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Weather forecasting nowadays often requires some estimation of uncertainties associated with the output of
meteorological models, in order to better inform decision making, especially in the context of intense weather
events. Ensemble prediction systems provide such information through sets of possible scenarios which are
designed to represent various uncertainty sources, including model uncertainties. A wide variety of methods
have been proposed to estimate model uncertainties, among which perturbation methods targeting uncertain
processes are a promising research field. In this study, we focus on the representation of small-scale
variability by process-oriented perturbation schemes applied to two key physical processes, namely
turbulence and shallow convection. The perturbations are applied to a single-column version of the
convection-permitting AROME model, in three idealized boundary-layer cases. Large-eddy simulations (LESs)
of the same cases serve as a reference for the subgrid variability that has to be represented, and the results
are also compared to those given by the Stochastically Perturbed Parametrization Tendencies (SPPT) method,
which is a method commonly used by weather forecast centers to represent model uncertainty. The spread
produced by our process-oriented perturbations of turbulence and shallow convection does not represent all
the small-scale variability implied by the LESs for temperature and humidity. However, it is of a similar order
of magnitude for the wind, thanks to perturbations generated by the stochastic turbulence scheme. The
dispersion is structurally different from what is obtained with SPPT. It is non-negligible in the lower levels,
where SPPT perturbations are usually suppressed because of numerical instabilities, indicating a possible
complementarity between the schemes.

1. Introduction

Probabilistic forecasts constitute one of the products commonly used to assess the
forthcoming weather, and are becoming increasingly valuable in many areas, including the
prediction of extreme meteorological events. They result from the concept of ensemble
prediction, which has been developed over several decades as a way to estimate the degree
of confidence one can have in a forecast. Predictions of weather forecasting systems are
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indeed necessarily imperfect because of various errors arising, for example, from
incomplete knowledge of the initial state of the atmosphere, or from approximations in the
modeling of atmospheric processes. They can have a greater or lesser impact depending on
the situation, time and location. Instead of a single forecast, an ensemble prediction system
provides several forecasts, called members, thanks to random perturbations and therefore
provides a continuous, prognostic measure of uncertainty. The random perturbations are
designed to represent known error sources, among which those contained in initial and
boundary model conditions have been shown to play a major role (Lorenz 1965). In
addition, we know that the errors of the model design itself, called “model errors”, must be
addressed as well in order to account for the entire forecast uncertainty (Buizza et al. 2005,
Wilks 2005, Houtekamer 2009). They are currently the target of active research.

One important source of model uncertainty lies in the parametrization of subgrid processes
(Palmer et al. 2009), which are all the phenomena whose time and space scales are smaller
than those used by the model but need to be parametrized because their effect on the
resolved fields is not negligible. Such phenomena can be complex, imperfectly known and
thus challenging to represent. Different strategies have been proposed to deal with
parametrization uncertainty, like the ‘multiphysics’ approach, which is based on the idea of
combining different sets of existing parametrizations (Stensrud et al. 2000, Charon et al.
2010, Berner etal. 2011, Duda et al. 2014, Jankov et al. 2017), or the broad category of
stochastic perturbations, where stochastic terms are introduced in the model, with various
purposes and behaviors (Buizza et al. 1999, Lin and Neelin 2002, Shutts 2005, Dorrestijn et
al. 2013, Baker et al. 2014, among others). The common feature of these methods is that
they can produce, for the same resolved state, a set of parametrized subgrid effects, thus
allowing the uncertainty of the parametrizations to be represented. Nevertheless, each
method targets the sources of uncertainty with different degrees of precision, introducing
noise at various levels of the parametrization schemes.

A commonly used stochastic perturbation method is the Stochastically Perturbed
Parametrization Tendencies (SPPT) scheme introduced by Buizza et al. (1999). In this
method, a ‘bulk’ uncertainty coming from the parametrizations is represented by
multiplying the total parametrization tendency by a random field, with temporal and
spatial correlations. It has proved efficient in producing ensemble spread in several
ensemble systems (Palmer et al. 2009, Bouttier et al. 2012, Batté and Doblas-Reyes 2015,
Berner et al. 2015), and has the advantage of remaining relatively simple, and keeping the
balance between the tendencies of the different parametrization schemes. However, its
formulation implies hypotheses that may not always be justified, such as the
proportionality of the error to the tendency, the correlation of the errors between
variables, and the compensation effects induced by the use of the sum of all the
parametrization tendencies.

More recently, new stochastic perturbation schemes have been developed which seek a
more physically justified approach. For example, efforts have been undertaken to perturb
free input parameters, instead of the parametrization output tendencies (Baker et al. 2014,
Christensen et al. 2015, Ollinaho et al. 2017, Lang et al. 2021). These perturbation schemes,
called Random Parameters (RP) or Stochastically Perturbed Parametrizations (SPP)
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schemes, address the problem of parameter uncertainty inside the parametrization
schemes, and have the advantage to act on specific physical processes.

We can identify another category of ‘physically-based’ perturbation schemes which aims
specifically at representing ‘random errors’ coming from the spatial and temporal
heterogeneity of the physical processes taking place in the atmosphere, and their
representation in a model with a given grid size. They address the assumption of a
deterministic link between resolved state and some subgrid state characteristics, which is
made in many parametrization schemes. Indeed, because of the apparent randomness of
some fine-scale phenomena, such as turbulence, and the multiple interactions between
physical processes, two grid boxes with the same resolved state may not have the exact
same subgrid state and feedback from subgrid processes. These fluctuations around an
average contribution from subgrid processes may be negligible in the case of low
resolutions, where the sample size of the subgrid phenomena present in a model grid box is
large. With finer resolutions however, the sample size can become very small (e.g. the
number of cumulus clouds in a 1 km? grid box) and the deterministic link between the
resolved and subgrid state is more clearly violated. These subgrid state fluctuations may
have an impact on resolved scales and therefore are likely to be a source of uncertainty (Lin
and Neelin 2002). Stochastic schemes have therefore been proposed to represent it.

Some schemes target the variability linked to convective updrafts and downdrafts: they can
consist of adding a noise to a variable diagnosed by a deterministic scheme (Lin and Neelin
2000) or of rendering key aspects of the parametrization stochastic: a stochastic trigger for
deep convection is studied by Rochetin et al. (2014), Bengtsson et al. (2021) propose to use
a cellular automata to generate subgrid plumes and derive stochastic formulations of the
entrainment, triggering and mass-flux closure, and Craig and Cohen (2006) and Sakradzija
et al. (2015) propose a stochastic mass-flux closure condition for deep and shallow
convection respectively, further developed or tested in subsequent studies (Plant and Craig
2008, Groenemeijer et al. 2012, Sakradzija et al. 2016, Sakradzija and Klocke 2018,
Machulskaya and Seifert 2019). These last schemes explicitly consider the limited number
of clouds inside a model grid box and their heterogeneous characteristics.

Other schemes target the heterogeneity of small-scale eddies represented by turbulence
schemes. Kober and Craig (2016) and Hirt et al. (2019) propose to perturb the output
tendencies of the turbulence scheme in the COSMO model by adding a noise controlled by
subgrid variances diagnosed by the turbulence scheme. Clark et al. (2021) study the
representation of eddies as random events following a Poisson distribution inside a bulk
model of the convective boundary layer.

For simplicity, these kinds of schemes will be referred to as ‘process-oriented’ schemes in
this paper. They have the advantage of relying on physical arguments and of targeting a
source of uncertainty - small-scale variability of physical processes - which is likely to
become increasingly important to consider as the resolution of numerical weather
prediction (NWP) models increases.

The evaluation of perturbation methods used to produce ensembles can be difficult,
depending on the kind of uncertainty they are designed to represent. They can be validated
by computing statistical scores on large data sets of real case simulations, but this does not
allow one to look in detail at the effects of the perturbations on the model physics, and can
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hide contrasting results between different meteorological situations and compensation
effects. In this study, we choose to work in an idealized framework using single-column
model (SCM) simulations of several idealized cases, compared to large-eddy simulations
(LESs). Taking LESs as a reference to investigate boundary-layer situations and evaluate or
improve parametrization schemes has already been done in a number of studies (Ayotte et
al. 1996, Duynkerke et al. 2004, Cuxart et al. 2006, Nie and Kuang 2012, Lu et al. 2016,
Angevine et al. 2018, Couvreux et al. 2021, to cite only a few). The high resolution of LESs
allows one to resolve a substantial part of the phenomena parametrized in NWP models,
and LESs have the advantage to provide continuous 3D variable fields from which various
diagnostics, including process-oriented ones, can be derived and compared to SCM outputs.
LESs have also been validated on several occasions against observations and have been
shown to realistically represent organized structures and small-scale variability (Neggers
et al. 2003, Couvreux et al. 2005, Heus et al. 2009). In our case, we are particularly
interested in the information provided on the small-scale variability of variables. By
applying, on a LES domain large enough to be several times the size of the SCM grid box, the
same homogeneous initial conditions and large-scale forcing as the ones prescribed in the
SCM, the variability of the LES fields coarse-grained to the SCM resolution can be taken as
the reference for the variability we wish to represent with process-oriented perturbations.
Our first question therefore is: are process-oriented perturbation schemes able to
represent the small-scale variability of an LES domain?

To be useful in ensemble forecasts, perturbation schemes should be able to produce
sufficient ensemble spread. The process-oriented perturbation schemes target one source
of uncertainty among several, therefore it may be interesting to compare their results in
terms of dispersion with methods that use a more general approach. This is our second
question: how does the dispersion produced by process-oriented perturbation schemes
compare with the dispersion produced by the SPPT method?

Two process-oriented perturbation schemes are tested in this study in a single-column
version of the convection-permitting AROME model. They are based on schemes proposed
in the literature and target the representation of turbulent motions, which are known to
lack variability in their current parametrization in AROME at resolutions belonging to the
grey-zone of turbulence (Honnert et al. 2016). Our perturbation schemes are closely
related to Kober and Craig (2016), hereafter referred to as KC16, for the perturbation of
turbulence, and we build on the work of Sakradzija et al. (2015, 2016) and Sakradzija and
Klocke (2018) to design a very simplified version of their stochastic shallow-convection
scheme, based on the analysis of LES fields.

The paper is organized as follow. The process-oriented perturbation schemes applied to
turbulence and shallow convection are described in section two. The analysis of LESs used
to design the perturbation of shallow convection is presented in section three. Section four
documents the dispersion of different ensembles constructed with the new perturbation
schemes, evaluated against the dispersion inside the LES domain, and also compared with
ensemble spread produced by SPPT. Section five is dedicated to discussion and conclusion.
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2. Description of the perturbation schemes and simulation setup

2.1. The mesoscale AROME model

The perturbation schemes tested in this study are applied to the convection-permitting
limited area model AROME (Seity et al. 2011) used operationally at Météo-France for
weather prediction at kilometric scales. The experiments are performed in a one-
dimensional (1D) framework, using a single-column version of the model (AROME-SCM),
using 90 atmospheric vertical levels. Prognostic variables are used for temperature, wind,
water vapor, five condensed water species and the turbulent kinetic energy (TKE). In the
1D framework, the tendencies produced by the dynamical part of the model are replaced
by specified large-scale and surface forcing. The rest of the evolution is due to the
parametrization of subgrid processes. In AROME, the parametrization schemes include
radiation, surface, microphysics, turbulence and shallow convection. These last two
schemes follow the EDMF (Eddy Diffusivity/Mass Flux) approach (Soares et al. 2004) to
parametrize turbulent motions: the turbulence scheme is a classical eddy-diffusivity
scheme (Cuxart et al. 2000), used to represent unorganized, local turbulence, while the
shallow-convection scheme is a mass-flux scheme (Pergaud et al. 2009) used for the
representation of non local turbulence in the form of a single convective plume. In this
work, we propose to perturb each of these two schemes.

2.2. Implementation of stochastic turbulence in AROME

The KC16 scheme is designed as a situation- and scale-adaptive perturbation scheme that
consists of an additive noise applied to the output tendencies of a turbulence scheme
(Kober and Craig 2016). Its adaptability comes from the formulation of the noise amplitude
which depends on subgrid variances diagnosed by the turbulence scheme and on a
measure of the relative size of the eddies compared to the horizontal resolution of the
model. The formulation of the scheme is summarized in Equation 1.

1
0\ _ 3¢ 1 lawy (7752
G)  =Ftesae(@®)fn o
¢ is a model prognostic variable, d ¢/0d t is the tendency produced by the deterministic
turbulence scheme and other symbols are defined below. The stochastic version of the
tendency, (8 ¢/d t)s°", is obtained by adding a random perturbation composed of a
Gaussian random number field n, multiplied by the square root of the subgrid variance of
—\1/2

the variable (d)’z) , a scaling factor depending on time and length scales, and a scaling
parameter . This formulation has similarities with the stochastic perturbation scheme of
Clark et al. (2021), where, starting from a simplified boundary layer model and the
assumption that turbulent eddies can be considered as random events following a Poisson
distribution, they mathematically derive a perturbation of the temperature tendency
representing the fluctuations around the mean due to the random presence of eddies.
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The implementation of the KC16 scheme in AROME is rather straightforward. The
tendencies produced by the turbulence scheme of Cuxart et al. (2000) are perturbed
following Equation 1. The key components of the method, the subgrid variances, are
available in the scheme of Cuxart et al. (2000), which provides diagnostic equations for
them. An example is given for potential temperature in Equation 2.

2

gz =211 (20
4 3CsCo \ 0z P> (2)

where C; and Cy are constants, ¢ is a stability function and L is the Bougeault-Lacarrere

mixing length (Bougeault and Lacarrere 1989). In AROME, the scheme is employed in its

one-dimensional version, where only the vertical gradients are taken into account, as

shown in Equation 2.

The other components of the perturbation are taken as in Hirt et al. (2019):
e At is the characteristic lifetime of an eddy, set to 10 minutes,

®  leqqy is the characteristic horizontal size of an eddy, set to 1000 m,

e  Ax.yis the effective resolution of the model, here set to54x = 5 X 1.3 km,
except for the tuning parameter a which here is set to 1.

Since we work in a 1D framework, the random field 7 is specified as a random scalar, taken
from an autoregressive process of order 1 with a time constant set to 10 minutes. This
temporal correlation of the noise has been chosen by Kober and Craig (2016) and Hirt et al.
(2019) considering the characteristic lifetime of an eddy. The perturbations are added at
each time step to the tendency of temperature T, specific humidity qv and the two
components of horizontal wind u and v. The same 7 is used for the four variables, which
means that at a given time step, the perturbations added to T, qv, u and v tendencies always
have the same sign. This may not be ideal and one could think of using different random
processes for each variable in order to decorrelate the perturbations. However, in this
work we choose to remain close to the scheme original setup and therefore use a unique 7.
No parametrization tendency is produced for the vertical wind in AROME, hence it is not
perturbed as in the original scheme of Kober and Craig (2016). We acknowledge that the
interpretation of horizontal wind perturbations in a single-column framework without any
interaction with the model dynamics may be limited, but as the results show that KC16
scheme has the ability to produce significant wind perturbations, they are kept in our
simulations. A more careful design may however be necessary in future 3D experiments to
prevent undesirable behavior of the perturbations such as a fast decay due to the
appearance of acoustic modes reported by Hirt et al. (2019).

2.3. Design of a simple stochastic convection scheme

Stochastic convection schemes such as proposed by Plant and Craig (2008) or Sakradzija
and Klocke (2018) rely on the generation of a random population of clouds inside each
model grid box, constrained by large-scale conditions. In the case of coarse resolutions
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studied by Cohen and Craig (2006), it allows one to study statistical fluctuations around a
bulk equilibrium state due to the finite size of cloud samples inside model grid boxes. In
mesoscale models with kilometric-scale horizontal resolution, the cloud population is small
so the scheme is further used to relax the assumption that a statistically representative
sample of clouds, well represented by its averaged characteristics, is present in each model
grid box (Sakradzija et al. 2015). In addition to generating a cloud population, each cloud is
assigned a mass flux randomly chosen according to a statistical distribution, and a lifetime.
This enables one to compute the total mass flux on a grid box at a given time step as the
sum of the mass fluxes of all the clouds existing in this grid box at this time, which can then
be used as a closure condition for the rest of the convection scheme.

The generation of clouds in each model grid box and their tracking over several time steps
can be computationally expensive. Machulskaya and Seifert (2019) recently demonstrated
that they could reproduce the essential behavior of the stochastic convection schemes
through a set of stochastic differential equations (SDEs), and thus reduce the
computational cost. In both cases, the key feature of the scheme is the stochastic mass-flux
closure given to an otherwise deterministic convection scheme. Here, we choose to try a
very simplified approach, where the mass-flux closure is directly perturbed according to a
statistical distribution.

The mass-flux scheme of Pergaud et al. (2009), hereafter referred to as PM09, is used in
AROME to represent dry and moist convective thermals in the boundary layer. A single
ascending plume represents the bulk effects of all the updrafts within a grid box. It is
initialized at the surface thanks to closure conditions on the mass flux, vertical velocity and
thermodynamic characteristics. In order to try our simplified version of a stochastic
convection scheme, we thus need to find an appropriate distribution of the mass flux at the
surface. We cannot directly use the empirical distributions found by Sakradzija et al. (2015)
as a result of their cloud generation scheme, for they are located at the cloud base where
their convection scheme has its closure condition. Therefore, in this study we choose to
rely on the analysis of LESs to determine the likely distributions of the surface mass fluxes.
The LES analysis and the final formulation of the stochastic convection scheme are
presented in section three.

2.4. The SPPT scheme

SPPT is the current perturbation scheme used to represent model errors for ensemble
prediction at Météo-France. Its implementation in the AROME-EPS ensemble system is
described in Bouttier et al. (2012). In this study, we use a configuration of the SPPT scheme
slightly modified from the operational one. In the following, every mention of SPPT will
refer to our modified configuration. It has the same temporal correlation of the noise, set to
6 hours, and the same standard deviation, set to 0.3, as the current operational
configuration. However, the tapering function used to damp the perturbations inside the
boundary layer in the operational configuration is deactivated, as we are mainly interested
in perturbations of boundary-layer processes in this study. In addition, the perturbations
are not added to the total net physical tendencies but to the sum of the tendencies
produced by the turbulence and shallow-convection schemes only. This ensures a fair
comparison between the ensemble spread produced by SPPT and the ensemble spread
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produced by the two process-oriented schemes previously described, which are only
perturbing these two parametrizations.

2.5. Cases

Three well-documented cases are examined, representing different boundary-layer
situations:

e the ARMCu case is an idealization of observations from the Atmospheric Radiation
Measurement (ARM) campaign carried out on June 21, 1997 in the Great Plains region
of the United States (Brown et al. 2002). It features the development of shallow non-
precipitating cumulus clouds at the top of a continental convective boundary layer ;

e the BOMEX case features a marine boundary layer topped by cumulus clouds under
steady conditions in the trade-wind region (east of Barbados). This case is described in
Siebesma et al. (2003) and is based on observations from the Barbados Oceanographic
and Meteorological Experiment (Holland and Rasmusson 1973) ;

e the FIRE case represents the diurnal cycle of a stratocumulus-topped marine boundary
layer. It is taken from the European Projection Cloud Systems in Climate Models
(EUROCS) project and based on observations made off the coast of California in July
1987 (Albrecht et al. 1988, Duynkerke et al., 2004).

For each case, both SCM simulations and LESs are used, whose characteristics are
summarized in Table 1. The LESs are made with the research model Méso-NH (Lac et al.
2018) and use the same initial profiles and large-scale forcing as the SCM simulations.
Large-scale forcing include advective and, for some cases, radiation forcing, given directly
to the model as tendency terms. A large-scale subsidence can also be prescribed (BOMEX,
FIRE) through a large-scale vertical velocity, which is used by the model together with the
vertical gradients of the variables to compute the corresponding tendency term. For each
case, the geostrophic wind is also specified.

For the FIRE case, the large-scale forcing and the sea surface temperature are time-
independent and the diurnal cycle is entirely controlled by the cyclic solar radiations
provided by the radiation scheme. Hence, this case can be run for an arbitrary long time
with AROME-SCM. After 48 hours of simulation, the cloud evolution simulated by AROME
becomes perfectly regular between successive 24 hour-intervals. We thus choose to
systematically drop the first 48 hours in our simulations of the FIRE case. All the
perturbations applied to the model start at 48h. For the sake of readability, the first 48
hours are never plotted in the figures and the time axis starts at Oh.

The evolution of the domain-averaged cloud liquid water in the LES fields, as well as the
cloud liquid water inside the column simulated by AROME-SCM are presented in Figure 1.

We can note that AROME-SCM over-estimates the cloud water for BOMEX with regard to
the LES, and that the FIRE stratocumulus cloud top and base heights are too low.
Otherwise, AROME-SCM and averaged LES fields are in relatively good agreement. These
cases have already been used in a number of studies comparing SCM and LESs (Suselj et al.
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2013, De Rooy and Siebesma 2008, Huang et al. 2013, Rio and Hourdin 2008, among
others), including the work of Pergaud et al. (2009) on the mass-flux scheme currently
used in AROME for the parametrization of shallow convection.

For each case, four ensembles of 100 members are produced using AROME-SCM, with the
different perturbation methods previously described: KC16 (perturbation of turbulence)
only, stochastic convection only, both KC16 and stochastic convection, and SPPT. No initial
or boundary perturbations are applied in these ensembles.

The small-scale variability inside the LES fields is evaluated with a coarse-graining
procedure: small subdomains of 1.3km? are defined, and the variables of interest are
averaged over each subdomain. The dispersion between subdomains provides an
indication on the subgrid variability we seek to represent.

3. Calibration of the stochastic convection method

As indicated in section 2.3, we wish to test a simple stochastic convection scheme where
the surface mass-flux closure of the PM09 scheme is perturbed according to a statistical
distribution. To determine the appropriate distribution to use for the three boundary-layer
cases described in section 2.5, we choose to rely on the corresponding LESs. Our strategy is
the following: for each LES field we calculate a coarse-grained mass-flux field by dividing
the LES domain into small subdomains of the same size as the AROME grid box (1.3 km?),
and estimating the total mass flux of each subdomain at each vertical level. The estimation
of the mass flux is achieved in the following way:

1. updrafts objects are identified in the LES fields, according to the method of Couvreux
et al. (2010) based on the emission of a passive tracer at the surface, with limited
lifespan. Points are identified as part of an updraft when they exceed a certain
threshold of positive tracer concentration anomaly relative to the field average,
together with a positive vertical velocity ;

2. the fractional area of each updraft is computed, as well as its average vertical velocity
(at each vertical level), and both quantities are multiplied in order to get an
approximation of the updraft mass flux (density variations are neglected) ;

3. on each subdomain the total mass flux is obtained by summing over all the updrafts it
contains.

These mass-flux values can then be summarized into histograms that inform us on the
shape of the distribution, which is done here in Figure 2, for three vertical levels relative to
the cloud base height.

The distribution of the mass flux is found to be highly dependent on the height. It has an
exponential shape at cloud base, which is consistent with the distribution obtained by
Sakradzija et al. (2015) for a resolution of 1.6 km. Near the surface, Gaussian distribution
functions fit reasonably well the results.
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According to these results, we want our stochastic convection scheme to produce surface
mass-flux values following a Gaussian distribution. In order to avoid introducing bias into
the model because of systematic differences between AROME-SCM and the LESs, the
surface mass-flux values are not sampled directly from the LES distribution, but a Gaussian

noise 7 is applied to the AROME surface mass-flux initialization, following Equation 3. The

standard deviation of the noise is set to =2, where o1gs 1S the standard deviation and y; gg

HLES
the experimental mean of the LES coarse-grained mass-flux distributions shown in Figure
2. Their values are given for each case in the appendix. The noise distribution has a zero
mean so that the stochastic surface mass flux M5! distribution should be centered around
the deterministic surface mass flux M, diagnosed by the shallow-convection scheme.

M3t = Mas = (1+1), withn ~ N (0,22)  (3)
Here, 1 is again an autoregressive process of order 1. By analogy with the KC16 scheme, we
choose the time constant to be approximately the lifetime of a convective updraft. In our
experiments, it is set to 40 minutes, close to the 45 minutes chosen by Plant and Craig
(2008). However, this lifetime may be overestimated in the case of shallow convection, and
other values around 20 minutes could be considered as well (Zhao and Austin 2005,
Sakradzija et al. 2015).

4. Evaluation of the perturbation schemes

In this section, the SCM ensembles produced with the process-oriented perturbation
schemes (KC16 for the perturbation of turbulence and stochastic convection) are compared
with the coarse-grained LES fields to examine whether or not their dispersion is realistic.
They are also compared with ensembles produced with SPPT, and we study how the
perturbation methods differ from each other. We emphasize that no initial or boundary
perturbations are used in our study, therefore the spread between ensemble members is
solely due to the perturbations applied to the parametrization schemes. The control
simulation that is referred to in the following is, for each case, one AROME-SCM simulation
without any perturbations (the deterministic simulation).

4.1. KC16 turbulence perturbation

First, we examine the impact of the KC16 scheme. We start by looking at the amplitude and
location of the perturbations added to the tendencies (second term on the right hand side
of Equation 1), and then we look at the ensemble spread induced by these perturbations.

4.1.1. A limited impact of KC16 on temperature and humidity

The KC16 perturbation amplitude is controlled by the square-root of subgrid variances,
which are given for temperature in Figure 3, for the three cases.

In the ARMCu case, most of the variance is located in the first levels above the ground,
which is linked to strong heat fluxes from the continental surface. The variance close to the
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surface is lower for BOMEX and FIRE which are oceanic cases. The profiles are otherwise
similar between ARMCu and BOMEX, with significant variances in the cloud layer, except
that the ARMCu cloud extends higher. The FIRE profile is very different, with high
variances around the stratocumulus top due to the radiative cooling process occurring
there.

To see what the perturbations controlled by these variances look like, we present in Figure
4 instantaneous vertical profiles of their standard deviation. In the same graphs are shown
the standard deviations of SPPT perturbations, and the temperature absolute tendency of
the control simulation. We recall that the tendency here is the sum of the tendencies
produced by the turbulence and the shallow-convection schemes, instead of the total net
tendency.

As shown by the red and black profiles, the standard deviation of SPPT perturbations
follows the tendency profile, which is expected since the perturbations are multiplicative.
The standard deviation is about 30% of the tendency, consistent with the settings. KC16
perturbations on the contrary are not linked to the tendency values and their profiles are
logically close to those of the subgrid standard deviation shown in Figure 3. The
perturbation values are in general lower than the SPPT perturbations, and rather small
compared to the tendency.

The temperature spread in the 100-member ensembles obtained with these perturbations
is illustrated in Figure 5. It is quantified by the tenth to ninetieth percentile ensemble
range, which will be used throughout this study as a measure of the ensemble spread. In
Figures 5b and 5c we can see that the vertical structure of the SPPT ensemble spread
globally follows that of the perturbations shown in Figures 4a and 4b. For the KC16
ensemble, where the perturbation peaks are more localized, the perturbations seem to
have spread vertically. The local perturbation peak at the surface visible in Figures 4a and
4b does not result in high temperature spread at this level ; the spread is rather
homogeneous throughout all the subcloud layer suggesting a propagation of the
perturbation by the turbulent transport in this layer. Furthermore, we observe
temperature spread up to 3000 m in ARMCu after 9 hours (Figure 5b) and at 2000 m for
BOMEX after 14 hours (Figure 5c), whereas no perturbations have been introduced at this
level at this time (Figures 4a and 4b). This also shows that the perturbations can propagate
upward and even be amplified in the cloud as the peak around 2000 m for BOMEX suggests.
The results of FIRE (Figure 5d) also indicate that the perturbations propagate but no
amplification can be seen.

Compared to the variability of the coarse-grained LES fields, the SPPT ensemble spread is
generally too large and KC16 ensemble spread too low. For the cumulus cases, SPPT
ensemble spread is especially large in the subcloud layer, whereas the LES variability there
is smaller than above, probably because of turbulent mixing which tends to homogenize the
layer. The KC16 ensemble spread in this layer is closer to the LESs. In the cloud layer
however, the KC16 method does not seem to be able to produce as much spread as
observed in the LESs, contrary to SPPT.
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For FIRE, both SPPT and KC16 produce very similar temperature dispersion during both
night (Figure 5d) and day (not shown), of the same order of magnitude as the LES
dispersion, except at the top of the clouds. The LES dispersion has a strong peak there not
at all captured by any of our ensembles. This is probably because radiation and
condensation processes play a critical role at this level, and these schemes should be
perturbed as well in order to get significant dispersion.

Similar observations can be made for the specific humidity (Figure 6). The main difference
is that specific humidity tendencies are low in the subcloud layer, therefore the SPPT
ensemble spread is reduced at this level contrary to the previous results on temperature.
Otherwise the SPPT ensemble is over-dispersive in the cumulus clouds compared to the
LES variability, whereas KC16 ensemble tends to be under-dispersive. The humidity
dispersion profile for FIRE is homogeneous throughout the first 500 m, similarly to
temperature.

4.1.2. Significant wind spread produced by KC16

Contrary to the thermodynamic variables, we observe important wind disturbance with
KC16. The stochastic term added to the tendency with KC16 method is large (not shown),
because of large wind subgrid standard deviation values. This leads to the high zonal wind
spread in the KC16 ensembles seen in Figure 7 (similar results are obtained for the
meridional wind), which can sometimes exceed that of the SPPT ensembles. We can also
note that the KC16 perturbations, which are added mainly in the subcloud layer (not
shown), slightly propagate vertically but do not amplify in the cloud layer, which suggests
that the amplification observed for temperature and humidity resulted from interaction
with the microphysics.

To summarize, the KC16 method seems to produce limited temperature and humidity
spread, especially in the case of the continental cumulus ARMCu. On the other hand, it can
produce significant wind spread, of the same order of magnitude as the LES variability in
the low levels. The SPPT method on the contrary produces high temperature and humidity
dispersion in the cumulus cases, but it is often over-estimated compared to the LES
variability. The dispersion obtained for the stratocumulus is more similar between KC16
and SPPT, except for the wind, for which KC16 method leads to greater spread.

The low spread observed in the cloud layer when using KC16 method is a motivation for
investigating other perturbation methods targeting different physical processes more likely
to bring perturbations in clouds, such as shallow convection.

4.2. Impact of the stochastic convection scheme

Ensembles produced with the stochastic convection scheme are now examined. We first
investigate the physical consistency of our scheme by examining the parametrized updraft
characteristics compared to the LES updrafts, and then look at the spread of SCM
ensembles.
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4.2.1. Impact of the scheme on the updraft characteristics

The mass-flux profile of the SCM ensemble made with the stochastic convection scheme is
presented in Figure 8a for the ARMCu case.

The range of mass-flux values in the ensemble is large below 1000 m, but decreases sharply
toward the top of the profile suggesting that all the members of our ensemble have
updrafts that reach similar altitude, but with various strengths inside the first 1000 m. This
is linked to the equation governing the mass flux in the shallow convection scheme:

1 My,
Myp 0z

=e—6, (4

where M, is the mass flux of the updraft, € the entrainment rate and § the detrainment

rate. The exponential form of the solution of this equation and the evolution of the sign of
(e — &) along the vertical (Figure 8b) imply that any perturbation at the surface will be
amplified in the middle part of the updraft and will shrink again toward the updraft top.
Thus, to have additional spread around the updraft top, modifying the surface mass flux is
not enough, the entrainment and detrainment rate should vary as well. We see very little
spread in the entrainment and detrainment values of our SCM ensemble (Figure 8b),
indicating that the perturbations of the mass-flux closure do not have a strong feedback on
the entrainment and detrainment rates. This suggests the need for further research on the
perturbation of these two variables, which are known to be difficult to accurately model
(Rio etal 2019).

Figure 8a also shows that the mass-flux values of the SCM ensemble mean, as well as that of
the control simulation, are strongly biased with respect to the LES. This over-estimation of
the mass flux was observed by Honnert et al. (2016) when using PM09 shallow-convection
scheme at resolutions belonging to the grey-zone of convective boundary-layer thermals.
The use of the stochastic mass-flux closure does not change the average behavior of PM09
scheme, but it enables one to explore more values belonging to the LES range. The
distribution of the values, however, is not entirely satisfactory. Having been perturbed by a
Gaussian perturbation at the surface, the mass-flux values keep a Gaussian-like distribution
at higher levels, whereas in the LES they evolve toward an exponential distribution (see
Figure 2). Similar observations can be made in BOMEX and FIRE (not shown).

4.2.2. Impact of the scheme on the main variables tendencies

The ensemble spread generated by the stochastic convection scheme is of the same order
of magnitude (ARMCu) or lower (BOMEX, FIRE) than the spread generated by the KC16
scheme for humidity (Figure 9) and temperature (not shown). The vertical structure
however can be rather different. In the FIRE case for example, there is a spread peak for
specific humidity at the top of the stratocumulus, not observed in the KC16 ensemble
spread profile.

As for the wind, the spread range with the stochastic convection scheme does not exceed
half that of the KC16 ensemble, and is negligible in the FIRE case. Its vertical structure is
also quite different (Figures 9d-f): stochastic convection has an impact on the wind mainly
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near the ground and at cloud base, whereas KC16 perturbations act on all the mixed layer,
with a maximum impact in the middle of the subcloud layer.

4.2.3. Impact of the scheme on cloud water

Although the impact of the stochastic convection scheme on the resolved temperature,
humidity and wind is not greater than that of KC16 method, there is a strong effect on the
cloud liquid water. This is due to the parametrization of subgrid condensation and subgrid
cloud in AROME which includes a direct contribution from the mass-flux scheme, of the
form:

e = rcupCcfaup; (5)

where Teyp 1S the updraft liquid water mixing ratio, a,, the updraft area and C a constant

set to 2.5. The updraft area is directly linked to the updraft mass flux (along with the
updraft vertical velocity), so that a,, in our ensemble can vary by more than 100%. This
has a significant impact on the cloud water as can be seen in Figure 10 representing the
vertical profiles of cloud liquid water spread in the three cases.

The majority of the spread is located in the lower part of the cumulus clouds as for KC16,
but it is greater and extends higher in the cloud layer. It has a more realistic shape, for
ARMCu and BOMEX, than the SPPT ensemble which has a spread peak in the upper part of
the cloud not observed in the LESs. For the stratocumulus case, the stochastic convection
ensemble has more spread in the upper part of the cloud, and is again more realistic when
compared to the LES than the other ensembles. However, even if the spread of cloud water
is improved with the stochastic convection scheme, it does not cover all the variability
observed in the LES field, which is linked to the high spatial heterogeneity of the clouds.

4.3. Combination of KC16 and stochastic convection schemes

In the previous sections, KC16 and the stochastic convection schemes have been tested
separately on each boundary layer case in order to understand their impact on the model
variables and their ability to produce ensemble spread. However, the aim is to use them
jointly in the same ensemble since they are designed to represent distinct small-scale
variability sources. Here, we look at the spread of ensembles made with both KC16 and
stochastic convection schemes activated. They will be denoted as POP (for Process-
Oriented Perturbations) ensembles in the following.

For temperature and humidity spread, the interaction between the two schemes is not
trivial (Figure 9). Overall, it is difficult to say whether the differences in the spread profiles
are statistically significant, given that we are working with ensembles of finite size. Re-
running the four ensembles for the ARMCu case shows that we can not conclude on any
increase or decrease in the temperature and specific humidity spread when combining
KC16 and stochastic convection schemes. For the FIRE case however, the dispersion from
KC16 and the dispersion from stochastic convection seem to add up to each other. We also
observe that, generally, the POP ensemble wind spread is lower than the KC16 ensemble
wind spread (see Figure 9 for the zonal wind). Even if the vertical structure of the wind
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spread in the KC16 ensembles and stochastic convection ensembles is very different,
combining both schemes does not seem to bring additional spread and there even seems to
be some form of compensation.

We finally summarize the results of POP and SPPT ensembles and of the coarse-grained
LES in Figure 11. The time-height diagrams represent the tenth to ninetieth percentile
range of the cloud water, potential temperature, humidity and wind for the ARMCu case.

In the LES domain, we observe two local maximums of temperature and humidity spread
on the vertical, whose altitudes evolve during the simulation. The first peak appears two
hours after the beginning of the simulation, and rises to about 2500 m after 15 hours. It can
be associated with the top of the convective boundary layer, reached by many updrafts that
bring to this altitude air moister and cooler than the environment. The second peak
appears later, after about 6 hours, and is located around 1000 m height which corresponds
to the cloud base height. It may therefore be associated with some variability in the
condensation level height. The SCM ensembles reproduce reasonably well the position of
the highest peak, although with either too much (SPPT ensemble) or too little (POP
ensemble) spread. The second peak of temperature and humidity dispersion is less visible
in the SCM ensembles. They rather produce dispersion within the subcloud layer for the
temperature, because of the positive tendencies in the case of the SPPT ensemble, and
because of the propagation of surface perturbations in the case of the POP ensemble. This is
not necessarily a desirable feature, as we observe that in the LES, on the contrary, the
subcloud layer is more homogeneous, probably because of active turbulent mixing.

Contrary to temperature and humidity, the wind spread range is similar between the LES
and the SCM ensembles, but the vertical structure shows some important differences. The
wind spread in the LES is large in the entire subcloud layer, especially near the surface. The
SPPT ensemble does not reproduce this surface dispersion, contrary to the POP ensemble.
However, in the POP ensemble the large wind spread values extend higher up in the
subcloud layer because of high KC16 perturbations following the TKE profile, which may be
less realistic.

The same kind of analysis for BOMEX (not shown here) leads to very similar results. The
results for FIRE are however more difficult to interpret, because of the low spread
generated by both SPPT and POP ensembles, except for the wind spread of the POP
ensemble which has the same order of magnitude as the LES spread.

5. Discussion and conclusions

Two process-oriented perturbation schemes have been introduced in the AROME model,
and used to produce single-column simulation ensembles of three idealized boundary-layer
cases. The objective was to introduce perturbations representing the subgrid variability of
turbulent and convective processes which is missing in deterministic parametrization
schemes. This is achieved by different means in the two perturbation schemes. For the
turbulence, the method of Kober and Craig (2016), which has been adapted here for
AROME, relies on the use of second-order moments, diagnosed by the deterministic
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scheme, to perturb its grid to subgrid relation. For shallow convection, the work of
Sakradzija et al. (2015) enables one to relax some assumptions of classical convection
schemes, such as the existence of a statistical sample of clouds inside a model grid box, by
building a stochastic mass-flux closure condition. We have followed the same strategy, in a
very simplified way, by using LESs to determine statistical distributions of the mass flux
close to the surface in our experiments.

To evaluate the ability of these schemes to represent small-scale variability, we have relied
on SCM/LES comparison for three well-known boundary-layer cases. Identical
homogeneous forcing are applied to LES and SCM and the heterogeneity of the LES fields
after the application of a coarse-graining procedure is taken as a reference for the subgrid
state variability that the perturbation schemes should represent. Additional SCM
ensembles have been performed with the ‘bulk’ perturbation scheme SPPT, which is an
operational method to represent model uncertainty, modified in this study to target only
turbulence and shallow convection.

The perturbation scheme targeting turbulence (KC16) proved to be effective in disturbing
the horizontal wind variables in the three cases, which is a promising result. It is yet limited
by the fact that our experiments only included single-column simulations where the
horizontal advection is prescribed, hence no interaction with the dynamics could be
studied, although we know that it can have important impacts (Lin and Neelin 2002).
Future experiments with 3D simulations of real cases are planned, where the wind
perturbation impact on the model will be further examined. The scheme may also have to
be adapted in the light of Hirt et al. (2019) findings on the importance of having balanced
3D wind perturbations to prevent the appearance of acoustic modes leading to a fast decay
of the perturbations.

The second process-oriented perturbation scheme, stochastic convection, had a much
lower impact on the wind, but was able to generate substantial cloud water spread.

Both stochastic convection and KC16 schemes, however, did not give satisfactory results
regarding temperature and humidity spread. It was generally under-estimated, except for
the temperature spread in the subcloud layer which could be too large. For KC16, the
under-estimation is linked to the small values of temperature and humidity subgrid
standard deviations, leading to perturbations that are small compared to the tendencies. As
subgrid standard deviations are the central part of the KC16 scheme for controlling the
perturbation amplitude, improving the scheme so that it produces more spread is not
trivial. One could think of increasing the scale parameter a of Equation 1, however Kober
and Craig (2016) emphasize that this parameter has no physical meaning, and should not
be too different from 1. One possibility for future tests would be to decorrelate
temperature, humidity (and wind) perturbations by using different random processes for
each variable instead of a single one. On the other hand, Clark et al. (2021) argue that KC16
perturbations are, at least for temperature, too large at the top and bottom of the boundary
layer. In our study, we found indeed too large temperature spread in the subcloud layer in
some of our ensembles. Clark et al. (2021) suggest that a height-dependent length scale
could be used in the scheme. We did some tests where we replaced the constant eddy
length scale of 1000 m by the Bougeault-Lacarrere mixing length. The perturbations were
indeed reduced at the surface, but it decreased the impact of the scheme on all the model
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variables.

Regarding the stochastic convection scheme, in this study only the mass-flux closure
condition was perturbed. However, we saw that the impact on the updraft characteristics
was limited, therefore, perturbing other elements of the parametrization scheme such as
the entrainment and detrainment rates should be considered. Another limitation of the
stochastic convection scheme in this study is the determination of an appropriate
distribution for the surface mass-flux perturbations. The results of the LES analysis showed
that for the three cases it can be chosen as a Gaussian distribution function, and that its
standard distribution was not too different between the cases. Some tests showed that
replacing the oLes/pLes value of 0.33 by 0.4 for the BOMEX case resulted in ensembles with
very similar dispersion. However, more boundary-layer situations should be examined to
generalize these results and to check the behavior of the scheme when simulating real
cases.

In this study, the SPPT method has been applied on the net tendencies of turbulence and
shallow-convection parametrizations, instead of the total net tendencies. Therefore, both
SPPT and POP methods perturb the same processes, but not in the same way. SPPT is
globally a more efficient method to produce ensemble spread, which can be linked to the
fact that it is designed to represent various errors coming from the parametrization
schemes, whereas the process-oriented perturbation schemes studied here target only one
possible source of error coming from the random occurrence of small-scale processes. The
differences between POP and SPPT ensembles spread can also be explained by the
temporal correlation of the noise which is set to 10 minutes in the KC16 scheme and 40
minutes in the stochastic convection scheme, whereas it is 6 hours in SPPT. SPPT
perturbations thus accumulate on a longer time period. In several stochastic perturbation
schemes, the temporal and spatial correlation scales of the uncertainty to be represented
can not be easily determined. The noise correlation scales are thus chosen according to
practical reasons and can be enlarged to ensure a significant impact on the resolved flow
(Buizza et al. 1999, Ollinaho et al. 2017). In the process-oriented schemes presented here
however, the temporal correlation of the perturbations is set following physical
considerations: 10 minutes in KC16 scheme is the characteristic lifetime of an eddy, and 40
minutes for stochastic convection is chosen to represent the lifetime of a convective
updraft.

In our experiments, all the perturbations were applied on turbulence and shallow-
convection processes only. Although they are the main physical processes governing the
evolution of the boundary layer in ARMCu and BOMEX cases, other processes are
parametrized whose subgrid variability should also be accounted for. It appears to be
critical in the FIRE case, where subgrid condensation and radiation are major contributors
to the physical tendencies, and could also have an impact in the cloud layer of cumulus
cases. Currently, the representation of uncertainty in these processes is done through
random perturbations of some of their uncertain parameters (with RP, SPP schemes), and
to the authors’ knowledge, no process-oriented schemes similar to those presented in this
study have been tested. Further development on the representation of subgrid variability
for these processes would therefore be interesting, as well as the possible combination of
RP and process-oriented perturbations. More generally, combining different perturbation
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methods to produce ensembles seems to be an interesting - yet challenging — approach. It
is probably difficult to combine perturbations that are not redundant, but it offers the
possibility to take advantage of the benefits of each type of scheme. For example, the
process-oriented schemes tested in this study produced non-negligible spread in the
boundary layer, where SPPT perturbations are operationally switched off to avoid
instabilities. However, by design they produce perturbations only once the processes in
question have started, and seem less effective in modifying the timing of their triggering
than SPPT. Christensen (2020) on the other hand argues that a multiplicative noise may not
be suited to represent the uncertainty of all the parametrizations, and that a diversity of
approaches could be beneficial. The iSPPT scheme (Christensen et al. 2017), where each
parametrization scheme is independently perturbed instead of the total tendencies, could
be a convenient framework to test such combinations.

Appendix

The mean and standard deviation of the surface mass-flux distribution presented in section
3 are given in Table Al. These values have been used to draw the red curves on Figure 2.
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FIGURE 1 Time-height diagrams of the specific mass of cloud liquid water, averaged on the
LES domain (a, b, c) and in the column of AROME-SCM (d, e, f) for ARMCu (a, d), BOMEX (b, e)
and FIRE (¢, f). Note that the y-axis does not extend to the same altitude for the three cases
and each case has a specific color bar.
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FIGURE 2 Histograms of mass-flux values on the LES domains at three different levels: cloud
base, middle of the subcloud layer (0.5 x cloud base height) and near surface (0.1 x cloud base
height), for (a) ARMCu between +5 and +10h, (b) BOMEX between +2 and +15h, (c) FIRE
between +12 and +16h (day) and (d) FIRE between +20 and +24h (night). The results of the
FIRE case have been split in two periods corresponding to day and night because the behavior
of the updrafts changes according to a diurnal cycle. The mass-flux values have been
computed assuming a constant density p=1. The red curve in the bottom histograms
corresponds to a Gaussian fit to the data.
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FIGURE 4 Vertical profiles of the absolute net temperature tendency from turbulence and
shallow convection in the control simulation (black line), the standard deviation of KC16
perturbations (blue-dashed line) in a 100-member ensemble, and the standard deviation of
SPPT perturbations (red-dashed line) in a 100-member ensemble. SPPT perturbations are
defined as the tendency difference before/after the application of the SPPT scheme. The grey
shaded area represents the vertical extension of the cloud in the control simulation. Profiles
are shown for (a) ARMCu at +9h, (b) BOMEX at +14h and (c) FIRE at +24h.
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FIGURE 5 (a) Potential temperature profiles of the control simulation (green line), the SPPT
ensemble mean (red line), the KC16 ensemble mean (blue line) and the coarse-grained LES
mean (black dashed line) for ARMCu at +9h. The red shaded area is the tenth to ninetieth
percentile range of the SPPT ensemble. This range is much smaller for the KC16 ensemble and
for the coarse-grained LES so the corresponding shaded areas are not visible on the graph.
(b,c,d) Vertical profiles of the potential temperature spread in SCM ensembles and coarse-
grained LES for (b) ARMCu at +9h, (c) BOMEX at +14h and (d) FIRE at +24h. The spread is
calculated as the tenth to ninetieth percentile range. The horizontal grey shaded area
represents the vertical extension of the cloud in the control simulation.
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FIGURE 11 Time-height diagrams of the tenth to ninetieth percentile range of cloud water (a,
b, c), potential temperature (d, e, f), specific humidity (g, h, i), zonal wind (j, k, 1) and
meridional wind (m, n, o) in the LES field (aq, d, g, j, m), the SPPT ensemble (b, e, h, k, n) and the
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POP ensemble (c, [, i, I, 0), for the ARMCu case. The white contour corresponds to the cloud
limits in the control simulation.

TABLE 1 Description of LES and SCM simulation setup for each case.

ARMCU BOMEX FIRE
LES domain 6.4 X 6.4 x 4 km3 12.8x12.8 x4 km?3 25.6x25.6x 1.2 km?
LES. Ax=Ay=Az=25m Ax=Ay=Az=25m Ax=Ay=50m,Az=10 m
resolution
Time rance 15 hours: 05:30 LT - 14 hours 24 hours: 00:00 LT -
& 20:30 LT 24:00 LT
Time
availability every five minutes hourl hourl
of LES y y y
fields
evolving
temperature and steady t_empera.lture steady temperature
L . radiative forcing, . s 1
Large-scale  humidity advection, . : advection, humidity
. o . humidity advection, . .
forcing radiative forcing, . advection, subsidence and
X subsidence and L
steady geostrophic L geostrophic wind
. geostrophic wind
wind
Surface sensible and latent sensible and latent sea surface temperature
forcing heat fluxes heat fluxes p
Parametriz
ation shallow convection, shallow convection, radiation, shallow
schemes turbulence, turbulence, convection, turbulence,
activated in condensation and condensation and condensation and cloud
AROME- cloud microphysics cloud microphysics microphysics
SCM

TABLE A1 Empirical mean and standard deviation values of the mass-flux distribution near
the surface, for the three cases.

ARMCU BOMEX FIRE
day night
uies (kg.m-2.s1) 0.18 0.07 0.02 0.03
oes (kgm2.s1) 0.07 0.02 0.01 0.01
OLES/ [LLES 0.37 0.33 0.4 0.45
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