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Abstract

We downscaled a free ensemble of a regional, parent model to a high-
resolution coastal, child ensemble in the Bay of Biscay. The child ensemble
was forced at the open boundaries by the parent ensemble, and locally by
perturbing the winds. By comparing ensembles generated by each of these
forcings perturbations separately and combined we were able to consider the
ensemble from either of two paradigms: (1) characterising high-resolution,
coastal model errors using local and non-local forcing perturbations, or (2)
downscaling regional model errors into the coastal domain. We found that
most of the spread in the child ensembles was generated from the ensemble
of open boundary conditions, with the local wind perturbations on their own
generating substantially less ensemble spread. Together, the two sources of
error increased the ensemble spread by only a small amount over the non-
local perturabations alone. In general, the spread in sea surface height was
greater in the child ensembles than in the parent ensemble, probably due to
the more refined dynamics, while the spread in sea surface temperature was
lower, likely due to the way the open boundary conditions were averaged.
Deep below the surface, though, the child ensemble featured a large spread
even where the parent model’s spread was very weak. This enhanced error
response is a promising result for an ensemble data assimilation system, as
it could be exploited to correct the model deep below the surface.
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1. Introduction

We downscale geophysical models so that we can increase the resolution
in a region of interest, without incurring the computational cost and the
difficulty of increasing the resolution everywhere in the model domain. This
modest aim leads to anything but a straightforward problem to solve, though,
for the difficulties associated with nesting models are manifold, and the high-
resolution child model cannot simply be regarded as a more detailed version
of the parent model. A corollary of this is that the errors in the parent model
cannot be expected to translate in a straightforward way into errors in the
child model. It is this problem the downscaling of model errors which we
concern ourselves with here, specifically in ocean circulation models.

The promise of higher resolution models to provide more detailed de-
scriptions of the ocean balances against some inconvenient physics at small
scales. As Sandery and Sakov (2017) show, while increased detail is possi-
ble, and useful, this does not necessarily mean increased accuracy, with the
higher complexity of the small-scale flow even deteriorating the large-scale
flow through an inverse energy cascade. There are further problems to ad-
dress with the open boundary problem. Quite apart from the difficulty of
matching solutions of different spatial and temporal scales, the internal vari-
ability of the downscaled model is decoupled from that of the parent model,
which can lead to divergent solutions—an undesirable trait when the parent
model outperforms the child. Sometimes this divergence can be redressed,
as Katavouta and Thompson (2016) showed by applying a spectral nudging
technique in the deeper regions. This maintained the parent model’s accu-
racy there, while giving free reign to the child model in the coastal region,
where the parent model was unable to resolve many of the processes. With
all this in mind, it would be fruitful then to explore the behaviour of errors
in a downscaled model system.

In this study, we attempt to characterise a downscaled coastal model’s
errors from ensembles of perturbed simulations. We do this principally by ex-
amining the ensemble’s statistics—above all the ensemble variance or, equiv-
alently, its standard deviation, which is often referred to as the ensemble’s
spread. There are many sources of error in a model, due to deficiencies in
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the physical model, the numerical scheme and discretisation, and errors in
the initial and boundary conditions and the forcing fields. By narrowing our
focus onto a subspace of the full model error space, we can better under-
stand the sensitivity of the model to a specific set of error sources. For us,
this subset consists only of surface winds and the open boundary conditions.
Understanding the model error subspace will guide us in future efforts in
assimilating data, where corrections to the model will only be possible for
variables sensitive to these two sources.

Experimenting with forcing error perturbations in ocean models is not
new, of course, even for nested models. To name but a few studies, Echevin
et al. (2000) perturbed the initial conditions while leaving all other forcing
variables untouched; Auclair et al. (2003) examined the effect on a coastal
model of perturbing, in turn, the initial density field, a prominent slope
current in the domain, the wind field and river discharges; Jorda and De Mey
(2010) perturbed the wind and the initial, analytic velocity profile; Kim et al.
(2011) perturbed the winds, the initial conditions and the open boundary
conditions, the last of these by calculating EOF's for the boundary conditions
and, with random amplitudes, superimposing a linear combination of EOF
modes onto them (in fact, the same basic procedure we and others have
used to perturb the wind). The distinguishing feature of the work we are
presenting is thus the use of an ensemble of open boundary conditions. By
defining our open boundary perturbations from a pre-existing parent model
ensemble, we achieve something similar to Kim et al. (2011) as far as the
coastal model error space is concerned, but we gain the ability to compare our
coastal model errors with the parent model errors—in particular, our coastal
model’s error space may be thought of as representing a refinement of the
parent model’s error space. At this point, the problem may be viewed from
two equivalent perspectives: one is that of characterising coastal model errors
by generating a coastal model ensemble, and the other is that of downscaling
errors from a larger-scale (parent) model ensemble. Though philosophically
different, functionally these two paradigms amount to the same thing, as
long as the former is approached like the latter, using an ensemble of open
boundary conditions drawn from the parent model ensemble.

Since the parent ensemble was generated by perturbing solely the wind,
and we further perturb the local winds in the coastal ensemble, it is evident
that the only forcing variable directly perturbed is that of the wind. Thus the
open boundary conditions provided by the parent ensemble can be considered
to be a conduit through which the effects of non-local wind perturbations can
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enter the coastal domain. It may seem limiting to use only one error source
to generate our coastal ensemble, but the implicit assumption underlying
this choice—that the model is perfect and that all the errors come from
the wind forcing—has the advantage that it enables us to concentrate on
understanding the consequences of one source of error. And indeed the wind
turns out to be a good choice, as Vervatis et al. (in review, 2019) found
that perturbing the wind in a regional model (the very same regional model
configuration as the parent model used in this study) had a much greater
effect than the other physical and biogeochemical perturbations they tested.
Being restricted to wind perturbations also allow us to compare like with like
when comparing the parent and child ensembles. To that end, we follow in the
footsteps of other studies where, in those too, only the wind was perturbed
(for example those by Le Hénaff et al. (2009) and Kourafalou et al. (2015)).

There are several ways one might choose to categorise the ensemble error
behaviour, the most obvious being with gross quantities like calculating the
mean ensemble spread over time. But it is informative to look beyond bulk
quantities and see where, as well as by how much, the spread changes. To
address this we subdivide the domain into deep-water, continental shelf and
intermediate zones. We also generate surface and cross-section maps to see
what the error pattern looks like at a given point in time and space, both
at the surface and below the surface. Different variables should be expected
to behave differently, too, and this should also depend on the regime; near
the river mouth we should see strong errors in salinity and temperature, but
sea surface height ought to vary most in deep water where the large eddies
dominate in the signal. We therefore consider these variables separately and
compare them between the parent and child ensembles.

After a brief and general description of the Bay of Biscay (section 2),
and of the regional parent and coastal child models (section 3), we discuss in
some detail how the wind perturbations were calculated and how we used the
open boundary ensemble to generate our ensembles (section 4). The bulk of
the paper is given over to an exploration of these ensembles (section 5). We
treat the surface extensively before diving beneath, showing how surface wind
perturbations can lead to large errors in specific zones under the surface, and
how this is also model-dependent. Because of its highly non-isotropic nature,
the behaviour of the river plume when subjected to wind perturbations holds
its own interest, so we treat this separately (section 5.5) before concluding
with a general discussion.
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2. The Bay of Biscay

We shall present only a very brief summary of the major physical pro-
cesses in the Bay of Biscay, and in particular in the small domain at the
heart of this study. We invite the reader to consult the cited references for
more detail.

The Bay of Biscay is really a gulf situated in the eastern Atlantic Ocean,
with its land boundaries formed by Spain’s northern coast and France’s west-
ern coast. The Bay of Biscay and its bathymetry are shown in figure 1, which
also shows the domain boundaries for the regional parent model used in our
experiments, and the smaller coastal domain. The continental shelf is clearly
visible in the figure. It can be as narrow as about 20 km on Spain’s north-
ern coast near Bilbao, but it broadens greatly as one travels north along
the French coast, and less so westward along the Spanish coast. For our
small coastal domain, shown in figure 2, the important submarine features
are the Gouf de Capbreton, a striking submarine canyon, and the Plateau
des Landes, which is really a gentle slope descending from the shelf into the
abyssal plain. Although the only river directly modelled in our domain is
the Adour, which meets the sea near Bayonne, the Gironde’s plume enters
from the domain’s northern boundary and is a major source of fresh, cool
water along the coast. The discharge from both rivers is significantly cooler
than the water in the Bay, so the river plumes can be identified from the sea
surface temperature maps, a fact we exploit in this study.

Even though our model domain covers only a small corner of the Bay of
Biscay, an array of different physical processes may be found therein. There
are the river plumes of cooler, fresh water, which are an important part of
the dynamics over the shelf; the river discharge is greatest during the win-
ter months (Puillat et al., 2006). An intermittent along-shore current, the
Iberian Poleward Current, extends along the Spanish coast in late Autumn
and Winter, and occasionally follows the slope as it turns northward (Ru-
bio et al., 2013; Kersalé et al., 2016). This current is also associated with
mesoscale, anticyclonic slope-water eddies (SWODDIES), which are provoked
by bathymetric features such as undersea canyons, which interrupt the cur-
rent’s flow and send jets of slope water into deep water regions (Pingree and
Le Cann, 1992).

Of particular interest for this study, the Plateau des Landes plays host to
some intense mesoscale activity, with cyclones and anti-cyclones of between
50 and 80 km diameter (Le Cann and Serpette, 2009; Solabarrieta et al.,
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2014). Beneath the surface, incursion of water masses such as the Mediter-
ranean Intermediate Water can lead to strong and deep sub-surface gradients
in temperature and salinity (van Aken, 2000).

The barotropic tidal amplitudes in the Bay of Biscay can be extremely
large, over 1.5 m in some places over the shelf, dominated by the semi-diurnal
lunar tide (M2) (Le Cann, 1990). As the tidal current crosses the shelf break,
quite complex baroclinic flows and internal tides can be generated, some of
whose energy dissipates by adding to the vertical mixing (Pairaud et al.,
2010). In our model domain, because the shelf is narrower, the tidal currents

are not as strong as they are further north (Le Cann, 1990; Toublanc et al.,
2018).

3. The ocean circulation models and their configurations

Before we discuss ensemble generation, we shall say a few words about
the models themselves. We give only brief descriptions of them here as
they have been more thoroughly described elsewhere. We refer to the high-
resolution coastal model as the “child”, or coastal, model and the regional
model supplying the open boundary conditions as the “parent”.

The parent ensemble is the free ensemble produced by Vervatis et al.
(2016) and described fully in their paper. It was generated with the NEMO
model (Madec and the NEMO team, 2008) on a 1/36° grid on a domain
encompassing the Bay of Biscay and the western part of the English Channel.
This configuration, named BISCAY36, was based on that of Maraldi et al.
(2013).

The coastal model is Symphonie, which is described in a series of papers
by Marsaleix et al. (2006, 2008, 2009a, 2011, 2012); Estournel et al. (2005,
2009) and Pairaud et al. (2008). Over the last decade, the Symphonie model
has been used in several different configurations to model the Bay of Bis-
cay: see the studies of Pairaud et al. (2008) and Pairaud et al. (2010) for
the barotropic and internal tides; Le Hénaff et al. (2009) for the general cir-
culation; Herbert et al. (2011) on the Iberian Poleward Current along the
northern Spanish coasts; Herbert (2012) for the surface circulation response
to storm Klaus in January 2009 and, recently, Toublanc et al. (2018) for the
impact of tides on the open-boundary conditions. These studies have shown
that Symphonie was able to simulate the main circulation patterns in the
Bay of Biscay from daily to seasonal time scales.
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The domain, whose limits can be seen in the bathymetry plots in fig-
ure 2, is much smaller than the parent model’s—it forms a box over the
southeastern corner of the Bay of Biscay extending northward up to just
beneath Arcachon on France’s southwest coast, and westward ending a lit-
tle before Santander on Spain’s northern coast (figure 1). The resolution
is set to 500 m between grid points in both horizontal directions, a sub-
stantial improvement over the parent model’s roughly 2.5 km resolution.
This enables it to better resolve mesoscale eddies perhaps even allowing
the resolution of sub-mesoscale eddies fronts and river plumes. The model
bathymetries are different, too: for the coastal model we used a new, high-
resolution bathymetry (Lyard, 2015), shown in figure 2. While the parent
model defines depth with z values, the coastal model uses o layers. We refer
to the specific configuration of the Symphonie model in this high-resolution
coastal domain as BOBLAND.

The meteorological fields for both model configurations are the 3-hourly
operational analyses from the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) high-resolution model, and are thus identical for the
parent’s and child’s unperturbed runs.

The child model is not two-way nested in the parent model, but rather
uses an independent run of the parent model to define its open boundary
conditions (that is, “offline”). The method for handling the open boundaries
is clearly of consequence for this study, but we defer this to the discussion
on downscaling in section 4.2.2.

A summary of some of the features and configuration parameters for both
models is given in table 1.

In this paper we perform sensitivity studies, so we have not sought to
verify in detail the realism of the model beyond what these prior studies
have done. We nevertheless thought it prudent to check that our results
were in line with observations. Unfortunately, very few observations were
available to us for our period of study in our domain. We have used the L3S
daily satellite SST fields (Orain, 2016) but the coverage is very poor due to
the frequently cloudy conditions in the Bay of Biscay in winter. Comparisons
of the unperturbed runs for both the parent and child with those days with
good coverage showed few differences of more than half a degree Celsius.
We have also checked that our results are qualitatively consistent with the
information found in the literature. For instance, the observations of SST
and HF radar presented by Solabarrieta et al. (2014) show a large eddy
similar to the one that persists throughout the study period. While the size
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and location of the eddy are consistent between the coastal model and the
data, the parent model’s eddy properties seem less realistic. Also, we found
that the SST gradient over the eastern shelf and at the edge of the Adour’s
plume was in good agreement with Solabarrieta et al.’s 2014 observations;
along the Spanish shelf it was however too warm, maybe because of a local
recirculation (not shown).

4. Ensemble generation

One of our main assumptions is that the model errors result principally
from errors in the forcing variables. If we know the distribution of these
errors, or we can guess at it, we can generate an ensemble of perturbed
forcing variables which follow it. If we then apply this ensemble of perturbed
forcings to the model we can generate an ensemble of model realisations,
each member corresponding to a particular forcing perturbation. This model
ensemble can then provide a useful estimate of the model error covariances.
Strictly speaking, of course, the estimate is only of the subspace of error
covariances related to the forcing variables we perturb, but if these forcing
variables dominate the others then this is adequate. In this study, where
our focus is on downscaling an ocean circulation model, we only directly
perturb the winds and the open boundary conditions, although these latter
are themselves generated from perturbations to the parent model’s winds.
Vervatis et al. (in review, 2019) found that the wind was, and by quite some
way, the most important source of error among those that they tested.

We describe in turn the procedure for perturbing the wind locally and
how we utilised the ensemble of open boundary conditions.

4.1. The wind perturbations

We followed Auclair et al. (2003) and Le Hénaff et al.’s 2009 method for
perturbing the wind field, which is also the method used by Vervatis et al.
(2016). Our basic assumption is that the uncertainties in the ECMWF wind
fields have the same spatial and temporal structure as the wind variabil-
ity. Consequently, the perturbations are built from the empirical orthogonal
functions (EOFs) of the ECMWEF wind fields in the BOBLAND domain over
the period desired—for this study, this is December 2011 to March 2012.

Let U be the matrix containing both zonal and meridional wind velocities.
It may be decomposed into its temporal mean and an anomaly matrix,

U=U+U. (1)
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Now for a matrix U’ containing both zonal and meridional wind anomalies,
and of dimension k x [ where £ and [ are the temporal and spatial dimensions
respectively, we may perform a singular value decomposition giving us the
expression

U’ = XAY", (2)

where X € R¥J and Y € R™ are composed of orthogonal vectors and
A € R¥ is diagonal, whose non-zero elements o; are the singular values of
U’. The dimension j corresponds to the number of modes, of which only
the first few are computed, using the method described by Toumazou and
Cretaux (2001). To decide how many to keep, we can use the singular values
from A to determine what percentage P; of the total variance each mode j

represents:

0.2

j

Fi=me (3)
where Tr indicates that the trace of the matrix is taken. For our EOFs
the first two modes explained ~64% and ~29% of the variance respectively,
and there was a steep drop to the third mode at only a little more than
2%, after which the percentage for subsequent modes fell gradually. Figure
3 shows the temporal standard deviation of the first five modes, where the
dominance of the first zonal and second meridional modes is made clear,
as is the much weaker contribution from higher-order modes. We therefore
decided to keep only these first two modes, together explaining about 93%
of the total variance.

The EOF modes may be recombined with random numbers ¢; ;, one for
each ensemble member 7 and each spatial mode j, to produce a wind per-
turbation which is added to the original wind field. Following Lucas et al.
(2008), we choose the random numbers from a Gaussian distribution, in pairs
of positive and negative numbers of the same absolute value. The probability
density function is then

1 &2
p(E) = \/We 2% (4)

where s is the standard deviation. The perturbation can be expressed as

2
U; =) a0y, (5)

J=1
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and the wind field for ensemble member ¢ is then given by

If our ocean model were linear, the pairs of Gaussian random numbers would
guarantee that the ensemble of simultions be Gaussian with zero mean. Fol-
lowing Vervatis et al. (2016), we assume an error standard deviation of s = 0.3
for equation (4), reflecting a presumed observational error of 30% for the
wind. (It’s worth mentioning that Le Hénaff et al. (2009) assumed an error
of 0.2, but chose the value of 0.3 to deliberately inflate the ensemble disper-
sion. Since there are many other sources of error we have not perturbed,
and noting that our ensembles are not especially long either, we feel that the
choice is reasonable for our configuration, whatever the real error value.)

To prevent the wind perturbations from being correlated between mem-
bers, the random numbers must be replaced by a new set generated with
the same Gaussian and pairing criteria, and uncorrelated with previous sets.
All the same, the rate at which we change them should not be too high,
otherwise coherent weather patterns would not have enough time to develop.
Vervatis et al. (2016) and Le Hénaff et al. (2009) chose to update the random
numbers every five days. Their choice also corresponded to the decorrelation
time of the wind EOFs. Although their EOFs are on a much larger spatial
scale than ours, ultimately it is still an arbitrary decision, so we did not seek
to replicate this methodology for our reduced domain, preferring instead to
follow their example and use five days as well. To avoid shocks when up-
dating from one set of random numbers to the next we linearly interpolated
them in time, ensuring a smooth evolution from one perturbation to the next
for all times.

4.2. An ensemble of open boundary conditions

4.2.1. Generating the parent ensemble

Downscaling a regional model to a high resolution coastal model implies
using the regional, parent model to prescribe the open boundary conditions
for the coastal, child model. In our study we want to take this a step further:
we want to downscale a regional model ensemble, so for each member of our
coastal ensemble we use a different member of the parent ensemble to force
the open boundaries. From the point of view of the coastal ensemble, this
is equivalent to saying that its open boundaries are being perturbed. Other
ways of perturbing them could be envisaged, such as the methods tested by

10
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Jorda and De Mey (2010), but by using the parent ensemble we maintain the
dual paradigm of ensemble downscaling and—equivalently—perturbation of
the open boundary conditions. For the case where we perturb the winds
locally as well, this adds extra degrees of freedom to our ensemble.

Our parent ensemble is the regional free ensemble described by Vervatis
et al. (2016), generated, as we have said, by perturbing the ECMWEF winds
using the same EOF method we have just presented. However, their EOFs
were calculated over the whole BISCAY36 domain, for a different period from
ours and from daily averages of the wind fields as opposed to the 3-hourly
fields we used. The temporal standard deviations of the first five of their
EOF modes for the BISCAY36 configuration are shown in figure 4, where the
view has been restricted to the BOBLAND domain. If we compare them to the
EOFs we calculated for the BOBLAND configuration, shown in figure 3, we see
that although both EOFs are dominated by the first zonal mode, thereafter
they are markedly dissimilar. The BOBLAND EOFs were calculated only over
the BOBLAND domain, so we see a slightly more complex structure, and the
second meridional mode is stronger relative to its neighbouring modes—first
meridional and second zonal—than in BISCAY36. Vervatis et al. (2016) kept
the first six EOF modes to generate their wind perturbations, but even by
only keeping the first two modes in BOBLAND we might expect stronger and
more varied wind perturbations, both because of the stronger first zonal and
second meridional modes, and because of the more structured second zonal
and first meridional modes. We test this hypothesis in section 5.3.3.

There are two other differences between the way we and Vervatis et al.
(2016) handled the time-dependent component of the perturbations. Firstly,
they didn’t use every index from the EOF time series like we did, but instead
every fifth one, interpolating them the same way as the random numbers.
Secondly, when we started the ensemble runs we set the first random number
to zero for all members, so that the first perturbation would ramp up from
zero. The omission of this step created a spike in the parent ensemble’s
spread (discussed in section 5.3.1).

4.2.2. The downscaling method

Some thought was needed about the manner in and the extent to which
the regional model should influence the coastal model. The regional model’s
fields were provided as daily averages, where the mean was taken over 25
instantaneous fields spaced an hour apart. The fields used to force the open
boundaries of the child model are temperature, velocity, and sea surface

11
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height. The “25-hour” averaging for the parent ensemble’s fields does a fairly
good job of removing the tides from the sea surface height and velocity fields,
but some signals are still present, principally an artefact due to aliasing. This
artefact has a period of around 14 to 15 days, with an amplitude of about
a couple of centimetres in deeper water. It acts as a forcing on the coastal
model, producing likewise a signal with a fortnightly oscillation of up to about
4 cm over the shelf or 2 cm in deep water. A more thorough discussion of
the problems associated with the way these open boundary conditions have
been averaged was presented by Toublanc et al. (2018), though the context
is that of a much larger scale coastal model.

The boundary condition in the Symphonie model is of the radiative
Flather type. (For a complete description on the way Symphonie handles
its open boundary conditions, we refer the reader to Marsaleix et al. (2006)
and Marsaleix et al. (2009b).) We use a nudging layer of 30 grid points for
the main experiments, corresponding to 15 km in the BOBLAND configura-
tion. At the boundary the nudging time scales are at 7 = 0.1 days for the
barotropic velocity and 7 = 1 day for the baroclinic velocity. Marchesiello
et al. (2001) applied a cosine half-period to reduce these values to zero, which
is the method Symphonie uses, to wit,

—d
Z(1—(:087TSL >, for d < sp,
2 SL,

0, for d > sp,

(7)

where 7, is the reduced nudging time scale at distance d from the domain
boundary, for a nudging layer of width s, .

We also considered using a narrower nudging layer of only 10 grid points
before settling on 30. Comparing unperturbed model runs of both nudging
layer widths with sea surface temperature data, we were unable to discern
much difference between the two. However, a wider nudging layer could serve
to constrain the coastal ensemble spread: for example if the nudging layer is
too wide, the boundary conditions will impose themselves to the detriment of
any other perturbed dynamics. On the other hand, a wider nudging layer, we
reasoned, should cause the open boundary conditions to have more influence
further into the domain. For our application this may have benefits, since
it means, all other things being equal, that the coastal model ensemble will
capture more of the parent ensemble’s spread. This was desirable too in
subsequent work, where we we wished to preserve the large scale circulation
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of the parent model while assimilating data at the same time (to be presented
in a future paper). Thus the wider nudging layer was preferred, although in
the sections that follow we discuss the impact of the nudging layer width on
the ensemble where pertinent.

5. Ensemble behaviour and statistics

5.1. Introducing the ensembles

We generated several ensembles in the BOBLAND configuration, whose
defining characteristics are summarised in table 2. Each one consists of 50
members, from which the unperturbed run is excluded. Of these ensembles,
we concentrate on three, plus the parent ensemble, with the others used
mostly to answer specific questions raised by the first three and to test some
of our assumptions. The four principal ensembles on which the bulk of our
analysis is based are the parent, WIND, OBC (Open Boundary Condition)
and WINDXOBC ensembles, the names corresponding to the forcing being
perturbed. For WIND X OBC the two types of perturbations are applied at the
same time. When we perturb only the wind we use the same unperturbed
open boundary conditions for all members, and likewise when we perturb
only the open boundary conditions we use the same unperturbed winds for
all members. The coastal ensemble runs begin after a model spinup, starting
on September 12, 2011 and ending on November 30. At this date all of the
ensemble members are identical and have the exact same open boundary
conditions and winds as the unperturbed run, and they diverge from then
on.

In what follows, all ensemble statistics were computed over the 50-member
ensemble of perturbed runs (excluding the unperturbed member). To better
represent and compare the ensemble statistics of each ensemble proper, with-
out contamination from the parent ensemble in the nudging layer, the spatial
averages exclude points which would fall inside the 30-point nudging layer of
the BOBLAND domain. Similarly, to compare our ensembles with the parent
ensemble, statistics for the parent were only computed over the BOBLAND
domain, again excluding points which fall inside the nudging layer.

The statistical quantity which primarily interests us is the ensemble vari-
ance, or equivalently the ensemble standard deviation (which is also referred
to in this paper and in the literature as the ensemble spread). This tells
us to what extent the perturbations have led the ensemble to diverge, and
may be interpreted as a measure of the error in the model resulting from
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an imperfectly known forcing. (This is of particular significance in a data
assimilation context: we may think of it of as indicative of how amenable the
model is to correction by data assimilation, since the more error there is in
the model then the more weight the observations will carry in the analysis
for any given observational error.)

We follow Vervatis et al. (2016) in treating the first month of the ensem-
bles (i.e. December) as an “ensemble spin-up” period, where the ensemble
members have still not diverged enough to give useful statistics. We hence
exclude the first month of our ensembles from the temporal moments we ex-
amine later in this paper, but it can still be useful to look in here: one reason
is that it shows how the ensemble spread grows as the model perturbations
take effect. But there are also some dynamics which only, or mostly, occurred
in this period.

5.2. Quantifying the interaction with tides

Exploring the model error subspace will guide us in future choices for data
assimilation experiments. In particular, when dealing with SSH observations
(such as altimetric data), the question arises whether the tidal signal should
be assimilated together with the residual circulation. We therefore need to
understand if the tidal dynamics are represented in the model error subspace.
Indeed, tides influence and are influenced by the circulation, so perturbations
on wind and open boundary conditions could in principle perturb tides. Here
we seek to quantify the effect of the perturbations on the tidal elevation
signals. To do this we need to remove the tidal signal from the elevation. For
accuracy we run a harmonic analysis on the surface elevation, which requires
a time series with a high sampling rate. The analyses are therefore done at
a few representative locations where we recorded these high-frequency time
series with a sampling rate of 23/15.5”; they are marked in figure 2.

We can estimate the effect of the perturbations on the tides by calculating
the ratio of the ensemble spread of the tidal signal, to the ensemble spread
of the residual circulation. For elevation 7, this may be expressed as

td (n — 7/
std (1)
where the prime indicates detiding by harmonic analysis. Figure 5 shows

this ratio for each of the ten locations marked in figure 2. The highest
value is about 0.16 for a point on the shelf, but most of the time the values
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are closer to 0.05, only breaking the 0.1 threshold on a few occasions. For
points over deep water, the ratios are even smaller. One sixth is not a
completely insignificant contribution to the ensemble spread, but it is an
absolute maximum, and other high values only occur occasionally and over
the shelf. Consequently, we consider that the perturbations’ effect on tidal
elevations is weak enough when compared with the residual circulation that
it can be neglected. Thus in the following sections we consider only the
modification of the residual circulation, using detided daily fields of SSH,
where the detiding is done online by subtracting the tidal forcing from the
model output fields before computing the daily average.

5.3. Ensemble spread of surface variables

Since it is at the surface that our forcing perturbations are generated
(bearing in mind that the parent ensemble was generated by wind pertur-
bations too), so it is that we begin our examination of the ensembles at the
surface too.

5.3.1. Time series of the spatial mean spread

Figures 6 and 7 show time series for the spatial mean of the ensemble
spread of sea surface height (SSH) and sea surface temperature (SST) re-
spectively. We shall focus initially on the top-left plot in these figures, in
which the spatial means are taken across the whole of the BOBLAND domain.
For the moment we discuss only the four principal ensembles: the WIND,
OBC, WIND XOBC and parent ensembles, all drawn in black.

We first address the most prominent feature of the SSH curves. Except
for the WIND ensemble, there is an extremely high spike in the spread at the
beginning of the time series. This is related to the manner in which the parent
model’s wind perturbations were abruptly introduced. The subsequent spikes
are, on the contrary, not artefacts but are related to a strong, synchronous
sea surface height change from the parent model, which is accentuated on the
shelf. The SSH curves for the WIND ensemble show no such spikes as this was
the only ensemble not to use the parent ensemble for its open boundaries.
Because we treat this first month as a spin-up, the anomalous initial spike is
excluded from any temporal statistical calculations we make.

If we examine the full time series, we see that the OBC and WINDXOBC
ensembles have a greater overall spread in SSH than the parent ensemble, a
trend which is largely inverted for the SST. Meanwhile, the WIND ensemble
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almost always has the least spread of all the ensembles, except for SST dur-
ing the ensemble spin-up phase. This is because so much of the SST spread
is generated by the cold river plume over the shelf, and during the ensem-
ble spin-up the parent ensemble’s perturbations have not had the time to
propagate from the open boundaries to the near-coast, leaving the interior
initially unaffected unless the coastal ensemble’s winds are perturbed. In a
similar fashion, the parent ensemble’s spread is initially lower than the wiND
ensemble’s until non-local perturbations have had time to reach the shelf.

That the SST and SSH should respond differently to the forcing perturba-
tions is not in itself remarkable (we discuss it further below), however it may
seem surprising at first that the parent ensemble, in which only the winds are
perturbed, should have a greater spread in SST than the higher-resolution
WIND XOBC ensemble, where the perturbations from the boundary are su-
perposed on the wind perturbations. There are several mechanisms that
might contribute to this. Firstly, the high-resolution coastal model is able to
produce a more complex velocity field, with more coherent eddies at smaller
scales. Even if the SSH fields are more distinct from member to member, this
could result in more horizontal diffusion of scalars like temperature, leading
the ensemble members to look more alike in those variables. But there is
more to it than that, because it also depends on how sub-grid scale diffu-
sion is handled in each model. Even though the tracer diffusion scheme is the
same for both models, the momentum diffusion is different, and the numerical
diffusion, resolution, time step and other features, which are specific to each
model, will influence horizontal diffusion. Because the differences between
the models run so deep, a thorough comparison is impractical. A simple
test would be to see the effect of increasing horizontal diffusion of tracers
in the coastal model alone, which we did by doubling it. The result partly
confirmed our hypothesis about diffusion and spread, in that the ensemble
spread decreased as horizontal diffusion increased. However, increasing the
horizontal diffusion parameter also lead to more diffusion of the velocity field,
in turn reducing the SSH spread. This implies that scalar diffusion cannot
be the sole mechanism responsible for the inverted spread behaviour.

To further get a sense of the relationship between the complexity of the
eddy field and horizontal diffusion, we looked at time series of spatial stan-
dard deviations for scalars and SSH. Calculating the temporal correlation
coefficients of these time series for the unperturbed member of both parent
and child model configurations was inconclusive, however: they do turn out
to be negative, but they are very weak, with absolute values less than 0.3 (ex-
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cept for SST with SSH for the parent model, whose value is -0.59). Despite
the inconclusiveness of these findings, and the equivocal role that diffusion
appears to play in the different behaviour of the parent and child, in the fol-
lowing section we examine evidence suggesting that indeed the parent model
diffuses tracers rather less quickly than the coastal model.

The second reason for the inverted response of the SSH and SST spreads
in the two models has to do with the way we prescribe the open boundary
conditions themselves, which is as daily means. These are interpolated by
the coastal model for the current time step, but higher frequency information
is irretrievably lost. The coastal ensemble is thus being constrained into
a lower frequency error space than the parent ensemble by means of the
lower frequency forcing at the open boundaries. This latter explanation
leads to a contradiction, for the loss of high frequency information should
lead to a reduction in spread of all variables, yet it doesn’t. We refer back
to the first reason to explain this discrepancy: the coastal model’s higher
resolution and therefore greater ability to resolve eddies. The more defined
eddies are stronger and more localised in space, so their displacement must
impose a more marked difference between ensemble members than the weakly
resolved eddies of the regional model. This justifies the ensemble downscaling
paradigm, since despite the mechanism by which we may expect the ensemble
spread to be reduced—the loss of information at the open boundaries—the
spread of SSH nonetheless increases.

Finally, a big contributor to the reversed trend of SSH and SST spreads
appears to be directly attributable to the Adour’s plume, which we consider
in the next section.

5.3.2. Subdividing the domain

In a previous ensemble study at the basin scale with the Symphonie
model, Kourafalou et al. (2015) emphasised the existence of distinct regimes
of model error over the shelf and in deep water. To find out how these regimes
differed in our ensembles we divided the BOBLAND domain into three sub-
domains according to depth. The subdivisions are as follows: deep water,
which we define as more than a thousand metres depth, and which encom-
passes the abyssal plain and much of the gently sloping Landes Plateau (top
right plots in the figures); an intermediate region where depths vary between
a thousand metres and 150 metres, which we may associate with the con-
tinental slope (bottom left plots); and the continental shelf with depths up
to 150 metres (bottom right plots). These regions are defined based on the
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smoothed bathymetries seen by the respective models, which although not
precisely the same as each other are close enough (as illustrated in figure 2).
Time series of the spatial means of ensemble spread for each subdivision are
shown in the remaining plots in figures 6 and 7.

The SST spread is greatest over the shallow waters of the shelf, where the
river plumes are still coherent and can create very big and sharp differences
in SST. By contrast, the SSH spread is smaller here, and greater in deep
water, where large, spatially coherent eddies and steric effects from a deeper
water column have more influence. But there are some peaks in SSH spread
over the shelf for all ensembles except for the WIND ensemble. These peaks
are driven by wind-related processes in the parent model, and are discussed
by Vervatis et al. (2016). They manifest as large, synchronous increases in
the SSH everywhere, but especially over the shelf.

The SSH spread over the slope is most of the time somewhere in between
the shelf’s and the deep water’s. The SST shows something different, though.
From mid-February, the spread of all the ensembles is lower here than over
either the shelf or the abyssal plain. Meanwhile, at the end of December, and
from mid-January through to mid-February, the parent ensemble’s spread is
far greater over the slope than that of the coastal ensembles. The great dif-
ference between the ensembles may be explained by looking at the surface
maps in figure 8, where we see that the parent model produces a more spa-
tially coherent river plume, and during those periods of large spread in the
parent ensemble it extends out some distance from the coast, being entrained
by the deep-water eddies. The coastal model diffuses the plume earlier, so
it does not extend as far out. Naturally, the further out the plume remains
undiffused, the more it can be deviated by the circulation, and the higher
the overall spread will be there than if it stayed near the coast and diffused
quickly. From mid-February, the plume doesn’t extend as far out, with the
cooler river water tending to hug the coast, where the spread remains quite
large. The mesoscale eddies are the other major source of ensemble spread
at the surface, but, as is hinted in the SST maps and becomes clear when
looking at the SSH, these circulate mainly in deep water and do not greatly
influence what is happening over the slope. The slope is, in a sense, situated
in between two highly active regimes, insofar as SST spread goes.

This leaves us again to consider the greater spread in SST of the parent
ensemble compared with the child ensembles. Looking again at the surface
maps for SST and SSH in figure 8, we can see that coinciding with the large
eddy’s centre (high SSH) are higher temperatures. These temperatures are
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not only higher for the parent model, but the gradient is also steeper; in
other words, while the parent model’s eddy has a less distinct signature in
SSH than the coastal model, it has a conversely more distinct signature in
SST. This distinct signature naturally leads to a higher spread in SST for
the parent ensemble, and once more suggests that the parent model diffuses
tracers more weakly than the coastal model.

We also produced plots for the sea surface salinity (SSS) but they do
not add much to the argument, so we do not present them. The two salient
points are these: the pattern of the SSS spread follows quite closely that of
the SST, including the enhanced spread in the parent model over the slope;
and the spread of the SSS is reduced by an order of magnitude in deep water.
The former observation is easily explained since both tracers are controlled
by fairly similar mechanisms: the river plumes on the shelf and the eddies
over the abyssal plain. The latter is simply because, unlike the temperature,
the biggest source for changes in salinity is the fresh water discharge from
rivers, which is most pronounced near the coast.

5.3.3. Experimenting with the wind perturbation

The manner in which we perturbed the winds involved some choices based
more on convention than on physical law. To determine how much these
choices influenced the results we generated a few extra ensembles, described
in table 2. Note that for want of computer resources these experiments were
only performed for part of the period under examination, some not exceeding
the ensemble spin-up period. The spatial means of SST and SSH spread for
these ensembles are shown in figures 6 and 7 along with the four principal
ensembles.

It should be expected that increasing the wind perturbations should lead
to greater ensemble spread in response. The ensemble s05 bears out this
intuitive hypothesis. It is the exact same configuration as for our WIND en-
semble, with the same distribution of random numbers ¢; ; used to construct
the wind perturbations (equations (4) and (5)), except with a higher error
standard deviation of s = 0.5, instead of 0.3. The conclusion holds true for
both the SSH and SST and all subdivisions of the domain, although near the
end of the ensemble spin-up period the difference is sometimes very small.

In section 4.2, we discussed how our EOFs were calculated over a smaller
domain and a shorter time period than those of Vervatis et al. (2016), and
that we kept only the first two modes. The smaller domain could serve to
increase the structural detail for the same number of modes by virtue of
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excluding contributions from outside the domain, but the shorter time frame
could have the opposite effect because it doesn’t capture long-term changes;
similarly, restricting ourselves to only two modes precludes some of the small-
scale structure. The two sets of EOF's are, in short, not directly comparable.
This prompted two questions: firstly, what do we lose by only keeping the
first two modes, and secondly, what if we were to use exactly the same
wind perturbations as those which generated the parent ensemble? For the
second question, one intriguing possibility is that for any particular member,
the open boundary conditions would set up an ocean circulation pattern
in the child model which could be reinforced by matching winds—a kind of
resonance effect which would maintain a larger spread. Or, looked at another
way, if we used different wind perturbations than those used to generate the
parent ensemble, those perturbations might dampen the differences generated
by the ensemble of open boundary conditions.

To answer the first question we generated the EOF10 ensemble, which is
the same as our WIND ensemble except that we kept the first ten EOF modes
instead of only the first two. To be consistent, the random numbers associ-
ated with the first two modes are the same. Keeping ten modes instead of
two means that the total variance explained rises from ~92.73% to ~98.97%.
The result is that, while the ensemble spread is enlarged in places, notably
for the SSH in deep water in January, most of the time it is about the same
as when only two modes are kept, and quite often it decreases. It seems
that by adding the extra complexity to the wind perturbations we are can-
celling out some of the variations we might otherwise produce. The higher
order modes might just be adding statistical noise which doesn’t represent
the spatial pattern of the wind uncertainties, eventually leading to a decrease
in spread.

With the ensemble EOF||OBC we tested the second question by using
the same wind perturbations that Vervatis et al. (2016) applied to generate
the parent ensemble. We ensured for each member in the coastal ensemble
that we matched its wind perturbations to the corresponding parent mem-
ber which provided its open boundary conditions. Though the difference is
small, the spread for this configuration is actually lower than that produced
by our newly generated EOFs in the WINDXOBC ensemble. We generated
another ensemble, EOFBISC, to measure the strength of these perturbations.
This ensemble uses the same wind perturbations as EOF||0BC but like the
WIND ensemble keeps the unperturbed open boundaries for all members. The
spread in SST is also almost always less than for the WIND ensemble, but
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the spread in SSH increases from the end of the ensemble spin-up period.
This somewhat contradictory result demonstrates the difficulty in drawing
general conclusions from these experiments—clearly a different set of EOF's
will lead to a different set of wind perturbations which may be more or less
successful at perturbing the ocean circulation model at different times.

As a final test, we configured yet another ensemble using the wind per-
turbations from the parent ensemble. The EOF_LOBC ensemble was config-
ured the same as EOF||OBC except that the wind perturbations are no longer
matched with the open boundary conditions from the equivalent member
from the parent model. Instead, we forced each member’s wind perturbation
with the open boundary conditions from the member number two beneath it,
effectively randomising them. The spread is higher than that of EOF||0BC for
the whole period simulated, though still lower than that of the WINDxOBC
ensemble. If anything, we must conclude that any resonance effect, should it
exist, must be small, and that further perturbations (in this case generated
by simply dissociating the perturbations from the open boundary conditions)
can be expected to generate a greater spread rather than a lower one.

There are an infinite number of ways of generating perturbations, so we
needed to make some choices. We made them based on the simple physical
and intuitive assumption of generating wind uncertainties with a variability
comparable to that of the wind itself. Despite other interesting questions,
perhaps the most significant result for us from this series of experiments is
that small variations to this method do not significantly change the pattern
of model sensitivity, and hence do not change our conclusions.

5.3.4. Ezxperimenting with the nudging layer width

A wider nudging layer ought to increase the influence of the parent model
on the child model, preserving more of its behaviour in the downscaled sys-
tem. But for an ensemble we expect the dynamics to be less impacted by the
local perturbations (the wind, here). To learn something about the way the
nudging layer width affects the ensemble spread we prepared three ensembles
with a 10-point nudging layer instead of 30; these are WIND-NL10, OBC-NL10
and WIND X OBC-NL10. The narrower nudging layer was imposed after the en-
semble spinup period, so the ensemble statistics are directly comparable with
the other experiments. The time series of the ensemble spreads are shown in
figures 6 and 7. Changing the nudging layer width has several repercussions,
so we shall take the variables one at a time, starting with the SSH ensem-
ble spreads. Overall, except for the first few days over the shelf and slope
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where the SSH is controlled mainly by non-local effects (the domain-wide,
synchronous oscillations previously mentioned), the narrower nudging layer
leads to greater spread for all three coastal ensembles. This is true even for
the OBC run, despite there being no wind perturbations, doubtless a result
of the greater freedom for the eddy dynamics. The WIND ensemble’s spread
sees the greatest relative increase from this modification, especially over the
shelf and slope, where it even exceeds all the other ensembles for a few days
in mid-March. The OBC and WIND XOBC ensembles react in a more compli-
cated way, with the former’s ensemble spread exceeding the latter’s in deep
water for most of the 3-month period. The reason for this isn’t clear, but one
possibility might be that the 5-day interval between random numbers (which
sets up the time correlation of the wind perturbations) is insufficient, leading
the wind perturbations to erode rather than strengthen the eddies. Over
the slope and shelf, where local effects are more important, the WIND X OBC
ensemble retains its supremacy.

For the SST things are again quite different. The WIND ensemble’s spread
is almost unchanged over the shelf, sometimes slightly lower, but in deep
water it is higher everywhere with the narrower nudging layer. Here too,
the reduced influence of the parent model allows the wind perturbations
freer reign to spread the ensemble. But the OBC and WINDxOBC ensemble
spreads are often weaker with the narrower nudging layer. Again, why this
should be the case is not entirely clear, but one possibility is that while the
WIND ensemble is less constrained by the parent model’s unperturbed run,
the other ensembles rely on the ensemble of open boundary conditions to
generate their ensemble spread. Why this should have the opposite effect
for SSH and SST may be explained by higher scalar diffusion in the coastal
model as discussed in sections 5.3.1 and 5.3.2. With already smaller spread
in SST because of the narrower nudging layer, the homogenisation of the
ensemble’s SST fields by the eddies might be more readily achieved.

These nudging layer experiments reinforce our observations from sections
5.3.1 and 5.3.2, that increasing SSH spread often comes at the cost of reducing
the spread in SST. This is a trade-off which will have consequences for data
assimilation schemes.

5.8.5. The spatial structure of the ensemble spread of surface variables

The plots in figures 6 and 7 give us useful mean quantities but to really
understand how the perturbations affect the circulation it helps to look at
some surface maps. Shown in figure 9 are, for the four principal ensembles,
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the time means of SSH ensemble spread for the three months following the
ensemble spin-up phase. This compacted view of the ensembles over the
period summarises their behaviour and major differences:

1. In all the ensembles the greatest contributor to the spread in SSH is
from the mesoscale eddies. This follows from observing that the region
where SSH ensemble spread is concentrated is also where the eddies are
present.

2. These eddies are concentrated in deep water, with the continental slope
(represented by the 200 m isobath) neatly circumscribing their range.

3. The wWIND ensemble has the smallest spread, though in a concentrated
area in the middle of the domain its ensemble spread is greater than
that of the parent ensemble.

4. Over the shelf and at the domain’s edge the WIND ensemble has the
lowest spread. For the other ensembles, non-local processes contribute
to the spread in these areas while the WIND ensemble is limited by only
having one set of open boundary conditions.

5. The OBC and WIND X OBC ensembles are very similar—non-local errors
dominate.

6. The ensemble spread of SSH is concentrated in the centre of the domain
of the child ensembles, a feature not shared by the parent ensemble.
One reason for this is the higher spatial coherence of the mesoscale
eddies than in the parent model. Another possibility is that the eddies
might be trapped in the coastal model’s domain.

What this view doesn’t show is the pronounced ensemble spread, seen as
peaks in the time series in figure 6, which results from the domain-wide pul-
sations generated in the parent model. It also doesn’t show the comparable
spread of the WIND ensemble to the others early in the period, before it
falls off from mid-January. This is clearly visible in the downward trend of
the WIND ensemble’s deep-water SSH spread (the top-right graph in figure
6). It’s an almost suspiciously smooth signal, but it seems to be a product
of a particularity of the unperturbed run of the parent model (recall that
all members of the WIND ensemble are forced at the open boundaries by
the parent’s unperturbed run). The large mesoscale eddy in that simulation
shifts towards the northern and western boundaries of the BOBLAND domain
during the simulation period. Being closer to the boundary means that it is
more likely to be controlled by the prescribed open boundary conditions and
is more resilient to being displaced by the wind.
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This behaviour is echoed in the ensemble means and spreads of the surface
velocity fields in figures 10 and 11, respectively for the 20th of January and
the 19th of February (representing the beginning and end of the downward
trend in SSH spread). Comparing the two we see that the WIND ensemble’s
spread on the 20th of January is greater than a month later, and this reduc-
tion in ensemble spread manifests as a more spatially coherent eddy signal
in the ensemble mean for the WIND ensemble in the February plot.

To lend support to this hypothesis we can compare with runs where we
reduced the nudging layer from 30 points to 10 points (figure 6, black and
green dashed curves respectively). Sure enough, the effect of the wind pertur-
bations on the SSH in this ensemble is less constrained by the open boundary
conditions and the overall ensemble spread is higher. It still falls in February,
but by proportionally less, and the recovery in March is stronger. Figure 12
shows surface maps for individual ensemble members for the 9th of March
for the WIND and WIND-NL10 ensembles, where the latter is identical to the
former except with the narrower 10-point nudging layer. By gathering all
the member plots into one figure we are able to rapidly make a qualitative
comparison (ignoring fine details) of the two ensembles. With the 30-point
nudging layer, the large eddy barely changes position from member to mem-
ber, whereas with a 10-point nudging layer the members are more distinct,
with the eddy’s position and strength varying much more. The 10-point
nudging layer also allows the eddy’s centre to get closer to the edge of the
domain.

Let us return briefly to the velocity ensemble means and spreads in figures
10 and 11. Conspicuously absent from the spreads for the 20th of January
(figure 10) is a signal corresponding to the slope current clearly visible in
the zonal means. As this is true for the parent ensemble as well as for the
coastal ensembles, this is an aspect of the parent model’s dynamics that
the coastal ensembles faithfully reproduce. Although we were able to find
a weak spread at certain times, most of the time the slope current—when
present—remained unmoved by the perturbations.

As with the SSH, we also produced plots for the time mean of surface
temperature spread; these are shown in figure 13. The combination of differ-
ent perturbation sources affects the SST’s ensemble spread in similar ways
to the SSH, though with some particularities. The salient points are:

1. Again the domain is divided into two zones by the continental slope,
but here the ensemble spread is greatest over the shelf, with the spread
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produced by the river plumes dominating the signal.

2. In deep water, the WIND ensemble again has the lowest spread, and
at the edges, where the spread is controlled by the open boundary
conditions, the spread drops off; the parent ensemble has the highest
spread.

3. Over the shelf, however, the WIND ensemble’s spread is comparable to
the other ensembles, with the river plume being the dominant source
of error there.

4. As a consequence of this, the WINDxXOBC ensemble’s spread over the
shelf is visibly greater than the OBC ensemble’s, a finding reflected in
the time series of spatial means of ensemble spread in figure 7.

5. Meanwhile, it is the parent which has the largest spread over the shelf
as it does overall, though with a different pattern which extends further
south and west from the Adour’s mouth and is weaker further north
along the shelf.

6. The ensemble spread in the parent has localised peaks in contrast to
the smoother pattern in the child model’s ensembles.

5.4. Beneath the surface

In the preceding sections we've concentrated on the ensemble spread of
surface variables, a natural place to look considering that the wind pertur-
bations affect the surface directly and the ocean interior only indirectly. But
there is a significant response to these perturbations deep beneath the sur-
face too, in some places much stronger. Attributing an error response of the
oceanic interior to surface forcing only is interesting enough from the stand-
point of model and dynamic variability, but for data assimilation systems it
suggests the possibility of correcting the model well away from the surface
when surface data is assimilated. So with that in mind, in this section we
explore the ensemble response in the coastal ocean interior.

5.4.1. A general view of the ensembles beneath the surface

We begin, once again, by concentrating on the four principal ensembles:
WIND, OBC, WINDXOBC, and the parent ensemble. In all the ensembles the
maxima of ensemble spread for salinity and temperature are either below the
surface or over the continental shelf, under the influence of the river plume’s
wandering tendrils of cool, fresh water. Looking at time series of mean
temperature spread near the base of the mixed layer (taken to be roughly
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185 m below the surface), shown in figure 14, we note immediately that it
is much greater than at the surface. We see that the spread of the parent is
sometimes slightly higher than the other ensembles, but often considerably
lower than all but the WIND ensemble. The slightly greater spread of parent
relative to the coastal ensembles in the latter half of the period is mainly
due to the deepening of the mixed layer, which puts the highly variable base
beyond the depth at which we measured the statistics. A look at the vertical
cross-sections in figure 15 shows a very high spread at the bottom of the
mixed layer, which comes about as the depth of the thermocline changes in
response to changes in mixing depth induced by the modified wind stress.
This effect was also noted by Andreu-Burillo et al. (2002) following their
sensitivity experiments. There are a couple of other conclusions we can draw
immediately from figure 15: one is that from the surface to near the bottom of
the mixed layer, but before reaching the thermocline, the parent ensemble’s
spread reduces more than the coastal ensembles’, which remain fairly stable.
This is consistent with our earlier conclusion of higher diffusion in the coastal
model, but now it is manifested in the vertical direction. The second is that
at the thermocline the spread of the coastal ensembles is greater than the
parent’s. Recalling that the coastal ensembles’ higher spreads in SSH are
reflected in their more coherent and stronger eddies, these would be expected
to erode the surface stratification and deepen the mixed layer rather more
than in the parent. This explains at least part of both observations, though it
must be said that differences in the way that vertical mixing is parameterised
would also be pertinent this close to the surface.

Once again, the equivalent plots for salinity do not add enough new in-
formation to warrant their inclusion here. Suffice it to say that deep below
the surface the effect of the river plumes is very small.

At the increased depths of 500 m and 1000 m, shown in figure 16, the par-
ent ensemble spread is still lower again than the coastal ensembles, though it
still overtakes the WIND ensemble later in the time series. This behaviour too
is visible in figure 15. Below the surface mixed layer, the coastal ensembles
feature a strong spread which coincides with a second, deeper thermocline.
At the same depth the parent ensemble’s spread almost disappears. The
vertical gradients of temperature and salinity are very similar in both parent
and coastal models, so we may once more attribute this difference to the
more detailed small-scale dynamics of the coastal model.

Arguably it is here, below the mixed layer, that the coastal model distin-
guishes itself the most from the regional parent model. The enhanced hori-
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zontal resolution allows it to resolve small-scale eddies (as small as ~ 10 km
in diameter), and the sigma-level vertical discretisation allows for a more
detailed description of the circulation’s interaction with bottom relief. As
a result, not only are the eddies stronger and penetrate deeper, but from
about a thousand metres below the surface the coastal model’s horizontal
velocity fields become wonderfully complex, almost belying any connection
to the parent model’s dynamics. Figure 17 illustrates this for the meridional
velocity component for unperturbed runs of the parent and coastal models
at the surface, and three horizontal sections at different depths. The velocity
fields are stronger in the coastal model at all depths, but that’s not sufficient
to explain the fall at depth in the parent’s ensemble spread relative to the
coastal model. In deep water, the surface velocity fields are dominated by
the large, anticyclonic mesoscale eddy, with a smaller cyclonic one adjoining
it on its south-eastern edge (clear in the coastal model, and hinted at in the
parent model). At 500 m these eddies still dominate the velocity field, but
at 1000 m they fracture into smaller, less coherent structures. This change
in regime isn’t unique to the coastal model, but what differentiates it from
the parent model is the high density of variation. While the large structures
dominate at the surface for both models, in deeper water it is the smaller
structures, which only the coastal model resolves, which dominate. Some of
this complexity arises from small eddies generated by the flow around the
underwater gorges on the continental slopes, which shows the importance not
only of the model’s higher resolution but of the bathymetry’s too, as well as
the terrain-following vertical sigma coordinates.

5.4.2. The reduced nudging layer’s effects at depth

As we did for section 5.4.1, we plotted curves for the coastal ensembles
with a reduced nudging layer at depth (figures 14 and 16 green curves).
The results below the surface are less ambiguous than for the surface, if
one remembers to take into account that in the latter part of the period the
mixed layer deepens, and the ensemble statistics start to resemble the surface
more than the thermocline. Apart from this, the reduced nudging layer leads
to a greater ensemble spread, consistent with the coastal model’s stronger
response to perturbations at depth. Freed somewhat from the constraints of
the parent model, it develops even more differences between members as we
descend the water column.
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5.4.3. Interaction of eddies with bottom near a strong gradient

We noticed a particularly strong spread at a specific time and place which
we thought worthy of closer examination. In figure 18 we show cross-sections
of the WIND ensemble centred on an eddy. The unperturbed run’s SSH is
depicted in figure 18a, in which an eddy dipole can be made out.

Figure 18b shows a cross-section of ensemble spread of temperature, and
several features stand out. Firstly, there is a large spread at the base of the
surface mixed layer, as discussed in section 5.4.1. There is also a small re-
gion of larger spread at the coast, a result of the wind pushing the cool, fresh
water plume of the Adour in different directions, and it being mixed through
the water column. But most interestingly, there is a region between 1000 and
1500 m depth and —3 and —2.5° longitude with high ensemble spread. It
is particularly strong along the gently sloping Landes Plateau. This feature
is all the more remarkable because of the region of reduced spread between
it and the surface mixed layer, and at these depths the vertical mixing pro-
duced by surface stresses cannot have much influence—neither, in fact, can
the open boundary conditions, since only local wind perturbations have been
applied. The unperturbed temperature profile in figure 18c shows the sec-
ond, deep thermocline mentioned in section 5.4.1. It lies beneath a region
of much gentler temperature gradient which extends from the near-surface
thermocline to a depth of around 1200 m. The zonal velocity field at this
depth, plotted in figure 18e, shows that the eddy visible in the SSH signal in
figure 18a extends down to just about reach the slope.

The final plot in the figure, 18f, shows the spread of the zonal velocity.
While it decreases with depth, it is still significant near the second ther-
mocline. This and the anomalously high values of vertical velocity spread
shown in figure 18d suggest that interactions between the bottom and the
eddy are responsible for the enhanced spread in temperature. The verti-
cal velocity spread is especially high at the bottom where it coincides with
the high spread in temperature. There is meanwhile a very small ensem-
ble spread in vertical velocity coinciding with the near-surface thermocline.
This is telling: the thermocline is a region of strong temperature gradient,
and therefore high stability, where we would expect vertical movement to be
suppressed. We can hence differentiate the mechanism which displaces the
near-surface thermocline from that which produces the strong temperature
spread near the bottom, where strong vertical movements are present within
the stable layer. Oey and Zhang (2004) showed that warm eddies interacting
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with a slope could lead to big modifications to the deep circulation, includ-
ing cyclones and jets. While in this particular case we do not see substantial
alterations to the horizontal velocities, the vertical velocities do appear to be
affected by such an interaction.

At other times not shown, vertical motion (and consequently its spread) is
suppressed in the deep thermocline as well even when there is a large spread of
temperature. And there are doubtless other complex processes leading to en-
hanced spread that a more exhaustive study of the ensembles could identify.
We can say with certainty that the presence of the eddy slope interaction is
not necessary to generate a large spread deep beneath the surface. Over the
deep abyssal plain of the Bay of Biscay, Vervatis et al. (2016) demonstrated
this by assimilating SSH data, which were able correct the strong errors be-
tween 1000 and 1500 m. Ayoub et al. (in prep.) also observed a high spread
at these depths far from the slope. But the eddy—slope interaction provides
another mechanism by which model errors can be generated at depth and,
hence, by which the model can be corrected at depth by data assimilation at
the surface. The use of the coastal model is decisive here, because although
we could not verify whether or not the vertical velocities were affected in the
parent model, there is no such corresponding enhanced spread in tempera-
ture. It is possible that the eddy—slope interaction is present, but the result
is barely, if at all, discernible. Interestingly, it is the WIND ensemble which
shows the strongest spread here, and by some way. Even the WIND X OBC en-
semble doesn’t come close, resembling more closely the OBC ensemble. This
isn’t then a question of pure strength of perturbation, but of a confluence
of factors: the right perturbation leading to the right deviations of the eddy
with the right temperature gradient in the right place so that the condi-
tions are favourable for the eddy—slope interaction to generate the spread in
temperature.

5.5. Extent and diffusion of river plumes

Only the Adour river runoff is explicitly modelled in the coastal model,
but the Gironde’s runoff is also modelled in the parent model. Its plume
enters the coastal model from the northern boundary, forming as it does,
with the Adour’s plume, a significant body of cool, less saline water. As we
noted in section 5.3.5, the behaviour of the Adour plume is quite different in
the two models, leading to different ensemble statistics.

Direct comparison between the models is complicated, because even
though the prescribed outflow volumes of the Adour are the same for most of
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the time period in the BISCAY36 and BOBLAND configurations, the way that
river water is injected into the Bay of Biscay is different. Both use a single
grid point as the source but this grid point is much smaller in BOBLAND than
in BISCAY36. The depth at the river mouth is also different, with BISCAY36
drawing its depth from its coarse bathymetry, about 10.5 m, and BOBLAND
using a prescribed depth of 5 m. The areas of the outward faces of the grid
cells are then about 22950 m? and 2500 m? respectively, so the discharge ve-
locity is more than 9 times greater in BOBLAND than in BISCAY36. A higher
velocity could produce a longer plume, but could also generate more local
turbulence and generate more mixing, dissipating the plume earlier. The
salinity is treated in a similar way in the two river models: it is prescribed
and insignificant compared to the salinity levels in the open ocean (0 PSU
in BOBLAND and 0.1 PSU in BiIsSCAY36). Temperature, on the other hand, is
handled differently, with only minimum and maximum values prescribed in
BOBLAND (10° and 22°) with the seasonal temperature cycle set with a sinu-
soid. In BISCAY36 the temperature is determined from a Neumann boundary
condition, with the river discharge grid point treated as an open boundary.
With these differences, only a gross evaluation of the river plume behaviour
between the two configurations would be appropriate, but between the three
different BOBLAND ensembles we can be more concrete.

Our analysis is based on using the surface salinity as a proxy for the
river plume. For each member of an ensemble, we calculated the area of
each plume, whose extents were defined by one of three thresholds. Taking
the ensemble mean, we may determine a typical plume area for each model.
These areas are shown plotted over time in figure 19.

The parent model clearly has the most expansive plume by all three of
the threshold definitions, with only occasional exceptions, mainly at the be-
ginning of the time series. Interestingly, the plumes from the three coastal
ensembles are very similar; to the extent that they do differ from one another,
they do not follow the pattern of ensemble spreads of surface temperature
and salinity. As described in section 5.3 and figure 7 (recall that the surface
salinity and temperature behave almost identically), these spreads are by far
the greatest in the parent ensemble, followed by the WINDxOBC and OBC
ensembles (these two are very close) and then the WIND ensemble, with by
far the least spread. However although the parent ensemble’s plume area
is on average greater, the next greatest is, more often than not, the OBC
ensemble, with the WINDxXOBC ensemble usually found between it and the
WIND ensemble. The greater spread of the parent ensemble seems to reflect
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its broader average plume, but between the coastal ensembles things are a
bit subtler. A greater spread in SST or SSS in one coastal ensemble than
in another could mean that since the plume is displaced further, it is also
diffused more effectively. This threshold value is hence attained closer to the
source. This is just one factor in a complicated process.

To shed more light on the plume’s behaviour, we examine the salinity
and its spatial gradients for the parent and child models, shown in figure 20.
The example shown is for the first perturbed members of the WINDxOBC
and parent ensembles. It appears as though we can distinguish three salinity
regimes in both models: (1) the inner, fresh zone near the river mouth, with a
strong gradient as the fresh water mixes quickly with the surrounding saline
water; (2) an intermediate zone of mixed water distinct from the main, outer
circulation; and (3) the saline, outer circulation. The inner zone of the coastal
model has a very strong gradient at the river mouth, representing a rapid
mixing of the plume here, while the parent’s mixing is slower. By the time
we get to the edge of this zone, however, the parent model’s plume stabilises
and remains coherent for longer, and the coastal model’s intermediate zone
is patchy and diffuse. Even though a direct comparison is impossible, the
ocean colour observations of Petus et al. (2014) do favour the coastal model’s
representation. The very sharp boundary in the observations between the
river plume and the surrounding water is situated very close to the river
mouth, closer in character to the more localised and more quickly diffused
plume of the coastal model.

6. Discussion and conclusions

We sought to downscale a region model ensemble by forcing a coastal
model ensemble by an ensemble of open boundary conditions, as well as
by local wind perturbations. We found that, overall, the ensemble of open
boundary conditions coupled with local wind perturbations generated the
greatest spread in the coastal model, but that the contribution from the
open boundary ensemble was greater than the local wind perturbations, and
the combination of the two led to only a slightly greater spread. It seems as
though the non-local errors advected into the model were more important in
generating local errors than the local wind perturbations. It was only during
the early stages of the ensemble spinup, before the non-local perturbations
had time to penetrate into the domain, did we see the local wind perturba-
tions generate a greater spread over the shelf. Another contributing factor
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could be that although the OBC ensemble was generated without local wind
perturbations, the perturbed surface characteristics resulting from the non-
locally produced errors creates a difference in each member’s wind stress.
This might partly explain why an additional wind perturbation doesn’t add
too much to the coastal ensemble’s spread.

There was a distinct difference between the signals over the shelf and over
deep water for all the ensembles. The SSH spread was usually greater over
deep water, where the forcing perturbations displaced the large mesoscale
eddy; the SST spread was greater over the shelf, where the river plume dom-
inated the signature. Conversely, the SST spread was lower over deep water
and the SSH spread was for most of the period lower over the shelf, the ex-
ception being the large, non-locally produced synchronous events which had
an outsized effect over shallow waters. The behaviour is different too, with
the spread of both variables over the shelf varying spatially and temporally
more so than over deep water.

We experimented with different methods of generating the wind pertur-
bations and combining them with the ensemble of open boundary conditions.
Interestingly, the exact form of the wind perturbations did not have a huge
impact on the shape of the time series —the magnitude changed significantly,
but periods of large spread and low spread were mostly conserved. This sug-
gests that the intrinsic variability of the model dominates over any specific
perturbation scheme. This may also explain the saturation in spread that ap-
peared to occur near the end of the ensemble spinup period with the different
wind perturbations.

Of course this is not quite as true when we switch from an ensemble with
only local wind perturbations to one forced by the parent ensemble at the
open boundaries. In this case, the non-local errors can be related to much
larger scale processes that the coastal model alone cannot represent, whatever
the local perturbation scheme. The dominance of intrinsic variability and the
insensitivity to the precise form of errors in boundary and initial conditions
has been noted in geophysical modelling before, for example by Giorgi and
Bi (2000) and Rinke et al. (2004). We must be careful not to draw too
many similarities with our own experiments—for one thing, not all of their
conclusions (which include insensitivity to perturbation magnitude) apply to
our ensembles. But it seems safe to conclude that the finer details in a wind
perturbation scheme are of relative unimportance.

The choice of nudging layer had consequences for the ensemble spread,
critically so for the WIND ensemble. With a broad nudging layer, the large
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mesoscale eddy was present in the same area near the edge of the domain for
all members of the WIND ensemble. This lead to a sustained drop in ensemble
spread, an effect which disappeared almost entirely with application of the
narrower nudging layer. The narrower nudging layer also led to a bigger
spread in SSH for the other coastal ensembles, even though their spreads in
SST saw only modest and inconsistent increases.

One of the more intriguing results in the present work is how deep subsur-
face errors can be generated by surface perturbations. A large spread at the
base of the seasonal thermocline was anticipated, having been previously de-
scribed (Andreu-Burillo et al., 2002). But for there to be such a strong signal
at much greater depths, beyond 1000 m, was less expected. To be sure, the
parent model had a measurable spread there too, but while the signals at the
near-surface thermocline were similar for the parent and coastal ensembles,
the deep water spread was in places at least twice as strong in the coastal
ensembles than in the parent ensemble. This suggests a valuable contribu-
tion that the downscaling paradigm can make to the study of model errors.
It is especially appealing from a data assimilation perspective, for if we can
generate deep, subsurface errors then we might hope to be able to correct
these regions with only surface data. The vertical temperature gradients for
the two models’ unperturbed runs, we noted, were almost the same, but the
model and bathymetry resolutions were much higher in the coastal model.
A major consequence of this is the more detailed dynamics, of course, but
more specifically it is the ability of the coastal model to resolve more coher-
ent mesoscale eddies with stronger currents. These can reach deeper in the
coastal model than in the parent model, whose less coherent eddy has a much
weaker effect at these depths. We also saw that eddy—slope interactions could
be an additional mechanism for ensemble divergence, something we did not
see in the parent ensemble. The use of sigma layer depth coordinates in the
coastal model may have contributed to this behaviour.

The river plume’s behaviour was very different between the parent and
child models, and this contributed to the parent model’s mostly higher SST
spread. Among the coastal ensembles the spread was usually greatest for the
OBC ensemble, though the difference was small. According to our threshold
criterion, the mean plume area does not appear to be directly correlated with
the ensemble spread. We did find that the plume’s behaviour supported our
hypothesis that the parent model diffuses scalars less than the higher reso-
lution coastal model, which accounted for some of the differences in spread
between the parent ensemble and the child ensembles.
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A recurring feature of the ensembles is that the WINDXOBC ensemble
did not always have a greater spread than the OBC ensemble. Logically,
more sources of perturbation should lead to more spread, as we can explore
more regions of the error space. But with a limited number of ensemble
members we cannot always guarantee an increase in spread as we pile on
perturbations. This limitation could probably be somewhat alleviated by
increasing the magnitude of the perturbations, but our aim is to not simply
increase the spread at any cost we are interested in the model’s response to
forcing errors, and we would prefer the error space to be densely populated
by our ensemble. Despite the sometimes lower spread, the benefit of adding
an extra forcing perturbation is that it opens the error spaces which may
be left untouched, or weakly affected, by any one forcing perturbation. We
can see this in our ensembles. Figure 13 shows almost no spread at the edge
of the continental shelf for the coastal ensembles, but the spread, while still
weak, is slightly enhanced when wind perturbations are added.

The next phase of this work will be to use what we have learned in a
data assimilation context, in which we interpret the ensemble spread as the
model’s uncertainty. Of course a successful data assimilation scheme requires
that the ensemble’s spread span the data—Vervatis et al. (in review, 2019)
propose empirical techniques to determine this. We hope to present these
results in a future paper.
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Figure 1: Bathymetry of the regional parent model. The black square shows the coastal

domain.
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Figure 2: Bathymetries used in the regional parent model (top) and the coastal child model
(bottom) shown as they are interpolated onto the model grids in the coastal domain. The
numbered crosses show the locations of the high frequency time series used in section 5.2
and figure 5. The vertical and horizontal lines show the edge of the coastal model’s 30-
point nudging layer. The large, black cross indicates the location of the Adour’s discharge
in the child model; the notch in the land mask above Bayonne in the parent locates the
river discharge there.
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Figure 3: Temporal standard deviations of the first five modes of the wind EOFs for the
BOBLAND configurations over the four month period of the ensemble runs. Except for the
EOF10ensemble, only the first two modes were used to generate coastal ensembles.

Wind temporal std dev.; EOFs calculated over parent domain

U wind mode 2 U wind mode 3 U wind mode 4 U wind mode 5

V wind mode 3 V wind mode 4

-35 -30 -25 -20 -15 -35 -30 -25 -20 -15 =

0 1 2 3 4 H B ms

U wind mode 1

V wind mode 1 V wind mode 2 V wind mode 5
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EOFs for the BISCAY36 model configuration, over the four month period of the ensemble
runs.
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Figure 14: Spatial means of ensemble standard deviations of temperature on a horizontal
slice at 185 m depth for the free ensembles and the parent ensemble. The plot at top left

is for the whole domain (excluding the nudging layer) while subsequent plots divide the
regions by ocean depth.
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Figure 17: Meridional velocity at different depths for the unperturbed run of the parent
(a) and coastal (b) models. Daily means for 31st January.
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Figure 18: Illustration of how forcing perturbations at the surface alone can affect the
model response at depth through eddy interaction with the bottom—plots for the 1st of
January, 2012. In (a) the horizontal line shows where the cross section in subsequent
plots is taken, and 200 and 1000 m depth contours are shown. (a) shows the SSH for
the unperturbed model (with the atmospheric inverted barometer effect removed from
the SSH signal); (b) the standard deviation of temperature; (c¢) the temperature for the
unperturbed model; (d) is the standard deviation of vertical velocity; (e) the zonal velocity
from the unperturbed model; (f) the standard deviation of zonal velocity. The vertical
velocity plot is an instantaneous field, whereas the others are daily means.
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