.58 ± 0.67 0.92 0.32
:

0.31
:

+0.07
::
0.06 490–500 3.09 ± 3.56 0.90 1.88

::
1.84 +0.40

::
0.33

350–360 1.24 ± 1.42 0.92 0.68
:

0.66
:

+0.16
::
0.13 280–500 40.31 ± 46.29 0.91 22.29

:::
21.82 +4.09

::
3.14

5.2 Evaluation of spectral fluxes at Uccle

To evaluate the spectral shortwave fluxes of the E7 MAR v3.14 simulation, we post-process the BISA
::::::::::
BIRA-IASB

:
spectral

data from Uccle observatory into a format suitable for direct comparison. This post-processing is done in two steps. The first

step consists of numerically integrating the BISA
::::::::::
BIRA-IASB data on the spectral bands we defined on the 280–500 nm

range in E7. Given Usw(λ), a raw spectral observation from Uccle at the λ wavelength (by steps of 0.5 nm) and given in575

mWm−2 nm−1, the numerical integration Iλmin,λmax
on the MAR spectral band λmin–λmax nm in Wm−2 is given by

Iλmin,λmax
=

N∑
i=0

Usw(λmin +0.5× i)

1000
× 0.5 (5)

where N is (λmax−λmin)×2−1. Once all Uccle measurements have been numerically integrated on our 29 spectral bands, the

second step simply consists of aggregating the resulting spectral bands for a given date and hourly slot and compute the hourly580

average flux per band in Wm−2. Doing so, the post-processed Uccle data has both the same temporal and spectral resolution

as the MAR spectral fluxes. Finally, it should be noted that, upon calling a radiation scheme for a given hour, MAR prepares

the cosine of the solar zenith angle at the half-hour to get representative fluxes for the hourly slot. Therefore, to guarantee

sunrise and dusk happen at the same time in both datasets, the Uccle times were shifted by half an hour just before computing

the hourly average spectral fluxes.585

We then compare the time series of spectral shortwave downward fluxes (produced by E7) from the MAR grid cell en-

compassing the geographical coordinates of Uccle with the post-processed Uccle data. Since the latter is not a completely
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Figure 7. Mean and standard deviation of the spectral shortwave fluxes derived from Uccle observations (June 2017 to December 2020, day-

time only) and from MAR v3.14 (E7 from Table 3). The X-axis gives the wavelengths while the Y-axis gives the fluxes in mWm−2 nm−1
:
.

:::
The

::::
mean

:::
and

:::::::
standard

:::::::
deviation

::
of

::::
each

:::
band

::::
from

::::
both

::::::
sources

::::
were

:::::::
computed

:::
on

:
a
::::
total

::
of

::::
11848

:::::::::
comparable

::::
time

::::
steps.

continuous time series and consists exclusively of diurnal
:::::::
daylight measurements, the former has been truncated to only fea-

ture common hours. As a consequence, nocturnal time steps from MAR are omitted from our evaluation. Table 7 provides, for

each spectral band, the mean and standard deviation of Uccle fluxes in Wm−2 followed by the correlation, root-mean-square590

:::
root

:::::
mean

::::::
square

:
error (RMSE) and bias of the MAR spectral fluxes for the same band. To visually compare our spectral

fluxes to the post-processed Uccle data, Figure 7 plots the mean and standard deviation for each MAR spectral band for both

the post-processed Uccle spectral observations and MAR spectral fluxes, in function of the wavelength and re-expressed in

mWm−2 nm−1 to ensure the shapes of the averages
::::::
average curves match with the magnitudes of the solar radiation reaching

Earth’s surface.595

Table 7 and Fig. 7 both demonstrate a strong correlation between the daytime observations from Uccle and the (daytime)

spectral outputs of our E7 simulation. Only the first two spectral bands have a near-zero
::::
near

::::
zero correlation, but this can be

attributed to the extremely low values recorded by the spectrometer between 280 and 290
::::::::::
spectrometer

:::::
being

::::::
unable

::
to

::::::
record

:::::
fluxes

:::::
below

:::::
10−3 mWm−2 nm−1

:
,
:::::
which

:::::::
amounts

::
to

::::::::
5× 10−6 Wm−2

::
for

:
a
::
5 nm

::::
wide

:::::
band. As such, they

::
the

:::::::
spectral

:::::
fluxes

:::::::
recorded

:::::::
between

:::
280

::::
and

:::
290

:
nm may be considered as noise rather than proper measurements

:::
real

::::::::::
observations. Starting from600

290 nm, MAR spectral fluxes start to correlate well with the post-processed Uccle observations, the correlation rising to 0.93

at the end of the UV-B range, which ends at 315 nm (Tobiska and Nusinov, 2006). Starting from 315 and until 500 nm, the

correlations remain strong but the biases and root-mean-square
:::
root

:::::
mean

::::::
square

:
errors rise along the mean Uccle spectral

fluxes. Figure 7 highlights this very well, as it simultaneously depicts a nearly perfect match between the MAR spectral fluxes

and the post-processed Uccle fluxes for the UV-B range (280–315 nm) and consistently positive biases of MAR spectral fluxes605

for the rest of the spectrum, though these biases always stay below 50 (or mWm−2 nm−1
::::::
(which

:::::::
amounts

::
to

:
0.5 Wm−2 for

a spectral band of 10 nm).
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(a) Cloudy in both MAR and CM SAF

(4902 time steps compared)
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(b) Cloudy only in CM SAF

(1360 time steps compared)

Figure 8.
::::
Mean

:::
and

:::::::
standard

:::::::
deviation

::
of

:::
the

::::::
spectral

:::::::
shortwave

:::::
fluxes

::::::
derived

::::
from

::::
Uccle

::::::::::
observations

::::
(June

::::
2017

::
to
::::::::
December

:::::
2020)

:::
and

:::
from

:
MAR

::::
v3.14

:
(
::
E7

:::
from

:::::
Table

::
3)

::::
after

::::::
filtering

::
the

::::
data

::
to

::::
only

:::
keep

::::::
cloudy

::::
days.

::
A

:::
day

::
is

::::::
deemed

:::::
cloudy

::::
when

:::
the

::::
daily

::::::
average

:::::
cloud

::::
cover

::::
(from

:::::
either MAR

:
or

:::
the

:::::
hourly

:::
CM

::::
SAF

:::::
binary

::::::::
cloudiness

:::::
mask)

:
is
::::::

greater
:::
than

::::
0.7.

Mean and standard deviation of the spectral shortwave fluxes derived from Uccle observations (June 2017 to December

2020) and from v3.14 (E7 from Table 3) after filtering the data to only keep cloudy days (daily mean cloud cover above 0.7)

according to .610

The consistent biases of our E7 simulation
::::::::
experiment

:
in the 315–500 nm range may be explained by an underestimated

cloudiness in MAR. On the one hand, post-processed Uccle observations may be impacted by cloud cover variations occurring

within a same hourly slot, while the
::
To

:::::::::
investigate

:::::
these

::::::
biases,

:::
we

:::::
assess

:
MAR

::::::::
cloudiness

::::
with

:::
the

::::
help

:::
of

:
a
::::::
hourly

::::::
binary

::::::::
cloudiness

:::::
mask

::::
(i.e.,

::
1
:::
for

:
a
::::::
cloudy

::::
sky,

:
0
:::::::::
otherwise)

::::
over

:::::
Uccle

:::
for

:::
the

::::::::::
2017–2020

:::::
period

:::::
from

:::
the

::::::::
CLAAS-3

:::::::
dataset

::
of

:::
the

::::::::::
EUMETSAT

:::::::
Satellite

::::::::::
Application

:::::::
Facility

::
on

:::::::
Climate

::::::::::
Monitoring

::::
(CM

:::::
SAF)

::::::::::::::::
(Benas et al., 2023).

:::
To

:::
find

::::
days

::::
that

:::
are

::::::
cloudy615

::
in

::::
both MAR

:::
and

:::
the

:::
CM

:::::
SAF

:::::::::::
observations,

:::
we

:::
use

:::
the

:::::
daily

:::::
mean

::::
total

:::::
cloud

:::::
cover

:::::::
variable

::
of

:::
the

:::::::
former,

::::::::
restricted

::
to

:::
the

:::
grid

::::
cell

::::::
closest

::
to

::::::
Uccle,

:::
and

:::::::
compute

:::::
daily

::::::
means

::
of

:::
the

::::::
binary

::::
mask

:::::
from

:::
the

:::::
latter.

:::
We

::::
then

:::::
filter

::::
both

::::
time

:::::
series

::
to

::::
find

::::
days

:::::
where

::::
both

:::
the

:
MARmodel predicts cloud fraction values for a whole hourly slot before calling the radiation scheme.On

the other hand, as evidenced by our evaluation of physical variables in Sect. 4.2, there remain seasonal biases for shortwave

downward fluxes, even with our best configurations. In particular, large positive biases were obtained during the summer by all620

of our simulations, even while comparing daily averages of shortwave fluxes, which may be due to underestimated cloudiness

during this season. One way to test this cloudiness hypothesis consists of filtering our time series of spectral fluxes to only

keep the time steps from cloudy days according to our E7 simulation, i.e., when the daily mean cloud cover is
:::
and

:::
the

::::
CM

::::
SAF

::::
daily

:::::
mean

:::::
cloud

:::::
cover

:::
are

:
above 0.7.

::::
Using

:::
the

:::::
same

::::
time

:::::
series

::::
and

:::
the

::::
same

::::::::
threshold

:::::::
values,

::
we

::::
also

::::
find

::::
days

::::
that

::
are

::::::
cloudy

::
in
:::
the

::::
CM

::::
SAF

:::::::::::
observations,

:::
but

::::
only

:::::
partly

::::::
cloudy

:::
or

::::
clear

::
in

:
MAR

:
.625

Figure 8 plots the mean and standard deviation for each spectral band
::
we

:::::::
defined in the 280–500 nm range

:
, in the same

manner as Fig. 7, but only using cloudy days according to
:::
after

:::::::
filtering

:::
the

::::
data

:::
on

:::
the

:::::
basis

::
of

:::
the

::::::::::::::
aforementioned

:::::
cloud

::::
cover

::::
time

::::::
series.

::
In

:::
the

::::
left

:::::
figure,

:::
the

:::::::
spectral

:::::::::::
observations

:::
and

::::::::::::
corresponding

:
MAR. Naturally, this changes the magnitude

of the average fluxes, the highest means dropping from around 350 to only slightly above 220 . However, in these conditions,
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the agreement between the spectral fluxes and
:::::
fluxes

:::
are

::::::::
restricted

:::
to

::::
days

:::::::
deemed

::::::
cloudy

:::
by

::::
both

:::
the

:
MAR

:::::
model

::::
and

:::
the630

::::
SAF

:::::::::::
observations.

::
In

:::
the

::::
right

::::::
figure,

::
on

:::
the

::::
other

:::::
hand,

:::
the

:::::::
spectral

::::::::::
observations

::::
and MAR

::::
fluxes

:::
are

::::::::
restricted

::
to

::::
days

::::
that

:::
are

:::::
cloudy

:::
in

:::
the

::::
SAF

::::::::::
observations

::::
but

:::::
partly

::::::
cloudy

::
or

::::
clear

:::
in MAR.

::::::
When

:::
the MAR

:::::
model

::
is

::
in

:::::::::
agreement

::::
with

:::
the

:::
CM

:::::
SAF

:::::::::::
observations,

:::
the

:::::::
spectral

:::
flux

::::::
biases

::
of

:::
the

::::::
former

:::::::
become

:::::::::
negligible

::
in

:
the post-processed Uccle measurements improves,

the largest biases dropping below 25 with the differences in standard deviation dropping below 50 . This suggests the biases

:::::::
280–400

:
nm

:::::
range,

:::
and

::::
only

:::::::::
noticeable

::::::
within

::::::
specific

:::::
bands

:::::::
beyond

:::
the

:::
400

:
nm

::::::::::
wavelength.

::::::::::
Conversely,

:::::
when MAR

:::::
deems635

:
a
:::
day

::
as

::::
less

::::::
cloudy

::::
than

:
it
::
is

::
in

:::
the

:::
CM

::::
SAF

:::::::::::
observations,

:::
the

::::
bias

:::
can

::::
rise

::
to

:::::
almost

:::::
+100 mWm−2 nm−1

::::::
towards

:::
the

::::::
higher

::::::::::
wavelengths

::
as

::
a

::::::::::
consequence

:::
of

:::
the

::::::::::::
underestimated

::::::::::
cloudiness.

::
In

:::::
other

::::::
words,

::
for

::
a
:::::
single

:::
10 nm

::::
wide

:::::
band,

:::
the

:::
bias

:::::
from

MAR
::
can

::::
rise

::
to

::::::
almost

::
+1

:
Wm−2.

:

:::
The

:::::
large

:::::::
spectral

:::
flux

::::::
biases

::::::::::
highlighted

::
by

::::
Fig.

::
8
:::
are

:::::
partly

:::::::::
mitigated in Fig. 7may be due to a non-negligible ,

::::::
where

::
all

:::::::
spectral

:::::::::::
observations

:::
are

:::::::::
considered,

::::
due

::
to

:::
the

:
number of time steps where the cloud clover was weaker in MARthan it640

was in reality
:
is
::
in
::::::::::::
disagreement

::::
with

:::
the

::::
CM

::::
SAF

::::::::::
observations

:::::::
making

:::
up

:::
less

::::
than

::::
10%

:::
of

:::
the

::::
total

:::::::
number

::
of

::::::::::
comparable

::::
time

:::::
steps,

:::
i.e.,

:::::
1360

::::
time

:::::
steps

:::
out

:::
of

:
a
::::
total

:::
of

::::::
11848.

::
In

:::::::::::
comparison,

::::
there

:::
are

::::::
almost

::::
four

:::::
times

:::::
more

::::
time

:::::
steps

::::::
where

MAR
:::::
agrees

::::
with

:::
the

::::::
cloudy

::::
days

::::
from

::::
CM

::::
SAF,

::::
i.e.,

::::
4902

:::::
time

:::::
steps.

:::
The

:::::
large

:::::::::
differences

::
in

:::::::::
magnitude

:::::::
between

::::
both

:::::
plots

::
in

:::::
Figure

::
8

:::
also

::::
hint

::
at

:::::
when

:::
the MAR

:::::
model

:::::::
struggles

::::
with

::::::::::
cloudiness.

::::::
Among

:::
the

:::::
1360

::::
time

::::
steps

:::::
where

:
MAR

:::::::::::
underestimate

::
the

::::
total

:::::
cloud

:::::
cover

::::
with

::::::
respect

::
to
:::
the

::::
CM

::::
SAF

:::::::::::
observations,

::::
721

::::::::::::
(approximately

:::::
53%)

::::::
belong

::
to

:::::::
summer

:::::::
months,

:::
i.e.,

:::::
June,645

:::
July

::::
and

:::::::
August,

::::
with

::::
358

:::::::
(around

::::::
26.3%)

::::
just

:::
for

:::
the

::::
July

::::::
months

::::::
during

::::::::::
2017–2020.

:::
In

::::
other

::::::
words,

:
MAR

:::::::::::
underestimate

::::::::
cloudiness

:::::::::::
particularily

::
in

:::
the

::::::::
summer,

:::::
when

::::::::
shortwave

::::::
fluxes

:::
are

:::
the

::::::::
strongest

::
in

::::::::
Belgium,

:::::
which

::::
may

:::::::
explain

:::
the

:::::::
positive

::::::
summer

:::::::::
shortwave

::::
flux

:::::::::
differences

:::::
given

::
in

:::::
Table

::
5,

::
as

::::
well

::
as

:::
the

::::::::
shortwave

:::::::
spectral

::::
flux

:::::
biases

:::::
given

::
in

:::::
Table

:
7
::::
and

:::::::
pictured

::
by

::::
Fig.

:
7.

5.3 A first application: UV index prediction650

The very good agreement between the spectral shortwave fluxes of our E7 simulation
:::::::::
experiment

:
and the Uccle spectral

observations in the UV-B range (i.e., 280–315 nm) makes MAR v3.14 running with ecRad a credible candidate for predicting

UV indices. Therefore, we hereby apply the concept of UV index to both the Uccle spectral observations and the shortwave

spectral fluxes from E7. While the BISA
::::::::::
BIRA-IASB

:
did not provide us with UV index data from Uccle over the same period

as the spectral observations, the high resolution of these observations, which measured shortwave radiative fluxes per steps of655

0.5 nm, should lead to realistic UV indices. We can therefore compare the UV indices derived from the observations to the

indices predicted on the basis of MAR spectral fluxes to assess whether or not MAR v3.14 can predict credible UV indices

while defining a few dozens of spectral bands, assuming these spectral bands are not finer than the spectral resolution of the

ecCKD gas-optics model for shortwave radiation used internally by ecRad.

As explained in Sect. 5.1 and formulated in (4), the UV index is essentially an integration of surface ultraviolet radiative660

fluxes in Wm−2 on the 250–400 nm spectral range weighted by the CIE action spectrum (ISO/CIE, 1999). The CIE action

spectrum for erythema ser(λ) is formally defined as
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ser(λ) =


1.0 if λ ∈ [250,298] nm

100.094(298−λ) if λ ∈]298,328] nm

100.015(140−λ) if λ ∈]328,400] nm

(6)

where λ is a wavelength expressed in nm in the 250–400 nm spectral range (ISO/CIE, 1999; McKenzie et al., 2014). Although665

both the Uccle measurements and the spectral bands we configured in the E7 simulation
:::::::::
experiment begin at 280 nm, the

250–280 nm spectral range is expected to have little impact on UV indices due to radiation from the UV-C spectral range

(100–280 nm) being completely absorbed by the ozone layer (Tobiska and Nusinov, 2006; Hogan and Matricardi, 2020). In

other words, the most relevant ranges for UV index prediction are the UV-B range and the beginning of the UV-A range, on

which E7 is in very good agreement with the numerically integrated Uccle observations (cf. Sect. 5.2).670

Since both the Uccle spectral observations and the MAR spectral fluxes are provided in small, fine spectral bands, though

the former has a higher resolution than the latter, we can predict UV indices by performing the numerical equivalent of the

continuous integration (4). In other words, we will compute UV indices as weighted sums of our spectral fluxes, the weights

being defined by the CIE action spectrum formally defined by (6).

The UV indices derived from Uccle observations are calculated as follows. First, we numerically integrate the raw measure-675

ments between 280 and 400 nm on bands of 1 nm
::::
wide

:::::
bands

:
in order to eliminate the factor 2 between the initial measurements

(by steps of 0.5 nm) and their unit (mWm−2 nm−1) before averaging the fluxes on an hourly basis, again to match with the

temporal resolution of MAR. Then, the UV indices based on Uccle data are obtained by computing the numerical equivalent

of (4). The UV indices based on the spectral shortwave fluxes produced by our E7 simulation
:::::::::
experiment

:
are calculated mostly

in a similar manner, except that we compute for each MAR spectral band an average CIE action spectrum weight Wλmax

λmin
as680

Wλmax

λmin
=

1

λmax −λmin
×

λmax−1∑
λ=λmin

ser(λ) (7)

where λmin and λmax denote respectively the lower and upper bounds of a MAR spectral band defined on the λmin–λmax nm

range. With Wλmax

λmin
defined, UV indices based on E7 are calculated with

IUV = 40×

[
14∑
i=1

W280+5i
280+5(i−1)Msw(i)+

19∑
i=15

W
350+10(i−14)
350+10(i−15)Msw(i)

]
(8)685

where Msw denotes a spectral shortwave flux produced by our E7 simulation
:::::::::
experiment in Wm−2 and where i denotes one

of the 19 consecutive spectral bands over 280–400 nm tuned in E7 and exhaustively enumerated in Table 7 (Sect. 5.2).

27



01-2019
02-2019

03-2019
04-2019

05-2019
06-2019

07-2019
08-2019

09-2019
10-2019

11-2019

Date

0

1

2

3

4

5

6

7

8

D
ai

ly
av

er
ag

e
U

V
in

de
x

(1
0

A
M

to
4

PM
)

Uccle UV index
MAR v3.14 UV index

Figure 9. Daily average UV index (based on hourly indices between 10 AM and 4 PM) at Uccle based respectively on the BISA
:::::::::
BIRA-IASB

data and the E7 spectral shortwave fluxes (MAR v3.14) during the year 2019 (most complete year in BISA
:::::::::
BIRA-IASB

:
data).

Using the numerical equivalent of (4) and the formulas presented in (7) and (8), UV indices can be computed off-line directly

from the BISA
::::::::::
BIRA-IASB

:
data and the E7 spectral fluxes. We compare the time series of the UV indices respectively derived690

from the BISA
::::::::::
BIRA-IASB data and from the E7 shortwave spectral fluxes from the MAR grid cell encompassing Uccle in

the same way as we previously did for the spectral bands, i.e., by keeping only common dates and hours and computing the

correlation, root-mean-square
:::
root

:::::
mean

::::::
square error and bias. Doing so, we obtain a correlation of 0.929

:::
0.93, a RMSE of

0.671
:::::
0.656 and a bias of +0.066

:::::
0.043. When it comes to the extreme values, the observations yield a maximum UV index

of 9 (9.161) versus a maximum UV index of 8 (8.172
::::
8.117) yielded by the E7 spectral outputs. In other words, UV indices695

based on MAR v3.14 spectral outputs match closely with the indices derived from the BISA
::::::::::
BIRA-IASB

:
data, the main issue

being that the former fall short of capturing the maxima of the latter. Figure 9 allows to visualize both these observations by

plotting the daily average UV index (based on hourly indices between 10 AM and 4 PM) from both time series on year 2019,

i.e., the most complete year in the BISA
::::::::::
BIRA-IASB data. Indeed, the MAR curve matches quite well the observations curve,

excluding the days with missing data, but misses several of its spikes.700

To explore the differences between the UV indices derived from the observations and from MAR v3.14 spectral fluxes

(E7), Fig. 10 provides the mean and standard deviation for erythemal irradiance in function of the wavelength for both the

Uccle data and the E7 fluxes. Contrary to Figures 7 and 8, the differences in resolution are represented, as the UV indices

based on Uccle data are calculated on the basis of nanometer-wide spectral bands. While both curves match well on the

280–300 and 325–400 nm spectral ranges, non-negligible differences appear in between, with the maxima (in mean only or705

with standard deviation) belonging to the Uccle curve. For instance, in the middle of the 300–310 nm range, the erythemal

irradiance is noticeably higher with Uccle observations, this part of the 300–325 nm range having slightly more weight in UV

index calculation than higher wavelengths in the same range.
::::
This

:::::
slight

:::::::::::::
underestimation

:::::
from MAR

:::
may

::
be

::
a
:::::::::::
consequence

::
of

::::::::
mismatch

:::::::
between

:::
the

::::
total

:::::
ozone

::::::
during

:::
the

::::::::::
observations

::::::
period

:::
and

:::
the

::::
total

::::::
ozone

::
in MAR

:::
(cf.

::::
Sect.

::::
5.4).

:
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Figure 10. Mean and standard deviation for erythemal irradiance (i.e., shortwave radiative fluxes weighted by the CIE action spectrum

for erythema (McKenzie et al., 2014)) in function of the wavelength for both Uccle data and the E7 simulation
::::::::
experiment

:
(June 2017 to

December 2020).

5.4 Discussion710

Our evaluations of both the simulated physical variables and the spectral shortwave fluxes of MAR v3.14 allow us to gauge

the benefits of including the ecRad radiative transfer scheme and to assess the current limits of MAR v3.14. On the one hand,

Table 5 from Sect. 4.2 and Figures 7 and 8 show that radiative fluxes
:::
flux

:
biases remain across seasons due to underestimation

or overestimation of cloudiness(,
:
depending on the season).

:
.
::
In

::::::::
particular,

::
as
::::::::::
highlighted

::
in

:::::
Sect.

:::
5.2

::::
(with

:::
the

::::
help

::
of

::::
Fig.

:::
8),

MAR
:::::::
struggles

::
to

:::::::
correctly

:::::::
predict

:::::
cloud

::::
cover

::::::
during

:::
the

:::::::
summer,

::::::
which

::::
may

::::
also

::::::
explain

:::
the

::::
large

:::::::
summer

::::::
biases

::::::::
exhibited715

::
in

::::
Table

::
5.

::::::::
However,

:
Figure 8 notably demonstrates that under cloudy conditions (according to ),

::::
also

:::::::::::
demonstrates

:::
that positive

biases of MAR with respects
::::::
respect to observations become negligible even if fluxes are processed in spectral bands. This may

::::
when

:::
the

:
MAR

::::
total

:::::
cloud

:::::
cover

:
is
:::::::::
consistent

::::
with

:::::::::::
observations.

::::
This

:
suggest the overall biases are due to (partly) cloudy days

in the observations being
:::
real

::::::
world

::::
being

::::
only

::::::
partly

:::::
cloudy

:::
or clear days in MAR, though the spatial and temporal resolution

of MAR may also contribute to the underestimated cloudiness, especially when compared to observations from one specific720

site that were captured with higher temporal resolution.

On the other hand, as hinted by Sect. 3.1, greenhouse gas and aerosol concentrations in MAR v3.14 vary mostly on a monthly

basis due to the initial forcings consisting of monthly means. In other words, daily variations are not modeled. Moreover, as

pictured by Fig. 4, the current stratosphere configuration of MAR v3.14 yields a slightly overestimated total of ozone when

vertically integrated. This slight overestimation and the lack of daily variability may explain why the UV indices based on our725

MAR spectral fluxes are not much higher than 8, while Uccle observations occasionally yield an UV index above 9, though

this does not prevent MAR v3.14 from leading to credible UV indices on average.

Possible ways to improve the radiative fluxes of MAR v3.14 and its by-products, like UV indices in this context, therefore

include an improved cloud fraction prediction (notably by considering prognostic schemes, cf. Sect. 3.3) as well as modeling

the daily variation of ozone and aerosol concentrations. In particular, modeling the daily variation of the total of ozone should730
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improve the computation of spectral fluxes in the ultraviolet range, which should in turn lead to a more accurate prediction of

the peak UV indices.

6 Conclusion

The physical accuracy of the regional atmospheric model MAR partly relies on its underlying radiative transfer scheme, or

radiation scheme, i.e., a component simulating how both shortwave and longwave radiative fluxes evolve over time, depending735

on various physical variables describing the Earth’s atmosphere. For about two decades, MAR ran with a late version of the

Morcrette scheme, which was notably used for the ERA-40 reanalysis (Uppala et al., 2005; Morcrette et al., 2008). Several

radiation schemes have succeeded the Morcrette scheme since then, leading up to ecRad, the current radiation scheme pro-

vided by the ECMWF, which is operational in the IFS since 2017 (Hogan and Bozzo, 2018). The ecRad radiation scheme

distinguishes itself from past schemes by putting emphasis on modularity, having the ability to solve any of its sub-problems740

(such as solving radiation equations) with interchangeable solutions. In particular, the latest version of ecRad (Hogan, 2024a)

can replace the classical RRTM-G gas-optics scheme (Mlawer et al., 1997) with high resolution gas-optics schemes built by

the new ecCKD tool from the ECMWF (Hogan and Matricardi, 2022). The resulting increase in spectral resolution also makes

ecRad a suitable tool for producing high resolution spectral shortwave fluxes.

This paper presented a new version of MAR, version 3.14, embedding ecRad as its new radiation scheme, and assessed its745

renewed accuracy. In addition to detailing the changes brought to MAR to take advantage of ecRad, we demonstrated that a

properly tuned MAR v3.14 running with ecRad can produce more balanced shortwave and longwave radiative fluxes than with

Morcrette, both at the scale of a whole decade and at the scale of seasons, based on gridded surface data over Belgium provided

by the RMIB (Journée and Bertrand, 2010, 2011; Journée et al., 2015) and on observations made by the EUMETSAT MSG

satellites (Trigo et al., 2011a, b) for the 2011–2020 decade. Furthermore, this improvement of radiative fluxes had no negative750

consequences with either the performance of MAR or its usual physical output variables, such as near-surface
:::
near

:::::::
surface

temperature.

Using the latest version of ecRad and our best ecRad configuration, but swapping the classical RRTM-G gas-optics scheme

with high resolution ecCKD gas-optics schemes, we produced spectral shortwave fluxes in the 280–500 nm spectral range.

By comparing our outputs to observations captured by a spectrometer at Uccle observatory in the same range during 2017–755

2020 and provided to us by the BISA
:::::
Royal

:::::::
Belgian

:::::::
Institute

:::
for

:::::
Space

:::::::::
Aeronomy, we assessed the ability of both ecRad and

MAR to produce realistic spectral fluxes. We demonstrated the MAR spectral fluxes were in very good agreement with Uccle

measurements, particularily over the UV-B range (280–315 nm) and the beginning of the UV-A range (315–400 nm). Such

a result led us to consider predicting UV indices with MAR outputs. Our first attempt at this task led to credible UV indices,

having a correlation of 0.929
::::
0.93

:
with UV indices derived from the Uccle observations, though MAR v3.14 falls short of760

matching with the highest observations-based UV indices due to its own limits when it comes to cloudiness and the temporal

variability of greenhouse gases and aerosols, and ozone in particular.
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Future work to improve the radiative fluxes predicted by the MAR model will focus on improving the representation of

clouds
:
,
::::::::::
particularily

::
in

:::
the

:::::::
summer,

:
and increasing the temporal resolution of greenhouse gas and aerosol concentrations. More

broadly, future work with MAR will take advantage of the increased spectral resolution in the shortwave range to produce new765

forcings for other computer models, and in particular those requiring spectral shortwave fluxes in the photosynthetically active

region.
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Lazzari, P., Álvarez, E., Terzić, E., Cossarini, G., Chernov, I., D’Ortenzio, F., and Organelli, E.: CDOM Spatiotemporal Variability in the

Mediterranean Sea: A Modelling Study, Journal of Marine Science and Engineering, 9, 176, 2021b.

Lefebre, F., Gallée, H., van Ypersele, J., and Greuell, W.: Modeling of snow and ice melt at ETH-camp (West Greenland): a study of surface875

albedo, Journal of Geophysical Research Atmospheres, 108, https://doi.org/10.1029/2001JD001160, 2003.

Lefebre, F., Fettweis, X., Gallée, H., van Ypersele, J., Marbaix, P., Greuell, W., and Calanca, P.: Evaluation of a high-resolution regional

climate simulation over Greenland, Climate Dynamics, 25, 99–116, 2005.

Manners, J., Edwards, J. M., Hill, P., and Thelen, J.-C.: SOCRATES (Suite Of Community RAdiative Transfer codes based on Edwards and

Slingo) Technical Guide, Tech. rep., MET Office, 2015.880

McKenzie, R., Blumthaler, M., Diaz, S., Fioletov, V., Herman, J., Seckmeyer, G., Smedley, A., and Webb, A.: Rationalizing nomenclature

for UV doses and effects on humans, CIE 209:2014 and WMO-GAW Report No. 211 Joint Publication, 2014.

Mlawer, E. J., Taubman, S. J., Brown, P. D., Iacono, M. J., and Clough, S. A.: Radiative transfer for inhomogeneous atmospheres: RRTM, a

validated correlated-k model for the longwave, Journal of Geophysical Research Atmospheres, 102, 16 663–16 682, 1997.

Morcrette, J.-J.: Radiation and cloud radiative properties in the ECMWF operational forecast model, Journal of Geophysical Research885

Atmospheres, 96, 9121–9132, 1991.

Morcrette, J.-J.: The Surface Downward Longwave Radiation in the ECMWF Forecast System, Journal of Climate, 15, 1875–1892, 2002.

Morcrette, J.-J., Barker, H. W., Cole, J. N. S., Iacono, M. J., and Pincus, R.: Impact of a New Radiation Package, McRad, in the ECMWF

Integrated Forecasting System, Monthly Weather Review, 136, 4773–4798, 2008.

Ménégoz, M., Valla, E., Jourdain, N., Blanchet, J., Beaumet, J., Wilhelm, B., Gallée, H., Fettweis, X., Morin, S., and Anquetin, S.: Contrasting890

seasonal changes in total and intense precipitation in the European Alps from 1903 to 2010, Hydrology and Earth System Sciences, 24,

5355–5377, 2020.

O’Neill, B., Tebaldi, C., Van Vuuren, D.and Eyring, V., Friedlingstein, P., Hurtt, G., Knutti, R., Kriegler, E., Lamarque, J.-F., Lowe, J., Meehl,

G., Moss, R., Riahi, K., and Sanderson, B.: The Scenario Model Intercomparison Project (ScenarioMIP) for CMIP6, Geoscientific Model

Development, 9, 3461–3482, 2016.895

Pincus, R., Barker, H. W., and Morcrette, J.-J.: A fast, flexible, approximate technique for computing radiative transfer in inhomogeneous

cloud fields, Journal of Geophysical Research Atmospheres, 108, 2003.

Ramanathan, V., Cess, R., Harrison, E., Minnis, P., Barkstrom, B., Ahmad, E., and Hartmann, D.: Cloud-Radiative Forcing and Climate:

Results from The Earth Radiation Budget Experiment, Science (New York, N.Y.), 243, 57–63, 1989.

Reid, J.: The New Features of Fortran 2003, ACM Sigplan Fortran Forum, 26, 10–33, 2007.900

34

https://doi.org/10.1029/2001JD001160


Schäfer, S. A. K., Hogan, R. J., Klinger, C., Christine Chiu, J., and Mayer, B.: Representing 3-D cloud radiation effects in two-stream

schemes: 1. Longwave considerations and effective cloud edge length, Journal of Geophysical Research Atmospheres, 121, 8567–8582,

2016.

Shonk, J. K. P. and Hogan, R. J.: Tripleclouds: An Efficient Method for Representing Horizontal Cloud Inhomogeneity in 1D Radiation

Schemes by Using Three Regions at Each Height, Journal of Climate, 21, 2352–2370, 2008.905

Shonk, J. K. P., Hogan, R. J., Edwards, J., and Mace, G.: Effect of improving representation of horizontal and vertical cloud structure on

the Earth’s global radiation budget. Part I: Review and parametrization, Quarterly Journal of the Royal Meteorological Society, 136,

1191–1204, 2010.

Shupe, M. D. and Intrieri, J. M.: Cloud Radiative Forcing of the Arctic Surface: The Influence of Cloud Properties, Surface Albedo, and

Solar Zenith Angle, Journal of Climate, 17, 2004.910

Slingo, A.: A GCM Parameterization for the Shortwave Radiative Properties of Water Clouds, Journal of Atmospheric Sciences, 46, 1419–

1427, 1989.

Sundqvist, H., Berge, E., and Kristjánsson, J.: Condensation and Cloud Parameterization Studies with a Mesoscale Numerical Weather

Prediction Model, Monthly Weather Review, 117, 1989.

Tegen, I., Hollring, P., Chin, M., Fung, I., Jacob, D., and Penner, J.: Contribution of different aerosol species to the global aerosol extinction915

optical thickness: Estimates from model results, Journal of Geophysical Research, 102, 1997.

Tobiska, W. and Nusinov, A.: ISO 21348 - Process for determining solar irradiances, Tech. rep., International Organization for Standardiza-

tion, https://api.semanticscholar.org/CorpusID:118777040, 2006.

Tompkins, A.: A Prognostic Parameterization for the Subgrid-Scale Variability of Water Vapor and Clouds in Large-Scale Models and Its

Use to Diagnose Cloud Cover, Journal of the Atmospheric Sciences, 59, 1917–1942, 2002.920

Trigo, I., Dacamara, C., Viterbo, P., Roujean, J.-L., Olesen, F., Barroso, C., Camacho de Coca, F., Carrer, D., Freitas, S., García-Haro, J.,

Geiger, B., Gellens-Meulenberghs, F., Ghilain, N., Meliá, J., Pessanha, L., Siljamo, N., and Arboleda, A.: The Satellite Application Facility

for Land Surface Analysis, International Journal of Remote Sensing, 32, 2725–2744, 2011a.

Trigo, I., Monteiro, I., and Freitas, S.: Validation Report Down-welling Longwave Flux (DSLF) – PRODUCTS: LSA-10 (MDSLF), LSA-11

(EDSLF), LSA-12 (DIDSLF), Tech. rep., EUMETSAT Satellite Application Facility on Land Surface Analysis, 2011b.925

Uppala, S. M., Kållberg, P., Simmons, A., Andrae, U., Bechtold, V. D. C., Fiorino, M., Gibson, J., Haseler, J., Hernandez, A., Kelly, G.,

Li, X., Onogo, K., Saarinen, S., Sokka, N., Allan, R. P., Andersson, E., Arpe, K., Balmaseda, M. A., Beljaars, A. C. M., Berg, L. V. D.,

Bidlot, J., Bormann, N., Caires, S., Chevallier, F., Dethof, A., Dragosavac, M., Fisher, M., Fuentes, M., Hagemann, S., Hólm, E., Hoskins,

B. J., Isaksen, L., Janssen, P. A., Jenne, R., Mcnally, A. P., Mahfouf, J. F., Morcrette, J.-J., Rayner, N. A., Saunders, R. W., Simon, P.,

Sterl, A., Trenberth, K. E., Untch, A., Vasiljevic, D., Viterbo, P., and Woolen, J.: The ERA-40 re-analysis, Quarterly Journal of the Royal930

Meteorological Society: A journal of the atmospheric sciences, applied meteorology and physical oceanography, 131, 2961–3012, 2005.

Van Tricht, K., Lhermitte, S., Lenaerts, J., Gorodetskaya, I., L’Ecuyer, T., Noël, B., Van den Broeke, M., Turner, D., and Lipzig, N.: Clouds

enhance Greenland ice sheet meltwater runoff, Nature communications, 7, 10 266, 2016.

Van Vuuren, D., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G., Kram, T., Krey, V., Lamarque, J.-F., Masui, T.,

Meinshausen, M., Nakicenovic, N., Smith, S., and Rose, S.: The representative concentration pathways: an overview, Climatic Change,935

109, 5–31, 2011.

Wang, Y., Yang, S., Chen, G., Bao, Q., and Li, J.: Evaluating two diagnostic schemes of cloud-fraction parameterization using the CloudSat

data, Atmospheric Research, 282, 106 510, 2022.

35

https://api.semanticscholar.org/CorpusID:118777040


Weverberg, K., Vogelmann, A., Lin, W., Luke, E., Cialella, A., Minnis, P., Khaiyer, M., Boer, E., and Jensen, M.: The Role of Cloud

Microphysics Parameterization in the Simulation of Mesoscale Convective System Clouds and Precipitation in the Tropical Western940

Pacific, Journal of the Atmospheric Sciences, 70, 1104–1128, 2013.

Weverberg, K., Morcrette, C., and Boutle, I.: A Bimodal Diagnostic Cloud Fraction Parameterization. Part II: Evaluation and Resolution

Sensitivity, Monthly Weather Review, 149, 2021a.

Weverberg, K., Morcrette, C., Boutle, I., Furtado, K., and Field, P.: A Bimodal Diagnostic Cloud Fraction Parameterization. Part I: Motivating

Analysis and Scheme Description, Monthly Weather Review, 149, 2021b.945

WHO: Global solar UV index : a practical guide, Geneva: World Health Organization (WHO), World Meteorological Organization (WMO),

United Nations Environment Program (UNEP), and International Commission on Non-Ionizing Radiation Protection (ICNRP), 2002.

Wyard, C., Scholzen, C., Fettweis, X., Van Campenhout, J., and François, L.: Decrease in climatic conditions favouring floods in the south-

east of Belgium over 1959-2010 using the regional climate model MAR, International Journal of Climatology, 37, 2782–2796, 2017.

Wyard, C., Doutreloup, S., Belleflamme, A., Wild, M., and Fettweis, X.: Global Radiative Flux and Cloudiness Variability for the Period950

1959–2010 in Belgium: A Comparison between Reanalyses and the Regional Climate Model MAR, Atmosphere, 9, 262, 2018.

Wyard, C., Scholzen, C., Doutreloup, S., Hallot, E., and Fettweis, X.: Future evolution of the hydroclimatic conditions favouring floods in

the south-east of Belgium by 2100 using a regional climate model, International Journal of Climatology, 41, 647–662, 2020.

Xu, K.-M. and Randall, D.: A Semiempirical Cloudiness Parameterization for Use in Cloud Models, Journal of the Atmospheric Sciences,

53, 3084–3102, 1996.955

36


