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ENONCE D’ORIGINALITE ET DE CONTRIBUTION PERSONNELLE

Dans cette étude, le modeéle régional canadien du climat (MRCC5) a été évalué en
utilisant des outils généralement appliqués en prévision numérique du temps. La
problématique de 1’équilibre initial ainsi que I'impact des conditions aux frontiéres
a été traitée dans un cadre & la frontiére entre la prévision numérique du temps

et la modélisation du climat.

Les aspects originaux présents dans cette étude sont :
- L’application de diagnostiques de prévision numérique du temps & un
modéle régional de climat
- La reéalisation de cycles d’assimilation de données avec un modéle & aire
limitée, le MRCC, sur des périodes de un & deux mois

- L’étude de 'impact des conditions latérales sous une nouvelle perspective

Les résultats de 1’étude visent a valider le modéle régional canadien du climat pour
éventuellement produire des réanalyses régionales. En s’appuyant sur le MRCC5
et le systéme d’analyse variationnelle d’Environnement Canada, on bénéficie du
travail considérable de validation de ces deux composantes.

Les résultats de cette recherche ont également permis de mettre en lumiére le
potentiel de nouvelles approches de validation du modéle régional canadien du
climat permettant de mieux comprendre ’action des processus physiques et de les

ameéliorer.
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RESUME

L’objectif de cette thése était d'utiliser une nouvelle approche basée sur celle
proposée par Rodwell and Palmer (2007) (désignée dorénavant par RP07) pour
valider le Modéle Régional Canadien du Climat (MRCCS5). Cette appproche uti-
lise les tendances temporelles initiales des processus physiques du modéle pour
évaluer I'équilibre dynamique résultant de l'utilisation de différentes conditions
initiales fournies soit par des réanalyses ou des simulations globales du climat.
Ceci apporte des informations détaillées sur les interactions entre ces différents
processus et compléte les outils classiques de validation des modéles régionaux
de climat. Pour un modéle de climat global, 'impact des conditions initiales s’es-
tompe en cours d’intégration et n’a donc pas d’influence directe sur une simulation
climatique. Par contre, un modéle régional de climat est constamment forcé a ses
frontiéres soit par des réanalyses globales ou le résultat d’une simulation globale
du climat produite & ’aide d’un modéle ayant des caractéristiques différentes.
Cette thése propose d’étudier en premier lieu la sensibilité d’un modéle régional
du climat aux conditions initiales et aux frontiéres telle qu’évaluée par les diagnos-
tiques sur les tendances initiales. Le MRCC5 (CRCMS5 en anglais) est une version
3 aire limitée du modéle global GEM (Global Environmental Multi-échelle) d’En-
vironnement Canada. Les tendances initiales ont d’abord été calculées pour la
configuration globale de ce modéle pour un ensemble de courtes intégrations dé-
marrées d’analyses issues d’un systéme d’assimilation utilisant le méme modéle
pour produire des analyses 3D-Var et 4D-Var d’Environnement Canada (EC).
Le modéle est généralement bien équilibré mais une dégradation est notée au ni-
veau de la zone de convergence inter-tropicale (ZCIT) pour le 4D-Var. Lorsque
le modéle démarre d’une analyse produite par un autre modéle, dans notre cas
les réanalyses ERA-Interim du Centre Européen de prévision météorologique 3
moyen terme (CEPMMT, ECMWF en anglais) & basse et haute résolution, une
quasi-absence de la convection est notée dans les premiers instants de 1’intégration
lorsque les réanalyses 4 basse résolution sont utilisées. L’équilibre est meilleur avec
les réanalyses & haute résolution. Il est également noté qu'une dégradation de la
résolution verticale est plus dommageable que celle de la résolution horizontale.
Pour le MRCCS5, les conditions aux frontiéres utilisées pour le pilotage ont été,
d’une part des analyses 4D-Var d’EC et d’autre part des réanalyses ERA-Interim &
basse et haute résolution. Les diagnostics des tendances montrent un déséquilibre
persistant au-dela de 15 jours dans le cas des réanalyses & faible résolution. Dans le
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cas des réanalyses ERA-interim 4 haute résolution et les analyses 4D-Var d’Envi-
ronnement Canada, le modéle affiche un bon équilibre initial mais une dégradation
commence 3 apparaitre aprés 5 jours environ en se propageant graduellement vers
I’intérieur du domaine. Dans la deuxiéme partie, ’effet du pilotage sur le MRCC5
est évalué par sa réponse 3 différents types de conditions aux frontiéres produites
par le modeéle Canadien du climat (CanESM2), le modéle de I’Institut Max-Planck
(MPI-ESM) ainsi que les réanalyses ERA-interim. Les diagnostics des tendances
montrent un réchauffement excessif du modéle dans les basses couches et un re-
froidissement plus haut et ceci pour les différentes données de pilotage. Evaluées
et moyennées sur une saison, les tendances de température ont révélé un refroi-
dissement dans les basses couches lorsque le modéle est piloté par CanESM2 et
un réchauffement lorsqu’il est forcé par MPI-ESM. Les tendances de I'humidité
spécifique montrent également des effets différents selon le type de données de pi-
lotage. Dans RP07, les tendances initiales sont obtenues dans le cadre d'un cycle
d’assimilation de données dans lequel le modéle évalué est celui utilisé pour faire
l’assimilation. La troisiéme partie de cette thése présente I’évaluation d’un systéme
régional d’assimilation de données basé sur le MRCC5 sur la région de I’Amérique
du Nord. Le systéme d’assimilation variationnel d’Environnement Canada a été
adapté pour produire des analyses aux 6-h pour les mois de Janvier et Juillet
2011. Bien que celles-ci concordent assez bien avec celles d’autres sources, les in-
créments d’analyse moyens, les écarts aux observations moyens (monitoring) et les
tendances initiales ont révélé des anomalies prés de la frontiére nord du MRCC5
indiquant un probléme avec le couplage aux frontiéres en présence de rapides va-
riations dans la circulation transversale. La possibilité de faire de 1’assimilation
avec le MRCC5 ouvre la possibilité d’étudier différentes approches permettant
d’aborder cette question et les diagnostics sur les tendances constituent un atout
important pour élucider cette question.

Mots clés : Assimilation de données, équilibre dynamique, modélisation régionale
du climat, processus physiques, modéles & aire limitée.



ABSTRACT

The objective of this thesis is the assessment of the fifth generation Canadian
Regional Climate Model (CRCMS5) using a new approach based on that propo-
sed by Rodwell and Palmer (2007) (RP07, hereafter). In this approach, initial
tendencies of resolved physical and dynamical processes are used to evaluate the
dynamical balance when the model is initialized and driven by reanalyses of dif-
ferent sources or outputs from global climate simulations. This technique provides
detailed information on interactions between these different processes and comple-
ments classical tools used in regional climate models validation. For global climate
models, the impact of the initial conditions fades away progressively during the
integration and consequently has no effect on the climate simulation. In the case
of regional climate models, they are constantly forced at their lateral boundaries
by global reanalyses or outputs from global climate models with different charac-
teristics. This thesis aims to first examine sensitivity of regional climate models
to initial and boundary conditions using the initial tendencies diagnostic.

The model used here is the fifth-generation Canadian Regional Climate Model
(CRCMS5), a limited-area version of the global model GEM (Global Environmen-
tal Multiscale) of Environment Canada. The initial tendencies are first computed
for the global GEM model configuration by performing an ensemble of short inte-
grations initialized by analyses from an assimilation system using the same model
producing 3D-Var and 4D-Var analyses of Environment Canada. Results show
that the model is fairly well balanced with a slight degradation in the case of
4D-Var analyses in the inter-tropical convergence zone (ITCZ). When the model
is initialized by analyses based on a different model, in this case low and high
resolution ERA-Interim reanalyses from the European Center for Medium-range
Weather Forecasts (ECMWF), the results show a quasi-absent convection in the
first steps of the integration when low resolution reanalyses are used. The reason
could be a lack in humidity in lower levels preventing the triggering of convection.
It is also noted that degrading the vertical resolution is more damaging than using
a coarser horizontal resolution.

CRCMS5 simulations have been conducted using driving data from 4D-Var analyses
and ERA-Interim reanalyses at low and high resolution and the results showed
persisting imbalances even after 15 days for the coarser reanalyses. When conside-
red in the free interior zone, the model exhibits relatively good balance initially.



xviil

However, after 5 days of integration imbalances reappeared gradually, propagating
into the interior of the model domain.

The second part looked at the effect of different driving data on the regional cli-
mate response by prospecting process tendencies. For this, the CRCM5 is assessed
when driven by different boundary conditions. The latter are supplied by outputs
from the second generation Canadian Earth System Model (CanESM2) and the
Max Planck Institute for Meteorology’s Earth System Model (MPI-ESM-LR) and
also from ECMWF ERA-Interim reanalyses. Process tendencies diagnostics show
a model excessive heating in lower levels and a cooling at higher levels for all
different driving data. Temperature tendencies evaluated and averaged over a sea-
son revealed a cooling in lower levels when the model is driven by CanESM2 and
a heating when driven by MPI-ESM2. Results from specific humidity tendencies
also showed various impacts depending on the driving data used.

In the third part, results from regional data assimilation experiments using the
CRCMS5 over North America are presented. This system is adapted from the varia-
tional data assimilation system of Environment Canada to produce 6-h analyses
for January and July 2011. These analyses are close to those obtained with other
systems (e.g., ERA-Interim, MSC analyses). However, the mean analysis incre-
ments, mean departures from observations (monitoring) and initial tendencies
revealed anomalies near the model Northern boundary due to problems in the
driving procedure in the presence of rapid variations in transversal circulation. A
regional data assimilation based on the CRCM5 makes it possible to evaluate dif-
ferent approaches to study this issue and, as proposed in RP07, initial tendencies
diagnostics will be very useful for this.

Key Word_s : Data assimilation, dynamical balance, regional climate modeling,
physical processes, limited-area models.



INTRODUCTION

Context

Climate simulations are obtained by using very complex climate models which
take into account several physical processes to represent in the best possible way
the evolution of the climate. The complexity of such coupled models is associated
with its various components (e.g., atmosphere, ocean, biosphere, cryosphere, etc.)
which leads to increasing sources of uncertainty in climate simulations. One of
the main source of uncertainty are model errors especially their deficiencies in the
treatment of physical processes. This is mainly due to their coarse resolution but
also to lack of scientific understanding of these physical processes and how they
interact with one another. Some studies treated the uncertainty related to model
errors by using probabilistic approach in which an ensemble of model’s versions is
employed (Stainforth et al., 2005; Murphy et al., 2004) to produce an ensemble of
climate simulations leading to probability density functions (PDFs). This approach
is computationally expensive and showed some limitations on how to construct the
ensemble members as pointed out by Rodwell and Palmer (2007)(RPO07 hereafter).
Indeed, they showed that the ensemble can include artificially unbalanced mem-
bers, leading to an unrealistic appraisal of internal variability. Furthermore, this
internal variability has been shown to be very sensitive to the parameterizations
used in the model (Crétat and Pohl, 2012).

The origins of model error are still difficult to identify and represent a chal-
lenging issue. The most popular way to assess model errors is the confrontation to
observations which also contain some error, including biases and variances. These
metrics provide an estimate of model skill without further information or details
related to eventual deficiencies in representing particular physical processes. Ad-
ditional tools are needed to provide a more detailed assessment of model error.



Another issue in climate model validation is the high computational cost invol-
ved as the model to be assessed is often run for a long period and compared to
the observed climate. In numerical weather prediction, diagnostic tools are used to
evaluate the realism of fast acting physical processes and may be useful to evaluate
the same processes in use in climate models. This could be less time consuming
than having to run long climate simulations. These tools should be complemen-
tary to the traditional assessments procedures and can be seen as preliminary
tests with a lower computational cost.

For regional climate models (RCMs), contrary to global climate models, the
model error issue is complicated by the fact that RCMs are limited-area models
(LAMs) that must be driven continuously by external data provided by coupled
global climate models (CGCMs) or reanalyses. This driving or nesting can create
inconsistencies in the blending zone that can penetrate in the interior of the RCM
model domain. This is due to several factors such as the coarser spatial resolu-
tion in driving data and differences in models themselves especially the way they
represent physical processes.

The total initial tendency diagnostic

During a model integration, at each time step, the atmospheric state is updated.
This involves different physical and dynamical processes affecting the prognostic
variables. RP07 proposed a diagnostic based on the physical processes tenden-
cies computed in the first moments of the model integration, typically 6h. They
showed that, when averaged over a large number of integrations, this measure is
equivalent to the mean analysis increment brought in by the data assimilation.
On the other hand, a mean analysis increment averaging to zero is an indication
that the model used is unbiased with respect to observations and that the assi-
milation is well balanced. Given the equivalence to the mean analysis increment,
one could use the initial tendency diagnostic to assess the dynamical equilibrium
of the model. This approach can then easily be used, provided the model assessed
is the same as the one used in the data assimilation system. The RPO07 proce-
dure consists in an ensemble of short integrations started from analyses obtained
from an assimilation system using the same model. As we average over the first



moments of the integration, only the fast-acting physical processes are taken into
account in the initial tendency computation. For a variable X, the mean total
initial tendency can be expressed as,

(EIMPECIRICIRERIC I,

where subscripts 1,2, ..., IV represent the different physical processes involved in
the X variable update. The symbol (...} denotes an average in time and space as
the average can be done spatially over a particular region or globally.

Using an approach introduced by Klinker and Sardeshmukh (1992), RP07
used the initial tendency diagnostic to assess the European Center for Medium-
range Weather forecasts (ECMWEF) model, over a particular region, by modifying
some parameters used in the convection parameterization scheme. They demons-
trated the effect of those perturbed parameters on the model’s dynamical balance
and how this diagnostic points to inconsistencies in the model physics. In their
study, RP07 modified the entrainment rate used in the convection scheme to re-
gulate the moisture mixing between the convective plume and the environment.
They found that this parameter setting can degrade significantly the dynamical
balance. They also used this diagnostic to examine the improvement in the model
balance when a new cloud scheme is incorporated as is often done in numerical
weather prediction. They also made the point that this approach has a compu-
tational cost of only ~ 5% of that associated with the evaluation by performing
several climate simulations. Rodwell and Jung (2008) used the same diagnostic
on the ECMWF model when a new aerosol climatology is used and showed its
impact on the radiation parameterization scheme and the subsequent impacts on
other processes.

Regional data assimilation

RPO07 have shown that the initial tendency diagnostic suitably averaged is a useful
diagnostic to evaluate the dynamical balance of a model. A good balance is to be
expected when the different physical and dynamical processes are consistent with
one another. RP07 also showed that this diagnostic provides a detailed descrip-



tion on how the model treats every process and can help to identify which one is
poorly or badly represented and how each process reacts to a change in the model.
However, to use this diagnostic, the model evaluated has to be used within a data
assimilation system providing the analyses used to initialize that model. Conse-
quently, this is a good incentive to use a climate model within a data assimilation
system to be able to apply this initial tendency diagnostic. Moreover, assessing a
regional climate model using this diagnostic requires a regional data assimilation
system.

Implementing a fully cycled regional data assimilation is a challenging task
requiring a detailed validation of components associated with observations, and
error statistics of observations and the short-term forecast of the climate model
which would provide the a priori estimate referred to as the background state.
Moreover, regional data assimilation needs to face the difficulties associated with
the fact that the model is driven at its lateral boundaries. This raises issues
in the way observations must be treated in the particular blending zone where
discontinuities or strong gradients can occur.

A regional data assimilation system based on the fifth generation Canadian
regional climate model (CRCM5) (Zadra et al., 2008), developed at the ESCER
(Etude et Simulation du Climat & I’Echelle Régionale) centre, would certainly be
very useful to the model development using the initial tendency diagnostic to its
fullest. Moreover, the assimilation would provide a direct comparison to obser-
vations through the so-called innovations, defined as the departure between the
background state and the observations. Furthermore, this regional data assimila-
tion system can be a first step towards a reanalysis at a higher resolution, which
would be useful for regional climate studies.

Previous work

Initial and lateral conditions impact on the model simulation represents an im-
portant aspect that needs to be considered with care. Wu et al. (2005) have shown
that initial and lateral conditions have a significant impact on climate simulations.

When used as initial conditions, analyses can produce imbalances in the first mo-




ments of the integration while the lateral conditions can induce biases. Analyses
are known to produce spinup imbalances associated with spurious gravity waves
(Gauthier and Thépaut, 2001). This issue is addressed using digital filters (Lynch,
1997) or normal mode initialization (Machenhauer, 1977). In a previous work,
Chikhar (2011) studied imbalances associated with the initial conditions for the
Global Environmental Multiscale model (GEM). Using 3D-Var and 4D-Var ana-
lyses from the Meteorological Service of Canada (MSC) (Gauthier et al., 1999,
2007) produced with a model very similar to the one being assessed, the results
showed significant differences in the Tropics between 3D-Var and 4D-Var experi-
ments. In the case of 4D-Var, the convective activity was found to be more intense
particularly in the Intertropical Convergence Zone (ITCZ). This counter-intuitive
result could be explained by the simplified physics in the MSC 4D-Var system
which does not include convection. The impact of non-native or external analyses
was also examined. Using ERA-Interim reanalyses from ECMWF, the model used
in the data assimilation system is then different from the GEM model to be as-
sessed. The initial tendency diagnosed revealed clearly the so-called ’initial shock’
(Klocke and Rodwell, 2014) degrading considerably the model’s balance due to
inconsistencies between the two models. The initial tendency diagnostic showed
that the vertical diffusion is very strong in the first moments of the integration
whereas the convection process is nearly absent. The presence of a very stable lo-
wer layer as well as drier analyses (in the Tropics) could explain the non triggering
of the convection.

The Canadian Regional Climate Model (CRCM5) dynamical equilibrium was
also investigated. In this case, the model is supplied with different initial and
boundary conditions. Results showed that the CRCM5 is better balanced when
initialized and driven by MSC analyses, reflecting the fact that the CRCMS is built
from the limited-area configuration of the GEM model (same physics and similar
resolution). It was also shown that the global model GEM is better balanced
over the CRCM5 domain than the regional model. This result suggests that a
higher resolution regional analysis could be better suited for the CRCM5. When
initialized and driven by ERA-Interimm reanalyses, the CRCMS5 initial balance
shows similar behavior as when it is driven by the global GEM analyses.



Objectives and methodology

The main objectives of this thesis is to investigate the potential benefits of using
the tendency diagnostic as an assessment tool in the CRCM5 development, as well
as applying new tools made available from a regional data assimilation system.
This thesis is structured in the form of scientific papers presented as chapters.

In the first chapter, it is aimed to answer questions such as "How do initial
and lateral conditions affect the CRCMS5 dynamical balance in the first moments
of the integration 7" and "To what extent initial conditions resolution impact the
model dynamical balance 7". To address these questions, the initial tendency diag-
nostic is employed using different initial and driving data as MSC 4D-Var analyses
and ERA—Inter;m reanalyses at low and high resolution. In the second chapter, the

" question to be answered was "How does the CRCMS5 respond to various boundary

conditions for longer integrations ?". To address this issue, 14 month simulations
are performed using different driving data (outputs from CanESM2 and MPI-
ESM models and ERA-Interim reanalyses). Analysis and comparison between
the different simulations are done through the process tendencies computed and
averaged over a season. Finally, the third chapter aims to present and evaluate
a regional data assimilation system based on CRCM5 over North America, the
objective being the validation of the model using the RP07 initial tendency diag-
nostic. This regional system is adapted from the Envar data assimilation system of
Environment Canada and assimilates the same sets of observations. Fully cycled
analyses are produced every 6-h over the months of January and July. Results are
evaluated through the examination of mean analysis increments and data moni-
toring in addition to comparison to analyses from other sources.

The overall objective of this thesis is to provide new tools to assess CRCM5
through different perspectives. This will hopefully contribute to the model deve-
lopment.



CHAPTER I

IMPACT OF ANALYSES ON THE DYNAMICAL BALANCE OF
GLOBAL AND LIMITED-AREA ATMOSPHERIC MODELS

This chapter is presented in the format of a scientific article. It is published in
the Quarterly Journal of the Royal Meteorological Society. This article is
entirely based on my work with the co-author involved in supervising all the
tasks and text revision. The detailed reference is:

Chikhar K, Gauthier P (2014) Impact of analyses on the dynamical balance of
global and limited-area atmospheric models. Q.J.R. Meteorol. Soc., 140:
2535-2545. doi: 10.1002/qj.2319
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Abstract

Dynamical imbalances can induce spurious variability which can be diagnosed
from the physical tendencies observed in the first moments of short-term forecasts
using as initial conditions analyses obtained from an assimilation system using
this model. In this article this approach is taken to investigate differences in the
balance obtained from 3D- and 4D-Var analyses, using the forecast—assimilation
system of the Meteorological Service of Canada (MSC). The results indicate that
the model is then in good balance globally but the 4D-Var analyses slightly upset

the balance in the Tropics, thereby altering the characteristics of the Intertropical
. Convergence Zone (ITCZ). As the assimilation is driven by a particular model, the
resulting analyses keep an imprint of the dynamics of that model and use of this
analysis with another model may not be as well in balance due to the differences
between the two models. To study this point, ERA-Interim 4D-Var reanalyses were
used as initial conditions first at a lower horizontal and vertical resolution, and
then at a resolution closer to that of the Global Environmental Multiscale (GEM)
model. The higher-resolution reanalyses led to a better balance than that with
a lower-resolution version of the ERA-Interim reanalyses. The coarser analyses
create significant imbalances in the Canadian global model which persist for more
than 5 days. In particular, it was noted that convection is nearly absent early on as
if at a lower resolution, the ER A-interim analyses did not inject sufficient humidity
to trigger convection. It was also noted that reducing the vertical resolution is
more damaging than using a coarser horizontal resolution. In limited-area regional
climate models, external analyses are used to define the boundary conditions and
the Canadian Regional Climate Model (CRCM) was used to assess the impact
of different ways to define the boundary conditions. The CRCM is a limited-area
configuration of the GEM global model used in the 3D- and 4D-Var assimilation.
Experiments were conducted in which the boundary conditions driving the CRCM
are provided every 6 h as is usually done for the CRCM climate simulations. When
using 4D-Var analyses and ERA-Interim reanalyses (coarse and full resolution) to
define the boundary conditions, the results indicate that imbalances persist even
after 15 days and are more significant for the coarser analyses. Moreover, even
though the model exhibits relatively good balance initially, after 5 days imbalances
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appear gradually in the interior of the regional model domain.

Key Words : data assimilation; dynamical balance; physical processes; limited-
area models ; numerical weather prediction ; regional climate modeling
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T Introduction

Future climate projections are obtained by using increasingly complex models.
These projections are associated with uncertainties related to different error sources
(Stainforth et al., 2005; Murphy et al., 2004). An important source of uncertainty
is the model error. Indeed, models contain errors of different kinds and these can
lead to unrealistic simulations. A recognized source of error in the models lies in
deficiencies in the representation of subgrid physical processes. The model errors
are usually quantified by comparing the forecasts to observations. This technique
provides an estimation of the model errors without a precise information on their
origin. The latter is much harder to identify especially when multiple error factors
combine. Complementary tools are then needed to assess models’ performance and
identify eventual errors more clearly and with more details. Rodwell and Palmer
(2007), hereafter RP07, proposed a diagnostic tool based on the initial systema-
tic tendencies. It provides useful information about the consistency of the model’s
physics as it relaxes to its own climatology in the first moments of the integration.
However, it is well known that analyses can themselves create spin-up problems
that can be addressed using normal mode initialization or digital filtering to re-
move spurious gravity waves. Gauthier and Thépaut (2001) showed that 4D-Var
analyses provide initial conditions that are better balanced and do not require as
much the application of other constraints to maintain this equilibrium.

The approach proposed by RP07 consists in carrying an ensemble of succes-
sive short time integrations from which physical tendencies are extracted. Each in-
tegration starts from an analysis produced by a data assimilation system using the
same model. The meteorological variable (e.g. temperature or specific humidity)
tendencies associated with each individual physical process are then determined
and, when averaged in time and over a specific region, they yield systematic initial
tendencies which give a reliable measure of the model’s dynamical equilibrium. A
well-balanced model would yield systematic tendencies close to zero, while large
values would indicate imbalances and then inconsistencies in the representation
of physical processes of the model. In this article, this diagnostic is used first to
examine the Global Environmental Multiscale (GEM) model’s dynamical balance
when initialized by its own 3D-Var and 4D-Var analyses produced at the Meteo-
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rological Service of Canada (MSC) (Gauthier et al., 1999, 2007). One could also
be interested to assess the equilibrium of the GEM model when initialized by
‘external’ analyses. In the present case, the European Centre for Medium-range
Weather Forecasts (ECMWF) reanalyses ‘ERA-Interim’ (Dee et al., 2011) were
used and reflect the particular equilibrium of the model used in the assimilation
system. The results indicate that better balance is obtained if spatial resolutions
are close, particularly in the vertical. Finally, as regional climate models are driven
through lateral boundary conditions defined by a different model, we wanted to
assess the dynamical balance of the Canadian Regional Climate Model (CRCM)
when initialized and driven by MSC 4D-Var analyses or ERA-Interim reanalyses.
To assess how long it takes to recover from an initial imbalance, the model balance
is examined when the models are integrated over a longer period (15 days).

The article is organized as follows. In section 1.2, the method used to com-
pute the total initial tendency is presented. The models used, the data assimilation
system and the experiments achieved are described in section 1.3. The different
results obtained are presented and discussed in sections 1.4 to 1.7. Further dis-
cussion and some conclusions are given in section 1.8.
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142 Diagnosing dynamical balance based on averages of physical

tendencies

When initial conditions defined by an analysis are used, the model may exhibit
a transient behaviour that can persist for some time. To avoid this, numerical
weather prediction (NWP) models have resorted to nonlinear normal mode ini-
tialization or digital filters to filter out the spurious gravity waves associated with
this initial imbalance (Machenhauer, 1977; Baer and Tribbia , 1977). Klinker and
Sardeshmukh (1992) examined the initial physical tendencies of the model as a
measure of the imbalance. Rodwell and Palmer (2007) then pointed out that the
average of the physical tendencies over a period of 6 h corresponds, but with the
opposite sign, to the analysis increment brought in by the assimilation. Therefore,
since the analysis increments average to zero over a large number of analyses, one
would then expect that, similarly, the total physical tendency would also average
out to zero. It is important that, for this to hold, the model used should be the
same as the one used to do the assimilation.

In the RP07 procedure, the first time step is excluded because of its distinc-
tive nature with respect to the subsequent ones. The analysis being used as initial
conditions, the first time step has a strong imprint from the analysis. Moreover, a,
cold start is often used in which some physical tendencies are set to zero, knowing
that they will be quickly restored within a few time steps. Averaging over a period
of 6 h is a better approach to capture variations associated particularly with the
diurnal cycle, when the thermal tendencies are considered. In their study, RP07
highlighted that these initial imbalances reflect potential flaws of fast-acting phy-
sical processes which can create artificial variability. This information could be
particularly helpful to assess the value of multimodel climate simulations often
used to estimate the uncertainty associated with climate scenarios (Stainforth et
al., 2005). Another interesting application is that presented in Rodwell and Jung
(2008), who used the tendency diagnostic to evaluate the improvement obtained
when modifications are made to the forecasting system.

In our study, this RP07 procedure will be used to compute our tendency
diagnostic. A detailed description is given in the next subsection.
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1.2.1 Total initial tendency

The atmosphere is simulated by models through a representation of a set of phy-
sical and dynamic processes, and prognostic variables are updated by all related
processes at each integration time step. The resulting total temporal tendency of
a certain variable consists of the combination of the individual tendencies from all
processes. The diagnostic for temperature tendency used in this study is defined
as

e = total _EZT (1.1)
M - E ¢ ’

i=1 i=1p=1

where M is the total forecasts number, T} i is the total tendency, and

Tip ,p=1,...,k, represent the individual tendencies of the k physical processes,
namely advection, shallow and deep convection, radiation, large scale condensation
and vertical diffusion. As shown in RP07, the average of the analysis increments
obtained over an assimilation window 7 corresponds approximately to the average
of the temperature tendencies taken also over the period. If 7 = nAt is the length
of the assimilation window, and considering M consecutive analyses at times ¢;
with ¢ = 1,..., M, it can be shown that the average of the analysis increments
corresponds approximately to the average physical total tendency
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where Tz-(j) = T;(t; + jAt). A detailed demonstration of this correspondence can

be found in RP07. All physical parameterization schemes are applied at each time
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Figure 1.1 Zonal mean of (a) averaged temperature increments (K) and (b)
averaged total physical tendency multiplied by the time step as expressed on the
right-hand side of Eq. (1.2). The vertical coordinate is linear in pressure.

step so that temperature is updated every time step by all physical processes. The
initial tendencies are averaged over a six hours period, the first time step being
excluded as discussed previously. Tendencies are computed for each grid point
and then averaged spatially over the whole globe as well as over specific regions
like the Tropics, for example. These spatial averages are obtained by weighting
every grid point by the size of the mesh. In order to evaluate the equivalence
between the mean increment and the mean total physical tendency, an assimilation
cycle for one month has been completed and the two sides of equation (1.2) have
been computed for that period. The result is presented in figure 1.1 where this
correspondence is clearly apparent.
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%] Model, assimilation system and experiments

1.3.1 The Global Environmental Multiscale model

The Global Environmental Multiscale (GEM) model has been developed at the
Meteorological Service of Canada (MSC) (Cbté et al., 1998; Mailhot et al., 1998)
and can be run in global mode with uniform or variable resolution, and also sup-
ports limited-area configurations for high-resolution regional forecasts. The global
uniform configuration used in this study has a horizontal grid mesh of approxima-
tely 50 km at the Equator and uses a hybrid coordinate and has 80 vertical levels
with a top at 0.1 hPa. The time step is 15 min. The model configuration considered
here uses the following parametrization schemes : correlated-K solar and terrestrial
radiations of Li and Barker (2005), Kain—Fritsch for deep convection (Kain and
Fritsch, 1990, 1993), Kuo transient for shallow convection (Kuo, 1974), Sundqvist
for large-scale condensation (Sundqvist, 1978), the vertical diffusion of Mailhot
and Benoit (1982) and ISBA (Interactions between Soil-Biosphere-Atmosphere)
for surface processes (Noilhan and Planton, 1989). A detailed description of the
model physics can be found in Mailhot et al. (1998) and Bélair et al. (2009).

1:3.2 The Canadian Regional Climate model

The regional model used in this work is the CRCMS5, a limited-area version of the
GEM model (Zadra et al., 2008) that could be set over any area on the globe. In
our study, the CRCM domain covers North America (Figure 1.2) with a 20 km
horizontal grid mesh and 10 min time step. It has the same vertical discretization
with the lid at 0.1 hPa and the same parametrization schemes as those of the
global configuration described above. The CRCM lateral boundary conditions are
supplied using a one-way nesting method (Davies, 1976; Yakimiw and Robert,
1990).
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Figure 1.2 The CRCM domain.

1.3 Assimilation system

The three-dimensional variational data assimilation (3D-Var) system was imple-
mented at MSC in 1997 and extended to four-dimensional variational data as-
similation (4D-Var) in 2005 (Gauthier et al., 1999, 2007; Laroche et al., 2007).
The variational formulation is based on the incremental approach (Courtier et al.,
1994). The analysis increment is calculated at a lower resolution than the fore-
cast model and is found by minimizing a cost function using the quasi-Newton
algorithm (Gilbert and Lemaréchal, 1989). In 3D-Var, the background is obtained
from a 6 h forecast and the analysis increment is determined at the centre of a
6 h assimilation window. Conventional data are assimilated over a 3 h window
whereas radiances are assimilated over a 6 h window. In the 4D-Var system, the
assimilation window is also 6 h and the background is now a trajectory obtained
from a 9 h forecast. Data are assimilated over the whole window, thus increasing
considerably their number compared to the 3D-Var system. A detailed description
of these assimilation systems can be found in Gauthier et al. (1999, 2007). ERA-
Interim reanalyses, used in this study, are produced at T255 (~ 79 km) horizontal
grid mesh by a 4D-Var data assimilation system using a 12 h assimilation window.
The forecast model used to produce the background is based on Integrated Fore-
cast System (IFS) release Cy31r2 with T255 spectral horizontal resolution and 60
vertical levels with a top at 0.1 hPa. A detailed description of the ERA-Interim
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reanalysis can be found in Dee et al. (2011).

1.34 Configuration of the experiments

Several experiments are realized in order to assess the GEM global model dyna-
mical balance as well as that of the CRCM. In the case of CRCM, different types
of initial and boundary conditions are used, the objective being the assessment of
their eventual effect on model equilibrium. The initial and boundary conditions
used in this study are MSC 3D-Var and 4D-Var analyses and ECMWEF ERA-
Interim reanalyses at low and high resolution. These datasets will be noted in this
article as MSC3D, MSC4D, ERA-low and ERA-high respectively. In each expe-
riment, several sets of integrations are performed covering the month of January
2009. Short and medium-range simulations are started every 6 h from 0000 UTC
on 1 January. We consider that the total number of integrations is sufficient to
resolve synoptic variability.

In a different set of experiments, longer-range simulations are completed
with the GEM global model and the CRCM. As before, runs are started every 6
h from 0000 UTC on 1 January. The aim is to examine the temporal evolution
of the dynamical balance when different initial and boundary conditions (for the
CRCM) are used.

1.4 Impact of the assimilation method

Here, we examine the potential effect of the assimilation procedure (3D-Var and
4D-Var) on the model dynamical balance. We expect an improved dynamical
equilibrium when the model is initialized by 4D-Var analyses, the latter being
known to be better balanced than 3D-Var analyses (Gauthier and Thépaut, 2001;
Laroche et al., 2007). In this experiment, GEM model integrations are initialized
by MSC3D and MSC4D produced by MSC using a GEM model configuration very
similar to that used here.

Figure 1.3 shows the resulting temperature tendency profiles averaged over

the globe and over the Tropics. The different line colours identify the physical




19

processes acting on the temperature, and the thick black line represents the net
tendency (i.e. the total of all individual process tendencies) In general, profiles
are similar for the two cases (MSC3D and MSC4D). However, when initialized by
MSC4D, the model is shown to be slightly more unbalanced compared to simu-
lations using MSC3D, especially in the Tropics (Figure 1.3(d)). When averaged
globally, the balance is established in the middle troposphere between the radia-
tive cooling (radiation) and the heating due to latent heat release from convection
and large-scale condensation. In the Tropics, the equilibrium is found mainly bet-
ween cooling due to radiation and downward movement (vertical advection) and
latent heat release from convection. In the lower levels, the profiles are very simi-
lar except small differences in radiation tendencies around 950 hPa and shallow.
convection around 900 hPa.

A closer look at profiles in the Tropics reveals significant differences in convec-
tion tendencies between MSC4D and MSC3D simulation. The convection activity
is found to be stronger in the case of MSC4D, resulting in more heating in the
atmospheric mid-levels.To examine more deeply this difference, the tendency due
to convection is examined at 500 hPa (Figure 1.4). We can clearly see that the
convective activity along the Intertropical Convergerice Zone (ITCZ) is more in-
tense in MSC4D simulations, especially over the oceans. This ‘excess’ in convective
activity is responsible for the imbalance showed by temperature profiles (Figure
1.3(d)). This is a counter-intuitive result because 4D-var analyses are known to be
better balanced than those produced using 3D-Var system. Specific humidity ten-
dencies (not shown) show larger deficits in water vapour content and lead to the
same conclusions, i.e. more convection in the ITCZ for MSC4D simulations. Ano-
ther issue is the simplified physics used in the MSC 4D-Var system (which does
not include convection) and this could also explain this difference. As shown in
Figure 10 of Mabfouf and Rabier (2000), using simplified physics without convec-
tion results in an increase in the precipitation in the first moments of integration.
Comparing the humidity analyses obtained with 3D-Var and 4D-Var (not shown)
indicates that the latter are moister. The resulting precipitation leads to increa-
sed temperature tendency, particularly in the Tropics. This is consistent with the
results shown in Figure 1.3(b, d).
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Figure 1.3 Temperature initial tendency profiles(K day~!). Tendencies are com-
puted for the first 6 h of the integration excluding the first time step. (a, b) show
profiles obtained from simulations initialized by MSC3D and averaged (a) globally
and (b) over the Tropics. (c, d) are as (a, b), but for integrations started from
MSC4D. The different coloured lines correspond to the physical processes conside-
red : radiation (green), advection (blue), convection (red), large-scale condensation
(magenta) and vertical diffusion (orange) ; the black line shows the net tendency.
The vertical coordinate is linear in pressure. Horizontal bars are 95% confidence
intervals, showing very low values especially in the global case and above 800 hPa.
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Figure 1.4 Mean temperature tendency due to convection (K day~1) at 500 hPa,
from (a) MSC3D simulations and (b) MSC4D simulations.

The results presented in this section assessed the impact of analyses produced by
assimilation systems driven by the same model as the one used to do the forecasts.
In the next section, we examine the model balance when analyses are produced
by a different model. The idea is to explore the interaction between a model and
external analyses and compare the results obtained to those when the model is
initialized from its own analyses.

1.5 Use of external analyses

In the previous experiment, the background state used in the assimilation pro-
ducing the analyses is obtained from a model very similar to that we assessed,
and this background state leaves an imprint on the analysis. The results obtained
showed a fairly good dynamical balance. Now we investigate if this equilibrium is
maintained when using external analyses based on a different model and assimi-
lation system. An experiment identical to the previous one is conducted, except
that the GEM model is now initialized by ECMWEF ERA-Interim reanalyses. Ini-
tial conditions used in this experiment are the ERA-Interim atmospheric fields
complemented by MSC surface analyses.
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The ERA-Interim reanalyses were first used with a coarse mesh of 1.5°
(around 150 km) and 37 levels in the vertical (ERA-low). Later, when they became
available, the experiments were repeated using the reanalyses at higher resolution,
that is 0.75° and 60 levels with a top at 0.1 hPa (ERA-high). This is to investigate
not only the impact of external analyses on the model balance but also the impact
of differences in horizontal and vertical resolution.

Systematic temperature tendencies profiles derived from this experiment are
shown in Figure 1.5. Results indicate significant differences from what was obtai-
ned when using MSC3D or MSC4D. In this case, large imbalances are observed in
profiles averaged globally as well as over the Tropics especially at low resolution

1 is present in the lowest levels induced

where significant heating reaching 8 Kday™
by vertical diffusion and radiative heating. This indicates large vertical thermal
gradients. In the above atmospheric levels, in both resolutions, we observe a co-
oling due mainly to a quasi-absence of deep convection activity. When comparing
the zonal mean of specific humidity derived from the monthly temporal averages
(not shown), we note that ERA-low is drier than the MSC4D in the tropical lower
levels. This could contribute to prevent the triggering of deep convection. However,
when full resolution reanalyses are used, a better dynamical balance is observed
and the strong heating in the low levels disappears while the convective activity is
more intense but still weak in the Tropics in particular. This result indicates the
importance of the spatial resolution of the initial conditions in the horizontal as
well as in the vertical. From this result, a question arises concerning the relative
impact of each resolution (horizontal and vertical) on the model balance. This is
confirmed by an experiment in which the initial conditions resolution of MSC4D
was reduced horizontally and/or vertically. In the horizontal, the resolution went
from 800 x 600 to 240 x 121 grid points, while in the vertical the original 80
vertical level analyses were interpolated to the 37 levels of the ERA-Interim at
coarse resolution. The results based on the diagnostic of the initial tendencies on
temperature are presented in Figure 1.6 and reveal that the model equilibrium is
worse in both cases and that degrading the vertical resolution is more damaging
than reducing the horizontal resolution. This result indicates that it is important
to have a good correspondence in the resolution of the model and that of the
initial conditions to maintain a good dynamical balance.
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Figure 1.5 Temperature initial tendency profiles (K day_l), computed for the
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Figure 1.6 Temperature initial tendency profiles (K day“l) computed for the first
6 h of integration with the initial conditions degraded (a) in horizontal resolution
and (b) in vertical resolution. More details are given in the text.

As the boundary conditions of limited-area models (LAMs) are often pres-
cribed every 6 h or less by forecasts from a global model which often has a coarser
resolution, one must ask whether this can result in maintaining dynamical imba-
lances in the forecast of the LAM. This question will be investigated later using
the CRCM limited-area regional climate model. Finally, how long will this imba-
lance persist before the model reaches its own equilibrium ? This is addressed in
the next section.

1.6 Time to dynamical equilibrium

In the previous experiments, the dynamical balance has been assessed for the first
moments of the integration (typically the first 6 h). When imbalances are present,
we are now interested to know how long it will take for the dynamical balance to be
restored to the model’s own climatology. Integrations were performed over longer
periods, namely 15 days and, as before, the temperature tendency diagnostic is
computed with a 6 h running mean over the duration of the simulation. Several
sets of 15 days simulations starting from 1 January 2009 at 0000 UTC to 16
January at 1800 UTC have been performed (a total of 64 simulations in each
set). As before, the GEM global model is used with different initial conditions,
i.e. MSC4D, ERA-low and ERA-high.
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Figure 1.7 Temporal evolution of the mean total tendency profiles (K day™!)
after (a) 1, (b) 5, (c) 10 and (d) 15 days for the global GEM model. Simulations
are initialized with MSC4D.

Temporal evolution of the total tendency is presented in Figures 1.7 and 1.8
when the GEM model is initialized by the three types of initial conditions. When
MSCA4D are used, the model is well balanced and seems to reach its own climato-
logy after 15 days of integration. The model is better balanced in the middle of
the atmosphere compared to the lower and upper levels where small imbalances
persist. Simulations initialized with ERA-low exhibit a significant imbalance over
the whole column where the model is warmer than its climatology. This result
shows that the initial imbalances and the subsequent strong heating effects are
still effective even after 15 days. Compared to the MSCA4D simulations, the model
initialized with ERA-low needs more time to reach its own equilibrium associated
with the model’s own climatology. However, the model is not completely balanced
even after 15 days in both cases, especially at the upper levels where only radiation
and advection processes are still active. Figure 1.8(a)—(d) show that the model’s
equilibrium is worse when initialized by ERA-low and a net warming appears in
the first few days due to strong convective activity. This warming decreases in
amplitude with time but remains even after 15 days integration.

However, ERA-high simulations yield a balance that is very similar to that
obtained with MSC4D. MSC4D (Figure 1.7) and ERA-high simulations (Figure
1.8(e)—(h)) show rapid convergence towards the equilibrium state.

Finally, Figure 1.9 shows the vertically integrated total tendency as a function
of time which is a good indicator of the model’s imbalance over the atmosphere
column; a well-balanced model should yield low values. The total tendency is
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Figure 1.8 Temporal evolution of the mean total tendency profiles (K day™1)
after (a, e) 1, (b, f) 5, (c, g) 10 and (d, h) 15 days for the global GEM model,
with simulations initialized with (a)-(d) ERA-low and (e)-(h) ERA-high.

mass-weighted vertically integrated over all model output levels from 1000 to 10
hPa. The absolute values were considered to prevent sign compensation between
levels. The results show large differences from the three sets of simulations in
the first days of integration during which a better balanced model is observed
when initialized with MSC4D than with ERA-Interim simulations. The MSC4D
" simulations results indicate that the model’s equilibrium state becomes nearly
constant after roughly 2 days. With ERA-low, the large initial imbalance is clearly
seen in the first days of integration but decreases with time especially in the first
2 days. However, the initial imbalance effect is too strong and requires several

days of integration to be damped. The two curves converge reasonably well after

15 days but not completely. However, at full resolution the ERA-high simulations
yield a better balance which compares well to that obtained with the MSC4D
except in the first 18 h. However, afterwards, the two experiments have converged
to the same level of balance. The two curves in Figure 1.9 converge after only 18 h
of integration. This result confirms the advantage of using initial conditions with
resolution close to the model’s own. It is worth noticing that, from that point on,
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Figure 1.9 Vertically integrated absolute total temperature tendencies from GEM
simulations initialized by MSC4D (blue line) and by ERA-low (dotted red line)
and by ERA-high (dotted green line).

the balance has reached a constant level which does not vary in time. This is to
be kept in mind for comparison with results to be presented in the next section
with a limited-area model.

1L Assessing the balance of a regional climate model

In sections 1.4-1.6, the GEM dynamical balance was examined for its global confi-
guration where only initial conditions are of interest. However, in the LAM confi-
guration, the dynamical balance is not only influenced by the initial conditions
but also through the lateral boundary conditions imposed at frequent intervals,
typically 6 h. This is a significant difference for a regional climate model whose
equilibrium defines the climatology to which it will tend. It therefore depends on
the initializing data and the forcing information provided by either reanalyses or
forecasts from another global climate model. In this section, the CRCM, a LAM
configuration of the global model GEM, is used to study the resulting balance
when a LAM is initialized and driven by different analyses. Based on the MSC4D,
ERA-low and ERA-high as initial conditions, three sets of integrations were car-
ried out using the CRCM and starting every 6 h from 1 to 30 January 2009 at
0000 UTC. The lateral boundary conditions are also extracted from the same ana-
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lyses used in the experiment and supplied every 6 h. We note that these boundary
conditions are linearly interpolated to each time step through the 6 h window.

The CRCM balance is measured by the RP07 diagnostic averaged over the
complete domain of CRCM. These are presented in Figure 1.10 for the MSC4D
and ERA-low/high experiments. In ERA-low, the strong heating associated with
vertical diffusion observed in the global version is also present and is even lar-
ger, reaching 10 K day~1 (Figure 1.10(b)). A net cooling is dominant above 900
hPa throughout a large part of the troposphere due essentially to the absence of
deep convection, even though this process is weak over North America in January.
These results concur with those of the previous experiment, i.e. the model is bet-
ter balanced when initialized and driven by MSC4D analyses. When ERA-high
is used, the dynamical balance is much better, which confirms that a consistency
in resolution is beneficial as was observed in the GEM (Figure 1.10(c)). Compa-
ring Figure 1.10(a, ¢) indicates that MSC4D is more compatible with the CRCM
dynamics than ERA-high which is not surprising given that the CRCM uses the
same physical parametrizations as those of the GEM model used to produce the
MSC4D analyses. As described previously, longer runs were also done with the
CRCM model. In this case, the situation is different because of the combination
of initial and boundary data effects on model equilibrium. Here we need to stress
that only the boundary conditions are used, except at the beginning of the inte-
gration where initial conditions are provided. The motivation is that this is how a
regional climate model (RCM) works, and it is bounded by input from an external
source, be that analyses or global climate simulations. Since the initial condition
effect on the model will vanish through the integration, this kind of experiment
will help us detect the eventual impact of boundary conditions on the model ba-
lance. Moreover, it is known that in the boundary region or the blending zone,
a significant damping is used to prevent contamination of the interior (Davies,
1976). As a consequence, most RCM results are examined only in the free zone,
which is the interior domain excluding the blending zone.

In this study, the RP07 diagnostics are computed by firstly considering the
whole domain (including the blending zone) and, secondly, considering only the
interior ‘free’ region. The aim is to investigate the potential imbalance induced
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Figure 1.10 Temperature initial tendency profiles (K day~1) obtained from
CRCM simulations initialized and driven by (a) MSC4D, (b) ERA-low and (c)
ERA-high analyses. Tendencies are computed for the first 6 h of the integration
excluding the first time step and averaged over the complete domain including the
nesting zone.

through the blending zone and to what extent this imbalance is introduced into the
free interior zone. When tendencies are computed after 15 days of integration over
the whole model domain, results show imbalances in the three types of simulations,
with larger values observed in the case where the model is initialized and driven
with ERA-low reanalyses (Figure 1.11). The large imbalances observed previously
at the lower and upper model levels are also present here. When we compare
these results with those obtained for the first 6 h (Figure 1.10), the model is less
balanced, especially when it is initialized and driven by MSC4D analyses. This
indicates the persistent effect of boundary conditions on the model equilibrium,
suggesting that care is needed when looking at results over the whole domain.

In the interior domain, where the blending area is excluded, we obtain very
different results (Figure 1.12). In its free zone, the model is shown to be less
influenced by boundary conditions and it is much better balanced. These results
show that the model, when considered in its free zone, reaches its equilibrium more
rapidly, even in the case of ERA-low runs (Figure 1.12(b)). However, even in its
free zone, the model exhibits some imbalances especially at the upper levels where
the advection and radiation processes do not seem to balance each other. This
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Figure 1.11 Temperature tendency profiles computed after 15 days integration
over the whole CRCM domain including the blending zone, from runs using ini-
tial and boundary conditions from (a) MSC4D, (b) ERA-low and (c) ERA-high
analyses.

imbalance is not seen in the initial temperature tendencies (Figure 1.10) nor in
the global model case (Figure 1.7), reflecting consequently the important effect of
boundary conditions and interactions between the forcing large-scale data and the
LAM. This result also indicates that, even in the free zone, the model needs more
time to establish its dynamical equilibrium towards its own climatology. A closer
look at the total tendency temporal behaviour is presented in Figures 1.13 and 1.14
where we can clearly see the difference in model balance when the whole domain
is considered, and when only the free zone is taken into account. Computations
over the free zone show an improvement in the model balance during the first
5 days. Afterwards, we notice a degradation of this equilibrium over the whole
atmospheric column, where we observe a net cooling in the mid-levels and a net
warming above 250 hPa.

As before, we computed the vertically integrated total tendency for the
CRCM model over the whole domain and over the free zone only, and results
are presented in Figure 1.15. In the case where only the free zone is considered
(Figure 1.15(b)), the simulations initialized and driven with ERA-low reanalyses

show a rapid decrease during the first day of integration. The ERA-high curve is
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Figure 1.12 As Figure 1.11, but the tendency is averaged only over the CRCM

free domain, excluding the blending zone.
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Figure 1.13 Temporal evolution of the mean total tendency profiles for the
CRCM model after (a) 1, (b) 5, (c) 10 and (d) 15 days. Simulations are ini-
tialized and driven with MSC4D. The dotted line represents tendencies over the
whole model domain and solid line those computed over the free zone.
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Figure 1.14 As Figure 1.13, but for simulations initialized and driven by ERA-
Interim reanalyses (a)—(d) ERA-low and (e)-(h) ERA-high.

very close to that of MSC4D, showing the advantage of the higher resolution. The
three curves exhibit a stable equilibrium between the first and the fourth days of
integration. Afterwards, we note an increase in all curves (balance degradation),
confirming what was seen in the net tendency profiles (Figures 1.13 and 1.14).
Even though the MSC4D shows a good balance initially, Figure 1.15(b) indicates
that imbalances start to reappear after 5 days of integration, indicating that the
boundary forcing may create such imbalances after all.

1.8 Concluding remarks

In this study, an assessment has been made of the dynamical equilibrium of a
model and its sensitivity to initial conditions and to boundary forcing. First, the
global GEM model dynamical balance was looked at when initialized from its own
3D-Var (MSC3D experiment) and 4D-Var (MSC4D) analyses. The results showed
significant differences, particularly with convection activity which was observed
to be stronger for 4D-Var analyses in the ITCZ causing some imbalance in the

model. This could be attributed to the absence of convection in the simplified
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Figure 1.15 Vertically integrated absolute total tendencies of temperature for
CRCM model computed (a) over the whole model domain including the blending
zone, and (b) over the model free area only.

physics of the MSC 4D-Var (Gauthier et al., 2007).

When external analyses produced by an assimilation system driven by a
different model are used, serious imbalances occur. When initialized with ERA-
Interim analyses at low resolution (ERA-low), the global GEM model exhibits
large imbalances especially in the lower levels due mostly to a vertical diffusion
which is too strong and deep convection being virtually absent initially. Com-
parison of the two experiments (MSC4D and ERA-low) revealed that because
ERA-low reanalyses are drier in the Tropics, there may not be enough humidity
to trigger convection in the GEM global model. This can also contribute to im-
balances in the lower troposphere. However, when used at their full resolution,
ERA-Interim reanalyses (ERA-high) significantly reduce the imbalances compa-
red to those seen at coarser resolution. Finally, comparison of the results of the
MSC4D and ERA-high experiments indicate that, in the first 24 h, the model
benefits from having its own analyses which yield a better initial equilibrium. Ho-
wever, this difference totally disappears after 48 h. This was obviously not the case
for the ERA-low experiment for which convergence to equilibrium was not reached
even after 15 days. Further experimentation in which the resolution of MSC4D
analyses were degraded in the horizontal or in the vertical showed that reducing
the vertical resolution has more impact on the model balance than reducing it in
the horizontal.




34

The limited-area configuration of regional climate models requires that they
are driven by imposed boundary conditions provided either by external global
reanalyses or results from a global climate model. The sensitivity to boundary
conditions has been examined by Wu et al. (2005), Laprise et al. (2013), Sepa-
rovic et al. (2013) and others. The main objective of our study was to show if
diagnosing the physical tendencies as proposed by RP07 could shed some light on
this sensitivity. For this, the dynamical balance and the sensitivity to boundary
conditions was studied for the CRCM LAM which, for the physical processes, is
very close to that of the global GEM model used to produce the MSC4D analyses.
First, the MSC4D experiment was repeated using these analyses as initial condi-
tions and compared to the results obtained with the global model. The results
show that the CRCM is in good equilibrium but a little less than that observed
for the global model. Similar results were found when ERA-Interim reanalyses
provided the initial and boundary conditions and were smaller when ERA-high
reanalyses were used. This indicates, for a ‘given model, the advantage of using
initial and forcing data produced by a data assimilation system based on a model
as similar as possible to that model.

Initial conditions are not a concern for climate simulations but boundary
conditions are. The final set of experiments was to compare the sensitivity to
boundary conditions only, which is the normal mode of integration of regional ¢li-
mate models. In this case, it was observed that imbalance observed in the blending
zone where the boundary conditions are imposed is similar to what is observed in
the experiments with the initial conditions. However, in the so-called free zone,
the imbalances are much lower, as was seen in Figures 1.13 and 1.14, the latter
showing that when ERA-low reanalyses are used for the boundary conditions, a
significant imbalance is observed initially but seems to quickly disappear. Howe-
ver, a closer inspection shows that a slight imbalance persists even after 15 days.
So, for the MSC4D, the balance is initially good but imbalances were noticed to
gradually reappear after 5 days at which time this imbalance compares to that
of the ERA-low and ERA-high analyses. The model still exhibits abnormal hea-
ting over the whole atmospheric column for the three cases for which it is found
that longer runs are required to reach a good equilibrium. This will be further

investigated in future work.
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This work shows that the diagnostic of physical tendencies can provide very
useful and detailed information about the model’s dynamical balance. However, it
remains to be seen if a link can be made between these diagnostics and estimation
of internal variability as evaluated in regional climate studies. In future work, it
is intended to use the same approach to assess the balance of the model with
other analyses such as NASA’s Modern-Era Retrospective Analysis for Research
and Applications (MERRA) (Rienecker et al., 2011) or NCEP’s North American
Regional Reanalysis (NARR) (Mesinger et al., 2006). Finally, the intention is also
to produce regional analyses with the CRCM to be able to directly compare the
model with respect to observations. The tendency diagnostics will be useful to
assess the dynamical balance of the model when using its own analyses.
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Abstract

Climate simulations results can be very different when the regional climate model
used is driven by different data. In this paper, the fifth-generation Canadian Re-
gional Climate Model (CRCM5) response is assessed when driven by various boun-
dary conditions. The latter are provided by outputs from the second-generation
Canadian Earth System Model (CanESM2) and the Max Planck Institute for
Meteorology’s Earth System Model (MPI-ESM-LR) and also from ERA-Interim
reanalysis. Physical and dynamical tendencies are analysed when the regional
model is well spun up and is sufficiently affected by the lateral forcing data. The
results indicate that the model is very sensitive to those imposed lateral condi-
tions. Compared to observations, the CRCM5 exhibits excessive heating in the
lower levels and cooling above when driven by the three driving data. It is also
found that the two global models contribute to these anomalies but with different
effects. Temperature tendencies revealed a cooling in lower layers when CRCM5
is driven by CanESM2 while a heating is noted when the model is forced by MPI-
ESM-LR. Specific humidity tendencies also showed different effects depending on
the driving data used.

Keywords : Regional climate modelling, Lateral driving data, CRCM5, Process
tendencies
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21 Introduction

Climate simulations are performed using increasingly complex models. The pa-
rameterized physical processes in addition to their interactions introduce errors
in these climate simulations. Other factors such as model structure, vertical and
horizontal resolution can contribute to these errors. Climate simulations are more
complicated when using limited area models. Indeed, regional climate models
(RCMs) are driven at their lateral boundary using data from Global Climate
Models (GCMs) outputs or reanalyses. The lateral nesting introduces additional
errors due to the coarser resolution in the driving data, the use of different parame-
terization schemes and also imbalances induced by the nesting technique (Warner
et al., 1997). In addition, it has been shown that different driving data sources
can introduce different results due to different errors (Separovic et al., 2013). In
climate simulations, errors are mostly evaluated by comparing model outputs to
observations and reanalyses (e.g., Separovic et al. (2013); Hernandez-Diaz et al.
(2012) ; Martynov et al. (2013)). Evaluation of the bias, the root mean square
error or anomaly correlations are often used to quantify models’ skills and errors.
Numerous studies focused on RCMs errors especially those related to initial and
boundary conditions effect (e.g. Wu et al. (2005) ; Denis et al. (2003) ; Diaconescu
et al. (2007)). However, the error sources are still difficult to identify and there is
a need for additional or alternative tools to provide more information about the
origin of these differences. Several studies have shown that the physical and dyna-
mical tendencies of the model on temperature or humidity can provide valuable
details on the model error when it is integrated in different configurations. Rodwell
and Palmer (2007) showed that, starting from an analysis that defines the initial
conditions, the initial imbalances detected through the physical and dynamical
tendencies can reveal inconsistencies in the physical parameterizations associated
with processes acting on fast time scales such as convection, radiation, or gravity
wave drag. In numerical weather prediction (NWP), this is a method often used
to assess the impact of changes brought to the physical parameterizations. An

example is presented in Rodwell and Jung (2008) to evaluate a change in the im-
pact of the treatment of aerosols in the ECMWEF NWP model. In these studies the
model used is the same as the one employed in the data assimilation system that
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produced the analyses. Given that an analysis is a blend between observations
and a short-term forecast model used as the background, Chikhar and Gauthier
(2014) studied the impact on a given model of using different analyses. Their re-
sults indicate that differences between this model and the one used to produce the
analysis can induce imbalances that are often very significant. Furthermore, these
imbalances persist for some time but global models eventually reach an equili-
brium representative of their own climate. Regional climate models on the other
hand are constantly driven through lateral boundary conditions defined by either
global reanalyses or climate simulations from a global climate model. Chikhar and
Gauthier (2014) looked at the imbalances of the latest version of the Canadian
Regional Climate Model (CRCM5 hereafter, Zadra et al. (2008)) when initiali-
zed and driven by global analyses produced by the global version of the model
(Gauthier et al. 2007 ) or when initialized and driven by ERA-Interim reanalyses
at low and high resolution. It was shown that using high resolution ERA-Interim
reanalyses as initial and boundary conditions yields to a fairly good balance that
compares well with that obtained from the global analyses. The object of this
paper is to examine the physical and dynamical tendencies for a regional climate
simulation after a long enough period of time for it to reach its own climatological
equilibrium. The process tendencies are evaluated for the CRCM5 to investigate

errors in this RCM simulations when driven by different data. The aim is to pro-
' vide details on the model errors especially those related to the driving data and
implicitly, the nesting technique. Three types of data are employed to drive the
CRCMS5 model : outputs from two Coupled Global Climate Models (CGCMs),
the second-generation Canadian Earth System Model (CanESM2) and the Max
Planck Institute for Meteorology’s Earth System Model (MPI-ESM-LR) and also
full resolution ERA-Interim reanalyses as those used in Chikhar and Gauthier
(2014). The latter will be considered in this study as a reference for the boundary
conditions. The document is organized as follows. In Sect. 2 , the methodology is
introduced altogether with a description of the CRCM5 model and the design of
the experiments. The results obtained are presented and analysed in Sects. 3-5.
Concluding remarks are finally presented in Sect. 6.



42

2.2 Model and experiments description

a2l Methodology

In this study, dynamical and physical tendencies are used to analyse the
CRCMS5 behaviour when driven by different data. The aim is to examine in more
detail the dynamical and physical processes depicted by the model during its
integration and to detect how they may be affected by the driving data at the
lower and lateral boundaries. '

We used three data sources to drive the CRCMb5 model : outputs from two
CGCMs (CanESM2 and MPI-ESM-LR) and ERA-Interim reanalysis. The first
CGCM is CanESM2, the second generation Canadian Earth System Model. Its
atmospheric component has a T63 spectral horizontal resolution with a linear
transform grid of 2.8°, 35 levels in the vertical with a top at 1 hPa (Arora et
al., 2011). The second CGCM is the Max-Planck-Institute Earth System Model
(MPI-ESM-LR) having an atmospheric component (ECHAMSG) operating at T63
with a quadratic transform grid of around 1.89° and 47 vertical levels with a top
at 0.01 hPa (Stevens et al., 2013; Giorgetta et al., 2013). ERA-Interim reanalyses
used in this study are at full resolution, namely at 0.75° horizontal resolution and
60 levels in the vertical with a top at 0.1 hPa (Dee et al., 2011).

The objective is to identify the impact of the boundary data on the mo-
del performance, by examining the process tendencies obtained from different
simulations in which the model is driven by different data. The full resolution
ERA-Interim reanalyses can be considered as a reliable representation of the at-
mosphere through the fit to all available observations. In addition, as pointed out
by Chikhar and Gauthier (2014), in its first few days integration, the CRCM5
shows fairly good dynamical balance when initialized and driven by full resolu-
tion ERA-Interim reanalyses. The latter will then provide our reference boundary
conditions and the resulting simulation will be compared to the results obtained
from simulations where driving data are specified from outputs from two CGCMs.
As pointed out by Laprise et al. (2013) and Separovic et al. (2013), a comparison of
the dynamical and physical process tendencies obtained from a reanalysis-driven
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simulation to ‘observed’ tendencies can shed some light on the ‘structural bias’
(SB) of the regional climate model, i.e, deficiencies in the model itself. On the
other hand, the comparison between ‘observed’ tendencies and those obtained
from a CGCM-driven simulation will provide details on the ‘total bias’ (TB) in-
cluding ‘structural bias’ and a bias induced by the boundary conditions (BC). We
can express this bias relation as

TB =SB+ BC (2.1)

Consequently, the bias induced by boundary conditions can be identified by
subtracting the structural bias from the total bias

BC =TB-SB (2.2)

The total bias from CanESM2 and MPI-ESM-LR driven simulations will be
referred to as CRCM-Can-TB and CRCM-MPI-TB respectively. Similarly, biases
due to the driving data are respectively denoted as CRCM-Can-BC and CRCM-
MPI-BC. The ‘observed’ total tendencies are extracted from ERA-Interim reana-
lyses as these data provide a three dimensional representation of the meteorological
variables and thus can be used to compare to model outputs. The CRCMS5 struc-
tural bias will be denoted as CRCM-SB and corresponds, as explained previously
to the total bias when the model is driven by ERA-Interim reanalyses. In this
study, the emphasis will be the examination of biases on dynamics and physics
tendencies computed for two variables, namely temperature and specific humidity.
These tendencies are computed by taking into account all individual processes that
combine to update the variable at each time step, the total tendency being their

sum, i.e.
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k
Titotal iy Zsz (2.3)
r=1

where TZ-tOtal is the total tendency, and Tz-p , p=1,..., k, represent the indivi-
dual tendency of the p-th process. In the case of temperature, processes considered
are dynamics (i.e., horizontal and vertical advection along with horizontal diffu-
sion), shallow and deep convection, solar and long wave radiation, large scale
condensation and vertical diffusion. For specific humidity, the same processes are
considered except radiation.

The regional climate model used (CRCM5) and the different simulations
performed are described in the next two subsections.

2.2 CRCMS5 description

The regional climate model used here is the fifth-generation Canadian Regional
Climate Model (CRCMS5) (Zadra et al., 2008). It is based on a limited-area confi-
guration of the Global Environment Multiscale model (GEM) developed at the
Meteorological Service of Canada (Co6té et al., 1998). The CRCM5 operates on
a rotated latitude longitude Arakawa C grid (Arakawa and Lamb, 1977) and in-
cludes a terrain-following vertical coordinate (Laprise, 1992). To supply CRCM5
with boundary data, a one way nesting technique is used (Davies, 1976; Robert
and Yakimiw, 1986). It consists of a 10 grid points external halo zone for the
semi-Lagrangian interpolation followed by a 10 grid points sponge zone where
the prognostic variables are gradually relaxed to the driving data. The CRCM5

configuration considered here uses the following parameterization schemes : Kain-
Fritsch for deep convection (Kain and Fritsch, 1990, 1993), Kuo Transient for
shallow convection (Kuo, 1974), correlated-K for solar and terrestrial radiation
(Li and Barker, 2005), Sundqvist for large scale condensation (Sundqvist, 1978),
Mailhot and Benoit for vertical diffusion (Mailhot and Benoit, 1982) and CLASS
for surface processes (Verseghy, 2000, 2008). A more detailed CRCMS5 description
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Figure 2.1 CRCM5 domain. The inner light dotted line delimits the model free
zone

can be found in Martynov et al. (2013) and Hernandez-Diaz et al. (2012).

223 Configuration of experiments

The CRCM5 domain covers North America (Fig. 2.1) which is similar to that
used in the COordinated Regional Climate Downscaling EXperiment (CORDEX)
simulations (Separovic et al., 2013). The horizontal resolution is around 20 km
(0.22° x 0.22°) with a time step of 10 min. In the vertical, the model uses 56 levels
with a top at 10 hPa.

As mentioned before, three CRCMb simulations were performed, each using
different data as boundary conditions. To be able to recompute the process ten-
dencies for all the physical and dynamical processes, each of these simulations
were restarted over a period of 14 months and beginning on 1st January 2008 at
00GMT. The restart conditions come from a sufficiently long period climate simu-
lation using CRCM5 with the same configuration when driven by ERA-Interim
reanalyses. In this way, we can ensure that CRCMS is already well balanced with
its own climatology while driven by the reference boundary data. In our simula-
tions, the boundary conditions are updated every 6 h and interpolated in time
to every time step within the 6-h interval. The physical and dynamical tenden-
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cies are examined for the boreal winter DJF 2008-2009 season. This procedure is
meant to ensure that the model is completely spun up and the boundary condi-
tions effect is considered significant. Throughout the DJF season, the temperature
and specific humidity mean process tendencies are computed every consecutive 6
h from 1st December at 06GMT to 1st March at 00GMT. The temporal mean
process tendencies are then obtained for each process along with its evolution
throughout the DJF season. In order to be examined as profiles over the whole
atmospheric column, the tendencies have been vertically interpolated from model
levels to pressure levels and then spatially averaged over the model free domain,
i.e. the blending zone is excluded in computations. Spatial averages are obtained
by weighting every grid point by its horizontal area of influence and masking all
sub-surface grid points. The simulations will be denoted CRCM-Can, CRCM-MPI
and CRCM-ERA when CRCMS5 is driven by data from Can-ESM2, MPI-ESM-LR
and ERA-Interim reanalysis respectively.

2.3 Impact of the boundary conditions on the temperature ten- -

dency

Our analysis will focus first on total tendencies to get an overview of the dynamical
balance of the model. Then, examining individual process tendencies will provide
more details about the impact of the different boundary conditions when driven
by CanESM2, MPI-ESM-LR and ERA-Interim reanalysis.

2.3.1 Total tendency

Over a season, one would expect a cooling trend as the model goes from the
beginning of December to March and averaging the temperature tendencies over
that period should reflect this for the three RCM simulations forced from different
boundary conditions. Mean total tendencies were computed as explained in the
previous section and the profiles from each simulation are presented in Fig. 2.2.
Figure 2.2a—d shows respectively the mean of 6-h total tendencies for these three
simulations together with the observed temperature tendency computed from the
ERA-interim reanalyses averaged over the same domain and period. The tendency
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Figure 2.2 Total temperature tendency profiles in K/day computed for each si-
mulation. Total DJF tendencies for CRCM-Can, CRCM-MPI and CRCM-ERA
are given in (a), (b) and (c) respectively. The observed (from reanalyses) ten-
dency is shown in (d). Total tendency biases CRCM-Can-TB and CRCM-MPI-TB
are presented in (e) and (f) respectively whereas g indicates the structural bias
CRCM-SB. Finally, the lateral effect biases CRCM-Can-BC and CRCM-MPI-BC
are shown in h and i respectively. Vertical coordinate is linear in pressure

profiles indicate a model heating in levels below 800 hPa for CRCM-Can, CRCM-
MPI and CRCM-ERA while a cooling for the three simulations occurs over a
large part of the column with a different behaviour above ~ 200 hPa in each
profile. On the other hand, the observed tendency (Fig. 2.2d) indicates a cooling
over the major part of the atmosphere from surface to ~ 200 hPa whereas a
warming prevails above that level. The comparison between profiles highlights
some differences that are more consistent in lower and upper layers.

To highlight the differences between the three simulations, the observed ten-
dency has been subtracted from the total tendencies for each of the three simu-
lations to obtain the total bias in the tendency. Thus, as explained previously,
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CRCM-Can-TB and CRCM-MPI-TB are computed by subtracting the observed
tendency from the total tendency from CRCM-Can and CRCM-MPI respectively.
This is presented in Fig. 2.2e, f which show a positive total bias over the lower
part of the column (below ~ 500 hPa) leading to an excessive model heating in
these layers. In contrast, an abnormal cooling is observed between 500 and ~ 100
hPa, especially for CRCM-Can-TB and CRCM-MPI-TB with a peak at around
250 hPa.

Considering the ERA-interim reanalyses as the best representation of the
state of the atmosphere, the mean tendency total bias observed in the CRCM-
ERA experiment (Fig. 2.2g) can be attributed to model deficiencies and therefore
correspond to a structural bias (CRCM-SB). It shows a slightly different result
with lower bias expressed in less warming in lower layers and also less cooling in
the upper ones. The lateral boundary effect is measured as the difference between
the total bias obtained by CRCM-Can or CRCM-MPI and that obtained from
CRCM-ERA, i.e. the structural bias CRCM-SB. The resulting biases CRCM-
Can-BC and CRCM-MPI-BC are shown in Fig. 2.2 h, i respectively. They clearly
show that the driving effect is different for the two CGCMs. In the case of CRCM-
Can, a negative bias (abnormal cooling) in surface layers is present whereas a light
positive bias (heating) is observed for the CRCM-MPI experiment. Moreover, a
heating is shown in the mid layers (850-500 hPa) for both cases but is more
pronounced for CRCM-MPI. Above 500 hPa, the two profiles are similar with an
excessive cooling peak at ~ 200 hPa.

Finally, the driving data temperature total tendencies computed for the DJF
season and over the CRCM domain are presented in Fig. 2.3. This figure reveals
differences in the driving CGCMs data tendencies when compared to those from
reanalyses (thin dotted line). In mid and lower atmosphere (below ~ 400 hPa),
it is shown that the cooling from both CGCMs is smaller than that observed in
the reanalysis. From this level up to ~ 100 hPa, we notice a different behaviour
with more cooling for the two CGCMs. These differences could be essentially
attributed to different physical parametrization schemes used in each model but
also to differences in vertical and horizontal resolution.
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Figure 2.3 DJF temperature total tendency in K/day computed over the CRCM
domain for CanESM2 (solid line) and MPI-ESM (thick dotted line). ERA-Interim
temperature total tendency is plotted in thin dotted line
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Figure 2.4 Individual process temperature tendencies in K/day computed for
each simulation, CRCM-Can (a), CRCM-MPI (b) and CRCM-ERA (c). Lateral
boundary effect biases CRCM-Can-BC and CRCM-MPI-BC are shown in (d)
and (e) respectively. Difference between CRCM-Can-BC and CRCM-MPI-BC is
depicted in (f). Colored lines represent radiation (green), vertical diffusion(brown),
convection (red), large scale condensation (magenta) and dynamics (blue). The
thick black line is the net tendency, i.e. the sum of all process tendencies. Note
the change in x-axis scale in (d—f)

LAk Contributions from the individual physical processes

The tendencies obtained from the various simulations are further examined by loo-
king at individual tendencies from each physical and dynamical process. Profiles
obtained from the three experiments are presented in Fig. 2.4 where the different
colors represent dynamics (blue), the total of shallow and deep convection (red),
the sum of solar and long wave radiation (green), large scale condensation (ma-
genta) and vertical diffusion (brown). The thick black line is the net tendency
obtained by summing all process tendencies.
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The process tendencies (Fig. 2.4a—c) reveal that convection activity is stron-
ger in CRCM-Can and CRCM-MPI than that in the CRCM-ERA simulation. This
suggests that more favourable conditions are able to trigger convection more ea-
sily in CRCM-Can and CRCM-MPI. Figure 2.4a—c also shows a more active large
scale condensation and. less dynamical heating. Near the surface, CRCM-MPI
shows that heating due to vertical diffusion outweighs the cooling due to dyna-
mics, radiation and also evaporation from large scale condensation and convection
schemes. The resulting effect is a weak warming near the surface. In the CRCM-
Can simulation, a similar weak warming occurs but with less magnitude because
of the lower heating associated with vertical diffusion. The cooling peak at ~ 200
hPa is mainly due to less heating from dynamics. CRCM-Can-BC and CRCM-
MPI-BC profiles are shown in Fig. 2.4d, e where a stronger convection activity
is seen particularly in the case of CRCM-MPI. In the mid-troposphere, the posi-
tive biases from convection and large scale condensation exceed the negative one
associated with dynamics leading to a net positive bias. In the lowest levels, in
the case of CRCM-MPI-BC (Fig. 2.4e), positive bias from vertical diffusion and
radiation exceeds the negative one observed from dynamics, convection and large
scale condensation resulting in a net positive bias. The opposite is noted in the
CRCM-Can-BC case leading to a positive bias.

The differences between CRCM-Can-BC and CRCM-MPI-BC (Fig. 2.4f) in-
dicate a clearly stronger convection activity in the CRCM-MPI experiment be-
cause it offers better conditions for its triggering. Moreover, dynamics is respon-
sible for a larger net cooling in the upper levels as shown in Fig. 2.4d, e where a
clear negative bias is observed. This tends to destabilize the atmosphere leading to
more favourable conditions for convection. Figure 2.5 shows the time series of the
contribution of convection to temperature tendency. It shows that there is stron-
ger convection activity for CRCM-Can and CRCM-MPI (Fig. 2.5a, b) compared
to that observed in CRCM-ERA (Fig. 2.5¢) confirming what we observed in the
process profiles (Fig. 2.4). This convection activity is even larger in CRCM-MPI
compared to CRCM-Can (Fig. 2.5d) particularly during the first half of the sea-
son. The impact of the driving data on convection can be more effective through
the lower boundary conditions, i.e the sea surface temperature (SST). Figure 2.6
shows the mean DJF SST computed for the two CGCMs over the CRCM domain
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Figure 2.5 Temperature tendency due to convection in K/day computed at level
500 hPa for CRCM-Can (a), CRCM-MPI (b) and CRCM-ERA (c). Difference
between CRCM-MPI and CRCM-Can is depicted in (d)
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indicating warmer waters in the case of MPI-ESM model particularly in southern
regions which is more favourable to initiate and strengthen convection. This is
consistent with what was observed in Figs. 2.4 and 2.5.

The biases in the tendencies at 200 hPa (Fig. 2.7) indicate that there is
cooling over the western and the northern parts of the domain in the case of
CRCM-Can and CRCM-MPI. This can be attributed to a cold temperature ad-
vection through the northern boundary towards the inside of the model’s domain.
This strong cooling is not seen in the case of CRCM-ERA and this can be at-
tributed to different air mass temperature for the three cases. Indeed, Fig. 2.8
shows the 200 hPa mean temperature and geopotential height for the three sets
of driving data (CanESM2, MPI-ESM-LR and ERA-Interim). The shaded colors
represent temperature whereas the contours are for geopotential height. The two
CGCMs are clearly colder than ERA-interim especially MPI-ESM with abnor-
mally low temperatures over the northern polar region. The stronger geopotential
height gradient indicates stronger wind speeds for the two GCMs that enhance
the cold air advection into the CRCM interior domain. This assumption is confir-
med by the lateral bias due to dynamics shown in Fig. 2.9 where a cold bias is
observed in the western part of the model domain. This cooling is more intense
in the CRCM-MPI case and also extends to the northern region. Differences are
also noted between these two simulations over the south-west part of the domain.

To summarize, the results indicate that convection is particularly sensitive
to the boundary conditions. This is likely to have an impact on humidity as well
and this is looked at in the next section.

2.4 Specific humidity

As was done for temperature, the specific humidity total tendencies are averaged
over the DJF period for each simulation and compared with the ‘observed’ one
obtained from ERA-Interim. Total tendencies, total biases and lateral boundary
effect biases are shown in Fig. 2.10. The observed tendency (Fig. 2.10d) indicates a
drying in the atmosphere (up to ~ 400 hPa) throughout the DJF season as are the
tendencies from the simulations but not at the surface (Fig. 2.10a—). However,
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Figure 2.6 Difference in mean DJF sea surface temperature (in °K) between
that of the MPI-ESM and that of the CanESM2 averaged over the domain of the
CRCM
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Figure 2.7 Temperature tendencies biases in K/day computed at 200 hPa for
CRCM-Can (a), CRCM-MPI (b) and CRCM-ERA (c). Lateral boundary effect
biases CRCM-Can-BC and CRCM-MPI-BC are shown in d and e respectively



56

i CHIESMZ s (R EES . 1ef_ B mint_

Figure 2.8 DJF mean temperature (°C) and geopotential height (gpm) at 200
hPa computed for CanESM (a), MPI-ESM-LR (b) and ERA-Int (c). Temperature
is in shaded colors while contours represent geopotential height. The latter, plotted
every hundred meters, is presented as indicative of the mean general circulation

(a)

1.0
0.8
0.6
0.4
0.2
0.0
—-0.2
-0.4
—0.6
—0.8
-1.0

Figure 2.9 Temperature tendencies lateral biases in K/day computed for dyna-
mics process at 200 hPa for CRCM-Can (a) and CRCM-MPI (b)
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Figure 2.10 Same as Fig. 2.2 but for specific humidity

the total bias profiles (Fig. 2.10e, ) reveal differences compared to observations.
In fact, a clear abnormal moistening in lower layers (up to ~ 700 hPa) is observed
in both CRCM-Can and CRCM-MPI. This excessive moistening is stronger in
the first surface layer (between 1000 and 975 hPa). An abnormal drying (negative
bias) is present at levels above 700 hPa particularly in the CRCM-MPI case. The
structural bias profile (Fig. 2.10g) exhibits a large moistening in surface layer and
low levels and a net drying above ~ 650 hPa. The differences between CRCM-
Can-BC and CRCM-MPI-BC biases are attributed to the different boundary data
(Fig. 2.10h, i) : they indicate a moistening impact near the surface up to ~ 900
hPa and a drying above with higher values observed in the CRCM-MPI simu-
lation. However, the surface moistening is not as large as that observed in total
biases. This suggests that this intense positive bias is mainly structural and can be
attributed to the regional model itself through its parameterization schemes. This
could be an excessive moisture transport from the surface by vertical diffusion or
higher evaporation from large scale condensation.
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The total tendency is made of different contributions associated with the in-
dividual processes. Figure 2.11 shows the process tendencies and biases associated
with the net tendency profiles (Fig. 2.10). The lateral boundary effect biases (Fig.
2.11d, e) provide interesting information. Indeed, one can notice a higher verti-
cal diffusion (brown line) in the CGCM-driven simulations with a stronger peak
observed at ~ 850 hPa in CRCM-MPI case (Fig. 2.11e). This means that more
humidity is brought from the surface to these levels leading to a stronger shallow
convection activity in the boundary layer (red line). In addition, more moiste-
ning is observed above 850 hPa in the CGCM-driven simulations due to dynamics
(blue line). This indicates that more humidity is penetrating into the domain of
the model through the lateral boundaries but also from the surface. This humidity
injection leads to an excessive large scale condensation. Humidity from the surface
is carried higher up through the vertical diffusion and then contributes greatly to
intensify the deep convection as observed in mid-levels in lateral bias profiles of
the CRCM-MPI simulation (Fig. 2.11e). Comparing the two CGCM-driven simu-
lations, the CRCM-MPI shows more vertical diffusion resulting in more convection
and large scale condensation especially below 700 hPa.

2.5 Tendencies climatology

An important aspect of this study is that the analysis examines only one winter
season and the tendencies were averaged over the whole period and over the whole
region (North America). Given the large extent of the domain, the synoptic scale
variability averages out so that one can expect a net tendency that reflects the
seasonal change in temperature and humidity. To confirm that these results are
representative of what could be expected in other seasons, the ERA-Interim DJF
tendency climatology has been evaluated over a period of 30 years (1979-2009).
This climatology along with its variability is presented in Fig. 12. The natural
variability expressed by the standard deviation (shaded area in Fig. 2.12) is re-
latively weak for temperature tendency (Fig. 2.12a). It is however larger above
~ 200 hPa. As expected, the specific humidity tendency shows more variability
(Fig. 2.12b).

When compared to this natural variability, the total tendency biases com-
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Figure 2.11 Same as Fig.2.4 but for specific humidity tendencies in g/Kg/day.

Color coding is the same as in Fig. 2.4
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Figure 2.12 ERA-Interim DJF tendency climatology for temperature in K/day
(a) and specific humidity in g/kg/day (b). Horizontal segments denote 95% confi-
dence intervals. Shaded area represents the tendency standard deviation around
the mean

puted for temperature and specific humidity exhibit larger values. This suggests
that these biases can be attributed to deficiencies in the model simulations. Fur-
thermore, the structural biases are found to be predominant relative to those
attributed to boundary conditions. One could then argue that a CRCM simula-
tion would lead to similar structural bias in any other analogous DJF season. The
lateral boundary biases are also larger than natural variability demonstrating the
notable driving data impact. However, it is important to remember that there
could be noticeable differences from one winter to another, as was seen in Fig. 2.8
showing evident differences in temperature for the three experiments. However,
these differences would not sensibly impact the results presented here for the total
tendencies averaged over the domain.
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2.6 Concluding remarks

The impact of prescribed boundary conditions on a regional climate model, i.e.
the CRCMS5, has been studied using three different data sources to drive the
model, namely, outputs from two CGCMs (CanESM2 and MPI-ESM) and ERA-
Interim reanalysis considered here as the reference. Following Rodwell and Palmer
(2007), total and individual process tendencies averaged in time and space were
computed for the three simulations. The tendencies analysed are computed for
the DJF season after a 14 months integration starting from the initial conditions
provided by the state of a 30-year climate simulation of the CRCMb5 when driven
by ERA-reanalyses. In this way, the model can be considered well spun up and
the boundary data effect significant. The trend for temperature computed from
the reanalysis is removed from that obtained for the CanESM2 and MPI-ESM to
obtain the total bias. The bias due to lateral boundary conditions is then obtained
by subtracting the CGCM-driven simulation tendencies from those obtained by
the ERA-interim driven one.

We examined tendencies for two prognostic variables, temperature and speci-
fic humidity. Results showed different CRCMS5 behaviour through the DJF season
in every simulation. While the observed temperature tendency indicates a cooling
in almost the whole column, CRCMS5 exhibits a warming in lower layers and a
stronger cooling above. The structural bias reveals that the abnormal warming
seen in lower layers is mainly due to deficiencies in the regional model itself. Ne-
vertheless, the two CGCMs are found to affect differently the CRCM5 especially in
lowest layers where MPI-ESM tends to warm the model while CanESM2 induces
a cooling. In higher layers above 500 hPa, the two CGCMs tend to cool CRCM5
with a peak around 200 hPa. When looking at specific humidity, results showed
an excessive moistening in the lower layers for all simulations with a peak near
the surface. At higher levels, a small drying is observed for the three simulations.

Individual process tendencies revealed additional details explaining the pre-
vious findings. For example, we noted a stronger convective activity in CRCM-Can
and CRCM-MPI as shown in temperature and specific humidity tendencies for this
process. This is explained by favourable conditions to trigger convection, having
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more humidity available in the lower levels. It was also shown that, compared to
CanESM2, MPI-ESM driving leads to more convection due warmer marine sur-
faces and more water vapour available in low levels supplied via vertical diffusion.
The cold bias peak around 200 hPa is clearer when looking at dynamics process
tendencies and can be attributed , at least partially, to colder CGCMs conditions
for that DJF season. In surface layers, MPI-ESM is shown to heat the CRCM5
due to a strong vertical diffusion essentially. This is not the case in CRCM-Can
leading to a model cooling when driven by CanESM2 data.

This study has shown that the CRCMS is sensitive to the imposed driving
data provided by CGCMs simulations. Consequently, climate predictions from
regional climate models can be very different depending on the supplied driving
data. We have to mention that only one DJF season has been examined in this
work and extending the results for DJF for a 30 years simulations is required to
produce reliable conclusions on the results such as those presented in Figs. 2.7
and 2.9. Nevertheless, this study showed that the process tendencies can bring
different, additional and useful information regarding the RCMs sensitivity to
driving data.
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Abstract

Regional and global climate models are usually validated by comparison to derived
observations or reanalyses. The purpose of this paper is to build and evaluate a re-
gional data assimilation system based on the fifth-generation Canadian Regional
Climate Model (CRCMS5) over North America. This system uses the operatio-
nal variational data assimilation system of the Meteorological Service of Canada
(MSC) and assimilates the same sets of observations. The motivation of this work
is to validate the CRCMS5 using the information made available by data assimila-
tion and also through the initial tendency diagnostics proposed by Rodwell and
Palmer (2007). This fully cycled regional assimilation system based on a limited-
area model produced analyses over the months of January and July 2011. The
results show that the main features of the analyses compare well with either glo-
bal or regional analyses. However, the mean analysis increment could be associated
with problems with the lateral coupling with the driving data provided by global
analyses. This is detrimental to the forecasts particularly in the Northern part of
the domain during the winter period. The initial tendencies indicate that this is
indeed due to advection near the Northern boundary. These results are neverthe-
less very encouraging as the limited-area model had never been fully cycled before.
This opens up the possibility of doing analyses with this regional climate model
for the benefit of in-depth diagnostics of several aspects of the model associated
with fast-acting physical processes.

Keywords : regional climate model, regional data assimilation, data monitoring.
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3.1 Introduction

When used in data assimilation, a model is constantly compared to observations.
Based on statistical estimation principles, a short-term model forecast from the
previous analysis, is drawn towards the observations through the assimilation pro-
cess that builds a correction to the background state, the analysis increment, which
should in principle be unbiased. Therefore, a systematic correction is indicative
of a bias associated with error in either the observations or the background state
itself. On the other hand, Rodwell and Palmer (2007) (RP2007, hereafter) pointed
out that a bias in the analysis increment corresponds to an opposite systematic
physical tendency observed in the first instants of the 6-h forecast. A diagnostic ba~
sed on tendencies therefore provides useful information to diagnose the fast-acting
processes of the model. It is expected that the total tendency should average to
zero as would the analysis increment. This suggests that data assimilation could
be valuable even for climate models as a diagnostic approach to test, for example,
different configurations to prevent the emergence of spurious internal variability
associated with unbalanced physics in the model. This has been the underlying
motivation of the work presented in this paper and two previous papers (Chikhar
and Gauthier, 2014, 2015) .

In Chikhar and Gauthier (2014), the Global Environmental Multiscale (GEM)
model and the Canadian regional climate model (CRCMS5) were evaluated by ana-
lysing their initial dynamical balance based on the initial tendency diagnostic of
RP2007. It is important to mention that the CRCMS5 is very close to the GEM
limited-area model (GEM-LAM) used for regional forecasts and analyses at the
Meteorological Service of Canada (MSC). As explained in Chikhar and Gauthier
(2014), this approach consisted in analyzing the mean tendency over a long en-
ough period for a prognostic variable by considering all the dynamical and physical
processes involved in updating this variable during the model integration. This
study used existing analyses, namely analyses from MSC (Gauthier et al., 2007;
Laroche et al., 2007) and those of ERA-interim (Dee et al., 2011), with the objec-
tive of studying the sensitivity to the initial and boundary conditions model used
to initialize the two models. Bear in mind that the MSC global analyses are driven
by a forecast model very similar to the model being assessed. They showed that
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using different analyses as initial conditions has a significant impact on the initial
tendencies. On the other hand, Chikhar and Gauthier (2015) showed that the
physical and dynamical tendencies could detect a sensitivity of a regional climate
model to changes in the lateral boundary conditions. This work was motivated by
the fact that contrary to global climate simulations, regional climate models are
constantly driven at their boundaries by analyses produced by different models
with quite different physical parameterizations and spatial resolutions (vertical
and horizontal).

These studies and others (e.g., Rodwell and Jung (2008)) revealed the use-
fulness of the tendencies diagnostics in model development and evaluation. This
suggested to use the CRCM5 within a data assimilation system as is routinely
done in numerical weather prediction. This is the essential motivation of the work
presented here. Taking advantage of the fact that the CRCM5 is very similar
to the limited-area regional model of MSC, GEM-LAM, used to produce regional
analyses (Caron et al., 2015), it was technically possible to use the CRCMS5 instead
of the GEM-LAM in data assimilation and therefore, benefit from the immense
work done to validate the system for the large volume of assimilated data. Vali-
dating a model in this context is a long process and this approach avoided many
difficulties that arise when building a data assimilation system from scratch (e.g.,
quality control of the observations, detailed study of each observation operator,
tuning of the error statistics). The objective of the study was to see first if the
system could be cycled in time without drifting. Moreover, it was envisioned that
the analysis increments and the physical tendencies on top of the data monitoring
could help us pinpoint the source of problems if any.

In collaboration with Environment Canada (EC), the MSC regional variatio-
nal data assimilation system (Buehner et al., 2015; Caron et al., 2015) was imple-
mented on university computers supportéd by Compute Canada. This permitted
the assimilation of all observations currently used at MSC. On the other hand,
producing regional analyses in a fully cycled data assimilation system gives rise
to difficulties related essentially to the way the regional model is driven through
the lateral boundaries. This is because the lateral driving can induce important
contrasts between the driving data and the regional model forecast due to several
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causes such as differences in spatial resolution or different schemes used in para-
meterizing the physics in the driving and driven models. The resulting short range
forecast provides the background state to the assimilation system but could be
very different from reality and even unrealistic in the vicinity of the nesting zone.
Consequently, very large deviations can occur between the model and observations
which could lead the variational quality control to give very little weight to these
observations or even reject them.

In many regional assimilation systems, the regional model used is driven by
its global version or global reanalyses (e.g., Fillion et al., 2010; Mesinger et al.,
2006). In our study, the lateral driving issue will be addressed by using, first,
the ERA-Interim reanalyses to test their compatibility with the regional model.
In a second step, global analyses based on GEMCLIM model, the CRCMS5 global
version, are used to drive the regional model. Some preliminary assimilation results
for January and July 2011 will be presented.

In section 3.2, the experimental framework will be presented describing the
assimilation system as well as of the model used. A preliminary evaluation of the
regional assimilation is presented in section 3.3. A deeper investigation is presented
in sections 3.4 to 3.6. An overall verification of this regional data assimilation
system is presented in section 3.7 and, finally, concluding remarks are given in

section 3.8.
- fi The regional assimilation system design and experimental fra-
mework

The objective is to use the CRCMS5 in data assimilation with a view of assessing
its behavior as a short-term forecast model putting a particular emphasis on the
balance between the different physical processes acting on temperature and also,
humidity. The configuration of the CRCMS5 used is the same as that described
in Chikhar and Gauthier (2014). Namely, it uses a hybrid coordinate with 80
vertical levels up to 0.1 hPa. The horizontal resolution is also the same (around
20 km) with a timestep of 10 minutes. The background provided by the CRCM5
are forecasts valid at every time step for a 6-h period centered on the time of the
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analysis. The domain used in the experimentation (see Fig.3.1) is the same as that
used in the COordinated Regional Climate Downscaling EXperiment (CORDEX)
over North America (Separovic et al., 2013).

The assimilation system is based on the ensemble-variational data assimila-
tion (4DEnVar) recently implemented at MSC for deterministic weather predic-
tion (Buehner et al., 2015; Caron et al., 2015). The 4DEnvar is an incremental
variational assimilation system based on the use of hybrid background-error cova-
riances with a weighted average of the static covariances Bpme formulation, used
in the previous 4D-Var and 3D-Var systems, and a flow-dependent 4-D ensemble
covariances Bens computed from ensembles, produced by the Ensemble Kalman
Filter assimilation system also used at MSC (Houtekamer et al., 2014). In our
experiments, only the static covariances By were used making the 4DEnVar a
3D-Var FGAT (First Guess at Appropriate Time). The minimisation employs the
M1QN3 algorithm (Gilbert and Lemaréchal, 1989) with 70 iterations, the first 5
iterations being done without the variational quality control (QC-Var) (Gauthier
et al., 2003). The assimilated observations located within the model domain in-
clude those from radiosondes, aircraft, surface land stations, buoys, ships, wind
profilers, scatterometers, microwave and infrared satellite sounders and imagers,
atmospheric motion vectors and satellite-based GPS radio occultation. The ana-
lysis increment is computed globally at a lower resolution (~ 100 km) and then
interpolated to the CRCMS5 higher resolution over the model domain.

The next section presents a preliminary evaluation of the regional assimila-
tion system.

3.8 Evaluation of the regional assimilation system

To evaluate the regional assimilation system, assimilation cycles have been per-
formed for the period spanning the months of January and July 2011. For each
cycle, prior assimilation-forecast runs were done over a week to allow a spinup of
the assimilation and the regional model. During these cycles, the CRCM5 model
is driven 6 hourly at its lateral boundaries by ERA-Interim reanalyses.
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Figure 3.1 The domain used in the experimental regional assimilation system.
The inner thin dotted lines indicate the free model zone limit while the area
between the two dotted lines represents the blending region. The red line indicates
the grid equator.

&.3:1 The mean analysis increments

The analysis increment is defined as the correction applied to the model forecast
or background to obtain the analysis. Figure 3.2 shows the mean temperature
analysis increment averaged over January and July 2011 at different vertical levels.
It shows that, in July, the mean temperature analysis increment is small over a
large part of the domain except at 100hPa level where slightly positive increments
denote a relatively cold bias in the model. In January, large analysis increments
are observed over the Northern part of the model’s domain particularly over the
Northern Canadian archipelago at 100hPa and 250 hPa levels as shown in Fig.3.2-
a. In the lower part of the atmosphere however, the mean increments values are
lower. The large differences between the model forecast and the analyses indicate
that the observations are strongly correcting the background.

The relatively large negative values in the mean analysis increment over the
Northern Canadian archipelago could be attributed to two possible causes. It may

be because of some 'weaknesses’ of the model causing a departure from ’reality’
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defined by the observations in those regions which would indicate that the model is
too ’warm’ in the Northern part of the domain. Or it could be with the observations
which may have a cold bias in that region‘. To complete the investigation, we now
look at the monitoring of radiosondes particularly those located in the Northern
part of the domain where large mean increments are observed. The background
(6-h model forecast) is then compared with those observations.

3.3.2 Observation departures from background and analysis

In operational assimilation systems, observations go routinely through a quality
control procedure including monitoring in which observations departures from the
background state, here a 6-h forecast. These departures [O — F] (or residuals) are
the innovations and represent the difference between the model forecast and the
observation in observation space. It is expressed as d =y — H(xp) where y is the
observation, x; the model forecast and H the so-called observation operator. The
analysis residuals [O — A], defined as a = y — H(x,) where x, is the analysis,
can also be looked at together with the innovations to assess how the analysis is
close to observations or the background and to what extent the observations are
correcting the background.

In the region where the anomalous mean analysis increment was observed
over North of Canada in January (see Fig.3.2), there are a few radiosondes located
as shown in Fig.3.3. Fig.3.4 shows the monitoring for all of them in January, with

-the innovations [O — F| represented in blue and the [O— A] in red. The innovations
present large values indicating a background deviation from observations. The
[O — A] small values compared to innovations indicate that the assimilation draws
the background towards the observations. At all levels, the mean innovations are
negative meaning that the model is too warm compared to observations. This is
particularly strong in the second half of the month and then stronger in the upper
levels where the departure goes down to -8°C. The experiment was extended to the
month of February and the results indicate that the mean innovations subside only
to reappear after a few days later highlighting possible problems with the model.
Moreover, temperatures observations from these sounding stations being of good
quality, large departures from these observations are indicative of deficiencies in
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(b) July_

Figure 3.2 Temperature mean analysis increment in °C averaged over (a) January
2011 and (b) July 2011 for pressure levels 100hPa, 250hPa, 500hPa and 850hPa
from top to bottom respectivey.




73

140°W  120°W  100°W  80°W  60°W 40°W

Figure 3.3 Sounding stations used in the data monitoring indicated by blue filled
circles.

the model. In the summer case, (Fig.3.4-b) shows very small [O — F] and [O — A]
indicating that the assimilation system is doing well and the model forecast is also
close to observations except at 100hPa level where slightly positive [O — F] are
observed.

A new cycle has been performed over the month of January but using only
radiosondes observations to rule out possible problems with the assimilation of
satellite data over continents.

3.4 Assimilation using only radiosonde data

To better understand the origin of the problem observed in the Northern domain
and confirm that it originates from model difficulties, it was decided to do another
assimilation experiment for January in which only observations from radiosondes
are used. These observations can be considered as a reference. It was suspected
that satellite observations could be biased and contribute to the large analysis
increments observed at higher levels. The mean analysis increment obtained from
this cycle is shown in Fig.3.5 where it can be can noticed that the problem obser-
ved in the Northern part of the domain (Fig.3.2) has disappeared even at 100hPa.
In this case, the mean increments are very low over the same region. The data
monitoring on the same radiosondes as before (Fig.3.6) shows very large [O — F]
confirming that the large differences between the model and observations remain.
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Figure 3.4 Mean [O — F] (blue line) and [O — A] (red line) for temperature
soundings in the Northern Canada indicated in 3.3 over the month of January
(left) and July (right) 2011 at levels 100hPa, 250hPa, 500hPa, 700hPa and 850hPa
respectively from top to bottom. See text for [O — F| and [O — A] definitions.
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Figure 3.5 Mean analysis increment over the month of January 2011 at levels
100hPa (a) and 250hPa (b) from January 2011 assimilation cycle using only ra-
diosondes observations.

In addition, the large [O — A] is a clear indication that the observations have been
rejected. In other words, the radiosonde observations located in the problematic
region are not used to correct the model and are simply rejected by the QC-Var
during the assimilation due to the large differences between these observations
and the forecast.The combined results from the mean analysis increments and the
data monitoring clearly demonstrate that the model forecasts are problematic in
the northern part of the domain. On the other hand, rejecting good observations
as those from radiosondes reveals that the variational quality control can be de-
trimental to the assimilation system in situations where the model forecast is far
from what is observed.

The QC-Var assigns weights to observations based on the departure of the
estimated analysis with respect to observations. When it is larger than the ob-
servation error, the QC-Var would assign a very low value to that observation.
The mean departures observed in the previous experiment reach values of -8°C
which is way larger than the prescribed observation error standard deviation of
around 1°C used here. Moreover, as indicated in Gauthier et al. (2003), a flat
Gaussian probability distribution is used in the variational system which would
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Figure 3.6 Mean [O — F] (blue line) and [O — A] (red line) computed for tem-
perature from the same soundings considered in Fig.3.4 at levels 100hPa (a) and
250hPa (b) from January 2011 assimilation cycle using only radiosondes observa-
tions.

lead to a virtually null weight. In this way data far from the analysis are given
very low weights and implicitly rejected. Variational quality control is designed
to prevent eliminating good observations which initially disagree strongly with
the background. In our regional analysis system, the minimization is performed
with a limit of 70 iterations. The QC-Var is turned off during the first 5 itera-
tions in which the preliminary analysis is built by considering all observations
and move away from the background. It is then turned on during the rest of the
minimization.

Fig.3.6 revealed some limitations in the QC-Var which rejected good obser-
vations specially at 100hPa level. As we trust the radiosonde observations, the
same cycle has been restarted from the middle of January switching off the QC-
Var during the remaining cycle period. Results presented in Fig.3.7 show smaller
[O — A] indicating that radiosondes temperatures are now correcting significantly
the background even if the [O — F|] are still large. These results confirm that
the QC-Var is rejecting incorrectly good quality data when these latter disagree
strongly with the background. A possible reason is that 5 initial minimization
iterations where the QC-Var is switched off are not sufficient to constrain the
analysis towards the observations. Another reason could be the configuration of
the QC-Var itself. To prospect the first issue, an experimental cycle using only
radiosondes observations is performed where the QC-Var is switched off during
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Figure 3.7 Same as Fig.3.6 but for assimilation cycle using only radiosondes
observations and QC-Var turned off.

the first 30 iterations during the minimization. The resulting data monitoring (not

shown) indicates slightly smaller analysis residuals and innovations reflecting that |
more observations have been used to constrain the analysis. However, these values

remain larger than those obtained when the QC-Var is switched off completely

indicating that the QC-Var can reject rapidly observations considered as outliers

because of an excessive departure from the background. This experiment also

shows that QC-Var being tightly associated with the quality of the background,

its performance is seriously compromised in the case of poor quality first-guess. It

is also noted that turning off the QC-Var brought back a mean analysis increment

similar to what was observed in the experiment using all observations.

In the previous sections, it has been demonstrated that the large mean ana-
lysis increment observed in the Northern part of the domain is due to weaknesses
! in the model forecast that produces the background state. These problematic fo-
recasts over that region need to be addressed and investigated more deeply to
identify precisely the causes. In the next section, the initial systematic tendency
diagnostic of RP2007 is used to examine the different processes of the model to
better understand the source of the error.
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3.5 Use of initial systematic tendency technique

The large mean analysis increments in the Northern domain indicate problems in
the model forecasts. The initial systematic tendency technique of RP2007 is now
used as described in Chikhar and Gauthier (2014). The mean initial tendencies
profiles, averaged over the whole domain of the model (excluding the blending
zone) extracted from the different processes updating the temperature variable
are presented in Fig.3.8. These profiles reveal an abnormal heating from dynamics
over most of the model levels leading to an excessive heating consistent with the
large negative mean analysis increments noted previously. On the other hand, the
2-D mean initial tendency related to dynamics (Fig.3.9) shows a large warming
at 100hPa and 250 hPa levels with maxima located over the same region as what
was obtained when looking at the mean increments. This clearly indicates that the
problems from the model forecast originate from dynamics, namely the advection
process over the Northern domain.

On the other hand, very strong gradients can occur in the blending zone when
inconsistencies are noted between the driving data and the regional model. An
example is presented in Fig. 3.10 showing the geopotential field forecast where very
tight isohypses contours denote too strong winds. This situation occurs several
times during the January cycle because of mismatch between the driven and the
driving model. The upstream point retrieved from the semi-Lagrangian scheme
would lead to wrong temperatures values and consequently large temperature
tendencies.

As mentioned previously, strong gradients can occur in the blending zone due
to mismatch between the driving data and the regional model but also due to the
nesting technique. In another experiment, the model domain has been extended
further north and west to allow the model to better handle structures imposed
through the boundaries. The mean analysis increments resulting from this expe-
rimental cycle for January 2011 (not shown) exhibit larger negative values and
similar patterns as those obtained with the smaller domain due essentially to a
lack of conventional observations as soundings which could correct the background
in the polar region. Data monitoring applied to temperature from the same soun-
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Figure 3.8 Mean temperature initial systematic tendency in K day! compu-
ted for the month of January 2011 and averaged over the free model zone. The
different colors indicate the different processes involved, i.e. radiation (green),
convection(red), large scale condensation (magenta), vertical diffusion (brown)
and dynamics (blue). The black line is the net tendency.

Figure 3.9 Mean temperature initial systematic tendency related to dynamics in
K day! computed for the month of January 2011 at levels 100hPa (a) and 250hPa

(b).




Figure 3.10 Geopotential height 6-h forecast valid on January 22 at 18 :00 GMT
for levels 100hPa (a) and 250hPa (b).

dings as previously (not shown) reveals large departures between observations and
the forecast suggesting that inconsistencies between the driving data and the re-
gional model still exist over the northern domain and, as before, introduce a poor
background in the assimilation system. Results from this experiment show that
the blending across the Northern polar region can be tricky because of the special
winter weather regime there.

Another experiment was also conducteq in which the blending zone, where
the solutions from the regional model are relaxed towards the driving data, has
been increased from 10 grid points to 20 grid points. The results (not shown)
are almost identical to those obtained with the original blending width. These
results suggest that the blending zone width extension has no significant impact
on reducing the potential large inconsistencies between the regional model and
the driving from lateral boundaries. To go further in our analysis, a global version
of the assimilation system has been used to eliminate the boundary driving issues.
The results from this experiment and comparison to the regional case are discussed

in the next section. .
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36 Comparison to global analyses

The previous experiments showed that the background states provided by CRCM5
forecasts led to important biases in the analysis increments that could be related
to the process of imposing boundary conditions to the regional model based on the
ERA-Interim driving data. To remove the impact of boundary conditions, another
assimilation experiment has been performed in which global analyses were produ-
ced using a global version of CRCMS5, referred to as GEMCLIM, to provide the
background states to the assimilation. The horizontal resolution of GEMCLIM is
~ 50km, the number of vertical levels and the height of the top level are the same
as the regional version. In this case, there are no lateral boundaries constraints
and, consequently, this experiment will be taken as a reference to assess the im-
pact of imposing lateral boundary conditions. Fig.3.11 shows the resulting mean
increments over the CRCMS regional domain which have a very small systematic
correction. Moreover, Fig.3.12 shows the results of data monitoring for the same
set of radiosondes used in Fig.3.6. The innovations [O — F'| as well as the analysis
residuals [O — A] are fairly small and do not have the huge bias seen before.

To go further in our comparison, the initial mean tendencies from the glo-
bal model have been computed over the CRCMS5 free zone and are presented in
Fig.3.13. The process tendencies especially those from dynamics are much smaller
from what was observed before (Fig.3.8). In this case, the mean total tendency as
well as that from dynamics are much more realistic and similar to results obtained
in Chikhar and Gauthier (2014) for example. In other words, the abnormal ad-
vection activity is not present, the dynamical balance is realistic suggesting that
the model is correctly performing over the Northern region contrary to what has
been noted in the regional case.

Since the global assimilation cycle uses a model that is very similar to the
CRCMS5 to provide the background states, these results provide good evidence
that problems experienced in the regional case for January can be attributed to
the lateral driving. Moreover, this lateral driving could be detrimental to the
regional model in two ways. The first one is a mismatch between the lateral
boundary forcing data and the regional model due to differences in the two models




Figure 3.11 Mean analysis increment computed for January 2011 global cycle
over the regional model domain for levels 100hPa (a) and 250 hPa (b)

or differences in resolution for example. The second could be, for example, the
nesting procedure used to blend the global features from the driving data to the
regional model.

The global analyses obtained with the global assimilation experiment, allow
us to do a last experiment in which the assimilation was done using CRCM5
driven by our own global analyses deemed to be more consistent with the CRCMS5.
The resulting mean analysis increments are shown in Fig.3.14 and the results
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Figure 3.12 Same as Fig.3.6 but for the global cycle.
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Figure 3.13 Mean initial tendencies in K day? from the global model averaged
over the CRCM5 free zone.

are similar to what obtained in the case where CRCMS5 driven by ERA-Interim
reanalyses. This suggests that having driving data from the same model as the
driven one does not prevent from mismatch and inconsistencies in the blending
zone. These results also reinforce the idea that the nesting procedure in terms of
nudging strength or frequency can be detrimental to the regional model forecast
and consequently to the assimilation system in regions where observations are not
available to correct the background.

3.7 Overall verification

Fig.3.2 and Fig.3.4 indicate that the problems with the regional analyses are
more acute at upper levels than in the lower part of the atmosphere. As surface
temperatures are of particular interest for regional climate studies, the quality of
the CRCMS5 regional analyses is examined by evaluating the bias and rms error
for 2-m background temperature fits to observations for January and July 2011.
Fig.3.15 indicates that the model presents a light negative bias (around 1 deg)
in July while in January the model bias is more variable with higher day to day
variations. The rms errors are also higher in January compared to those observed
in July which exhibit a lower values and lower day to day variations.



Figure 3.14 Mean analysis increment computed for January 2011 for levels
100hPa (a) and 250 hPa (b) from cycle where CRCMS is driven by global analyses
produced using the global cycle (see text for details).

The temperature profile from radiosondes are also compared to those from
the background and analysis. This is shown in Fig.3.16 and 3.17 representing
rms errors and bias for analysis and first-guess temperature fits respectively. As
expected, the biases and rms errors are lower in analysis fits. We also observe that,
on average, analyses are closer to observations in mid-atmospheric levels (from 500
hPa up to 250 hPa). When looking at background temperature fits to observations
(Fig.3.16), the results are better in July with lower biases and rms errors. However,
in January, higher values are noted in both bias and rms particularly at above 250
hPa. This can be explained by the large differences between the Background and
radiosondes observations over the northern part of the model domain as explained
earlier in sections 3.3 and 3.4.

Although the statistics shown here are evaluated for only two months (January
and July 2011), the results obtained are comparable to those in the NARR regional
reanalyses (Mesinger et al., 2006) for the same two months even if the domain

considered in their verification does not include the North of Canada.
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Figure 3.15 Bias (top) and RMS (bottom) for the background 2-m temperatures
for January 2011 (left) and July 2011 (right).
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Figure 3.16 Bias (top) and RMS (bottom) for analysis temperature fits to ra-
diosondes observations for January 2011 (left) and July 2011 (right).
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Figure 3.17 Bias (top) and RMS (bottom) for first-guess temperature fits to
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3.8 Concluding remarks

In this paper, a regional data assimilation based on the CRCMS5 has been presen-
ted and evaluated. The main motivation of using CRCMS5 forecasts as background
states in this regional assimilation was to evaluate a regional climate model using
the tools made available by data assimilation. Indeed, having an assimilation sys-
tem based on the model to be evaluated is required to use the initial tendency
technique of RP2007 who provides valuable information on the interactions bet-
ween the different physical and dynamical processes present in the model. In
addition, an assimilation system allows a direct comparison between the model
forecast and observations which permits an evaluation of the observation depar-
tures of analyses and short-term forecasts that may reveal biases or unduly large
variability.

In this study, a 3D-Var FGAT regional assimilation based on the CRCM5
has been implemented based on the Envar system of Environment Canada. This
allowed to use a well tested system to assimilate the same observations. Several
assimilation cycles have been completed over two months, January and July 2011
in a fully cycled way. In most of these cycles, the CRCMb was driven by ERA-
Interim reanalyses.

In the summer case in July, the first results showed small temperature mean
analysis increments suggesting that analyses are close to the model forecast. Ho-
wever, in the winter case in January, the large mean negative increments at higher
levels were observed in the Northern part of the domain associated with important
departures from observations. The model was found to be too warm over these
regions. In addition, a data monitoring of temperature observations with respect
to soundings located in the Northern domain revealed small analysis residuals
[O — A] for the two months indicating that the assimilation system is doing well
by correcting the background towards the observations. However, the innovations
[O — F}] are unduly large in January. A January cycle using only radiosondes ob-
servations considered as reference data, identified problems in the model forecast
over the problematic region ruling out that the problem could be associated with
biased observations such as satellite data over land.
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Using the systematic initial tendency technique of RP2007 revealed an abnor-
mal advection activity in the northern model region. We notice here the usefulness
of the initial tendency technique which allowed to identify with details the model
"failure’ in resolving the advection process. This advection malfunction was shown
to be related to very strong winds induced through the Northern lateral boundary
due essentially to mismatch between ERA-Interim driving data and CRCM5. In
an attempt to reduce this lateral driving issue, the domain was extended to the
North and to the West. The results revealed no improvement in the system and the
inconsistencies between the regional model and the driving data are still present.

To address this lateral driving issue, an assimilation cycle was done using
the global CRCM5 version to produce global analyses. Results showed very low
analysis increments over all of the CRCM5 domain and the initial tendency diag-
nostic applied to the global forecast over the CRCMb5 domain revealed a normal
advection activity. This experiment demonstrates that the model is performing
well in the absence of the lateral driving constraints. In a final experiment, ano-
ther cycle for January has been realised in which the CRCM5 was driven by global
analyses produced in the previous global cycle using basically the same model in
its global configuration. The resulting mean analysis increments are similar to
the case where CRCMS5 is driven by ER A-Interim reanalyses. Consequently, these
combined results make it clear that the lateral driving procedure is responsible of
the model difficulties occuring in January cycle.

This work has shown that a regional assimilation system can be very useful
to evaluate a regional climate model by, first, enabling a rigorous use of the initial
tendency diagnostic and, second, providing the possibility to compare the model to
observations directly. Even though these were first experiments, the analyses in the
lower part of the atmosphere seem reasonable and no significant drift was observed
even over a period of two months (January-February). This is encouraging enough
to envision reanalyses over a longer period. However, the results obtained also
indicate that the coupling with lateral boundary conditions need to be revisited
and doing it through assimilation experiments provide detailed diagnostics that
would be useful to such an endeavor. This will be the object of future work.
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CONCLUSION

In the first part of this work, the dynamical equilibrium of a global and limited-
area model is studied in terms of its sensitivity to initial and lateral conditions.
The methodology adopted to examine the dynamical equilibrium is to use the
initial tendency diagnostic as proposed by Rodwell and Palmer (2007). This has
been chosen because it provides detailed information and because of its relatively
low computational cost. The models examined were the global GEM global model
and CRCMS, its limited-area configuration. Different data sources were used as
initial and lateral conditions, 3D-Var and 4D-Var analyses from the Meteorologi-
cal Service of Canada (MSC) and also ERA-Interim reanalyses at low and high
resolution.

For the GEM global model, it was shown that the initial dynamical balance
is fairly good when initialized by MSC 3D-Var and 4D-Var analyses. However,
results revealed some imbalances in the Tropics when the model is initialized by
MSC 4D-Var analyses associated with a stronger convection activity especially in
the ITCZ. This could be attributed to the missing convection process in the sim-
plified physics used in the MSC 4D-Var data assimilation system (Gauthier et al.,
2007). When ERA-Interim reanalyses are used at low resolution, the GEM global
model exhibits large imbalances especially at lower levels. In fact, results show an
abnormally intense vertical diffusion leading to excessive heating in lower levels.
It is also noted that convection is nearly absent in the first moments of the inte-
gration. It was also found that analyses from ERA-Interim at low resolution are
on average drier in the Tropics and, combined with the strong stable conditions
in lower levels, could explain the lack of convection. This experiment also clearly
showed the initial shock that occurs when the model and the initial conditions
are incompatible in terms of origin or spatial resolution. When high resolution
ERA-Interim reanalyses are used, these imbalances are reduced considerably and
additional experimentation showed that degrading the vertical resolution is more
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damaging than a degradation in the horizontal resolution. Restoring balance can
take several days as observed with low resolution ERA-Interim experiment. Ho-
wever, results showed that the balance converges rapidly and becomes similar in
the MSC 4D-Var and ERA-Interim high resolution reanalyses experiments.

In the case of the regional CRCM5 model, lateral boundary conditions are
required in addition to the initial conditions. Results showed that CRCMS5 is best
balanced when using 4D-Var analyses as initial and lateral conditions as was the
case with the global GEM model. Using ERA-Interim at low resolution leads to
similar imbalances as in the global case whereas the model is better balanced with
high resolution reanalyses. For longer integrations, the driving lateral data begin
to influence more seriously the dynamical balance and their impact becomes more
evident. The results from 15-days simulations show that the model remains un-
balanced for all three cases. When considering the blending zone in the tendency
diagnostic computation, the model is unbalanced without any indication of rea-
ching a better equilibrium. On the other hand, when only the free zone is taken
into account (the blending zone excluded), an improvement is noted in the first
few days. However, further examination reveals imbalances reappearing after 5
days. The tendencies diagnostic provided good evidence of the sensitivity of the
models’ dynamical equilibrium to the initializing and driving data.

In the second part of this thesis, the impact of boundary conditions on a RCM was
studied from the perspective of process tendencies. The regional climate model
CRCMS5 has been driven using three different data, i.e outputs from two CGCMs
(CanESM2 and MPI-ESM) and also ERA-Interim reanalysis, the latter being
considered as the reference driving data. Process tendencies were evaluated over
a period of one season after a 14 months integration. All the simulations started
from a state taken out of a multi-year climate simulation driven by ERA-Interim.
This ensures a well spun up model and also a significant impact of the differences
in boundary conditions. The total bias in temperature tendencies is computed by
subtracting the ’observed’ tendencies extracted from reanalyses from those obtai-
ned from CanESM2 and MPI-ESM driven experiments. Considering ER A-Interim
reanalyses as the reference driving data, the bias due to boundary conditions is

computed by subtracting ERA-interim driven simulation tendencies from those
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obtained by CGCMs-driven ones.

The observed temperature tendency computed from ERA-Interim reanalyses
shows a cooling in almost the whole column while the CRCMS5 exhibits a war-
ming in lower layers and a stronger cooling above for the three simulations. The
structural bias reveals an excessive warming in lower layers suggesting deficiencies
in CRCMS itself. In addition, the bias due to boundary conditions reveals that
MPI-ESM tends to warm the model in its lowest layers while CanESM2 causes
a cooling. At higher levels, the two CGCMs are inducing a cooling with a peak
at around 200 hPa. Results from specific humidity biases revealed an excessive
moistening in the lower layers for the three simulations. Additional details are ob-
tained by looking at the individual process tendencies. An example is the stronger
convection in CRCM-MPI compared to CRCM-Can simulation. More humidity
is also available in the case of CRCM-MPI leading to be more favourable condi-
tions to trigger convection. It is also shown that the sea surface is warmer in
the case of CRCM-MPI with more water vapour made available in the low levels
through vertical diffusion. The heating noted in layers near the surface from the
CRCM-MPI experiment can be attributed mainly to a strong vertical diffusion.
This study showed that CRCMS5 is sensitive to the imposed driving data provided
by CGCMs outputs indicating that climate predictions from regional models can
be impacted through the supplied driving data. It is also important to mention
that the results examined come from one DJF season and it would be important
to extend the analysis to more DJF seasons.

Assessing different model configurations of a RCM using physical tendencies
requires the RCM to be part of the assimilation process. That is, the RCM being
assessed should be the same as the one used to provide background states to the
assimilation. In the third part of this thesis, a regional data assimilation based on
the CRCMS5 has been presented and evaluated. The assimilation system used here
is based on the variational data assimilation system developed at Environment
Canada implemented here as a 3D-Var FGAT regional assimilation based on the
CRCMS5 which is very similar to GEM-LAM model used in the operational re-
gional data assimilation of Environment Canada. Using a well tested system also
enabled to assimilate the same large volumes of observations. To evaluate this
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regional assimilation system, several cycles have been performed over the months
of January and July 2011 in a fully cycled way. That is, the analysis produced
serves to produce the next model forecast providing the next background state
to the assimilation. ERA-Interim reanalyses are used to force the model at the
boundaries.

In July (the summer case), the resulting temperature mean analysis incre-
ments are small reflecting similarities between analyses and the model forecast.
Different results were obtained in January, with large negative mean analysis incre-
ments observed over the Northern part of the domain. These important negative
analysis increments is an indication of large departures between the model and
observations and could reflect a positive bias in the model. A data monitoring
on temperature observations from soundings over the Northern domain revea-
led small analysis residuals for the two months showing that the assimilation is
correcting the model forecast towards the observations. On the other hand, the
innovations are shown to be too large in January. Another January cycle using
only the trusted radiosondes observations revealed problems in the forecasts over
that problematic region and at the same time excluding the hypothesis that the
problem could be associated with biased observations such as satellite data over
land.

The systematic initial tendency diagnostic of RP07 identified an unusual
advection in the North. This advection 'malfunction’ was shown to be related to
very strong winds induced through the Northern lateral boundary due mainly to
discordance between ERA-Interim driving data and CRCMS5. This was further
examined by extending the model domain to the North and to the West without
improvement indicating that mismatch between the regional model and the driving
data still exist.

To further address this lateral driving issue, global analyses a.fe produced
based on the CRCM5 global version model. In this case, the analysis increments
over the CRCM5 domain are very low. In addition, a normal advection activity is
noted through the initial tendency diagnostic applied to the global forecast over

the CRCM5 domain. Finally, another cycle for January has been performed in
which the CRCM5 was driven by global analyses produced in the global cycle. The
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resulting mean analysis increments are similar to those obtained when driving is
from ERA-Interim reanalyses. Consequently, these combined results demonstrate
clearly that the nesting procedure through the boundaries is responsible of the
problems seen in the January cycle.

This work has shown the usefulness of evaluating a regional climate mo-
del through data assimilation. The regional assimilation system made possible a
direct comparison between the model and observations and also the use of the
initial tendency diagnostic providing details about the interactions between the
numerous physical processes. This could certainly help to evaluate different model
configurations and fine-tuning the model. These first experiments evaluated the
current configuration of CRCM5 and revealed problems in the lateral coupling.
On the other hand, comparison of our analyses to analyses from other sources
showed acceptable results as no drift was observed when cycling over a period
of two months (January-February). However, the results obtained indicate that
the coupling with lateral boundary conditions needs to be improved if regional
analyses with CRCMS5 are to be produced.

In this research, the Canadian regional climate model (CRCM5) has been
assessed from different perspectives. First, the model dynamical balance has been
looked at through initial tendencies diagnostic revealing its sensitivity to initial
and lateral conditions. This initial tendencies diagnostic strength has been de-
monstrated and its use in assessing new versions will certainly contribute to the
model development. The research second part treated the lateral boundary driving
impact on the model behavior. Even this aspect has been looked at in numerous
studies, this research used a new approach and revealed that new information
can be obtained to better understand the lateral driving issue. However, exten-
ding this study to multi-annual seasons will certainly bring more rigorous and
reliable results. Another interesting extension to this study is the assessment of a
model climate simulation through process tendencies. This will certainly provide
some insights on the model response to a changing climate and will help better
understand the climate change often expressed in temperature or precipitations
variations. Finally, implementing and using a regional data assimilation system
based on a regional climate model can be a powerful tool in validating different
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model .aspects. This regional data assimilation will certainly help improve the
model through direct confrontation to observations and also through the use of
initial tendencies diagnostic. Moreover, this regional data assimilation is based on
the Environment Canada operational variational system and is consequently tho-
roughly validated. A well validated regional model together with a robust regional
data assimilation system constitute a good starting point to envision production
of regional reanalyses over long periods. This will be very useful to describe a
coherent view of the observed climate against which the model can be compared
and validated.
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