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[1] Previous investigations with nested regional climate models have revealed that
simulations are sensitive to the initial conditions (IC). This results in internal variability
(IV) in ensembles of simulations initialized with small differences in IC. In a previous
study, a quantitative budget calculation has documented the physical processes responsible
for the rapid growth of IV in simulations with the Canadian Regional Climate Model
(CRCM). By using an ensemble of 20 simulations performed for the 1993 summer season,
we extend the previous study to further our understanding about the physical processes
responsible for the maintenance and fluctuations of IV in a seasonal simulation with
CRCM. We have identified and quantified various terms in the prognostic budget
equations of IV for the potential temperature and the absolute vorticity. For these studied
variables, the covariance of fluctuations acting on the gradient of the ensemble mean of
variables generally contributes to increasing the IV, indicating that the transport of heat and
vorticity is down the gradient of ensemble mean potential temperature and absolute
vorticity. The horizontal transport of IV by ensemble mean flow acts as a sink term, the IV
transport out of the study domain contributing to reduce the IV. On average in the
troposphere and at the seasonal scale, results confirm that there is no trend in IV although it
greatly fluctuates in time. Our results also show that IV is a natural phenomenon arising
from the chaotic nature of the atmosphere. In a time-averaged sense, the IV budget reduces
to a balance between generation and destruction terms.
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1. Introduction

Rinke and Dethloff, 2000; Christensen et al., 2001; Caya

[2] Because of their ability to simulate physical processes
operating at fine spatial scales, high-resolution regional cli-
mate models (RCM) have been increasingly used to simulate
various components of the Earth system at the regional scale,
in order to understand the past and present climate, and to
downscale future climate projections from Global Climate
Models (GCM). Due to their limited area of integration,
RCMs must be driven at their lateral boundaries by large-
scale atmospheric variables; usually Lateral Boundary Con-
ditions (LBC) are provided from either GCM simulation
output or gridded analyses of observations.

[3] Previous studies with RCMs have shown that their
simulations are sensitive to initial conditions (IC) due to the
chaotic nature of the atmospheric system [Lorenz, 1967]. In
fact, ensembles of RCMs’ simulations launched from
slightly different IC generate solutions of the atmospheric
variables that become significantly different after a few days
of simulation [Giorgi and Bi, 2000; Weisse et al., 2000;
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and Biner, 2004; Rinke et al. 2004; Lucas-Picher et al.,
2004; Alexandru et al., 2007; de Elia et al., 2008; Lucas-
Picher et al., 2008; Nikiema and Laprise, 2010]. This sen-
sitivity to IC is referred to as internal variability (IV), which
can be quantified as the intermember spread in an ensemble
of simulations run from different IC.

[4] Caya and Biner [2004] were among the first to study
the IV using the Canadian RCM over a domain covering the
eastern North America and a part of the Atlantic Ocean.
They compared three 1 year simulations launched with
different atmospheric and/or surface initial conditions; they
found IV to be small in winter and to become much larger in
summer. As noted by Giorgi and Bi [2000], the large IV in
summer can be attributed to local and intermittent processes,
such as convection and precipitation, whereas in winter, the
stronger upper tropospheric flow sweeps away the generated
IV. However, several studies suggest that, for a given sea-
son, the magnitude of IV strongly depends on domain size
[Lucas-Picher et al., 2004, 2008; Alexandru et al., 2007].

[s] By using a set of 20 CRCM simulations, Alexandru
et al. [2007] studied the 1993 summer season IV over eastern
North America. The integrations shared exactly the same
LBCs; the difference between them consisted only in a delay
of 24 h at the beginning of two successive runs. Their results
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showed that the IV magnitude strongly fluctuates with
synoptic events during the simulations, and that the geo-
graphical distribution of IV differed between variables.
They suggested that strong precipitation events in the
southern United States appear to act as a triggering mech-
anism for the 850 hPa geopotential IV, which continues to
develop along the storm track, reaching its maximum
amplitude toward the northeast of the simulation domain.

[6] Nikiéma and Laprise [2010] (hereinafter NL10)
extended the work of Alexandru et al. [2007] in order to
shed some light on the physical processes responsible of the
episodic large growth of IV. They performed a quantitative
diagnostic calculation to identify the various diabatic and
dynamical contributions to the temporal variation and spatial
distribution of IV. They established IV budget equations for
the potential temperature and the relative vorticity. They
showed that IV tendency arises from the contributions of
four and eight main terms for the potential temperature and
the relative vorticity, respectively. For these variables, the
two IV budget equations consist of similar terms, notably
terms relating to the transport of IV by ensemble mean flow
and the covariance of fluctuations acting on the gradient of
the ensemble mean state. They focused their analysis over a
small period of interest characterized by rapid growth of IV.
Their results show that [V maxima are found near the
ground (925-1000 hPa) and the tropopause (200-300 hPa),
with a minimum in the middle troposphere (600700 hPa).
The episodes of large growth of the IV are associated with
strong synoptic events in the simulation, as mentioned by
Alexandru et al. [2007]. They noted that the episodes of
large decreases of IV occur when maxima of IV approach
the northeast outflow boundary and are eventually trans-
ported out of the regional domain by the ensemble mean
flow.

[7] The analysis of IV budget by NL10 revealed that the
dominant terms responsible for the large increase of
potential temperature IV are the covariance term involving
the potential temperature fluctuations and diabatic heating
fluctuations, and the covariance of intermember fluctuations
acting upon ensemble mean gradients. Their study also
suggested that the horizontal transport by the ensemble
mean flow only contributes to the IV tendency during epi-
sodes of rapid decrease of IV, when they advect large IV
pockets out of the regional domain. Finally, they found that,
on average, the third-order terms have a negligible contri-
bution, but they can be important when the IV becomes very
large.

[8] The purpose of this study is to expand upon the work
of NL10 with a special attention to the seasonal scale. By
using the same 20 simulations of Alexandru et al. [2007], IV
will be analyzed and compared to the transient-eddy vari-
ability (TV) for the 1993 summer. At the seasonal scale, we
will quantify each contribution in the IV tendency equation
over the whole troposphere. The paper is organized as fol-
lows. Section 2 will describe the 1993 summer ensemble of
simulations, evaluation methods and IV budget equations
for the potential temperature and the absolute vorticity.
Results and analysis will follow in section 3 where we will
examine and compare the IV and TV, and then we will
analyze the vertical profile and time evolution of contribu-
tions to IV budget in order to quantify the 1993 summer
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‘climatology’ of various contributions. The main conclusion
will be summarized in section 4.

2. Data and Evaluation Methods

2.1. Domain and Simulation Data

[v9] This study wuses archived CRCM’s simulations
described in detail by Alexandru et al. [2007] corresponding
to 20-member simulations carried out on a 120 by 120 grid
point computational domain. The study domain covers the
eastern North America and part of the Atlantic Ocean [see
Alexandru et al., 2007, Figure 1]. In a nutshell, the CRCM
(version 3.6.1) uses polar stereographic projection with a
45 km grid mesh (true at 60° latitude), 18 Gal-Chen levels
in the vertical and a 15 min time step. The simulated fields
were interpolated on the following set of prespecified
pressure levels: 10, 20, 30, 50, 70, 100, 150, 200, 250, 300,
400, 500, 600, 700, 850, 925, 1000 and 1050 hPa. When
the pressure is larger than the surface pressure, an extrap-
olation is made below the ground from the lowest model
level. We mainly focused on the troposphere, i.e., the levels
located between 250 and 1000 hPa. The fields were
archived at 6-hourly intervals; atmospheric variables cor-
respond to samples at archival time, whereas the source/sink
terms correspond to cumulative contributions between
archival times.

2.2. Climate Statistics of the Internal Variability

[10] As many preceding authors [e.g., Alexandru et al.,
2007; Lucas-Picher et al., 2008; NLI10], the present
study calculates internal variability (IV) as the intermember
spread in an ensemble of simulations, using the variance
of departures from the ensemble mean:

1 N
= _ 71 [(pn(l7j~ k7 t) -
VT

where ©,(i, j, k, t) refers to the value of variable ¢ on grid
point (i, j) at level (k) at time ¢ for member 7 in the N-member
ensemble. The IV was computed in this way at all grid points
and pressure levels and at each 6-hourly archived intervals. In
the following, o will refer either to potential temperature 6 or
absolute vorticity 7. The operator () refers to the ensemble
mean of the variable ¢, defined as:

1 N
:N;Wn (2)

where N represents the number of members in the ensemble
of simulations.

[11] For comparison purpose, we will also present the
transient-eddy variability (TV) that represents the natural
variability of a meteorological field over time, mainly due to
the weather systems traveling along the storm track [e.g.,
Lucas-Picher et al., 2008]. The TV of a variable ¢ in
simulation number 7 is calculated using the temporal vari-
ance &37,, defined as [e.g., Caya and Biner, 2004]:

o2 (irj, k. 1) (@) (i ke, )P (1)
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where 0, (i, ], k)’ represents the time average of the variable
over the season of interest and 7 is the number of archive
intervals in the season. The ensemble mean of the temporal
variance <&i,> is used to obtain a more robust estimation of
the natural variability in simulations.

[12] Different statistics were used to describe the IV tem-
poral and spatial fluctuations. The time average of Ufg is used
to evaluate the seasonal ‘climatology’ of the IV, defined as:

‘o 1< .
7203k = L3 k) @)
=1

[13] The wvertical profile of the domain-averaged and
seasonal averaged IV is obtained by using the domain
average of aé’, computed as:

—XY 1 J .
R S A 5)

i=1 j=1

where / and J refer to the number of grid cells in the X and ¥
directions over the domain of interest. We neglect the map
scale factor of the polar stereographic projection in the
calculations. In practice the domain average was computed
over a subdomain excluding the 10—grid point sponge zone
and a 10—grid point spatial spin-up ribbon along the western
lateral boundary.

[14] Finally, the vertical average of the seasonal IV is
calculated as follows:

PB

a?p = /G_itdp/(PB —pr) (6)

pr

where pr and pp are the lowest and the highest pressure
values in the vertical integral; in order to preserve the
original unit of the field, the vertical integral has been
divided by the difference between bottom and top pressure
levels. In the following the vertical integral will be calcu-
lated with p7 = 250 hPa and pg = 1000 #Pa because our
interest lies in the tropospheric region. A similar equation
will also used to compute the vertical average of the TV and
each term in the IV budget equations.

2.3.

[15] In their study, NL10 established prognostic equations
of the IV for two variables: potential temperature and rela-
tive vorticity. For each variable, they performed a quanti-
tative diagnostic calculation to identify various diabatic and
dynamical contributions to the temporal variation and spatial
distribution of IV. They described in details the methodol-
ogy used to establish the IV budget equations for these two
atmospheric variables. In the polar stereographic and iso-
baric coordinates (X, Y, p), the IV equation of the potential
temperature was established as:

Internal Variability Budget Equations

Ly=Ry=A,+A,+B,+B,+C+E (7)
where terms are given by:

_ 0o
ot
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[16] The local change of the potential temperature vari-
ance (Lgy, referred to as the “left-hand side” term) results
from the contribution of six main terms on the right-hand
side (Ry): (1) the horizontal (4,) and vertical (4,) transport
terms that describe the convergence of the potential tem-
perature IV by the ensemble mean flow; (2) the horizontal
(By) and vertical (B,) conversion terms that represent the
covariances of potential temperature and horizontal and
vertical flow fluctuations in the direction of the ensemble
mean potential temperature gradient; (3) the term C rep-
resents a diabatic generation (source/sink) term resulting
from the covariance of fluctuations of potential temperature
and diabatic heating rate (J;,), including contributions from
radiation heating (C,.s), latent heat release (C,,,), con-
vective heating (C,,,,), and boundary layer heating, namely
turbulent vertical diffusion (C,,) and lateral diffusion (C,);
and (4) the third-order term (F) is the covariance of the
potential temperature fluctuations and divergence of poten-
tial temperature flux due to fluctuations.

[17] In this study we will use absolute vorticity rather than
relative vorticity as in NL10. The IV budget equation for
absolute vorticity can be established similarly to that of
relative vorticity and it is written as:

L,=R,=A4,+A4,+N+B,+B,+C+E+F+G+H (8)

where the terms are given by:

do?
L,= a0
a=-Vo(2(7)); A= 8(U§;w>)
By = _2<"47> «Vini  B= 2(%%)%2’)
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where S =m? = (1 + sin ¢)/(1 + sin v) is the metric term for
a polar stereographic projection; 1 and 1, are the local and
reference latitudes, respectively; ¢ = 1.85 x 10 m* s ' is a
constant used in the CRCM to compute the lateral diffusion
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Figure 1. Time evolution of the vertical and domain aver-
age of the internal variability standard deviation for the
potential temperature (blue) and the absolute vorticity (red).

[Laprise et al., 1998]. The term L, represents the local rate
of change of absolute vorticity IV, and R,, is the sum of eight
terms that contribute to the tendency. As before, terms A
relate to the IV transport by the ensemble mean flow and
terms B relate to the covariance of fluctuations (7, and V) in
the direction of the gradient of the ensemble mean absolute
vorticity (V(n)). The term N is the divergence of the
ensemble mean horizontal wind acting upon IV. The term C
couples the ensemble mean absolute vorticity (7)) and the
covariance of perturbations, of absolute vorticity and hori-
zontal divergence (1,V e V). Terms E and F arise from the
tilting-twisting term in the vorticity equation. The term E
combines the horizontal gradient of the ensemble mean
vertical motion to the covariance of fluctuations of the
absolute vorticity and the vertical shear of the horizontal
flow. The term F combines the vertical shear of the
ensemble mean horizontal flow to the covariance of fluc-
tuations of the absolute vorticity and the horizontal gradient
of the vertical motion. The term G is the sum of covariance
terms involving absolute vorticity and horizontal stress
perturbations: the first two terms are a coupling with the
horizontal gradient of vertical diffusion and sources/sinks of
momentum, and the third is associated with the lateral dif-
fusion. The last term (H) regroups third-order terms.

[18] The absolute vorticity IV equation is similar to rela-
tive vorticity IV equation used by NL10, except for the term
D in the latter that accounted for the Coriolis parameter.

[19] The differential terms in these equations were eval-
vated by using standard discretization methods, as per
NL10.

3. Results and Analysis

[20] This section will focus on the description and phys-
ical interpretation of different terms in IV budget equations
at the seasonal scale. First, we will analyze and compare the
seasonal IV and TV over the whole troposphere for the 1993
summer season. Then, we will discuss the summer ‘clima-
tology’ of various contributions to the IV tendency. To
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identify dominant terms, we will first examine the domain-
averaged vertical profile and time evolution of these con-
tributions. All maps are shown excluding the 10—grid point
sponge zone around the border of the model domain.

3.1. 1993 Summer Climatology of the IV

[21] Figure 1 presents the time evolutions of the vertically
averaged and domain-averaged potential temperature and
absolute vorticity IV. During the 1993 summer, results
indicate that the IV (expressed in terms of standard devia-
tions) fluctuates between 0.1 and 0.5 K for potential tem-
perature and between 0.4 10> and 2 107 s~' for absolute
vorticity. For both variables, the IV fluctuates greatly in
time, with occasional episodes of intense IV at certain times,
such as those in the last 15 days of July 1993. Results also
show a very strong relationship between the time evolutions
of IV for the two studied variables, with a correlation
coefficient about 0.92; this result confirms previous studies
indicating that the IV is tied to synoptic events [e.g., Giorgi
and Bi, 2000; Alexandru et al. 2007; NL10].

[22] Figures 2a, 2b, 3a, and 3b show the horizontal dis-
tributions of the vertical average over the troposphere

p— 2
(equation (6)) of the time-averaged IV aif and the

—
ensemble mean TE <6,2¢> > for potential temperature

(Figures 2a and 3a) and absolute vorticity, respectively, for
the 1993 summer season simulations. The horizontal dis-
tributions of IV for the two studied variables share a number
of common features. Due to the imposed LBC, IV vanishes
at the border of the model domain (not shown in the maps).
There is a maximum potential temperature IV located over
the northeast part of the study domain, on the downstream
side of the dominant southwesterly flow. The absolute
vorticity IV exhibits an elongated maximum extending to
southwestward of the domain, along the East Coast of the
United States. This distribution of the IV seems to corrob-
orate the interpretation that the most intense IV occurs along
the storm track [Alexandru et al., 2007]. They noted that the
IV center is initially formed over the southern U.S., in-
tensifies and moves northeastward along the storm track in
the following days.

[23] Figures 2b and 3b show the horizontal distributions
of the vertically averaged ensemble mean TV for the two
studied variables. The maximum potential temperature TV
is located over the northwest part of the study domain
(Figure 3b). In term of magnitude, we note that the TV
values are 10 times stronger than the IV (note the different
scales for IV and TV standard deviations in Figures 2 and 3).
The standard deviation of IV is a few tenths of degree for
potential temperature (Figure 2a) and of order of 10> s~ for
absolute vorticity (Figure 3a), whereas the TV standard
deviation reaches values of 5 K and 8 107 s ' for the
potential temperature (Figure 2b) and the absolute vorticity
(Figure 3b), respectively. We note a small area of maximum
absolute vorticity IV and TV over Alabama, which appears
to be associated with intense convection there and is also
reflected in a maximum of potential temperature IV there.

[24] Figures 2c, 3d, 3c, and 3d show the vertical profiles
of standard deviations of the domain-averaged IV and TV
for the potential temperature and the absolute vorticity,
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Figure 2. For potential temperature: (a) square root of the time average and vertical integral of the inter-
nal variability variance and (b) square root of the vertical integral of the ensemble mean transient-eddy
variance. (c) Square root of the vertical profile of the internal variability variance, and (d) square root
of the ensemble mean transient-eddy variance. Note the different scales for internal variability and

transient-eddy standard deviations.

respectively. These profiles are roughly similar, with a
maximum near the surface, a minimum in mid troposphere,
and another maximum near the tropopause. The potential
temperature standard deviation IV varies from 0.28 K near
the ground to a minimum of 0.16 K at around 600-700 hPa,
and reaches a maximum value of about 0.33 K at 200 hPa

(Figure 2c). A similar profile is noted for the absolute vor-
ticity with a maximum of 1.3 107> s~ near the ground, a
minimum of 0.7 107 s ' at around 600-700 hPa and
another maximum of 1.1 107> s~ at 300 hPa (see Figure 3c).
Compared to IV, the TE standard deviation has similar
vertical profile and large magnitude, around 10 times greater
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Figure 3. For absolute vorticity: (a) square root of the time average and vertical integral of the internal
variability variance and (b) square root of the vertical integral of the ensemble mean transient-eddy var-
iance. (c) Square root of the vertical profile of the internal variability variance, and (d) square root of the
ensemble mean transient-eddy variance. Note the different scales for internal variability and transient-

eddy standard deviations.

than the IV (Figure 2c versus Figure 2d and Figure 3¢ versus
Figure 3d). On average, the potential temperature TE stan-
dard deviation slightly fluctuates from 2.8 K at 1000 hPa to
3.4 K at 250 hPa, with a minimum value of 2.6 K in the

midtroposphere (Figure 2d). For absolute vorticity,

we note

a large variation between the middle and top and bottom
of the troposphere as it was noted for IV: 3.5 107° s ! at
1000 hPa, 2.6 10> s~ at 600-700 hPa, and 4.7 107> s

at 250 hPa (see Figures 3¢ and 3d).
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Figure 4. Domain average of the vertical integral over the troposphere (250 to 1000 hPa) of the time
average of different terms in the IV budget equation for (a) the potential temperature and (b) the absolute

vorticity.

3.2. Time- and Domain-Averaged IV Budget

[25] In this section, we present the 1993 summer “cli-
matology” of the contributions of the different terms to the
time mean and domain-averaged IV budget. Starting with
the IV equations (equations (7) and (8)), time averaging was
applied (equation (4)), followed by horizontal averaging
(equation (5)) and vertical averaging (equation (6)), thus

reducing the dimensionality of the budget to a strict mini-
mum. Figure 4 shows the resulting values of each term of
the IV budget equations for potential temperature and
absolute vorticity. We note that the time average of the
tendency terms (Ly and L,) are nearly zero, indicating that
there is no net trend in IV in the simulations, despite the fact
that the IV strongly fluctuates with synoptic events during
the simulations. The sums of all right-hand terms (terms R)
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are also close to zero; the near equality between the IV
tendency term and the sum of all terms on the right-hand
side comforts us that we are able to adequately compute
diagnostically the major contributions occurring during the
simulations, despite time sampling and several interpola-
tions and discretization approximations, as discussed by
NL10.

[26] Figure 4a shows that the dominant terms for the
potential temperature IV are B,, C, B;, and 4;, with on
average Bj, and C contributing to the growth of IV, whereas
A, and B, are negative contributions. The largest positive
contribution is the covariance of fluctuations of potential
temperature and diabatic heating rate (term C), whereas the
largest negative contribution is the covariance fluctuations
of potential temperature and vertical velocity acting upon
the ensemble mean potential temperature gradient (term B,).
The term B, is the second positive contribution, while the
horizontal transport term (4;) acts as a secondary negative
contribution. The other terms, the vertical transport of the
potential temperature IV (term 4,) and the third-order terms
(term E), are negligible. At the seasonal scale, it appears
from Figure 4a that, on average, the sum (B, + C) is in
approximate balance with the sum of A, and B,.

[27] For the budget equation of the absolute vorticity 1V,
Figure 4b indicates that six terms are dominant on the right-
hand side of the equation (G, B, C, A;, N and F) and the
remaining four terms contribute very little to the seasonal
tendency (4,, B,, E and H). Of the dominant terms, two
(G and 4;,) are negative contributions and four (By,, C, N and F)
are positive contributions to the tendency, so there exists an
approximate balance between (G + 4;) and (B, + C+ N+ F).

3.3. Vertical Profile of Contributions to IV Budget

[28] Having identified the respective contributions from
the various terms to the domain-averaged IV budget, we
now turn our attention to the vertical structure of the
contributing terms.

[29] Figure 5 shows the vertical profiles of the time mean
and horizontal average of each terms in the IV budget
equations for the potential temperature (Figure 5a) and the
absolute vorticity (Figure 5b). For each variable, graphs
are represented in two panels in order to separate terms
according to their order of magnitude: Figures 5a (left)
and 5b (left) display the dominant terms, while the weaker
contributions are shown in Figures 5a (right) and 5b (right)
(note the different scales). It is clearly seen that tendency
terms (L) are nearly zero at all pressure levels for both
variables (blue lines in Figures 5a (right) and 5b (right)). For
the two studied variables, the sum of all terms on the right-
hand side (term R) is not perfectly zero owing to numerical
approximations made in calculating the contributions, but it
has weak amplitude at all levels (red lines in Figures S5a
(right) and 5b (right)). The largest errors occur near the
tropopause level for potential temperature where simulated
variables exhibit rapid variations, resulting in larger
numerical errors when computing gradients with finite dif-
ferences and few pressure levels.

[30] For the potential temperature IV, Figure S5a (left)
shows the vertical profile of the four dominant terms: 4,, B,
B, and C. Between 925 hPa and 250 hPa, B), and C represent
positive contributions to the summer IV tendency, while 4,
and B, act in opposite way as negative contributions, which
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confirms that the compensation occurring in the vertically
integrated IV statistics, as noted section 3.2, also occurs at
each level in this part of the troposphere. Near the surface,
term C turns into a negative contribution because con-
tributions of horizontal and vertical diffusions dominate
positive contributions. Around 1000 hPa, B, becomes very
large whereas B, is zero. Results show that the positive large
value of By, is associated with a large covariance of potential
temperature and horizontal flow fluctuations (result not
shown), as a result of important fluctuations near the
ground. The contribution of B, to IV is weak at 1000 hPa
because the vertical motion is zero on the ground. Contrary
to what is observed in the middle troposphere, Figure 5
shows a change in the behaviors of B, and C in the upper
troposphere. The positive sign of B, and the negative sign of
C in this region are associated with a positive covariance of
fluctuations ({8,w;,) > 0) and a dominant negative contri-
bution of diffusion processes, respectively.

[31] In terms of large contributions, the most dominant
terms are B, and C that counteract each other above the
925 hPa level; the maximum contributions of these two
terms are located at 400 and 850 hPa, with a magnitude of
about 2 x 10°® K* s '. To get a physical sense of the
meaning of these numbers, we note that a contribution of
107° K* 5" represents a variation of about (0.3K)? per day to
the potential temperature variance. The terms 4, and E
(Figure 5a, right) are smaller than the other terms at all
pressure levels.

[32] Figure 5b shows the vertical profile of the terms in
the absolute vorticity IV budget equation. Figure 5b (left)
shows the vertical profile of dominant terms: 4,, B, C, F, N
and G. It can be noted that two terms (4, and G) have
negative values at all pressure levels and four terms (B, C,
F and N) have positive values. Thus the vanishing time-
averaged tendency results from an approximate balance
between (B, + C + F + N) and (4;, + G). The terms C and G
have the largest positive and negative contributions near
the ground, with values of about 7 x 107> s> and —12 x
10715 573, respectively. Physically a contribution of the order
of 10 x 1071% s corresponds to a change of the absolute
vorticity variance of approximately (0.3 x 10~* s~ )% per
day. Except for the term F' that acts in the upper half of the
troposphere, the largest contributions to the absolute vor-
ticity IV budget occur near the ground and at the vicinity of
the tropopause (around 300 hPa). Contrary to the potential
temperature, the important terms for the absolute vorticity
act mostly in these two regions of the atmosphere. In
addition to terms L, and R,, the weak contribution terms are
plotted in Figure 5b (right), namely 4,, B,, £ and H. On
average, their amplitude is less than 0.8 x 107> s at all
pressure levels, whereas the larger contributions (Figure 5b,
left) exceed 5 x 107"° 572,

3.4. Time Evolution of the Vertical and Domain
Average of Contributions to IV Budget

[33] Figures 6 and 7 present the time evolution of the
vertical and domain average of various contributions to IV
tendencies and a comparison of the left- and right-hand side
terms, for potential temperature and absolute vorticity
respectively. In Figures 6a and 7a, different colors represent
the contribution of each term in IV budget equations. The
results show that individual terms tend to act systematically

8 of 18



D16112 NIKIEMA AND LAPRISE: SEASONAL INTERNAL VARIABILITY STUDY D16112
(a): Potential temperature
50 1 "3 i 50 .. J
100 j’ —Term A, 100 —TermL, [
150 a4 —=-TermB, | ] 150 e —TermR | ]
200 o y 200 o rem a1
«-Term B f o TermA, | |
250 v|- 250 =< o tamE
300 .’ —a=Term C | | 300 \ erm
350 \ / 350 \\
= 400 \ ] \ = 400
L \J / o \/
S 450 £ 450 ‘X
w 500 \ \ / w500
4 : 7 e A
7 550 ; 2 550
[ /
0 {3 600
i 600 o
Z oo & 650
700
700
750 \\ 750
300
800
850 \ N\ 850 /{
900 D %00 ‘. v
950 e i \\ 950
1000, — ., e Y a— 0 0.1 02 03
-3 2 A 0 1 2 3 4 [x10° K2s ]
-6 ,2_-1
[x107” K"s™']
(b): Absolute vorticity
50————— 50 3 :
100 H = : A; 100 —=Term L1-| -
150} = &M B 150 ~-TermR |
L ...]—e=Term B 200 '
;gg L....|=#=Term Ch 4 \ 250 ..\- T:::$ 2"
300F- +-Term N ¥, - \ 300 :C vl
350k =-Term F ) [ 350 #-TermE | |
—==Term G _[ — Y ~=TermH
E 400 7 & 400 1- *
£ 450
£, 450 L/ = i
E 500 - g 500 v
2 550 2 550 WLy
ﬂ 600 E 600 -ﬁ\
T 650 o 650 R
700 700 LS \
o ) oo AN
510 \ A0
850 850 ek
900 T 900 e
. PR 950 .
950 — L
1000 == —i 10083 0 0.2 0.4 0.6 0.8
12 10 -8 -6 -4 -2 0 2 4 6 i ) 1015 3, ’ ’
[x10'15 5-3:I [x s™]

Figure 5. Vertical profiles of the time and domain average of different terms in the interspread variance
equation for (a) potential temperature and (b) absolute vorticity.

as either a positive or a negative contribution to the IV
tendency. The time fluctuation of positive and negative
contributions seem to follow closely one another, as it can
be noted between the middle and the end of July. As can be
seen in Figures 6b and 7b showing the left-hand side term
(L,(t") and the sum of all right-hand side terms
(R, (1)), the time fluctuation of IV in fact result from the
imperfect cancellation of the positive and negative contri-
bution to the IV tendency. Note that the individual con-

tributions to the IV tendency are more than one order of
magnitude larger than the resulting IV. For the potential
temperature, it is clearly seen in Figure 6a that B, and C are
positive contributions while the others terms (B,, A4,, 4,
and E) are negative during the three months of 1993 sum-
mer. The dominant positive and negative contributions to
the IV tendency are C and B, and the weaker contributions
are 4, and E. Figure 7a shows different contributions to the
absolute vorticity IV tendency. We note that terms 4, and G
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Figure 6. The time evolution of domain average and vertical integration over the whole troposphere of
different terms in the IV budget equation of the potential temperature.

act in the opposite way to the others terms (B, C, F, N, 4,,
H, B, and E). Although, we note weak positive contributions
of A,, H, B, and E during the three months, result reveal that
the third-order term (H) becomes large when the IV is
particularly intense (see green color in the last 15 days of
July in Figure 7a).

[34] Figures 6b and 7b present the comparison between
the left- and right-hand side terms averaged over the vertical
and horizontal domain for the potential temperature and the
absolute vorticity, respectively. These results denote fairly
good agreement, with correlations coefficient of 0.90 for
potential temperature and 0.95 for absolute vorticity. This
result indicates good agreement between the IV tendency
developed in the CRCM simulations and the sum of various
complex terms of the diagnostic calculation.

3.5. Horizontal Distribution of Contributions
to IV Budget

[35] The dimension reduction afforded by domain aver-
aging of the IV budget equations gave an overall view of
various contributions to the IV budget. We found that
depending on the studied variable, certain terms contribute
only weakly. These results show that the IV budget for the
1993 summer is due to an approximate balance between
four terms for potential temperature and six terms for
absolute vorticity. In this section, we analyze the spatial
pattern of the significant terms, under vertical integration to
reduce the dimensionality of fields.

[36] Figure 8 shows the spatial pattern of the time-
averaged and vertically averaged contributions in the tropo-
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Figure 7. The time evolution of domain average and vertical integral over the whole troposphere of dif-
ferent terms in the IV budget equation of the absolute vorticity.

sphere of the dominant terms (4;, By, B, and C) for the IV
budget equation of potential temperature. As shown in the
previous results (Figure 5), it is clearly seen that B, and C
are mainly positive fields, so they act to generate IV during
this season. The term C exhibits the largest and the most
intense positive contribution to the time-averaged IV ten-
dency. High intensities are located over a small area over the

southern U.S. (Alabama) and along the storm track in the
Atlantic Ocean. The analysis of various contributions to
the term C (Figure 9) indicates that the intense positive
contributions are mainly due to effects of two physical
processes: condensation (C.,,,) and convection (C,,,,)
(Figures 9b and 9c). The pattern associated to the radiation
process (C,,4) is also positive over a large area, but less
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Figure 8. Vertical integral over the whole troposphere of the time average of different terms in the
intermember variance equation for the potential temperature.

intense (Figure 9d). On the other hand, the horizontal and
vertical diffusions (C,, and Cg;) act to reduce the large
positive contributions from the other terms of C, with mostly
negative contributions (Figures 9¢ and 9f). The term B, is
also a positive contribution of the seasonal IV, particularly
over the northeastern part of the study domain (Figure 8, top
right). The analysis of the different components of B,, sheds
light on the physical meaning of its positive contribution to
the time-averaged IV tendency. As shown in Figure 10a, the
time average and vertical average of the covariance

—P
(U6, in the troposphere is negative in this region, while
the time average of eastward gradient of the ensemble mean

D
potential temperature is positive (9(6) /0X T 0), result not

shown). This means that, on average in the whole tropo-
sphere, the transport of warm perturbations (6,, > 0) by
westward wind perturbations (U, < 0), hence down the
ensemble mean gradient of potential temperature, favors the
growth of IV during this season. For the north—south con-
tribution in By, the results indicate that the time—averageg

T\
and vertically averaged covariance of fluctuations (¥, 6,)
has a positive sign (see Figure 10b), while the northward
gradient of ensemble mean potential temperature is negative

—
(0(0)/0Y " <0, not shown). Therefore, the positive con-
tribution to IV tendency arises from a transport of warm
perturbation (6," > 0) northward (¥, > 0), again down the
ensemble mean gradient of potential temperature.
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Figure 9. Vertical integral over the whole troposphere of the time average of different contributions to
the term C (a) in the intermember variance equation for the potential temperature. Contributions: (b) con-
densation, (c) convention, (d) radiation, (e) vertical diffusion and (f) horizontal diffusion.

[37] The potential temperature IV tends to be reduced by findings that indicated that B, and C contribute in opposite
the negative contribution from B, (Figure 8, bottom left). In  ways to the IV tendency. In fact, the negative sign of the
fact Figure 8 shows that B, and C exhibit similar patterns, time average of B, in the troposphere is associated with a
but of opposite signs. This result confirms the preceding

13 of 18



D16112

NIKIEMA AND LAPRISE: SEASONAL INTERNAL VARIABILITY STUDY

D16112

x 10°Kms!

x 103K ms!

65
60

50
40
30

x10-12g2

Figure 10. Vertical integral of the time average of the covariance of fluctuations in (a and b) B, and
(c) B, of the potential temperature IV, and (d) the covariance of fluctuations in C of the absolute

vorticity.

—
negative covariance of fluctuation (<6;1w;1>t < 0); see
Figure 10c) in a stable environment (i.e., 3(8)/dp < 0) of the
ensemble mean atmosphere. Physically, this means that
warm air rises and cold air sinks in perturbations from the
ensemble mean conditions. Thus, static stability tends to
suppress, or consume, the potential temperature IV. The
horizontal transport term (4,) of the IV equation also acts as
a sink term (Figure 8, top left), which makes sense since the
IV transport out of the study domain by the ensemble mean
flow tends to reduce the IV.

[38] We will now proceed to the analysis of the dominant
terms in the absolute vorticity IV budget: 4,, B, C, F, N
and G. Figure 11 presents the time average and vertical
averaging in the troposphere of these dominant terms for the
1993 summer simulations. The positive contributions to the
seasonal IV budget are B, C, N and F, and negative con-
tributions are G and A,,. Similarly to the potential tempera-
ture, By, acts as a production term for the IV because the

f——
. = - T
covariance vector <77,§ 14 ,;> is in the opposite direction to

the horizontal gradient of the ensemble mean absolute vor-
ticity (V (1)), indicating transport of perturbation vorticity is
down the gradient of the ensemble mean absolute vorticity.
The term C is the second largest positive contribution to the
absolute vorticity IV budget, due to a negative distribution
of the covariance perturbations of absolute vorticity and
ﬁ’p
horizontal divergence <n,;v oV, > < 0 (Figure 10d).

Therefore, the positive/negative perturbations of the absolute
vorticity are associated with the convergence/divergence of
the horizontal flow perturbations. Similarly, results indicate
that the positive contribution of N is associated with the
convergence of the ensemble mean motion. Finally, the term
F is a weak positive contribution to the time-averaged IV
tendencys; this result is due to the positive contribution of the
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Figure 11. Vertical integral over the whole troposphere of the time average of different terms in the
intermember variance equation for the absolute vorticity.
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Figure 12. Vertical integral over the whole troposphere of the time average of the sums of source and
sink terms in the intermember variance equation for (a) potential temperature and (b) absolute vorticity.

two parts of ' (not shown). The positive contributions to the
time average of the absolute vorticity IV tendency are bal-
anced by two negative contributions: G and 4, (Figure 11).
The first one is the most important, due mainly to the hor-
izontal diffusion (third term of G expression in equation (8)).
As mentioned in the case of the potential temperature IV, 4,,
is a sink term because of the transport of the IV by the
ensemble mean flow out of the regional domain.

[39] Figure 12 presents the corresponding fields of the
sum of dominant source and sink terms in the troposphere
for the two studied variables. Aside from the opposite sign
that indicates the nature (source or sink) of the sum, we note
good qualitative agreement between source and sink pat-
terns at the seasonal scale. To illustrate the correspondence
between them and to get a more quantitative assessment, we
present dispersion diagrams in Figure 13 using all grid
points shown in Figure 12, and we also compute correlation
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Figure 13. Dispersion diagram of all grid points (except
the sponge zone) to illustrate the comparison between sums
of source and sink terms in the variance equation for the
(a) potential temperature and (b) absolute vorticity.

coefficients. For the potential temperature, the correlation
coefficient is about 99%, indicating an excellent balance

—
between the dominant source Bj + C" and the sink

Ap + thp terms at the seasonal scale. In the troposphere, we
note the same good correlation (95%) for the absolute vor-
ticity IV, indicating also an approximate balance between
four production terms (B;, C, F and N) and two destruction
terms (4, and G).

4. Summary and Conclusion

[40] We analyzed the physical processes responsible for
the maintenance and variations of internal variability (IV) in
an ensemble of 20 simulations performed with the nested

D16112

Canadian RCM (CRCM) for the summer 1993 season over
northeastern North America. The IV is computed as the
intermember spread in an ensemble of simulations that differ
only in their initiation time. For the two studied variables
(potential temperature and absolute vorticity), results show a
strong relationship between their time evolutions, and the
horizontal patterns of the time-averaged and vertically
averaged IV are similar for the two studied variables. These
results confirm previous studies indicating that the IV is tied
to synoptic conditions [Alexandru et al., 2007; NL10]. We
noted that the seasonal mean IV is an order of magnitude
smaller than the transient-eddy variability (TE) in simula-
tions; however they have similar vertical profile in the tro-
posphere, with maximum amplitude near the ground and the
tropopause, and minimum values in the middle troposphere.
The difference in their magnitude is due to the lateral
boundary forcing that limits the degrees of freedom in the
RCM simulations, at least at the large scales. The control
exerted by LBC contributes to generally maintaining IV’s
magnitude below the value prevailing in GCM simulations,
for which 1V is equal to TE on average (which is called the
ergodicity condition).

[41] The analysis of the magnitude order for the 1993
summer “climatology” of different terms in IV budget
equations revealed that the time average of the IV tendency
terms are close to zero for the two studied variables. The
same result is noted for the sum of all contributions to the
seasonal IV tendency, indicating a near equality between
the IV generation and destruction contributions, in the time
average. Even though the IV fluctuates with synoptic events
in the simulations, the vanishing value of the seasonal mean
IV tendencies means that there is no trend in IV at the
seasonal scale, due to an approximate balance between the
four main terms for the potential temperature and the six
main terms for the absolute vorticity IV budget equations.
Detailed results of vertical profiles and time evolutions of
various contributions to IV budget indicate that main terms
contribute systematically either positively or negatively in
most of the troposphere and in time.

[42] At the seasonal time scale, results showed that the
absence of IV trend is due to an approximate balance
between terms on average in the troposphere. The time
mean IV budget for the potential temperature can be ex-
pressed as the following approximate balance:

By + C~ —(B, + 4) (9)
where
B o= 207 e Vi C=2(0):
o= T ((P)h) =) G

[43] For absolute vorticity, the balance equation can be
approximated as:

By+C+N+F=~—(4,+G) (10)
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Bi==2(nVi) e V(s C=-2(m)(n¥ ¢ V});

B O\ O(U) /- Owp\ O(V)]
FﬁzSK”é’Y p <n"3X> Bp}

4=-Ve(2(V)): 6= 2SK7,,;3£?;> B <77n,a§§;>]

— 20<17,§V477,§>.

[44] In these two equations, IV generation and destruction
terms are on the left- and right-hand sides, respectively. For
both studied variables, B;, and A4, act as positive and nega-
tive contributions to the IV tendency, respectively, although
they are not the most important contributions. The first one
contributes to the IV growth because the transport of heat or
positive relative vorticity by covariance of fluctuations is
down the gradient in the ensemble mean state. Physically,
the second (4},) is a sink term because of its contribution to
transport large IV values out of the regional domain by the
horizontal ensemble mean flow.

[45] For the IV budget equation of the potential temper-
ature, the most positive contribution term is C due mostly to
the convection and condensation contributions to J'. Radi-
ation processes slightly contribute to increase IV in RCM
simulations, whereas the vertical and horizontal diffusions
act as destruction terms during the season. The most nega-
tive contribution to the potential temperature IV is B,
because the time average of the covariance of fluctuations

i
()

and the gradient of the ensemble mean poten-
\ T o .
tial temperature | 9(f)/Jp | are negative in the entire

troposphere. These results reveal that warm fluctuations rise
and cold fluctuations sink in perturbations from the
ensemble mean state in order to consume IV. Thus the
energy conversions associated to IV perturbations appear to
behave quite similarly to those in weather systems, with
fluctuation available potential energy being generated by
condensation and convection processes (term C), and this
energy being converted back to fluctuation kinetic energy
[e.g., Lorenz, 1955, 1967].

[46] For absolute vorticity, C is a production term because

—
. . = e 4 . .
the covariance of fluctuation <17,§V ° V,;> 1S negative

indicating that positive (negative) perturbations of the
absolute vorticity are associated with the convergence
(divergence) of the horizontal flow perturbations. Similarly,
the positive contribution of term N is associated with the
convergence of the ensemble mean flow of the absolute
vorticity. The term F contributes slightly to increase the
seasonal IV because the two parts of its expression are
positive, according to results. Otherwise, all positive con-
tributions to the absolute vorticity IV are mostly destroyed
by the dissipation term G, resulting mainly from the hori-
zontal diffusion (last term in G’s expression).

[47] Our results indicate that RCM’s internal variability is
a natural phenomenon issued from the chaotic nature of the
atmosphere, not a numerical artifact associated, for example,
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to the nesting technique. In fact the chaotic nature of the
field equations and the ensuing internal variability in
ensemble simulations can be advantageously exploited in
climate projections. Ensemble simulations are quite useful
to filter out the unpredictable component of the Earth Sys-
tem, to provide estimates of the uncertainties associated with
climate change projections, and to improve the determina-
tion of rare events such as climate extremes.
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