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ABSTRACT
A comparison between anelastic and compressible convection-permitting weather forecasts for the Alpine
region is presented. This involves mesoscale simulation of a typical westerly flow accompanied by a passage of
frontal systems as well as intense airmass convection and orographic convection. The limited-area model
employing a 2.2-km horizontal grid length is driven by time-dependent boundary conditions from a coarseresolution model. The results obtained with the anelastic and the compressible model versions show good
agreement. Validations of the 10-m wind, 2-m temperature, 2-m dewpoint temperature, total cloud cover, and
surface precipitation against observations for a seven-member forecast ensemble reveal only minor differences between the two configurations. The sensitivity study demonstrates only a small impact of realistic
pressure perturbations (about a reference profile) on the solutions. Overall, anelastic approximation proves
remarkably accurate in simulating moist mesoscale dynamics.
The study has been conducted using a newly developed hybrid limited-area nonhydrostatic version of the
Consortium for Small-Scale Modeling (COSMO) model. This version facilitates the use of two alternative
dynamical cores: compressible (original) and anelastic (new). The new dynamical core, which is based on the
Euler–Lagrangian (EULAG) solver, aims at integrating atmospheric flow equations at resolutions higher
than O(1) km for steep orography. A coupler has been developed to merge the EULAG dynamical core with
the COSMO numerical weather prediction framework.

1. Introduction
With increasing computational power, regional numerical weather prediction (NWP) models have started
employing horizontal grid lengths that permit an
explicit representation of moist convective processes.
Consequently, partial resolution of large clouds and
cloud-forming processes has become possible. Another
desirable impact has been a more realistic representation of local weather phenomena. Climate models also
benefit from this progress since many simulated features
improve with finer resolutions, especially those associated with the diurnal cycle of moisture (Hohenegger
et al. 2008). However, such progress also leads to the
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undesirable side effects of posing serious physical and
numerical challenges for the models. Some of these issues are related to the need for appropriate scale-aware
parameterizations. Others come from an increasing
steepness of mountain slopes, stronger nonhydrostatic
effects, and larger variability, as well as stronger gradients of flow parameters, changes in the flow regime, and
associated numerical effects. All these factors can deteriorate the model’s performance and numerical stability. Because of this, various numerical methods for
high-resolution nonhydrostatic modeling have been
developed, and their suitability has been tested for a
range of atmospheric flows (see Steppeler et al. 2003 for
a review).
Recently, the Consortium for Small-Scale Modeling
(COSMO; www.cosmo-model.org) launched a scientific
project with the motivation of developing a robust highresolution limited-area nonhydrostatic model. According to the COSMO Science Plan (Baldauf 2010b, 16–20;
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Baldauf 2015, 25–31) it is required that a dynamical core
has basic conservative properties, which allows for a
robust treatment of discontinuities and strong gradients
(LeVeque 2002). One of the project branches involves
the implementation and testing of an anelastic dynamical core of the Euler–Lagrangian (EULAG) model
(Prusa et al. 2008; www2.mmm.ucar.edu/eulag). EULAG
is a computational research tool for multiscale flows that
has been successfully used for a range of scales and applications (see, e.g., Prusa et al. 2008; Smolarkiewicz et al.
2014, and references therein).
The development has involved thorough testing of the
model’s performance starting from a set of standard dry
and moist idealized benchmark scenarios (Rosa et al.
2011; Kurowski et al. 2011). The code has been modularized and rewritten into Fortran 90/95 (Wojcik et al.
2012). High-resolution (2.2, 1.1, and 0.55 km) dry semirealistic flows over the Alps have been simulated to
examine the performance of the dynamical core for increasing mountain steepness and terrain complexity
(Ziemianski et al. 2011). Further developments have
focused on merging the EULAG dynamical core with
the COSMO infrastructure that provides a basic set of
physical parameterizations (surface fluxes, turbulence,
radiation, convection, cloud microphysics, etc.) and is
responsible for nesting and input/output (I/O) operations. This led to the emergence of the COSMOEULAG (hereafter CE) model prototype, in which
the communication between the dynamical core and the
model physics is handled by an appropriately designed
coupler (see the appendix).
Despite the fact that anelastic modeling of low Mach
number atmospheric flows has a number of successful
applications (e.g., Lafore et al. 1998; Stevens et al. 1999;
Khairoutdinov and Randall 2001; Prusa et al. 2008), and
is still being actively explored by researchers (e.g.,
Davies et al. 2003; Pauluis 2008; Smith and Bannon
2008; Arakawa and Konor 2009; Klein et al. 2010;
Smolarkiewicz et al. 2014), a fundamental problem
concerns the practical scale limitations of this approximation. For example, based on scaling arguments,
Ogura and Phillips (1962) derived their anelastic approximation for an isentropic atmosphere. Further improvements were proposed by Dutton and Fichtl (1969),
Lipps and Hemler (1982), and Durran (1989), among
others. The asymptotic analysis of Klein et al. (2010)
showed that an anelastic framework can be applied to a
relatively strongly stratified atmosphere, with 30–50-K
differences in the potential temperature across the troposphere. Furthermore, Kurowski et al. (2014) demonstrated that moist deep convection can be accurately
represented by the Lipps and Hemler (1982) approach.
On the other hand, Smolarkiewicz et al. (2014) and
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Kurowski et al. (2015) showed that synoptic-scale vortices develop more slowly in the anelastic system owing
to an abbreviated baroclinic production of vorticity.
Although formation of the synoptic-scale baroclinic
eddies seems to be notably affected by the linearization
of the pressure gradient term in the momentum equation, anelastic models have still been successfully used in
the limited-area weather and climate modeling (e.g.,
Lafore et al. 1998; Abiodun et al. 2011).
Keeping these considerations in mind, the goal of this
study is to advance our understanding of the aneleastic
approximation, and to test its accuracy and representativeness for moist mesoscale modeling. We use the recently developed CE modeling framework to address
the following topics. First, we compare anelastic and
compressible mesoscale convection-permitting integrations for the same realistic initial and boundary
conditions, and validate them against observations.
Second, various simplifications to the representation of
reference pressure in the model physics are discussed
and their impacts on the integrations are quantified. The
realistic test case we use involves a passage of warm and
cold fronts from the western coast of Europe toward the
Alps. The case represents a typical meteorological situation in which a westerly flow driven by a slowly
moving low pressure system advects relatively humid air
masses from the Atlantic Ocean to the continent. This
leads to intense in-land cloud formation and precipitation. The evaluation against observations is performed for an ensemble of forecasts, which allows us to
increase its statistical significance.
This paper is organized as follows. A brief description
of the modeling framework with a specification of the
compressible and anelastic dynamical cores is provided
in section 2. Section 3 describes the idealized numerical
experiment for steep orography. In section 4, the realcase numerical experiment is introduced, and its results
are presented in section 5. In section 6, validation of the
numerical results against observations is presented.
Section 7 discusses the impact of various simplifications
to the reference pressure used in the model physics on
the simulation results. A summary and closing discussion are given in section 8. Technical aspects on merging
the EULAG and COSMO codes are succinctly described in the appendix.

2. The modeling framework
a. Overview
The numerical framework employed in the study is
the mesoscale NWP model version of the COSMO
consortium (Baldauf et al. 2011, code version 4.26;
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FIG. 1. Schematic of the COSMO and EULAG computational
meshes. Mass levels (for temperature T or potential temperature u,
moisture q, and pressure p) are collocated in space for both models,
whereas the velocity field (u, y, w) is defined on a staggered grid
for COSMO. An additional level near the ground is defined for
EULAG, with the model top located half a grid length below that
for COSMO. The latter feature does not affect the simulated flow,
as the upper part of the domain is occupied by a sponge layer.

www.cosmo-model.org) widely used for operational and
research purposes. We run the model with a convectionpermitting (cf. Prein et al. 2015) horizontal resolution of
2.2 km, and a standard set of physical parameterizations:
radiation, turbulence, cloud microphysics, land surface
model, and surface flux scheme. The computational grid
utilizes a rotated geographical coordinate system and a
set of generalized terrain-following vertical coordinates
with stretching. In the standard configuration, the model
utilizes the compressible Runge–Kutta dynamical core
discretized on the C grid. Hereafter, it is referred to as
the RK model. In the alternative CE version, the RK
model is replaced by the anelastic EULAG dynamical
core discretized on the A grid. For both of these models,
horizontal coordinates and mass levels are collocated in
space, and there is one additional level for the CE dynamical core near the surface (Fig. 1). Communication
between the EULAG dynamical core and the COSMO
environment is provided by a coupler (see the appendix). Both configurations use identical sets of physical
parameterizations without any case-specific tuning.

b. The compressible dynamical core
The compressible dynamical core is based on the
Runge–Kutta split-explicit scheme as described in
Wicker and Skamarock (2002). It solves the prognostic
equations for the spherical wind components, deviations
of temperature and pressure from the reference state,
specific humidity, cloud and rainwater content, and optionally other forms of water condensate (cloud ice,
graupel, snow), as well as the turbulent kinetic energy.
The air density is diagnosed from the temperature and
pressure via the equation of state. The way the density is

calculated within the framework is important for the
sensitivity experiment that is described in section 7.
The prognostic equations are first split into slow (advection, Coriolis terms, forcings from the physical processes) and fast [pressure gradient, buoyancy term, and
the so-called working terms in temperature and pressure
equations; see Baldauf et al. (2011)] parts. The slow part
is then integrated with a large time step. The fast part, on
the other hand, is solved with a number of small substeps
to acquire the solution for fast-propagating sound and
gravity waves. A detailed description of the compressible dynamical core and its numerical aspects can be
found in Baldauf (2010a).

c. The anelastic dynamical core
The EULAG dynamical core solves the prognostic
equations for the spherical wind components, deviations
of the potential temperature, and the water vapor, cloud,
and rain (and optionally other moist species) mixing ratios. Pressure perturbations are diagnosed through the
Poisson equation that results from the anelastic divergence constraint. The base state is obtained by horizontal averaging of the initial temperature field so that
the tropospheric temperature perturbations are typically
of the order of 10 K. The anelastic divergence constraint
=  (Gru) 5 0,

(1)

where G is the Jacobian of the transformation to the
curvilinear framework, r 5 r0 (z) the base state density
profile, and u the flow velocity, implies that the total
mass within the domain remains unchanged:
ð
Grun ds 5 0,
(2)
V

where un 5 u  n denotes the part normal to the
boundary V. To satisfy this integrability condition for
realistic time-dependent boundary conditions, we first
split un into its inflow and outflow parts:
un (t) 5 uin (t) 1 a(t)uout (t) ,

(3)

and then we adjust the outflow part through the multiplicative constant a that needs to be determined at every
time step from Eq. (2). Our experience indicates that
realistic mesoscale flows are practically nondivergent
and the mean velocity adjustment is of the order of 4&–
5&, with the largest yet very sporadic (0.1% of all time
steps) values close to 1%. Nevertheless, the adjustment
is formally required for the consistency of the anelastic
system.
Time integration of the anelastic dynamical core is
based on second-order two-time-level forward-in-time
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TABLE 1. Maximum vertical velocity wmax after 10 h of the
EULAG dynamical core integration for the atmosphere-at-rest
experiment. Two types of orography are considered: Gaussian and
Schär mountains. In addition to the maximum mountain height, the
maximum inclination of slopes is also provided.
Gaussian mountain
Max
Max
height (m) inclination (8)
0
100
500
1000
2000
4000

0
0.6
3.1
6.1
12.1
23.1

Schär mountain

wmax
(m s21)

Max
inclination (8)

wmax
(m s21)

10213
2.5 3 1025
4.4 3 1025
1.5 3 1024
8.5 3 1024
5.5 3 1023

0
2.1
10.1
19.7
35.6
55.1

10213
4.4 3 1025
1.1 3 1023
4.3 3 1023
9.3 3 1023
7.2 3 1022

scheme [cf. Eq. (9) in Prusa et al. (2008)], which we
modify to
Cn11
5 Ai (Cn 1 0:5DtRn2 1 DtRn1 ) 1 0:5Dt(R2 )n11
,
i
i

(4)

where i and n denote space and time levels, respectively;
A represents the advection operator [the fully threedimensional nonoscillatory positive definite MPDATA
scheme; see Smolarkiewicz (2006)]; and R are the righthand side terms (such as Coriolis force, pressure gradient force, buoyancy, forcings from parameterizations,
etc.) of the prognostic variable C; see also the discussion
regarding Eq. (33) in Smolarkiewicz et al. (2014).
Forcing terms can be incorporated into the integration
scheme with either R2 [O(Dt2 )] or R1 [O(Dt)] accuracy.
Since the model is designed for convection-permitting
applications with relatively small time steps (;10 s), all
of the forcings from COSMO parameterizations have
preliminarily been implemented into the integration
algorithm as the less accurate R1 terms. This first
approximation helps to avoid dealing with the two-timelevel data. A more detailed description of the time integration scheme and the elliptic pressure solver can be
found in Prusa et al. (2008) and Smolarkiewicz et al.
(2014), and references therein. The current version of
the CE model is approximately 40% slower than the
original RK model. Arguably, this can be mitigated by
advancing code optimization (including the pressure
solver) to the level of the already established RK model.

3. Idealized experiment for steep orography
Since one of the project’s goals was to test the robustness of the new dynamical core for an increasing resolution
and slope steepness, we briefly discuss its performance for
an idealized atmosphere-at-rest experiment.
It has been long recognized that the use of terrainfollowing coordinates introduces numerical effects that
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can limit their applicability for steep slopes (see e.g.,
Gallus and Klemp 2000; Schär et al. 2002; Zängl 2012).
One of the most important issues concerns the generation of spurious circulations forced by the residual discretization errors [especially those of the pressure
gradient term in the momentum equation; cf. Zängl
(2012)]. As the errors tend to grow with increasing slope
steepness, it may eventually violate the code’s numerical
stability. While improved representations of the vertical
coordinates are becoming increasingly popular (e.g.,
Schär et al. 2002; Zängl 2012), we stick to the basic
formulation of Gal-Chen and Somerville (1975), and
test its accuracy as explained below.
A set of two-dimensional dry integrations has been carried out with the EULAG dynamical core for a stably
stratified (N 5 0.01 s21) atmosphere. The surface pressure
and temperature are prescribed at 1000 hPa and 288 K,
respectively. The domain height and width are 20 and
320 km, respectively, while the corresponding grid increments are 1 km and 400 m. Periodic lateral boundary
conditions are applied. A sponge layer extends above
13 km. No subgrid-scale turbulence scheme is used. Two
types of orography are considered: the Gaussian and the
Schär mountains, with the latter representing five adjacent
hills superimposed on a bell-shaped envelope (Schär et al.
2002). The half-width of both the Gaussian hill and the bellshaped envelope is 8 km, and the maximum height of the
two mountains changes from 0 m to 4 km. The integration
time is 10 h, after which the solutions are analyzed.
The strengths of the spurious quasi-steady circulations
(which stabilize after about an hour) from the CE dynamical core are listed in Table 1. Maximum vertical velocity for a flat domain remains zero to the accuracy of
machine roundoff errors. For the Gaussian mountain it
grows from O(1025) m s21 for the 100- and 500-m mountain heights, through O(1024) m s21 for 1000- and 2000-m
mountains, up to few millimeters per second at 4000 m. As
expected, larger numerical effects are simulated for the
Schär mountain, with O(1025) m s21 for the 100-m height,
O(1023) m s21 for the three higher mountains, and finally
several centimeters per second for 4000 m. The maximum
slope inclination in this case is about 558.
It is worth mentioning that the code has also been
tested for higher hills (up to 8 km) without encountering
any instability issues. Since the realistic orographic effects are typically a few orders of magnitude stronger
(w ; u›h›x21 , where u is the horizontal wind, h the
terrain height, and x the horizontal distance; u is typically
of the order of 10 m s21), the numerical effects documented in this section can be considered insignificant
with regard to our realistic experiments. They are similar
to, or even smaller than, those from the icosahedral nonhydrostatic (ICON) dynamical core, which is a prospective
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FIG. 2. Free-troposphere horizontal winds (arrows) from the CE and RK simulations at the 8730-m model surface after (left) 12 and (right)
24 h. Colors represent the velocity magnitude. The reference vectors are plotted next to the color bars.

next-generation dynamical core of the COSMO model
(cf. Figs. 2–4 in Zängl 2012).

4. Introduction to the real-case numerical
experiment
a. Overview
We focus on the meteorological situation that occurred
on 2 November 2013. On that day, the weather over
central Europe was affected by a weak (998 hPa) low
pressure system (with its center over northern France and
Belgium) that was slowly moving northward.1 Strong
orographic and synoptic forcings resulted in a significant
cloud and precipitation formation over western and
central Europe (see section 5e). This provides an opportunity for us to evaluate the numerical representation
of moist processes as the key elements of high-resolution

1
The archive synoptic charts can be found online at http://www.
wetterzentrale.de/topkarten/tkfaxbraar.htm.

NWP simulations. Similar studies on different weather
scenarios, such as summertime convection, are currently
under our consideration and are being planned to be reported on in a separate publication.

b. Experiment setup
The setup is based on the operational configuration of
the MeteoSwiss COSMO-2 model with the same computational domain and grid structure as in Ziemianski
et al. (2011). The domain utilizes 350 3 520 (latitude 3
longitude) horizontal grid points and covers the entire
Alpine region and its surroundings (cf. Fig. 2). Time
integration starts at 0000 UTC 2 November 2013 and
lasts for 24 h, with 12-s time steps. Boundary conditions
are provided by the regional MeteoSwiss COSMO-7
model that employs a horizontal grid length of 7 km. A
sponge layer extends above 15 km, and 40-km-thick
lateral absorbers are applied. Several species of water
are considered in the experiment: water vapor, cloud
water, cloud ice, snow, graupel, and rain. For a thorough
description of the model microphysics see Baldauf et al.
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FIG. 3. Boundary layer horizontal winds from the (top left) CE and (top right) RK simulations at the 505-m surface (top) after 24 h,
along with their differences (bottom) after 12 and 24 h. Colors represent the velocity magnitude. The reference vectors are plotted next to
the color bars (top panels).

(2011 and references therein). Radiation transfer is
calculated every 6 min, which is a compromise between
the numerical efficiency and temporal resolution required to account for a typical cloud life cycle.
The two models differ in their approaches to the
pressure field that is employed by the physics. The full
pressure obtained from the prognostic equation is used
in the compressible model. On the other hand, a
smoothed (quasi hydrostatic) pressure from COSMO-7
is used in the standard configuration of the anelastic
model. In section 7 we explain these configurations in
more detail and show that the model simulations are
insensitive to this pressure prescription.

c. Metrics for the ensemble-mean differences
Three metrics are used to quantify the differences between the CE and RK integrations: bias (B), root-meansquare difference (RMSD), and pattern correlation (PC).

For each meteorological variable C, the densityweighted volume-averaged bias is calculated as

B(C)jV 5

RK
å (CCE
i 2 Ci )r i y i

i2V

å ri y i

,

(5)

i2V

where V is the volume over which the metric is integrated, i indexes all grid boxes that belong to V with
their partial volumes yi , and
ri 5

RK
rCE
i 1 ri
2

(6)

is the mean physical density within each grid box as
seen by the COSMO parameterizations, which are the
same for both models. Within the modeling framework, the physical density is always diagnosed from the
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encapsulates their similarity. To improve their statistical
significance, we calculate the three metrics for an ensemble of seven 48-h forecasts, starting daily at 0000 UTC
from 1 to 7 November 2013.

5. Results of the real-case experiment
a. Horizontal wind

FIG. 4. Time series of the volume-integrated (top) bias and
(bottom) RMSD between CE and RK for the horizontal wind
speed, averaged over the ensemble of forecasts. The metrics are
calculated for the layers: lower troposphere, 0–5 km; upper troposphere, 5–10 km; and lower stratosphere, 10–15 km.

equation of state (cf. section 2) regardless of the type of
dynamical core.
The root-mean-square difference reads as
2

RK 2
å (CCE
i 2 Ci ) ri y i

6i2V
RMSD(C)jV 5 4

å ri y i

31/2
7
5

,

(7)

i2V

with the same meaning of all symbols as for the bias.
The above two metrics are analyzed for three different horizontal layers: 0–5, 5–10, and 10–15 km above sea
level (i.e., they do not follow the orography). Results for
the lowest layer are dominated by the boundary layer
dynamics, although some free-tropospheric effects may
also be involved. For the middle layer, they largely describe the free-tropospheric flow, and for the top-most
layer they mainly characterize the differences within the
lower stratosphere.
The pattern correlation describes the similarity between the RK and CE solutions at a certain height h. It is
defined as
2 Cjh
å (Ci jCE
h

CE

PC(CCE , CRK )jh 5

i2S

RK

)(Ci jRK
2 Cjh )
h

sCjCE sCjRK
h

,

h

(8)
where S is the horizontal surface with the values of C
linearly interpolated from the model grid, C denotes
their mean, i runs over the latitude–longitude grid points
that belong to S, and s is the standard deviation of C
derived about C.
Thus, the bias and RMSD are measures of the differences between the two simulated fields, whereas PC

Since the boundary layer dynamics largely depends on
the free-tropospheric flow, we first document the highaltitude solutions. Comparison of the horizontal velocity
fields for RK and CE after 12 and 24 h (since 0000 UTC
2 November 2013) at the 8730-m surface (35th model
level) above the ground is shown in Fig. 2. Note that the
model surfaces follow the orography. For most of the
time, the mesoscale nearly geostrophic wind is dominated by the zonal component, with the average magnitudes between 25 and 35 m s21 and the domain
maxima exceeding 50 m s21. During the second part of
the day, the meridional component strengthens and the
mean flow direction diverts to the northeast.
The comparison reveals good agreement between the
two solutions that does not deteriorate with time. The
flow patterns compare well and a smooth transition between the prescribed time-dependent boundary conditions and the prognosed solutions is well simulated. The
differences between the models are small, especially
knowing that the anelastic lateral boundary conditions
have to be adapted following the divergence constraint
from Eq. (1). A similar agreement between the integrations is also observed for stratospheric flows (not
shown; for quantitative analysis, see text below). For this
reason, further analysis is focused mainly on the lower
troposphere.
Figure 3 shows the horizontal wind at the 505-m surface (ninth model level; within the boundary layer)
above the ground at 2400 UTC, along with the differences between the models at 1200 and 2400 UTC. The
low-level flow is strongly affected by the boundary layer
friction and the orography. Consequently, it is largely
channeled around the mountains following strong orographic constraints associated with subcritical Froude
numbers (Smith 1980). Here again, the flow patterns are
very similar for both realizations, with most of the differences smaller than 2–3 m s21 and the local extrema as
large as 9 m s21. The typical length scale of the pattern of
differences reaches several tens of kilometers, though it
can sometimes exceed 100–150 km. Larger and more
persistent structures (as inferred from plots not shown in
the paper) are often associated with wake patterns
generated by the mountains and also with the frontal
dynamics and the precipitating convection. They are
mostly aligned with streamlines, which indicates the role
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FIG. 5. Vertical velocity (colors) from the (top) CE and (bottom) RK simulations at the (left) 9th (505 m) and (right) 28th (5680 m)
model levels after 24 h. Black arrows represent the horizontal wind at the surfaces. Red arrows indicate the convergence lines. The
reference vectors are plotted next to the color bars.

of advection in their size increase along the flow direction. Some of the orographically generated patterns
(e.g., those behind the Apennines) extend unsuppressed
over longer distances as a result of small orographic
drag. Another feature is the pronounced band of wind
differences associated with the cold front at 2400 UTC
that expands from the Swabian Alps and Black Forest
toward Jura and the Massif Central. The negative differences in the northeastern part of the band are associated with the weaker lee flow over the Black Forest in
CE. For the northwestern part, most of the differences
are transient and collocated with the small-scale precipitation bands due to convection (see section 5e). On
the other hand, there are no significant differences between the frontal system propagations, as indicated by
the vertically averaged temperature within the 1.5–5.5-km
horizontal layer above the mean sea level (not shown for
conciseness).
Figure 4 shows time series of the biases and RMSDs
for wind speed for the three 5-km-thick horizontal layers

(0–5, 5–10, and 10–15 km). In the lower troposphere, the
ensemble bias is slightly positive, with an amplitude of
0.1 m s21. The upper-tropospheric bias evolves about
zero with approximately twice a smaller amplitude. The
stratospheric bias grows quickly in the first 3 h until it
reaches 20.4 m s21 and then evolves more steadily. In
relative terms, all of these differences are of the order of
1% with respect to the model means within the layers
(not shown). The RMSDs grow quickly in the first 6 h,
after which the evolutions flatten out. The most typical
values fall within the ranges of 1.8–2, 1.4–1.6, and 1.8–
2 m s21 for the bottom, middle, and upper layers, respectively. Overall, the two integrations present a large
degree of similarity, especially considering the highly
diverse orography influencing the flow across the entire
depth of the domain.
To quantify the similarity of the solutions in the troposphere, profiles of pattern correlation [Eq. (8)] are
calculated every hour and are then averaged over 6-h
time periods (Fig. 11). The results represent a 7-day
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FIG. 6. Vertical velocity distributions from the CE and RK ensemble forecasts after (top) 12 and (bottom) 24 h, with respect to
the 9th (505 m) and 28th (5680 m) model levels.

ensemble mean to make them statistically meaningful.
The afternoon profile, which describes the most dynamically active part of the day, is additionally split into
two parts, representing the high (HL) and low (LL)
lands separately. The HL part is defined for orography
higher than 1 km above sea level (i.e., for the areas
marked with black contours, mainly for the Alps) and
contains about 20% of the model columns, while the rest
is the LL part.
The PC values for the wind speed are remarkably
high, as they typically exceed 0.9 in the lower troposphere and 0.97 in the upper troposphere. The profiles
display two distinct minima: one around 3 km and the
other near the surface. The former is likely related to the
differences in the vertical momentum transport related
to the model-resolved wave stress (not shown). The
latter includes the effects of different flow channeling
and represents a significantly smaller number of grid
points. The presence of orography reduces the correlation by several percent.

b. Vertical velocity
A comparison of the vertical velocity at the 505-m (9th
model level) and 5680-m (28th model level) surfaces at
2400 UTC is shown in Fig. 5. Most of the air currents are
driven by strong orographic forcings over the Alps, with
well-matching CE and RK patterns. Additionally, a few
convergence lines are simulated for relatively strong
horizontal winds over the French highlands and foothills
at the lower surface. The updraft intensities, horizontal
extents, and lifetimes of these lines (the latter not
shown) all compare well between CE and RK. The results indicate that the two models consistently simulate
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mesoscale coherent structures for the vertical velocity.
Since the Jura Mountain convergence line is of frontal
origin, it results in a quasi-steady upward flux of moisture, which forces intense condensation and resulting
precipitation (see section 5e).
The ensemble pattern correlations for the vertical
velocity (Fig. 11) are generally lower than those for the
other fields but are still significant:2 0.57–0.74. Local
minima occur near the surface and at around 2 km. For
strong orographic forcings (HL profile) correlations are
higher, with the mean differences between HL and LL
being about 0.2 within the boundary layer and decreasing in the free troposphere. Moreover, the PC
profiles correlate notably better at night because of
lower convective activity.
Frequency distributions of the vertical velocity at the
505- and 5680-m surfaces at 1200 and 2400 UTC are
plotted in Fig. 6. The lognormal scale is used for a better
representation of the differences in their tails. The
negative skewness of the distributions at the 505-m
surface is controlled by the orography and decreases at
higher altitudes. As seen in the analysis, it also depends
on the direction of horizontal flow and becomes less
negative for flows with a stronger northern component
of the velocity. The differences within the tails are
generally small, but there is a hint of slightly stronger
vertical currents in RK around noon at the lower surface. Since these currents play a role in shaping the
convection, they can affect the representation of clouds
as discussed in section 5e. The differences tend to diminish at night.

c. Temperature
Figure 7 presents the CE and RK temperature fields
for the 505-m surface at 2400 UTC, along with their
differences at 1200 and 2400 UTC. The temperature
spans the 30-K range and its spatial structure closely
reflects the underlying orography.
The differences between CE and RK are small, with
the most typical amplitudes not exceeding 0.6 K. A relatively persistent bias of 0.6–1.4 K occurs in various regions of the mountains. This may be partially caused by
stronger downslope winds in CE and the resulting advection of higher potential temperature from aloft.
Additionally, several distinct patterns of larger discrepancies (up to 2.5–3 K) can be detected. These are
frequently transient in nature and represent the cumulative differences in horizontal and vertical advection,

2
We use the significance limit of 0.6 in analogy to the NWP
threshold for a pressure anomaly correlation (e.g., Wilks 2011).
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FIG. 7. Temperature fields from the RK and CE simulations at the 9th (505 m) model surface (top) after 24 h and their differences
(bottom) after 12 and 24 h. Arrows in the top panel represent the horizontal wind at the surface. The reference vectors are plotted next to
the color bars (top panels).

latent heat release, turbulence, radiation, and surface
fluxes.
To illustrate a few examples, the pattern of negative
differences located around 498N and 168E at 1200 UTC
is mainly associated with temporarily weaker winds
in CE on the lee side of the Bohemian Forest (not
shown), which reduces the advection of heat into the
region. The positive differences over the Po Valley at
1200 UTC are partially linked to stronger solar heating
of the surface, owing to lower cloudiness (cf. Fig. 12).
The patterns of small-scale differences from the western part of the domain at 2400 UTC can be attributed to
the narrow bands of convective precipitation propagating toward the Alps, which show different model-tomodel realizations. The negative differences northeast
of the Black Forest at 2400 UTC are related to the
transient weakening of the lee flow (Fig. 3), leading to
diminished temperature advection. Finally, the warmer

regions of the eastern Alps at 2400 UTC may result
from stronger low-level winds that reduce the effects of
nocturnal cooling by enhanced vertical mixing. We
should keep in mind, however, that it is not always
possible to precisely determine the real (either physical
or numerical) causes of the differences since we are
considering a highly nonlinear system of coupled
processes.
Figure 8 shows time series of the ensemble mean
biases and RMSDs calculated with the same methodology as for the horizontal wind statistics (Fig. 4). In all
three of the layers, the biases are slightly positive,
evolving about 0.1–0.15 K, with the smallest differences
within the 0–5-km layer.
The RMSDs grow quickly in the first 2 h and then their
evolutions become relatively steady. The most typical
values fall within the ranges of 0.6–0.7 (0–5), 0.5–0.6 (5–
10), and 1.3–1.4 K (10–15 km).
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FIG. 8. Time series of the volume-integrated (top) bias and
(bottom) RMSD between CE and RK for the temperature, averaged over the ensemble of forecasts. The metrics are calculated for
the layers: lower troposphere, 0–5 km; upper troposphere, 5–10 km;
and lower stratosphere, 10–15 km.

Pattern correlation profiles (Fig. 11) document the
excellent agreement (0.97–0.99) between the anelastic
and compressible models for the layer between 3 and
9 km. The several percent decrease aloft is likely associated with the differences in the propagation of gravity
waves. The low-level decrease results from the intensity
of the boundary layer processes, and the diurnal cycle
contributes with an additional 2% variability. Again, the
presence of higher mountains (the HL profile) reduces
the correlations by a few percent.

d. Specific humidity
A comparison of specific humidity results for the
505-m surface is shown in Fig. 9. The CE and RK solutions at 2400 UTC are presented along with their relative
differences at 1200 and 2400 UTC. Spatial distributions
are similar for both models and largely depend on the
underlying topography. Moreover, a profound accumulation of moisture around higher mountains is associated
with the orographic channeling of the flow, as discussed
in section 5a. The relative differences between CE and
RK do not exceed 9% for most of the area. However,
larger-amplitude patterns can also be distinguished.
They are usually transient in nature and reflect the cumulative differences in horizontal and vertical advection, surface fluxes, turbulent mixing, and precipitation.
To discuss a few examples, the patterns of positive
differences north of the Alps (to the east of 108E) at
1200 UTC are likely associated with slightly stronger CE
advection of more humid air from the SW into the region. A deficit in the western part of the Po Valley at
1200 UTC originates from the weaker accumulation of
moisture in this convergence zone. On the other hand,
the positive values in its central part are caused by the

stronger advection of moisture and larger surface fluxes
owing to the enhanced surface velocity in the region.
The small-scale differences in the northwestern part of
the domain at 1200 and 2400 UTC are linked to the
different realizations of convection and precipitation
and their subsequent interactions with the flow. The
spotty structures north of the Alps at 2400 UTC are
mainly related to the intermodel flow differences and
the associated advection of moisture. This is relevant for
the frontal area in the lee of the Black Forest already
discussed for wind and temperature differences. The
pronounced area of moisture deficit over the northern
slopes of the Alps is likely linked to the stronger
downslope winds in CE transporting more of the dry air
from the upper layers. For that part of the mountain
range, the typical moisture deficiency reaches as much as
15%–20%.
Figure 10 shows time series of the volume-averaged
differences (B and RMSD) for the 7-day forecast ensemble. Evolutions of the biases document the excellent
agreement between the models since the relative differences are typically smaller than 1% (with respect to
the layer’s means; not shown). For the lower troposphere, the bias is mostly negative with the most typical
values being between 20.01 and 20.04 g kg21. For the
upper layers, the biases are slightly positive and they
both oscillate around 0.006 g kg21. Time series of the
RMSDs show a few hours of spinup, after which the
differences become quasi steady. They reach approximately 0.36, 0.07, and 0.01 g kg21, in the lowest, middle,
and top layers, respectively.
The PC profiles for specific humidity (Fig. 11) show
almost perfect correlations (0.96–0.99) in the middle
troposphere. The correlations decrease by several percent in the upper troposphere (where the amount of
moisture, however, dramatically decreases) and near the
surface. The latter results from the boundary layer activity, which yields the additional 4%–5% of diurnal
variability. There is also a hint of decreased correlation
between 2 and 3 km, which is likely linked to the modelresolved gravity wave activity (as suggested by the
analysis of model-resolved wave drag; not shown for
conciseness). As with the horizontal wind and temperature, the correlations tend to decrease by a few percent
in the mountains.

e. Clouds and precipitation
Three-dimensional 6-hourly snapshots of the liquid
water mixing ratio are shown in Fig. 12. Since the fast
passing of frontal systems and associated air masses
characterize this meteorological situation, several different cloud types and evolution patterns can be distinguished. In the beginning (0000 UTC), most of the
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FIG. 9. (top) Specific humidity from the RK and CE simulations at the 505-m model surface and (bottom) relative differences between
CE and RK after 12 and 24 h. Arrows represent the horizontal wind at the surface. The reference vectors are plotted next to the color bars
(top panels).

domain is occupied by a warm air mass.3 The relatively
solid warm cloud structures reside predominantly in the
lowest 3.5 km of the atmosphere, with some ice clouds
also extending above. By noon, an occluded front from
the west passes through the area north of the Alps. The
initially vast field of convective and stratiform clouds
evolves into a broken cumulus field with several larger
cloud clusters. The high Alps remain almost cloud free
in the first few hours of the simulation. With the approach of occlusion (which later resides over the Alps), a
small fraction of the air is pushed onto the mountains
and a long chain of orographic clouds forms on the
windward side of the Alps. They gradually deepen
with time and start to precipitate around noon. The

3
See the DWD surface analysis online at http://www1.wetter3.
de/Archiv/archiv_dwd.html.

precipitation decays by the evening as the occlusion,
which is followed by a weak warm front, moves eastward. Subsequently, some precipitation bands develop
along the western side of the domain, with a number of
embedded cumulonimbus turrets, in association with a
cold front cloud system propagating toward the Alps.
In general, the main cloud formations and their evolutionary patterns agree well between the models, and
the frontal structures propagate with practically identical speeds. The differences arise for the finescale features (tens of kilometers). They are related to the local
differences in the representation of the flow dynamics
and the stochastic nature of convection. These cloud
pattern differences also correlate with the differences in
the water vapor mixing ratio (Fig. 9). For instance,
following a reduced moisture supply, CE simulates on
average shallower clouds in the mountain regions. It also
affects the precipitation, as discussed below.
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FIG. 10. As in Fig. 8, but for specific humidity. The solutions for
the upper troposphere and for the lower stratosphere are multiplied by 3 and 10, respectively.

To quantify this comparison, frequency distributions
of the liquid water path (LWP) are presented in Fig. 13.
As with the B, RMSD, and PC analyses, they are averaged over the ensemble of seven 48-h forecasts. The
distributions show almost perfect agreement at 0600 UTC.
Minor differences begin to appear at noon, with
slightly lower amounts of shallow clouds (LWP ;
100 g m22) for CE. They become largest at 1800 UTC
when CE simulates approximately 10% fewer cloudy
columns for LWP , 200 g m 22 . The two distributions
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tend to converge toward each other at later hours.
For the deepest clouds (from the tail of the distribution) both models yield practically the same
solutions.
Next, the cumulative precipitation after 24 h is shown
in Fig. 14. The main contribution comes from both the
organized and the convective precipitation. This brings
an average of 15–20 mm of rain to the western part of
domain. The largest amount of rainwater is accumulated
ahead of the Jura Mountains and the Massif Central
near the western domain boundary. As discussed before,
the former contribution is mainly due to the formation
of convergence lines ahead of the mountain ridge. The
domain maxima reach as high as 63 mm for CE and
68 mm for RK.
Differences in the cumulative precipitation between
CE and RK are displayed in Fig. 15. Consistent with the
results for specific humidity, the Alpine region in the CE
model features on average 15%–20% smaller precipitation rates. The negative bias does not necessarily
imply an underestimation of rainfall in CE (when
compared with the observations), since RK tends to
overestimate the amount, especially at altitudes higher
than 800 m (Schubiger et al. 2008, see also the next
section). The pattern correlation for hourly integrated
cumulative precipitation remains consistently above
93% throughout the simulation (not shown). However,
the small-scale differences can be as large as a few tens

FIG. 11. Tropospheric pattern correlation profiles for (left to right) the horizontal wind, vertical velocity, temperature, and specific
humidity as calculated for the ensemble of seven 48-h forecasts. The profiles are split into four parts: night, 0–5 and 24–29 h; morning, 6–11
and 30–35 h; afternoon, 12–17 and 36–41 h; and evening, 18–23 and 42–47 h. The LL and HL profiles regard the lowlands and highlands,
respectively (see text for details).
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FIG. 12. Three-dimensional view on the (left) anelastic CE and (right) compressible RK cloud fields after (top to bottom) 6, 12, 18, and
24 h of simulation. White surfaces represent the isosurfaces of liquid water mixing ratio for a threshold of 0.1 g kg21. A brownish color
scale is used to represent the orography, with lighter shades corresponding to higher altitudes.
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FIG. 13. Frequency distribution of the liquid water path for the
RK (blue) and CE (red) simulations after 6-, 12-, 18-, and 24-h
integration times.

of percentage points. These differences most likely result from different (and very intermittent) small-scale
realizations of the strongly nonlinear convective and
rain-forming processes.

6. Evaluation of the real-case simulations
To determine the significance of the simulated intermodel differences within the context of weather forecasting, we now validate the results against observations.
The validation is provided by VERSUS, which is a
standard synoptic verification tool used for operational
purposes (Raspanti 2009). It utilizes field measurements
from over 200 ground stations covering the Alpine region (Fig. 16). Following the analysis of B, RMSD, and
PC from the previous sections, the evaluation includes
the seven 48-h model runs (1–7 November 2015) that are
now compared with the observations.
Figure 17 depicts time series of the mean error (ME)
and the root-mean-square error (RMSE) for the 10-m
wind, 2-m temperature, 2-m dewpoint temperature, and
total cloud cover, from the CE and RK ensembles.
Overall, both the RMSEs and the MEs for the wind
speed, temperature, and dewpoint temperature show
good agreement between the two model configurations.
The MEs, however, reveal small systematic differences.
The wind speed is consistently overestimated by CE.
This bias is likely associated with the differences in the
numerical diffusion, and perhaps also in the model
meshes (cf. Fig. 1), suggesting that the COSMO physics
may require different tuning for the new dynamical core.
The temperature differences, on the other hand, show
an opposite trend. Finally, the dewpoint temperature
differences evince both positive and negative trends.

FIG. 14. Total (i.e., cumulative) surface precipitation after 24 h with
respect to the CE and RK simulations.

The total cloud cover (TCC) exhibits larger uncertainties when compared to the other fields, since TCC
measurements are more ambiguous, especially for
highly transient clouds. Moreover, the number of stations available for the TCC validation is substantially
smaller (cf. Fig. 16). This happens because the automated stations do not measure this parameter as a
standard. The verification results (Fig. 17) compare well
for both models. Both models, however, overestimate
TCC by several percent on average, with the largest
errors (;10%) occurring between 1800 and 2400 UTC.
The CE errors are approximately 2%–4% smaller than
those for RK.
Figure 18 shows the verification results for the cumulative surface precipitation. The analysis includes
both the entire domain as well as specifically the Alpine
region. The MEs and the RMSEs are both positive, and
the two models overestimate the surface precipitation
by approximately 10 mm day21, in correlation with the
TCC results. Several percentage points in growth of the
errors are seen for the Alps (with somewhat lesser errors
for the CE model). Overall, the differences between the
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FIG. 15. Differences in the total precipitation between the CE and
RK simulations from Fig. 14.

CE and RK validations are small and none of the models
achieves a clearly better majority of the scores.

7. Sensitivity of the real-case simulations to the
reference pressure
For soundproof systems, dynamic pressure perturbations in the momentum equation generally have the
same definition as for the Euler system, except that they
neglect elastic effects (e.g., sound waves). However, earlier
generations of moist anelastic models (Wilhelmson and
Ogura 1972; Lipps and Hemler 1982) disregard these
contributions to the full pressure by using a base state
as a reference for the model physics. This approach has
become a standard in the small-scale moist sound-waveproof modeling. Recently, Kurowski et al. (2013, 2014)
demonstrated that for a horizontally uniform moist atmosphere, the anelastic pressure perturbations compare
well with their compressible counterparts and they may be
used to recover the full pressure in the anelastic system.
Nonetheless, their simulations for two-dimensional shallow convection, orographic cloud formation, and threedimensional deep convection show almost no impact of
these perturbations on the cloud dynamics. However, in
realistic mesoscale flows, the assumption of a horizontally
homogeneous atmosphere is no longer valid. It is therefore
desirable to evaluate the importance of the pressure
changes on simulated physics at these scales.
Within the COSMO framework, the pressure is recovered after advancing a time step by the dynamical core.
This pressure is at first used to diagnose physical density (cf.
section 2). Then, the density and pressure are transferred
into the physics package along with other model variables.
They are subsequently used by the parameterizations to
find a new set of forcings for the prognostic variables.

FIG. 16. (top) Ground observation network as used for evaluation of
the simulation results. Red dots mark the stations used for verification
of the 10-m wind, 2-m temperature, 2-m dewpoint temperature, and
surface precipitation. Blue dots denote the stations used for verification of the total cloud cover. (bottom) Ground observation network
as used for evaluation of the surface precipitation in the Alps.

Additionally, the pressure is employed in the CE model for
conversions between temperature (COSMO) and potential temperature (EULAG). Therefore, the consequences
of choosing the reference pressure are not just limited to
moist processes (such as saturation adjustment). Rather,
they affect the entire model physics.

a. Approximations of the reference pressure
In the sensitivity experiment, we suppress the compressibility effects by gradually changing the reference
pressure from the most accurate (three-dimensional and
time dependent) representation to the simplest representation (one-dimensional and fixed in time), and then we
compare the results and validate them against observations. We test the following approximate representations:
d

d

P1 is a time-dependent pressure from COSMO-7 that
can be considered to be quasi hydrostatic. This approach
mainly neglects the small-scale nonhydrostatic perturbations and is employed in the default CE configuration.
P2 is the initial three-dimensional pressure field from
COSMO-7 that does not evolve in time. This approach
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FIG. 17. Verification scores ME and RMSE for the 10-m wind speed, 2-m temperature, 2-m dewpoint temperature, and total cloud cover,
regarding the CE and RK model results.

d

neglects pressure changes as large as O(102) Pa for
short-term (a day or so) integrations; for deep pressure
systems the changes may be an order of magnitude larger.
P3 is a one-dimensional profile obtained via horizontal
averaging of the initial three-dimensional pressure
field; it neglects pressure perturbations as large as
O(103) Pa throughout the simulation.

For the reference simulation, we use the pressure P
that is generated by the RK model and then interpolated
into CE. Although this representation is not perfectly
accurate, as it is not derived within CE, it will be referred
to as the full pressure. The reason for not deriving the
full pressure in CE is because its recovery in the anelastic system for a limited-area domain with timedependent boundary conditions (i.e., with total mass
changing in time) is still under our investigation; a relevant discussion on the pressure recovery for the Lipps–
Hemler system can be found in Abiodun et al. (2008). A
list of tested variations of pressure is summarized in
Table 3. For the sake of consistency, lateral boundary
conditions are not affected by these modifications.

b. Results of sensitivity simulations
Since the results for the four representations of pressure (P, P1 , P2 , and P3 ) are almost identical, we only
show the comparison of LWP distributions between P

and the three approximations (see Fig. 19). The comparison reveals that the cloud representation for P1
is practically the same as that for P. Moreover, the
P2 and P3 approximations also introduce only minimal
changes to the distributions at any time within the 24-h
simulation.
Figure 20 shows an evaluation of the model results
against observations for the 10-m wind, 2-m temperature, 2-m dewpoint temperature, and total cloud cover.
The verification scores for the ensemble of seven
forecasts are very close for the four approaches.
However, there is notable growth in a TCC error for
the simplest two representations (P2 and P3 ) during the
second day of the forecast. These differences are significantly diminished when conversion between the
potential temperature and temperature is done using
either P or P1 (not shown). Table 2 substantiates these
results with the 48-h means of the ME and RMSE. The
scores fall within a few percent deviations about the
ensemble mean. Perhaps more importantly, there is
no single best-scoring representation for all the meteorological fields, although the two most accurate
representations (P and P1 ) allow us to achieve the
most accurate TCC. Note that the differences obtained are typically smaller than those between CE
and RK.
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TABLE 2. The 48-h means of the CE verification scores ME and
RMSE averaged over the ensemble of seven forecasts (1–7 Nov
2013) for the 10-m wind (U), 2-m temperature (T), 2-m dewpoint
temperature (Td) and total cloud cover (TCC). Four different
representations of the reference pressure are tested: P, P1, P2, and
P3 (see text for details).
Variable
U
T
Td
TCC

FIG. 18. Verification scores ME and RMSE for the simulated
surface precipitation, regarding the (top) entire domain and (bottom) Alpine region.

8. Summary and discussion
We present a comparison between anelastic and
compressible convection-permitting weather forecasts
for the Alpine region. An autumn meteorological situation that involves fast-propagating frontal systems
accompanied by a strong air mass and orographic convection is simulated. To achieve this, we use our newly
developed numerical weather prediction model. This
model incorporates the anelastic dynamical core of
the EULAG solver into the limited-area operational
COSMO model framework that originally employed a
compressible dynamical core. These two dynamical
cores involve different mathematical and numerical
formulations, but they apply the same set of physical
parameterizations as well as initial and lateral boundary
conditions. This tool has been developed for very highresolution regional weather modeling appropriate for
steep and complex mountain orography.
The two configurations yield similar solutions for the
entire integration time. This is confirmed by the statistically significant comparison of the volume-integrated
differences and the pattern correlations for the ensemble of seven daily run 48-h forecasts, and has been
validated against observations. The verification scores

Score

Unit

P

P1

P2

P3

ME
RMSE
ME
RMSE
ME
RMSE
ME
RMSE

m s21
m s21
K
K
K
K
%
%

0.23
2.49
20.64
2.11
20.77
2.55
5.6
32.2

0.23
2.49
20.69
2.12
20.80
2.56
5.7
32.2

0.21
2.49
20.66
2.12
20.77
2.53
6.5
32.8

0.17
2.49
20.70
2.13
20.80
2.54
6.9
32.9

show good agreement between the anelastic and compressible forecast ensembles for the 2-m temperature,
10-m wind, 2-m dewpoint temperature, total cloud
cover, and surface precipitation.
We also investigate the effects of various simplifications
to the reference pressure, which is used in the model physics.
We run a set of simulations for an increasingly simplistic
pressure representation: from a three-dimensional and
time-dependent field to a one-dimensional and fixedin-time profile, the latter being typical for an anelastic
approach. The spread of the results upon using different
pressure representations is much smaller than that associated with using different dynamical cores. This indicates that the soundproof approach to the reference
pressure can be a reasonable alternative in realistic
modeling at the scales of several hundred kilometers, at
least for short (a day or so) integration times.
It is important to note that the differences between
the anelastic and compressible solutions originate
from their differing mathematical formulations, as
well as from different numerical designs. Since it is
difficult to disentangle these two aspects, the intermodel differences discussed above can be considered
the upper limit for the differences between the pure
mathematical aspects. This finding suggests that
even lesser differences between the anelastic and

TABLE 3. Forms of the reference pressure as tested in the sensitivity study, with their brief descriptions and estimates of accuracy with respect to the full pressure P.
Reference
pressure

Short
description

P
P1
P2
P3

Full
Quasi hydrostatic
Initial 3D
Initial 1D, anelastic

Time
dependency Error estimate (Pa)
Yes
Yes
No
No

—
101
102
103
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to evaluate the model’s performance for longer integration times in different meteorological situations.
The most important issues that need to be addressed
in the future are the pressure recovery (as discussed
in section 7) and the numerical efficiency of the
code. Overall, the results obtained with the hybrid
CE model provide a good basis for further model
development.

FIG. 19. Comparison of the frequency distributions of LWP from
the CE simulations based on the four different reference pressure
representations: full pressure (P) and three different simplifications (P1, P2, and P3; see text for details).

compressible simulations should be expected with the
usage of consistent numerics.
More tests are required to verify the coupling between the model dynamics and the model physics, and
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FIG. 20. Verification scores ME and RMSE for the 10-m wind, 2-m temperature, 2-m dewpoint temperature, and total cloud cover,
regarding the P, P1, P2, and P3 configurations of the CE model (see text for details).
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FIG. A1. Schematic of the CE time-step integration.

APPENDIX
The Data Workflow and the Coupler
Figure A1 shows a schematic of the CE time-step integration. The EULAG dynamical core intakes three
pieces of information from the COSMO framework—
boundary conditions, tendencies from the COSMO parameterizations, and moist model variables—and returns the updated model variables back to COSMO
after advancing a time step. We have developed a coupler to control the technical and physical–mathematical
aspects of the communication between the dynamical
core and the framework as described below.
The technical component of this coupler ensures that
the data exchange between the COSMO and EULAG
parts takes place in a shared program memory. Both
codes are written in Fortran 90/95, following the
COSMO Software Engineering Standard (Schaettler
2012), and compile into a single executable. Therefore,
the program execution switches between the COSMO
environment and the EULAG dynamical core at the
level of the Fortran code. Both the COSMO framework
and the EULAG dynamical core share the same domain decomposition scheme based on the Message
Passing Interface (MPI) protocol. While the most
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recent version of the EULAG dynamical core offers an
optional three-dimensional domain decomposition
(Piotrowski et al. 2011), this particular code feature has
not been explored in the current project. Also, the most
recent developments in the area of GPU highperformance computing (Rosa et al. 2014; Rojek
et al. 2015; Rosa et al. 2015) are not supported here.
Each of the codes provides its own mapping of the
meteorological fields to Fortran arrays. Remapping
between the two standards is also handled by the
technical component of the coupler.
The physical–mathematical component addresses
the compatibility of the data exchange that is performed by the technical component. After generating
a computational mesh (C grid) within the COSMO
framework, the coupler generates an equivalent mesh
(A grid) for the dynamical core. Next, the initial state
of the atmosphere that is formulated within COSMO is
fed into EULAG. This initial state is also used by the
coupler to define an anelastic base state and to find the
initial nondivergent lateral boundary conditions for
the flow velocity. The base state is determined through
horizontal averaging of the initial conditions. The
adjustment of the lateral boundary conditions for the
horizontal velocity follows Eq. (2). For the boundary
conditions changing with time, the adjustment needs
to be performed at every time step. Because mass
levels are collocated in space for both meshes (see
Fig. 1), the data conversions relate primarily
to the velocity fields. Since they are represented in
COSMO and EULAG on a staggered and an unstaggered grid, respectively, they require an interpolation between these two grids. Further, the
temperature (the main COSMO thermodynamic
variable) needs to be converted into the potential
temperature (the main EULAG thermodynamic
variable). In the standard CE configuration, 3D pressure from the coarse-resolution model is used for
this conversion; however, other approaches are also
possible (cf. the P2 and P3 configurations from section
7). Reverse conversions are conducted after completing the time-step integration, when the solver
output is transferred back into the COSMO framework. This updated information on atmospheric
conditions is subsequently used by the COSMO
parameterizations.
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