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Chaotic Behaviour of the Regional Climate Models,
CRCM5 and HIRHAM5,
in Ensemble Simulations over an Arctic Domain
by Oumarou Nikiéma1*, Anja Sommerfeld2, René Laprise1, Annette Rinke2 and Klaus Dethloff2
Abstract: In a chaotic system such as the Earth’s atmosphere, the differences between the members in an ensemble of global climate model simulations launched from different initial conditions initially grow in time until
they reach the level of natural variability, indicating that member simulations
become uncorrelated. In nested Regional Climate Models (RCMs), however,
the growth of inter-member differences is quenched due to the control exerted
by the lateral boundary conditions (LBCs), but it nevertheless exhibits
episodes of large fluctuations. Earlier work has speculated that this puzzling
behaviour may simply reflect remaining chaos allowed by the incomplete
control exerted by LBC.
In this work, two large ensembles of twenty simulations were performed over
an Arctic domain with two different RCMs: the Canadian RCM (CRCM5) and
the High-Resolution Limited-Area Model (HIRHAM5). The inter-member
variability (IV) of each ensemble was methodically analysed in the framework of the potential temperature IV budget. The study reveals that, despite
being simulated by models with entirely different formulation, the two ensembles exhibit nearly identical IV patterns and time evolution, and in both cases
baroclinic processes trigger fluctuations of IV. These results confirm earlier
speculations that IV in RCMs is not an artefact of specific model nesting technique, but rather a natural phenomenon arising from the chaotic nature of the
atmosphere.
Zusammenfassung: Wird mit einem globalen Klimamodell ein Ensemble
mit unterschiedlichen Anfangsbedingungen generiert, dann führt dies auf
grund des chaotischen Verhaltens der Atmosphäre dazu, dass die Differenzen zwischen den Ensemblemitgliedern mit der Zeit anwachsen, bis ein
Zustand entsprechend der natürlichen Variabilität erreicht ist. Dies führt zu
Simulationen, die sich zueinander unkorreliert verhalten. In genesteten regionalen Klimamodellen (RCM) ist das Anwachsen der Variabilität zwischen
den Ensem
blemitgliedern aufgrund der äußeren Randbedingungen (LBC)
gedämpft. Dennoch können Episoden mit starken Schwankungen der Variabilität zwischen den Ensemblemitgliedern auftreten. In früheren Studien wird
die Vermutung geäußert, dass dieses rätselhafte Verhalten durch mangelhafte
LBC und das damit zusammenhängende verbleibende Chaos initiiert wird.
In dieser Arbeit werden zwei große Ensemble mit je 20 Ensemblemitgliedern über der Arktis mit zwei verschiedenen RCMs erzeugt: dem kanadischen RCM (CRCM5) und dem „High-Resolution Limited-Area Model“
(HIRHAM5). Für diese Ensemble wird die Variabilität zwischen den Ensem
blemitgliedern (inter-member Variability; IV) mit Hilfe einer IV Budgetstudie
für die potentielle Temperatur analysiert. Die Studie ergab, dass trotz der
sehr unterschiedlichen Modellformulierungen die räumlichen Muster und die
zeitliche Entwicklung der IV in beiden RCM Ensembles sehr ähnlich sind.
Außerdem werden in beiden Fällen die Schwankungen der IV durch barokline
Prozesse ausgelöst. Diese Ergebnisse bestätigen die früheren Vermutungen,
dass die IV in RCMs nicht durch die Nestingmethode bedingt, sondern eher
ein natürliches Phänomen ist, dessen Ursache in der chaotischen Natur der
Atmosphäre liegt.
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INTRODUCTION
Regional Climate Models (RCMs) are very powerful tools
used to make retrospective climate simulations and future
climate projections due to their capacity of representing the
physical processes with high resolution. RCMs are integrated
on a limited domain from initial conditions (ICs) and lateral
boundary conditions (LBCs) provided either by an archived
simulation of a driving Global Climate Model (GCM) or by
a gridded analysis of observations. Starting from alternative
initial conditions leads to an ensemble of simulations that can
be used to quantify uncertainties in response of inter-member
(or internal) variability (IV) effects. The question then arises
as to the causes underlying IV and resulting simulation uncer
tainties: Do they arise from approximations or errors in the
discretisation of the model’s equations, in the parameterisa
tion of subgrid-scale processes, or as an artefact of the nesting
procedure?
Several studies, such as those of Weisse et al. (2000), Giorgi
& Bi (2000), Rinke & Dethloff (2000), Christensen et al.
(2001), Caya & Biner (2004), Lucas-Picher et al. (2004,
2008), Rinke et al. (2004), Alexandru et al. (2007), have
shown that nested RCM simulations exhibit some level of
IV. The IV is defined as the difference between members in
an ensemble of simulations that differ only in their IC, while
the LBC are the same and thus exert a constraint that limits
the freedom of the nested simulations, at least at large scales.
However, the physical processes responsible for the presence
of IV in RCM’s simulations have remained a scientific issue
till recently.
Nikiéma & Laprise (2011a, 2011b, hereafter referred to as
NL11a and NL11b, respectively) have performed a budget
diagnostics of the Canadian RCM’s simulations IV that shed
some light on the physical processes responsible for the development of IV and its fluctuations in time. But, these studies,
however, were limited because they have been done using
a specific RCM, and the simulations were performed over
a domain located in mid-latitudes covering North America
and bordering Atlantic Ocean. Sommerfeld et al. (2015)
conducted the same budget analysis with another RCM over
a circum-Arctic domain. They calculated significantly higher
IV and emphasise differences in the relative importance of
the individual processes compared to NL11a and NL11b. The
present study is based on two different RCMs: the 5th-genera
tion Canadian RCM (CRCM5) and the version 5 of the
High-Resolution Limited-Area Model (HIRHAM5). A set of
twenty simulations were performed over an Arctic domain
with both RCMs for the same period and using the same
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LBC from Era-interim data (Dee et al. 2011). The different
members of the ensembles were generated by launching the
simulations at different initial times.
This paper compares results of two RCMs ensembles and analyses the processes responsible for IV. We use the methodology
described in NL11a and NL11b for potential temperature in
order to perform a quantitative diagnostic calculation of the
various diabatic and dynamic contributions to the temporal
variation and spatial distribution of IV. The paper is organised as follows. The following section “Data and Evaluation
Methods” describes the two RCMs and the simulations design,
and the IV budget equation is reminded. Thereafter, results are
presented where the time evolution and vertical structure of
IV from the two RCMs are compared and analysed. Then, we
discuss the time evolution and time-average of various contributions to the IV tendency. Finally, the conclusion will be
summarised.
DATA AND EVALUATION METHODS
Overview of the CRCM5 and HIRHAM5 models
A complete description of the 5th-generation Canadian RCM
(CRCM5) is given in hernanDez-Diaz et al. (2013). To
summarise, CRCM5 is based on the limited-area model (LAM)
version of the Canadian Global Environment Multiscale
(GEM) model (zaDra et al. 2008). It was developed through a
collaboration established between RPN/MSC (2016), ESCER/
UQAM (2016), and OURANOS (2016). GEM uses an implicit
semi-Lagrangian two-time-level marching scheme (Côté et al.
1998), with slight off-centring to reduce the spurious response
to orographic forcing (tanGuay et al. 1992). In the horizontal
the discretisation uses an Arakawa staggered C-grid and in the
vertical a hybrid terrain-following hydrostatic-pressure coordinate (σ-p-coordinates; laPrise 1992). The parameterisations
of the ensemble effect of subgrid-scale physical processes
include the kain & fritsCh (1990) deep-convection, the
Kuo-transient (kuo 1965, Bélair et al. 2005) shallow-convection schemes, the Sundqvist (sunDqvist et al. 1989) relative humidity based large-scale condensation scheme, and
the correlated-K radiation scheme (li & Barker 2005). The
vertical diffusion is computed following approaches described
in Benoit et al. (1989), DelaGe & GirarD (1992), and DelaGe
(1997). The model uses a weak lateral diffusion.
The version 5 of the High-Resolution Limited-Area Model
(HIRHAM5) is based on the dynamics of the High-Resolution Limited-Area Model (HIRLAM7; unDén et al. 2002) and
the parameterisations of subgrid-scale physical processes from
the global atmospheric model ECHAM5 (roeCkner et al.
2003) developed at the Max-Planck Institute (MPI) for Meteorology. HIRHAM5 is described in detail in Christensen et al.
(2007); it was developed in collaboration between the Danish
Climate Centre at Danish Meteorological Institute (DMI) and
the Potsdam Research Unit of the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine Research (AWI). The
model’s dynamics uses a semi-implicit leapfrog scheme. In the
horizontal, the discretisation uses also an Arakawa staggered
C-grid and σ-p-coordinates in the vertical. The parameterisations include convection mass-flux scheme of tieDtke (1989),
condensation using the prognostic statistical cloud scheme of

tomPkins (2002), solar and terrestrial radiation schemes based
on fouquart & Bonnel (1980) and mlaWer et al. (1997),
and vertical diffusion of roeCkner et al. (2003). The model
also uses a weak lateral diffusion.
Experiment design and simulations
Two sets of 20-member simulations were performed with
CRCM5 and HIRHAM5 over the Arctic region with its
complex topography, including the Greenland Ice Sheet
exceeds 3 km of height (Fig. 1). The study domain is rectangular, centred on the North Pole (Fig. 1). For each RCM,
integrations were launched starting on July 1st, 2012 at 0000
UTC (1st simulation), and followed on each 6 hours up to
July 5th, 2012 at 1800 UTC (20th simulation). All integrations
share exactly the same LBC for atmospheric fields and lower
boundary conditions with prescribed sea-surface temperature
(SST) and sea-ice cover (SIC) for the ocean surface from the
ERA-Interim data. For other surface ICs, such as land-surface temperature and volumetric water contents of soil, sea
ice temperature and snow depth and density, the two models
use different sources of data since these were not available
in ERA-Interim. The CRCM5 applies data from an earlier
simulation run from November 2008 to July 2012, while
the HIRHAM5 uses the archived climate data for the month
of July (haGemann 2002). Another detail is that the sea ice
thickness is computed in CRCM5 following semtner (1976)
for the model thermodynamic of sea ice growth and following
eBert & Curry (1993) and flato & BroWn (1996) for the
parameterisation of albedo, conductivity and heat, whereas it
is set constant at 2 m in HIRHAM5. In CRCM5, the growth
of sea ice can reach a thickness more or less than the 2 m in
different sectors of the Arctic region (result not shown).
The simulations were integrated over a horizontal grid mesh
of 0.25° of rotated longitude and latitude, with a 12-minute

Fig. 1: The common analysis domain for the two RCMs (CRCM5 and HIRHAM5) over the Arctic area and topography (m). The longitude and latitude
coordinates of the corners are indicated.
Abb. 1: Das Gebiet der Arktis inklusive der Orographie (m) für das die beiden
RCMs (CRCM5 und HIRHAM5) angewendet werden. In den Ecken sind die
Längen- und Breitengrade angegeben.
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time step and 2-minute time step for CRCM5 and HIRHAM5,
respectively. For technical reasons related to the model’s
computational, the CRCM5 has 236  220 grid points
including a 10-grid-point wide semi-Lagrangian halo and a
10-grid-point wide sponge zone around the perimeter, resulting
in a 196  180 free computational domain. The HIRHAM5
has 218  200 grid cells, with 10-grid-point wide sponge zone
around the perimeter, resulting in a 198  180 free computational domain. Hence the two models use nearly identical
free domains. The analysis domain will comprise a common
subset region of 188  170 grid points (Fig. 1) in order to
facilitate comparison. In the vertical, 56 and 40 terrain-following levels were used for CRCM5 and HIRHAM5, respectively, with the top level near 10 hPa. The simulated fields of
both models were interpolated on the following 19 pressure
levels: 1000, 975, 950, 925, 900, 850, 800, 700, 600, 500,
400, 300, 250, 200, 100, 70, 50, 30 and 10 hPa. The simulations were archived at 3 and 6 hours intervals for CRCM5 and
HIRHAM5, respectively, from July 6th, 2012 at 0000 UTC to
September 30th, 2012 at 1800 UTC.
Inter-member variability budget equation for potential
temperature
The potential temperature
is the temperature that a parcel of dry air at pressure p and temperature T
would have if it were expanded or compressed adiabatically to a standard pressure p0. This atmospheric variable is
important because every air parcel has a unique value, which
is conserved for dry adiabatic motion (e.g., holton 2004).
This variable gives a simple mathematic expression of the first
law of thermodynamic expressed as follows
(1)
where
and Q is the sum of heat sources/
sinks in the atmosphere. Starting from this equation, NL11a
established budget equation for the potential temperature
IV. In the following, we briefly summarise the methodology and we refer the reader to NL11a for more details
on the algebraic details. Noting by n the simulation index
in an ensemble of N members, each atmospheric variable
can be split in two parts: an ensemble-mean
part
and the member deviations there of :
(2)
with the ensemble-mean calculated as
(3)
The inter-member variability is calculated as the inter-member
variance
of the variable
approximated as the ensemble-mean of the deviation square:
(4)
Starting from (1), the budget equation for the potential
temperature IV ( ) is written as follows:
(5)
where terms are given by:

The local change of the potential temperature variance (Lθ,
referred to as the “left-hand side” term) is calculated from the
time evolution of the inter-member variance of the ensemble.
The “right-hand side” term (Rθ) results from the sum of six
contributions:
• The horizontal (Ah) and vertical (Av) transport terms that
describe the convergence of the potential temperature IV by
the ensemble-mean flow;
• The horizontal (Bh) and vertical (Bv) conversion terms that
represent the covariances of potential temperature and horizontal and vertical flow fluctuations in the direction of the
ensemble-mean potential temperature gradient;
• The term C represents a diabatic generation (source/sink)
term resulting from the covariance of fluctuations of potential temperature and diabatic heating rate (J´n), which includes
contributions from latent heat release (Ccond), convective heating (Cconv), radiation heating (Crad), vertical diffusion (CVDif)
and lateral diffusion (CHDif);
• The third-order term (E) is the covariance of the potential
temperature fluctuations and divergence of potential temperature flux due to fluctuations.
RESULTS AND ANALYSIS
Inter-member variability (IV) in CRCM5 and HIRHAM5
simulations
Figure 2a displays the time evolution of the potential temperature IV for CRCM5 (solid lines) and HIRHAM5 (dashed lines)
at 500 hPa (red lines), at 925 hPa (blue lines), and integrated
over the troposphere between 300 hPa and the surface (black
lines). The potential temperature IV is displayed as the square
root of the horizontal domain average of 𝜎𝜎𝛩𝛩2. The inter-member
variability of the ensemble simulations of both models show
remarkable similarity: the IV grows during a “spin-up” period
of around 5 days and then reaches a quasi-equilibrium due to
the control exerted by the LBC (GiorGi & Bi 2000), with fluctuations in time and occasional episodes of larger IV. Although
the CRCM5’s IV is slightly larger than HIRHAM5’s IV most
the time, the time evolution of the two RCM’s IV are highly
synchronous, with correlation coefficients of 0.90, 0.91 and
0.93 for 500 hPa, 925 hPa and tropospheric average, respectively.
Figure 2b shows the vertical profile of the domain-averaged
potential temperature IV, averaged in time over 82 days (from
July 11th to September 30th 2012, thus excluding the spin-up
period). Although the CRCM5’s IV is larger than HIRHAM5’s
IV at all pressure levels, the two models exhibit very similar
71
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Severnaya Zemlya Archipelago; we speculate that this could
be the result of the use of different parameterisations for
boundary-layer, land-surface and sea-ice schemes in the two
models.
Contributions to potential temperature IV (Inter-member
variability) budget
Figure 4a presents the time evolution of the various contributions to the tendency of potential temperature IV, averaged
over the domain, for the two models (CRCM5 in solid lines and
HIRHAM5 in dashed lines). There is a remarkable similarity
of the various contributions between the two models, both in
terms of amplitude of contributions and synchronicity of their
fluctuations, confirming that the same physical processes are
acting in both models to contribute to the IV tendency. It is
clearly seen that Bh and C are systematically positive contributions, while the terms Bv and Ah are negative contributions for
both RCMs, with the dominant positive and negative contributions to the IV tendency being Bh and Bv, respectively. In both
models, the vertical IV transport term (Av) and the third-order
term (E) do not contribute much to IV tendency on average,
although the term E is occasionally non-negligible when the
IV is large.

Fig. 2: (a): Time evolutions of the domain-averaged IV (inter-member variability) in K and (b): vertical profiles of time- and horizontal-averaged IV for potential temperature.
Abb. 2: (a): Zeitreihen der gebietsgemittelten IV (inter-member variability/
Variabilität zwischen den Ensemblemitgliedern) (in K) und (b): Vertikalprofile
der zeitlich und räumlich gemittelten IV für die potentielle Temperatur.

vertical profiles of IV, with minimum values of about 1.8 K
and 1.7 K at 1000 hPa, and maximum values of 2.8 K and 2.4
K at 925 hPa, and 2.8 K and 2.7 K at 500 hPa for CRCM5
and HIRHAM5, respectively. By comparison with mid-latitude
regional domains, NL11a found that the maximum values of
IV are located at around 200 hPa, close to the tropopause level.
Figure 3 presents the maps of the 82-day time-averaged potential temperature IV for CRCM5 at 500 hPa (a), 925 hPa (b),
and the vertical integral between 300 hPa and the surface (c).
The intense IV is found in the middle of the study domain and
it decreases toward the boundaries because all simulations
share the same LBC and, hence perforce 𝜎𝜎𝛩𝛩2 = 0, HIRHAM5
IV patterns were found to be very similar to those of CRCM5
and, for this reason, panels on the right-hand side in Figure
3 rather show the differences between the two models IV
(CRCM5 minus HIRHAM5). Figure 3e shows that the
maximum difference in IV occurs in the low levels near the

shows the
the vertical
vertical profiles
profiles of
of the
the time-mean
time-mean and
and
Figure 4b shows
horizontal average of each contribution to 𝜎𝜎𝛩𝛩2 tendency. Again
the
vertical structure
structure indicates
indicatesfour
fourdominant
dominantterms,
terms, Ah, Bh,
the vertical
Bv, and C, with similar vertical structure in the two models.
The largest difference between the two models occurs in the
term C, which will be commented upon later in the following
section. At all pressure levels, Bh contributes positively to the
IV tendency, while Ah and Bv act as negative contributions.
Contrary to what is seen in Figure 4a where the term C contributes positively in a vertically averaged sense, we note that
it exhibits a negative contribution near the surface in both
models. In the mid-troposphere, the positive contributions of
Bh and C counterbalance the negative contributions of Bv and
Ah, resulting in a vanishing IV tendency on long time scales.
Indeed, the two RCM’s results reveal that the tendency term
(Lθ) is nearly zero at all pressure levels (not shown); this
means that there is no trend in IV although it greatly fluctuates
in time. Below 900 hPa, the only positive contribution comes
from the horizontal baroclinic conversion term Bh, which is
offset by the negative contributions of (Bv + C). The terms
Av and E are much smaller compared to the other terms at all
levels, and they will not be discussed further in the following.

Figure 5 shows the spatial patterns of the time-averaged contributions to the 500-hPa potential temperature IV tendency for
CRCM5 (panels on the left-hand side), for the four dominant
terms (Ah, Bh, Bv, and C). Again given that the HIRHAM5
results are very similar to those of CRCM5, we chose to
show the differences between the two models (CRCM5 minus
HIRHAM5) on the right-hand side panels in Fig. 5). It is
clearly seen that Bh and C contribute to generate IV while Bv
contributes to destroy IV, at 500 hPa. The two models exhibit
very similar patterns overall, but with locally some larger
differences, especially for Ah and to some extent also for Bh.
Figure 6 presents similar maps, but this time for the vertical
integral of the contributions. Again the results of both models
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Fig. 3: Time average of potential temperature IV for CRCM5 at 500 hPa (a), 925 hPa (b) and vertical average from 300 hPa to the surface (c).
The right-hand side panels (d, e, f) show the corresponding differences between CRCM5 and HIRHAM5.
Abb. 3: Zeitlich gemittelte IV der potentiellen Temperatur für das CRCM5 in 500 hPa (a), 925 hPa (b) und vertikal von 300 hPa bis zum Boden
gemittelt (c). Die rechten Abbildungen zeigen die entsprechenden Differenzen zwischen CRCM5 und HIRHAM5.
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are very similar. The largest systematic difference is found in
the term C, mostly near the coasts and adjacent land, and high
mountains (e.g., East-Siberian and Ural mountains). Investigation has revealed that this difference is due to the neglect
of the lateral diffusion contribution in the HIRHAM5 IV
budget. This also explains the difference of results between
the two models seen in Figure 4b for the vertical profile of C,
as the lateral diffusion contributes negatively to IV tendency
(NL11a). The term C in Figure 6 also shows that largest difference in IV tendency between the two RCMs occurs around the
perimeter of the Arctic Ocean. We speculate that this could be
connected with the differing soil and land-surface schemes in
the two models.

Physical interpretation of potential temperature IV (Intermember variability) budget
The analysis of various contributions to the term C for
CRCM5 (Fig. 7a) indicates that its positive contribution to
IV tendency in mid-troposphere is mainly due to effect of the
condensation process (Ccond). The radiation process (Crad) also
contributes positively to IV tendency in mid-troposphere, but
with less intensity. At the vicinity of 925 hPa, we note that
Ccond and Crad processes have compensating contributions to
C in a horizontal average sense (Fig. 7a). This compensation
even holds to a large extent in the spatial distribution of these
fields at 925 hPa (Fig. 7b, 7c). These results indicate that the
radiative heating and temperature perturbations are positively
correlated throughout the atmosphere, whereas condensational
heating and temperature perturbations are positively correlated in the middle troposphere (probably due to preferential
condensation in warmer and more humid air) and negatively
correlated in the low troposphere (apparently due to preferential condensation in colder air or evaporation of precipitation in warmer air). Finally, the lateral (horizontal) diffusion
(CHDif) contributes negatively to IV tendency throughout the
atmosphere, while the vertical diffusion (CVDif) contributes
negatively to IV tendency near the surface and positively aloft.
For both RCMs, the dominant positive and negative contributions to the IV tendency are the baroclinic terms Bh and Bv,
respectively, with rather small differences between the two
models.
The positive contribution of the term Bh (Fig. 6) indicates that
the horizontal heat flux due to perturbation wind and temperature covariance is “down the gradient” of the ensemble-mean
potential temperature, as noted by NL11a and NL11b. This
reflects the fact that positive covariance of horizontal wind
and potential temperature fluctuations
occurs where
there is negative horizontal gradient of the ensemble-mean
potential temperature
. This means that warm air flux
moves heat towards cold regions, and cold air flux moves heat
away from warm regions.

Fig. 4: (a) Time evolution of the domain average and (b) vertical profiles of the
time- and horizontal-average of different terms in the budget equation of potential temperature IV (inter-member variability) for CRCM5 (solid lines) and
HIRHAM5 (dashed lines). The legend on the bottom right-hand side identifies
the various terms in the two panels (a) and (b).
Abb. 4: (a) Zeitreihen der räumlich gemittelten und (b) Vertikalprofile der zeitlich und räumlich gemittelten Terme der IV (Variabilität zwischen den Ensemblemitgliedern) Budgetgleichung für die potentielle Temperatur für CRCM5
(durchgezogene Linien) und HIRHAM5 (gestrichelte Linie). Die Legende rechts
unten zeigt die verschiedenen Terme in den beiden Abbildungen (a) und (b).

On the other hand, the intense negative contribution of Bv
(Fig. 6) indicates a negative covariance of vertical motion ω
and potential temperature fluctuations
given the
general presence of a negative presence of a negative vertical
(pressure) gradient of ensemble-mean
), potential
temperature in stable atmosphere (Fig. 8). This means that
warm air rises and cold air sinks in perturbations from the
ensemble-mean conditions, which tends to suppress the potential temperature IV, as noted by NL11a and NL11b.
On a horizontal-mean and time-average basis, the term Ah
acts as a sink to IV (Fig. 4). This means that IV is lost by its
transport outside the study domain by the ensemble-mean
horizontal flow (NL11a and NL11b). On the other hand, the
spatial distribution of Ah (Fig. 6) shows locally positive and
negative contributions; the dipoles of signs indicate the direction of IV's transport within the study domain by the ensemble-mean horizontal flow.
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Fig. 5: On the left-hand side: Time-average maps of the four main terms in the budget equation of potential temperature IV (see Equation 5) at 500 hPa for
CRCM5. On the right-hand side: Difference time-average between the two models (CRCM5 minus HIRHAM5).
Abb. 5: Links: Zeitlich gemittelte vier Hauptterme der IV-Budgetgleichung für die potentielle Temperatur (Gleichung 5) in 500 hPa für das CRCM5.
Rechts: Zeitlich gemittelte Differenzen zwischen beiden Modellen (CRCM5 und HIRHAM5).
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Fig. 6: Time- and vertical-average for CRCM5 (left panels) and differences of the time- and vertical-average (right panels) between the two models
(CRCM5 minus HIRHAM5) of the main four terms in the budget equation of potential temperature IV (Equation 5).
Abb. 6: Zeitlich und vertikal gemittelte vier Hauptterme der IV-Budgetgleichung für die potentielle Temperatur (Gleichung 5) für das CRCM5 (links)
und die Differenz zwischen beiden Modellen (CRCM5 minus HIRHAM5) (rechts).
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Fig. 7: (a): Vertical profiles of time- and domain-average of various physical processes in Jn of the term C which contributes to the potential temperature IV (inter-member variability) tendency in CRCM5. (b): The patterns of condensation and (c): radiation processes contributions are shown
at 925 hPa. The unity of the colour bar in (b) and (c) is 10-5 K2s-1.
Abb. 7: (a): Vertikalprofile der zeitlich und räumlich gemittelten individuellen physikalischen Prozesse in Jn des Terms C der zur IV (Variabilität
zwischen den Ensemblemitgliedern) Tendenz der potentiellen Temperatur
im CRCM5 beiträgt. Die räumlichen Muster zeigen die Beiträge der Kondensations- (b) und Strahlungsprozesse (c) in 925 hPa. Die Einheit der
Farbskala in (b) und (c) ist 10-5 K2s-1.
Fig. 8: Time- and vertical-average of (a) the covariance of fluctuations
and (b) the vertical gradient of the ensemble-mean potential temperature
in the term Bv for the CRCM5.
Abb. 8: Zeitlich und vertikal gemittelte (a) Kovarianz der Abweichungen
und (b) vertikale Gradient des Ensemblemittels der potentiellen Temperatur des Terms Bv für das CRCM5.

77

AWI_Polar_FB 85.2_069-080.indd 77

13.06.16 15:56

with opposite sign. Their study also showed that the term C is
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