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ABSTRACT
Horizontal diffusion in numerical weather prediction models is, in general, applied to reduce numerical noise
at the smallest atmospheric scales. In convection-permitting models, with horizontal grid spacing on the order of
1–3 km, horizontal diffusion can improve the model skill of physical parameters such as convective precipitation.
For instance, studies using the convection-permitting Applications of Research to Operations at Mesoscale
model (AROME) have shown an improvement in forecasts of large precipitation amounts when horizontal
diffusion is applied to falling hydrometeors. The nonphysical nature of such a procedure is undesirable, however.
Within the current AROME, horizontal diffusion is imposed using linear spectral horizontal diffusion on dynamical model fields. This spectral diffusion is complemented by nonlinear, flow-dependent, horizontal diffusion
applied on turbulent kinetic energy, cloud water, cloud ice, rain, snow, and graupel. In this study, nonlinear flowdependent diffusion is applied to the dynamical model fields rather than diffusing the already predicted falling
hydrometeors. In particular, the characteristics of deep convection are investigated. Results indicate that, for the
same amount of diffusive damping, the maximum convective updrafts remain strong for both the current and
proposed methods of horizontal diffusion. Diffusing the falling hydrometeors is necessary to see a reduction in
rain intensity, but a more physically justified solution can be obtained by increasing the amount of damping on the
smallest atmospheric scales using the nonlinear, flow-dependent, diffusion scheme. In doing so, a reduction in
vertical velocity was found, resulting in a reduction in maximum rain intensity.

1. Introduction
Horizontal diffusion is generally included in numerical weather prediction (NWP) models to damp short
waves that do not hold any predictability. Furthermore,
in synoptic-scale NWP models, there is no horizontal
turbulent mixing, and therefore diffusion acts in a way to
represent the horizontal effects of turbulence and molecular dissipation.
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Subgrid-scale parameterizations in NWP models account for unresolved physical processes such as deep
convection. As the horizontal resolution increases to the
kilometer scale, however, some aspects of deep convection are explicitly resolved. The solutions depend
critically on the numerical approximations of the model,
such as the horizontal diffusion scheme (Piotrowski
et al. 2009), and this is especially true at a model resolution on the order of 103 m, where the horizontal scales
of convection that we want to represent are sometimes
underresolved.
Horizontal diffusion schemes in NWP models are
commonly linear in the sense that the length and time
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components of the diffusive damping are specified depending on the configuration of the model grid and time
step. Váňa et al. (2008) developed a new nonlinear diffusion scheme for the Aire Limitée Adaptation Dynamique Développement International (ALADIN) model
(Bénard et al. 2010; Váňa et al. 2008; Gerard et al. 2009),
a spectral model in which deep convection is parameterized. This scheme acts through semi-Lagrangian (SL)
advection and thus was given the name semi-Lagrangian
horizontal diffusion (SLHD). It is intended to control
locally the damping of SL interpolators through a criterion defined as the function of the flow. Contrary to the
current linear spectral horizontal diffusion (from now on
LinSpec) scheme in ALADIN, SLHD can be applied to
any prognostic field being advected in the model. Therefore, nonlinear horizontal diffusion, through SLHD, may
be applied easily even to prognostic physical quantities
that are only represented in gridpoint space.
In the convection-permitting Applications of Research
to Operations at Mesoscale model (AROME; Seity et al.
2011; Bénard et al. 2010), deep convection is computed
explicitly on the model grid, using 1–2.5-km grid spacing.
In this model, horizontal diffusion is applied using the
LinSpec scheme developed for the ALADIN model,
however, with 4-times-reduced diffusivity relative to the
ALADIN implementation. This reduction in horizontal
diffusion was introduced so as to have a diffusive damping that is as close as possible to the damping within the
Méso-NH research model and to ensure a horizontal
diffusion that is as weak as possible (Seity et al. 2011). In
addition, SLHD is applied to the prognostic hydrometeors liquid, ice, graupel, snow, and rain, leading to an
improved skill of the precipitation forecast, especially for
large amounts. Even though the skill of the forecast is
improved, however, the solution of diffusing rain, snow,
and graupel as it is falling is unsatisfactory because it
lacks physical motivation. Furthermore, even though
there are some guidelines for how strong the diffusive
damping should be in numerical models, for instance by
keeping the slope of the model-resolved kinetic energy
and enstrophy spectra close to those derived theoretically (Leith 1971), the amount of damping imposed from
horizontal diffusion is somewhat arbitrary. This is particularly true at the kilometer scale.
In this study, we investigate the impact of applying the
flow-dependent horizontal diffusion scheme SLHD on
the dynamical fields of temperature and wind (horizontal
and vertical) in the AROME convection-permitting
model. In view of the above, it is intriguing to investigate
to what extent nonhydrostatic convective updrafts can be
locally damped by SLHD, in which the amount of
damping is a function of the flow deformation. Furthermore, to find a more physically motivated solution it is of

interest to investigate whether by diffusing the nonhydrostatic convective updrafts a reduction in large precipitation amounts can be obtained without diffusing
rain, snow, or graupel as it is falling.
We also examine the impact on the vertical updrafts of
convection when SLHD is applied on the falling hydrometeors such as rain and snow to understand whether
there is a feedback from such applications on the dynamics of convection. Furthermore, since we would like
to damp the waves that have lost their predictive skill,
mainly the short waves, we also investigate the impact
of SLHD with its original strength, which is 4 times
as strong as the current LinSpec diffusion scheme in
AROME. Last, since the SLHD scheme is a function of
the deformation of the flow, we investigate the impact of
increasing the diffusive damping of the smallest scales,
which may be seen as noise without any predictability,
but maintaining the activity of the model on the convective atmospheric scales.

2. Model description
The model utilized in this study is AROME (Seity
et al. 2011), which is built based on the ALADIN nonhydrostatic dynamical core (Bénard et al. 2010; Bubnová
et al. 1995). It is a spectral model developed for the
convection-permitting scales (;2.5-km horizontal resolution). At this model resolution, the deep convective
clouds are solved explicitly; a shallow convection cloud
scheme is used, represented by a so-called eddy-diffusion
mass-flux scheme (Pergaud et al. 2009), in the current
version of AROME (cycle 35t1.2). AROME uses a cloud
microphysics and precipitation scheme developed for the
Méso-NH research model in which explicit cloud microphysics computes the evolution of six water species [water vapor q, cloud liquid droplets ql, rain qr, cloud ice
droplets qi, snow qs, and graupel droplets qg (Caniaux
et al. 1994; Pinty and Jabouille 1998)]. As mentioned
above, there are two alternative horizontal diffusion
schemes available in AROME: LinSpec and the nonlinear scheme SLHD, acting through the interpolation
operator of the SL advection scheme.

a. Spectral linear diffusion scheme, LinSpec
A summary of the LinSpec diffusion scheme follows
below. Implementation details of the scheme may be
found in Bénard (2002) and Yessad (2009) and references therein. The linear diffusion benefits from the fact
that AROME is a spectral model. For a variable X, the
diffusion can be formally written implicitly as


Xt1Dt 2 Xt
Dt


HD

5 2KX =r Xt1Dt ,

(1)
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where t is time and r represents the order of diffusion.
Here, Kx is a horizontally (along model level) constant
coefficient of diffusion. The Kx coefficient is determined
by the model configuration given, such as domain size,
horizontal resolution, and the order of diffusion r; more
specific:
KX 5 KX (r, Lx , Ly , M, N , Dx, l, tHD , dX )
!r/2
L2y
t HD
exp(20:5pir) L2x
5
1 2
g(l),
2
(2p)r
M
(1 1 0:5ctr )2:5 dX Dx
N
(2)
Here Lx and Ly are the horizontal dimensions of the
domain with M and N being the spectral truncation in
each direction. The vertical profile of Kx is made proportional to the reference pressure at the surface, normalized by the standard atmospheric pressure at a given
level, through the function g(l), where l is the model
level. The amount of damping is controlled by scaling
a global tuning parameter, tHD (s21), by a scaling parameter dx. The truncation parameter ctr is determined by
the horizontal dimensions of the domain and the modelmesh horizontal resolution.
Thus, the final value of Kx for a variable X is linearly
proportional to the ratio t HD/dx. The inverse of this ratio
is in turn proportional to the damping time of the shortest
spectral wave to fold to 1/e of the original amplitude.
Last, to ensure that the amount of damping is independent of the model’s horizontal resolution Dx, the
diffusion coefficient Kx is proportional to Dxr21 (Bénard
2002). As a consequence, the damping time of the
shortest wave is also proportional to Dx and therefore
has the dimensions of meter seconds.
The spectral linear diffusion scheme has the advantage
of being unconditionally numerically stable and computationally effective. Moreover, it preserves the global
mean of diffused quantities. The main disadvantage is
seen in the scheme’s tendency to destroy atmospheric
balance, since its response is driven by the diffused field
itself, independent of the others. Furthermore, the linear
diffusion is applicable only to the fields represented in
spectral space. This restriction prevents the scheme from
being used for irregular or very localized prognostic
quantities, which are not transformed to spectral space
within AROME (such as cloud water/ice species).
The LinSpec scheme used in this study is of fourth order
(r 5 4). The model characteristics of spectral diffusion
used in AROME are t HD 5 6.15 s21 and dx 5 1, yielding
a uniform tuning for all model variables. The diffused
variables are virtual temperature (normalized with respect to standard atmosphere) and momentum components represented in spectral space by vorticity, horizontal
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divergence, and the nonhydrostatic variable of vertical
divergence (Bénard et al. 2010).

b. Semi-Lagrangian horizontal diffusion scheme
The semi-Lagrangian horizontal diffusion scheme is
described in detail in Váňa et al. (2008). The current
implementation in AROME has evolved slightly since
that paper, and therefore the main improvements are
explained here. SLHD is a nonlinear scheme acting
through the SL advection. Because the SL-advection
scheme does interpolations to compute the Lagrangian
source term for any advected prognostic variable at
every time step, the SL-advection scheme itself provides
some damping. The key idea behind the SLHD scheme
is its ability to control and profit from this side effect of
the SL advection. This is achieved through a generalized
computation of interpolation weights being evaluated as
a superposition of two bounding weights kmin and kmax,
which represent the least and the most damping interpolations allowed, respectively. The resulting weight
is fully determined by parameter k, computed as
k 5 kmin 1 (kmax 2 kmin )

DtF(d)
.
1 1 DtF(d)

(3)

The resulting blend of the two weights is determined by
a function of the flow F(d) and the model time increment
Dt. Here, d is the scalar quantity of the horizontal deformation at time t. In addition, the quantity to be interpolated can be further smoothed by a Laplacian
operator prior to an interpolation. The least amount of
damping is represented by the Lagrangian cubic interpolation, and the largest amount of damping is represented by a linear interpolation. The weak Laplacian
smoother is applied only to horizontal parts of the 3D
interpolation.
The function of the flow F(d) in Eq. (3) and the time
increment is represented as DtF(d)/[1 1 DtF(d)], with
F(d) in AROME being defined as
91B
8
>
>
=
<
jdj
C
P B
F(d) 5 2A[(s)ref ] d@max 1,
A ,
D
>
>
Q
:
[(s)ref ] ;
2
0

(4)

where A, B, and D are tunable parameters; (s)ref is
a factor of the model resolution (defined as the ratio
between the reference model resolution and an actual
resolution); and P and Q are empirical constants used to
maintain A and D independent from the domain size
(Váňa et al. 2008). The parameters A and B determine
the overall strength of k in Eq. (3), and the parameter D
is a threshold for the size of the flow deformation
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FIG. 1. (left) Geopotential height at 500 hPa (solid black lines; interval of 40 m) and mean sea level pressure (dashed black lines; interval
of 2.5 hPa). (right) Thermodynamic diagram of the temperature and dewpoint at De Bilt, the Netherlands. The horizontal lines represent
the pressure (hPa), the vertical lines are the wet adiabats, the curved dashed lines approaching the wet adiabats are the dry adiabats, the
solid slanted (to the right) lines are for the temperature, and the dashed and slanted (to the right) lines are the lines of equal mixing ratio.
Both figures are valid at 1200 UTC 30 Apr 2006.

d considered. These parameters are tuned in this study
to yield different amounts of damping allowed by the
SLHD scheme.
The SLHD scheme as described above is applied in
gridpoint space, and this gridpoint application of the
scheme is complemented by a so-called reduced spectraldiffusion scheme. This is basically the LinSpec scheme
described in the previous section, reduced by a constant
factor. This component of the SLHD scheme has nearly
no effect in the lower atmosphere of the model while
dominating over the gridpoint application of SLHD near
the model top. This is to suppress numerical noise toward
the top of the model.
Because the SL interpolation is applied only to half
tendencies of the nonlinear model evaluated at the origin
point, additional treatment of noise triggered by model
orography is required (Váňa et al. 2008). In the current
implementation, this treatment is realized through a weak
and very selective (sixth order) spectral linear diffusion
applied to the momentum components, with uniform
activity along the whole atmosphere, referred to as

supporting diffusion. Thus, the SLHD scheme consists
of three components: the flow-dependent diffusion applied in gridpoint space, the reduced spectral diffusion
applied to account for nonuniform vertical resolution,
and the supporting diffusion applied to account for model
orography.

3. Experimental design
A case with an observed daily cycle of moderate deep
open-cell convection, on 30 April 2006, over the Netherlands was chosen for this study. The large-scale forcing
is relatively weak because the area of interest is situated
between two upper-level lows (Fig. 1). The convection
in the region is forced mainly by the surface, and the
resulting deep convection is determined by the internal
model dynamics and physics, because the influence from
the lateral boundaries is weak. Figure 1 shows that the
convection is not very strong because of low CAPE values,
and the tropopause was found at a level of 400 hPa,
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FIG. 3. Kinetic energy spectra at model level 50, 16 h.

FIG. 2. Mean sea level pressure (hPa) at 0000 UTC 29 Apr 2006,
illustrating the domain size (full picture) covering the Netherlands
and parts of Germany, Belgium, Luxembourg, and northern France.
The light gray rectangle (50.58–52.58N, 4.58–7.08E) represents an area
selected for analysis.

preventing the convection from becoming very deep. It
is a common summer weather situation for northern
Europe, with small-scale rain showers developing in
the afternoon. Despite that, capturing the daily cycle
and precipitation intensity of such showers is a challenge
for NWP models in general and for high-resolution
NWP models in which deep convection is assumed to be
resolved on the model grid in particular. At these scales
we are in the middle of the so-called gray zone, in which
convection is partly resolved and is partly subgrid. Thus,
it makes for an interesting case to study the influence of
flow-dependent numerical diffusion.
The model domain is shown in Fig. 2. A subarea of the
domain between 50.58 and 52.58N and between 4.58 and
7.08E, where most of the daytime convection occurs, has
been chosen for all of the analysis of area-averaged
variables. The initial conditions and lateral boundary
conditions for the forecast are from a High-Resolution
Limited-Area Model (HIRLAM) Reference Cycle Run
forecast; the forecast is initiated at 0000 UTC 29 April
2006, and the forecast length goes out to 142 h. The
model grid spacing Dx is 2 km and contains 60 hybrid
levels in the vertical direction of which 30 are situated in
the lowest 3.5 km and with the lowest model level around
30 m above the surface.

To make the simulations with LinSpec and SLHD
comparable, all three components of the SLHD
scheme have been tuned to retrieve a kinetic energy
spectrum that is similar to that used in the current linear spectral-diffusion scheme in AROME (cf. REF and
SL1 in Fig. 3). In the gridpoint part of SLHD, only the
parameters A and D from Eq. (4) have been tuned,
whereas the reduced and supporting diffusion of SLHD
is directly related to the LinSpec tuning of the diffusion
coefficients.
As has already been mentioned, SLHD can be applied
easily to any prognostic field being advected in the
model. Therefore, horizontal diffusion may be applied
even to prognostic physical quantities that are only
represented in gridpoint space. Therefore, AROME can
be used with LinSpec on the spectral fields but with
SLHD applied to turbulent kinetic energy and the hydrometeors liquid, ice, graupel, snow, and rain (ql, qi, qg,
qs, and qr, respectively), and remaining off for the dynamical fields T, u, y, and w.
Many combinations of imposing horizontal diffusion
in AROME are possible. In this study six experiments
(Table 1) have been carried out to investigate the response of resolved open-cell deep convection by comparing linear and nonlinear horizontal diffusion of
different damping strengths and applying them to different sets of prognostic variables. REF refers to the
reference version of AROME cycle 35t1.2 (May 2009). In
this version, the damping of LinSpec is weak (it is reduced
by a factor of 4 relative to the original LinSpec scheme
used in previous AROME cycles) and SLHD has been
applied to the hydrometeors graupel, rain, snow, cloud
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TABLE 1. Experiment configurations.
Background diffusion

Factor-of-4-reduced
spectral diffusion relative
to original ALADIN
SLHD applied to
Temperature
Horizontal wind
Vertical wind
Graupel
Rain
Snow
Cloud liquid
Cloud ice
Water vapor
SLHD tuning
A
D

REF

NOHD

SL0

SL1

SL2

SL3

Yes

—

Yes

Yes

No

No

No
No
No
Yes
Yes
Yes
Yes
Yes
No

No
No
No
No
No
No
No
No
No

No
No
No
No
No
No
No
No
No

Yes
Yes
Yes
No
No
No
Yes
Yes
Yes

Yes
Yes
Yes
No
No
No
Yes
Yes
Yes

Yes
Yes
Yes
No
No
No
Yes
Yes
Yes

0.25
6.5 3 1025

—
—

—
—

0.03
6.5 3 1024

0.005
7.0 3 1024

0.25
6.5 3 1025

liquid, and cloud ice. Note that there is no diffusion of
water vapor. The energy spectrum of the REF experiment is illustrated by the solid black curve in Fig. 3. The
activity of the experiment REF can be compared with the
experiment named NOHD, which is the model run with
no horizontal diffusion. It can be seen that the damping is
most effective on the smallest scales, which lack predictability. In the experiment SL0, SLHD is switched off
completely and the model uses only the linear spectral
horizontal diffusion scheme LinSpec, tuned to have the
same slope and amplitude as the REF experiment. The
slope and amplitude of the energy spectra are the same in
SL0 as in the REF experiment (not shown); thus, applying SLHD to the hydrometeors does not change the activity of the model.
Contrary to the REF experiment, the SL1–SL3 experiments use SLHD on the dynamical fields of temperature, horizontal and vertical wind but not on the falling
hydrometeors graupel, rain, and snow. Therefore, these
experiments illustrate the influence of applying SLHD on
the dynamical fields rather than on the falling hydrometeors, which is to be preferred because diffusion of falling
hydrometeors is not physically justified. The differences among these three experiments (SL1–SL3) are the
strength of the damping coefficients both for LinSpec
and SLHD (Table 1). The difference in the amount of
damping between these experiments is illustrated in Fig.
3. SL1 is tuned to have the same activity as REF for
comparison, SL2 is tuned to have an energy spectrum
which is active on the convective scales but damps more
effectively on the very smallest scales, and SL3, with the
original tuning from Váňa et al. (2008), damps most
efficiently across the spectra.

4. Results
The time evolution of the area-averaged precipitation
intensity at the lowest model level for the REF experiment, in comparison with radar observations, is depicted
in Fig. 4. The radar composite uses radar reflectivities
at 800 m. The state of the atmosphere (temperature
and moisture), the ray-bending conditions, and the precipitation type (snow, rain, or hail) all determine how the
reflectivities are translated to surface precipitation. The
radar observations are taken as the ‘‘truth’’ and as a point

FIG. 4. Area-averaged (see Fig. 2) precipitation intensity (mm h21)
of the REF experiment in comparison with radar observations.
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FIG. 5. Time evolution of area-averaged (see Fig. 2) column-maximum (bottom) vertical
velocity (m s21) and (top) rain intensity (kg m22) valid between 0800 and 1200 UTC 30 Apr
2006, during the initial stages of daytime convection.

of reference when investigating the impact on precipitation when applying different types of horizontal diffusion. The model result is plotted in 5-min intervals that
focus on the time period of daytime convection on
30 April, valid between 0800 and 1800 UTC. For this case,
the precipitation intensity is much overpredicted when
compared with the radar observations, especially around
the initial stages of the convective activity, where a peak
value of area-averaged modeled precipitation can be seen.
The observations show a smooth growth and decay with
maximum intensity during the early-afternoon hours.
The impact of horizontal diffusion on this initial peak
of convection during the morning hours is particularly

interesting; therefore, for all of the experiments defined
in Table 1, the area-averaged column-maximum vertical
velocity and column-maximum rain intensity are plotted
as a function of time (Fig. 5). The probability density
function of the column-maximum vertical velocity and
rain intensity is plotted for 1000 UTC 30 April in Fig. 6.
The different experiments generally show the same
behavior for the averaged column-maximum vertical
velocity, with two clear outliers of the experiment that is
most diffusive (SL3) and the experiment with no horizontal diffusion (NOHD) (Fig. 5). In terms of vertical
velocity, however, no large difference between the REF
experiment, with LinSpec diffusion, and the SL1
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FIG. 6. Probability density function valid at 1000 UTC 30 Apr 2006 for (top) column-maximum
rain intensities of . 2 3 1024 kg m22 and (bottom) column-maximum vertical velocities of
.1 m s21.

experiment in which SLHD was applied on the full fields
of dynamics is found. This suggests that targeting the
convective-scale motions by introducing numerical diffusion as a function of the flow deformation does not
necessarily dampen the resolved convective updrafts
more than LinSpec diffusion does.
Of interest is that a difference can be identified between SL1 and REF in the maximum rain intensity in
the updraft (Fig. 5). Here, the SL1 experiment shows
a sharper peak of area-averaged maximum rain intensity
when compared with the REF experiment. In Fig. 6 it can
also be seen that there are more grid points with higher
maximum rain intensities in SL1 than in REF. This can be
explained by the fact that SLHD is applied to rain (qr) and
snow (qs) in addition to cloud water (qc), cloud ice (qi),
and graupel (qg) in the REF experiment. In experiment
SL1, SLHD is not applied to the falling hydrometeors qr,
qs, and qg but only to qy, qc, and qi. Diffusing rain as it is
falling out in a drier environment will cause the species to

evaporate more quickly. As illustrated by Fig. 5, however,
the extra smoothing onfalling hydrometeors in REF is not
a satisfying solution because it only reduces the precipitation intensity and remains without influence on the
strong convective updrafts.
With the previous results in mind, it is at first glance
a bit puzzling to understand the differences seen in Fig. 5
in comparing the SL0 experiment with REF. In SL0,
there is only LinSpec horizontal diffusion, with the same
damping properties as in the REF experiment (i.e., there
is no SLHD applied to any forecast variable). Both the
area-averaged maximum fields of the vertical velocities
and the maximum precipitation intensities are reduced
when compared with REF in which, as stated above, all
of the hydrometeors are diffused through SLHD. Figure
6 shows that, at the peak time of the convective activity,
the frequency of grid points with maximum vertical velocities of .1 m s21 or maximum rain intensities of
.2 3 1024 kg m22 is reduced in the SL0 experiment
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FIG. 7. Area-averaged (see Fig. 2) column maximum value of (a) rain intensity (kg m22),
(b) vertical velocity (m s21), and (c) cloud water (kg kg21), for experiments REF and SL0 and
with artificially suppressed cloud water and cloud ice, valid between 0800 and 1200 UTC 30 Apr
2006.

when compared with the REF experiment. A few grid
points with larger maximum vertical velocities and rain
intensities can be found at the tail of the probability
density function of the SL0 experiment, however, suggesting that, for this case, it is the number of cells rather
than the maximum intensity of vertical velocity and rain
that is reduced in the SL0 experiment when compared
with REF.
Another possible explanation for this behavior can be
obtained by investigating the impact of SLHD on cloud
water in the REF experiment as compared with SL0.
Figure 7 illustrates the maximum cloud water in the
column at the time of the onset of convection between the
two experiments, together with the maximum velocity
and the maximum rain rate for the same time period. It is
found that applying SLHD to qc in REF reduces the
amount of cloud water in the convective core; this in turn

reduces the water load in the column, making the air
lighter, and thus yields an increased vertical velocity
when compared with SL0. The stronger vertical velocities
at the time of the onset of convection result in an increase
in maximum rain intensity. Such a behavior can also be
confirmed by artificially suppressing the amount of cloud
water and cloud ice at every grid point at every time step
of the model integration by 5% in the REF experiment.
The area-averaged column-maximum values for such an
experiment are plotted with a dashed line in Fig. 7 for
cloud water, vertical velocity, and rain intensity. As the
cloud water is artificially suppressed, the vertical velocity
increases compare to REF. At certain times also the rain
intensity is enhanced. Therefore, in convective cases applying SLHD to cloud water (and cloud ice) can lead to
an increase in precipitation that is due to a feedback from
reducing the water load in the column.
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FIG. 8. The 1-h accumulated precipitation (mm), for forecast hour 34 for (a) REF, (b) SL3, and (c) radar valid at 1200 UTC 30 Apr 2006.
Also shown is vertical divergence (s21) at the lowest model level for forecast hour 34 for (d) REF and (e) SL3.

The most striking impact of imposing numerical diffusion for this specific case can be observed in Fig. 5 by
comparing the REF experiment with SL3, which is the
most diffusive experiment. Here, it can be seen that the
maximum values of the area-averaged column-maximum
vertical velocity are greatly reduced relative to the REF
experiment at the time of the initial peak. It can be seen in
Fig. 6 that the total number of grid points with strong
vertical velocities is reduced in SL3 when compared
with REF; there are more grid points with more-intense
rain intensities in the SL3 experiment, however, although
the total number of grid points with rain intensities of
.2 3 1024 kgm22 is reduced. This result suggests that the
stronger diffusion of the SL3 experiment has a strong
influence on the spatial structures and frequency of the
convective cells.
Figure 8 shows the structures of the 1-h accumulated
precipitation at the surface and the vertical divergence
at the lowest model level for the REF (Figs. 8a,d) and
SL3 (Figs. 8b,e) experiments. The precipitation fields are
compared with the 1-h radar composite valid at 1200 UTC
30 April 2006 (Fig. 8c). Both experiments show convective
cells with too-intense precipitation maxima when compared with the radar image; the number of intense cells is
reduced in the SL3 experiment, however—in particular,
the number of small cells. In looking at the vertical divergence field at the lowest model level, it is found that

the total number of updrafts is reduced in SL3 when
compared with REF as a result of increased horizontal
diffusion, with more intense divergence in the REF experiment and more frequent cells.
An objective way to illustrate the impact of horizontal
diffusion on the horizontal structures of convection is
shown in Fig. 9. Here, every point that contains some
precipitation at the lowest model level was assigned the
value 1. Continuously neighboring grid boxes containing
the value 1 were identified as convective clusters, not
including the diagonal values. The frequency of the
number of elements (grid boxes) within the identified
clusters, for each 5 min of output, throughout the model
integration, is illustrated. Also shown is the mean value
of the precipitation intensity over each cluster, multiplied by the number of grid points in the cluster, yielding
the precipitation intensity as a function of cluster size.
Figure 9 illustrates that in REF there are more convective cells, and in particular the smaller cells have a higher
precipitation intensity; in addition, the larger cells are
more intense or have similar intensity in REF relative to
the more-diffusive experiment SL3. The frequency of
the convective cluster sizes as a function of time shows
that, for this type of moderate small-scale convection,
increased horizontal diffusion, using SLHD, has the
impact of reducing the number of precipitating convective cells, especially small-scale clusters. There are
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FIG. 9. (a) Precipitation intensity (kg m22) 3 cluster size 3 frequency as a function of cluster size. (b) Frequency of
the number of grid boxes within a convective cluster (see text for details). (c) Time evolution of the frequency of the
number of grid boxes within a convective cluster for REF. (d) As in (c), but for the SL3 experiment. All panels use
5-min output for 0800–1400 UTC.

also fewer large convective clusters, and the total number of precipitating convective clusters is considerably
reduced. The influence of the stronger diffusive damping
of the SL3 experiment is interesting for this particular
case of moderate deep convection of very small scale;
the impact on stronger deep convection or other meteorological situations needs to be further explored,
however.
One may be motivated to allow for a more active model
and to reduce the damping of the horizontal diffusion
scheme since, to some extent, noise on the smaller atmospheric scales can act to backscatter energy consumed
by the NWP model at an unrealistically excessive rate on
the convective scales. This is important for the model’s
internal variability. Therefore, it is of interest to investigate the distribution of kinetic energy for different atmospheric scales as a function of time, comparing the
REF experiment with the SL3 experiment (Fig. 10). Here,

the total kinetic energy is plotted together with the
energy decomposed to different atmospheric scales.
The large scales correspond to atmospheric scales between 100 and 400 km, whereas the intermediate scales
correspond to atmospheric scales between 20 and
100 km. Last, the smallest scales, which correspond to
atmospheric scales of smaller than 20 km resolved by
the model, are representative of the convective scales
in this case.
There are two maxima in total kinetic energy corresponding to daytime in the model; the second maximum
corresponds to the daytime convection investigated in
all of the analysis above, valid on 30 April 2006. Because
the SL3 experiment is tuned to damp more efficiently on
the convective and turbulent scales of the atmosphere
than REF is, the total kinetic energy is higher in the REF
experiment. Decomposing the kinetic energy to different atmospheric scales reveals that the kinetic energy
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FIG. 10. Time evolution of total kinetic energy and kinetic energy for wavenumbers , 6, for
wavenumbers $ 6 and # 18, and for wavenumbers . 18 for the REF and SL3 experiments; see
text for details.

within the largest scales often is reduced in the REF
experiment when compared with the SL3 experiment.
On the smallest and intermediate scales of the atmosphere, however, the SLHD within the SL3 experiment
works hard to diffuse energy during the convective time
periods, whereas the LinSpec scheme in REF allows for
a more active atmosphere when the convection starts.
Hence, it appears that no backscatter of energy from the
smallest or convective scales toward the larger scales
occurs in the REF experiment; in fact, the results indicate the opposite for a large part of the forecast run.
To understand whether this noise is mostly a consequence of allowing a too-active model on the very
smallest atmospheric scales, the model was used with
full SLHD and simply increasing the diffusive damping
of the smallest scales but maintaining the activity of the
model on the convective scales, which is the case in the
SL2 experiment in Fig. 3. It is found, not unexpectedly,
that the maximum vertical velocity and the maximum
precipitation intensity are reduced when compared with
REF (Fig. 5). There is still a large difference between
SL2 and SL3, however, suggesting that it is important to
impose a more-diffusive numerical diffusion scheme
also on the convective scales to reduce unpredictable
noise.

5. Discussion and conclusions
The impact of applying the flow-dependent semiLagrangian horizontal diffusion scheme SLHD to the

dynamical fields of temperature and wind (horizontal
and vertical) in the convection-permitting model known
as AROME has been studied for a case with moderate
small-scale open-cell convection. The application of
SLHD has been compared with the reference diffusion
settings in AROME.
The study shows that for an equally active diffusion
scheme (same slope of the kinetic energy spectra) little
impact is seen on the maximum vertical velocities within
the updrafts, comparing the reference AROME with an
experiment in which SLHD is applied to the dynamical
fields. The convective updrafts remain intense, yielding
large precipitation maxima. In the reference AROME,
however, the precipitation intensity is reduced by
diffusing rain, snow, and graupel as they are falling. This
is unsatisfactory, as it was shown that the convective
updrafts remain strong.
By applying SLHD to the dynamical fields, but with
stronger damping (i.e., a steeper slope of the kinetic
energy spectra than that of the reference AROME), it
was found that the maximum values of vertical velocities
were reduced effectively and, as a consequence, so were
the maximum values of rain intensity, without diffusing
rain, snow, and graupel. The result is interesting because
it is an indication that a reduction of strong precipitation
maxima can be achieved in a more physically motivated
way. The amount of damping imposed from horizontal
diffusion is somewhat arbitrary, however—in particular,
at the kilometer scale. The spatial scales of the convective
updrafts, the timing of convective onset, and the overall
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intensity are all strongly dependent on the amount of
damping imposed.
Investigations of the spatial structures of the convective clusters for a case with moderate small-scale convection reveal that SLHD applied to the dynamical fields
has the ability to reduce the spatial scales of convective
cells, even when the diffusive damping is increased. In
general, increased diffusive damping yields larger spatial
structures of individual convective cells since the effective
horizontal resolution is decreased. This is an interesting
feature of a nonlinear diffusion scheme, because it allows
for more damping to reduce small-scale unpredictable
noise without yielding excessively large spatial convective
cells as a consequence. The impact on a case with stronger
deep convection or other meteorological situations needs
to be explored further, however.
Furthermore, numerical diffusion is generally included to damp unpredictable noise on the smallest atmospheric scales; one may be motivated to allow for a
more active model and to reduce the damping of the
horizontal diffusion scheme, however, since, to some
extent, noise on the smaller atmospheric scales can act to
backscatter energy consumed by the NWP model at an
unrealistically excessive rate on the smallest scales. This
is important for the model’s internal variability. After
a closer inspection of the kinetic energy, decomposed for
different atmospheric scales, that compares the weaker
diffusive reference experiment with the more diffusive
SLHD experiment, it was found that during the time of
convective activity the reference model was more active
on the smallest and intermediate atmospheric scales. For
the larger atmospheric scales the activity between the two
experiments was very similar, however. This suggests that,
in terms of backscatter of kinetic energy, the more-active
reference experiment does not interact with the larger
atmospheric scales more efficiently. Thus, one is further
motivated to treat the small-scale activity as unpredictable
noise that should be removed by horizontal diffusion.
Because the SLHD scheme can easily be applied
in gridpoint space, it opens up many possibilities for
influencing physical processes; this study reveals that this
needs to be done with care, however. For instance, applying SLHD to cloud water/ice can in convective cases
potentially lead to an increase in precipitation intensity due
to a feedback from reduced water loading in the column.
Having such a strong impact from the strength of
a horizontal diffusion scheme on the forecast of resolved
convection opens a discussion on how to make use of
horizontal diffusion. At 2-km horizontal resolution,
deep convection is not always resolved, and the horizontal diffusion in this case becomes a replacement of
a physical parameterization. Perhaps a more pragmatic
approach for using SLHD is to explore a 3D turbulence
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parameterization within AROME that may be applied
in the SLHD framework by, for example, basing the
strength of the diffusion on a physical parameter such
as turbulent kinetic energy. As seen in this particular
case, the convective precipitation is too intense, very
probably caused by too-strong updrafts. In the current
AROME at 2-km horizontal resolution there is no
physical parameterization allowing communication between adjacent grid boxes, and there is limited organization of the convective cells. The behavior indicates
that even at 2-km horizontal resolution the gray-zone
problem, being a consequence of the fact that the time
and space scales between real updrafts and compensating circulations are very different, is still a challenge. A
more satisfactory way to address such a challenge, rather
than using horizontal diffusion, could be to introduce
a convective parameterization that ensures consistent
treatment of deep convection across a range of scales.
This would allow horizontal diffusion to achieve its
implemented purpose—removal of unpredictable noise.
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