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ABSTRACT

We use an ensemble method to study the impact of
perturbations of atmospheric forcing fields on the ocean
surface layers, as simulated by an eddy-permitting
North Atlantic model. The statistical analysis of the
ensemble allows us to characterize the space-time
structure of the perturbations on the ocean variables; the
focus is on sea surface height and sea surface
temperature. The ultimate goal is to provide an estimate
of the covariances of the model errors due to the
amospheric perturbations. This work is in progress and
first results are presented here.

1. INTRODUCTION

The knowledge of model errors is a fundamental issue
as it is needed to evaluate the quality of a GCM
simulation and to formulate data assimilation problems.
Despite the considerable development in data
assimilation techniques stemming from the availability
of atimetric data, and in spite of the increasing realism
of numerical models, the estimation and formulation of
model errors remain unresolved methodological issues
as well as mgjor drawbacks to forecasting systems. This
study aims to contribute to the exploration of the errors
of a %j North Atlantic model in the surface layers
induced by uncertainties in the atmospheric forcing
fields. The objective is to understand the sensitivity of
the superficia heat content to atmospheric forcing and
the relationships between errors in surface values and
those in subsurface variables that are not directly
observed. The emphasis is on the sensitivity of sea
surface height and temperature (SSH and SST) since
satellite observations provide very complete datasets
and are thus part of most data assimilation systems.
Furthermore, correlation between errors in SSH and
SST are expected to be significant since both fields
contain the signature of heat content and dynamical
processes. In section 2, the set-up is presented as well as
a brief overview of the forcing products used. This is
followed in section 3 by a description of the ensemble
strategy employed. In section 4, main first results are
presented with an emphasis on the spatial and temporal
variability observed. We conclude in section 5.

2. SET-UP
2.1. Model

The OGCM used in this study is NEMO-OPA9 [1] in
the North Atlantic NATL4ODRAKKAR configuration
[2] with free surface numerics and a partiad steps
parameterisation. The resolution is a ¥4 degree on a non
regular grid and the domain extends from 20; S to 80jN.
The vertical is divided into 46 levels with a thickness
varying from 6 metres at the surface to 250 metres at the
last level. The mixing is handled by a updated TKE
scheme [3]. The ocean boundaries are closed by a
sponge layer. The OGCM is coupled to the LIM ice
model [4]. There is no restoring to surface
climatological values for the salinity or the temperature.
The river runoffs are parameterised using a monthly
data set [5]. Because the North Atlantic is an
evaporative basin, the water mass loss is compensated
by resetting at every time step the basin mean sea level
to zero.

2.2. Forcing

The model isforced by fluxes calculated from the Large
and Yeager (2004) bulk formulas [6]. Two sets of
reanalysis are used in this study: the NCEP/CORE
reanalysis [6] and the ECMWF ERA40 reanaysis [7].
In terms of data frequency, both sets have six hourly
winds, humidity and temperature, daily incoming solar
radiation and outgoing longwave radiation but differ in
that the precipitations (rain and snowfall) in the ERA40
reanalysis are daily whereas in the CORE dataset, these
are monthly quantities. Although these two reanalyses
are meant to represent the same atmospheric conditions,
it is known that generaly, although the wind
fluctuations are fairly well correlated, the amplitude of
the NCEP/CORE winds is greater than that of the
ERA40 winds. Furthermore, there are substantial
discrepancies between the ERA40 solar heat flux and
the ones found in CORE which come from satellite
observations and are therefore deemed more reliable [8].
It is also worth bearing in mind that the CORE bulk



formulas coefficients were tailored to the NCEP dataset
and might not be so well suited to another dataset.

2.3. Initialisation and Spin up

The model is spun up from the Levitus (1998)
climatology in a state of rest, for seven years using
interannual forcing fields from 1987 to 1993.

3. EXPERIMENTAL STRATEGY

In this study, four different experiments are presented,
namely two eight year long interannua runs, forced
respectively with the ERA40 and the CORE fields, one
ensemble run of 30 members over the period September
1994 to March 1995 and one control experiment with
the CORE products over the same period but from the

ERA40 spin up (see table below).

Atmospheric forcing
Run

Jan.87-Sep.94 Sep.94—Mar.95
Reference ERA40 ERA40
CORE CORE CORE
‘Mixed’ ERA40 CORE
Ensemble ERA40 ERA40 +
perturbations

The ensemble is generated by perturbing the
amospheric temperature, incoming solar flux and the
meridional and zonal wind velocities. The perturbations
are built by first calculating the differences between the
ERA40 (Sgrag0) @nd CORE (score) fields and then
computing the EOFs of the differences over the study
period. The EOFs are multivariate for the wind
components and the temperature and univariate for the
solar flux:

SERA40(x7y7t) CVQSC(JRE(x7y7t) = #s(x,y) + $ ”,(t)! ,(x,y)
P! ;

For each member of the ensemble, the firsts 20 EOFs
multiplied by a random number are added to the ERA40
variable. In order to insure that the perturbations have a
zero mean, the opposite perturbation is applied to the
following member of the ensemble. The & perturbation
on variable scraqo Writes:

S Et) = Spor ) + S @A (g, (7))

a; = random number from anormal distribution (0,1) for
the i™ EOF mode and the k™ perturbation.
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Figure 1. Spatial patterns of the first EOF in ul0, v10,
110 and Qsol. Units are m/s, °C and W/m’ respectively.

The first multivariate EOF represents roughly 8% of the
signal and firsts twenty multivariate EOFs add up to
51% of the variability. For the univariate solar radiation
EOF, these numbers are respectively 14% and 53%. In
terms of the spatial distribution, the first EOFs for the
meridional and zonal winds do not display any large
basin wide patterns and their amplitudes are fairly weak
(Fig.1). The first atmospheric temperature EOF has a
weak amplitude as well except above the ice covered
regions. The solar flux EOF indicates that the major
differences between CORE and ERA40 fields are
located in the tropical regions. In terms of temporal
variability, the firsts two EOF have high frequency
fluctuations superimposed on a season-like oscillation
(Fig.2). The following EOFs time series predominantly
display high frequency variability. It is interesting to
note that both univariate and multivariate EOFs have
virtually identical season-like cycles for the first two
modes.
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Figure 2.Ttime series of EOFs I and 2 (dimensionless).
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Figure 3. Mixed-layer depth in March 95 for the Reference (left), CORE (center) and Mixed (right) runs. Unit is m.

4. RESULTS In terms of SSS, the mgjor differences are found around
the mouth of major rivers and at the sea ice boundary
4.1. ERA 40 vs NCEP/CORE simulations (2-4 psu) and in some coastal areas where the
amospheric ECMWF and NCEP spectral models have
In terms of SST and SSH, the differences between the important discrepancies due to coastal effects (Bay of
runs forced with the two reanayses are predominantly Biscay for instance). They are the results of differing
found in the regions of high mesoscale variability, dynamics as the runoffs are identical. The differences
namely the Gulf Stream region, the Equatorial Counter are not confined to the surface layers. Indeed, in the
Current and the Labrador Sea boundary current areas temperature and salinity fields, they can still be detected
(up to 4;C for SST and 80 cm for the SSH). There are a 1000 m particularly in the frontal regions.
also larger scale signals in the Nordic seas and off the These differences in the tracer and dynamic quantities
coast of Africa (up to 1;C for SST and 10 cm for the are not mere fluctuations but have a cumulative impact
SSH). There appears to be a high correlation between over time on the oceanic mean state, not only after an 8
those two quantities. year period but also after only 7 months particularly in
the Nordic seas and in the Labrador Sea. This is well
Figure 4 (below). Ensemble std (left) and difference between |I[ustr§tetj_ by the anaysis of the mlxed-layer depth
the ensemble mean and the reference run (right) for the SST (GnldQ differences between the three runs (Fig.3). For

(in °C) on March 29, 1995. instance, in the ERA40 run, the mld reaches the bottom

in a very limited region of the Labrador Sea in March,
j whereas in the CORE run, this region is much larger.
Furthermore, in the Nordic seas, the CORE run displays
afairly deep mid in the middle off the Greenland coast
which is not present in the ERA40 run. The mixed
ERA40/CORE run is an intermediate solution between
the two alowing us to compare the impact of changing
the forcing from an identical spin up and the impact of
changing the initia conditions keeping the same
amospheric forcing.
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4.2. Ensemble spatial variability

Temperature at 500m 29/03/95
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Figure 6. Ensemble std (left) and difference between the
ensemble mean and the reference run (right) for the
temperature at 500 m (in °C) on March 29, 1995.

Figure 5 (above). Ensemble std (left) and mean (right) of
the net heat flux (in W/m?) on March 29, 1995.
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Figure 7. Evolution of the averaged std (4) and mean (B) over three regions. Units are m/s, W/m’, W/m?, m and °C
for the wind velocity (U10, V10), solar radiation (Qsol), net heat flux (HtF), SSH and SST respectively. For each
variable, the std and mean are normalized by their maximum and the minimum is subtracted.

The analysis of the ensemble standard deviation (Gtd(
of the temperature (Fig.4), sainity, heat flux (Fig.5) and
SSH fields all present similar characteristics in that the
greater values are found in the Gulf Stream frontal
region and in the Labrador Sea boundary current. There
is also a weaker signature at low latitudes, particularly
off the coast of South America. As shown by Fig. 6, the
differences are substantial at depth. The differences in
temperature between the ensemble mean and the
reference run are mostly confined to the Gulf Stream
frontal region at the end of the study period.

4.3. Ensemble temporal variability

The temporal variability is examined by looking at the
evolution of the standard deviation of atmospheric and
oceanic quantities in three boxes in regions with
different dynamics and responses to atmospheric
forcing. The boxes are 12.5ix 12.5j, and are located in
the Gulf Stream region (60;jW-40iN - region 1), in the
northern tropics (30jW-10jN - region 2) and in the
eastern mid Atlantic (20jW-40;N D region 3). Fig. 7
shows the variations of the standard deviation of
amospheric and oceanic quantities over the study
period. The analysis of fig. 7 gives indications of the
dominant processes affecting each of the properties of
each region. In region 1, the SST and SSH seem closely
correlated both in the mean and in the standard
deviation. This close correlation comes from the high

eddy activity in the region that has a signature on both
SST and SSH fields. The heat flux standard deviation
also appears highly correlated with these two quantities
but there is little correlation with Qsol or the winds. A
striking aspect of panel A is the monotonic aspect of the
standard deviations of the SST, SSH and the heat flux
which grow over time. This is mirrored in panel B by
the virtually monotonic decrease in the mean SST and
SSH. It is difficult to clearly establish the succession of
events: does reducing the SST and the SSH
simultaneously increase both their variability and that of
the heat flux? In any case, this correlation suggests that
the variability of the heat flux is controlled by the SST
feedback

In region 2, the picture appears more complex. There
seems to be some correlation between the standard
deviation of the heat flux and Qsol but these two
guantities do not have much correlation with either the
SST or the SSH. The obvious conclusion is that the
variability of heat flux in this region predominantly
comes from the variability in the solar flux, and not the
SST. In terms of the mean, there is a marked anti-
correlation between the SST and the SSH, i.e. the colder
the SST, the higher the sea level anomaly. There seems
to be also some correlation between the mean winds and
the mean heat flux which suggests a predominant role of
the wind in controlling the heat flux in equatorial
regions. The lack of correlation between the heat flux



and the SST points towards an important role of
advection in that region.

In region 3, only the standard deviations of the heat flux
and of the solar radiation appear dightly correlated. In
panel B, there seems to be two distinct periods: one
from September to December where the SST, SSH and
Qsol show some correlation and the second one where
no mean quantities appear correlated. This suggests a
change of regime and could be linked to the deepening
of the mld in the region. Generaly, it seems that thereis
not one mechanism which is predominant in setting the
SST or the SSH in this region. This is not surprising in
view of the fact that this region does not have strong
ocean current or any thermal fronts. It must be noted
that the amplitudes of the anomalies of the oceanic
guantities in region 3 are an order of magnitude weaker
than inregion 1.

A final striking feature is that the sensitivity of the
oceanic quantities changes significantly over time and
space. This means that the ocean's response to an
amospheric event will vary according to the location
and the time of the event. Although this is not a new
result, it is particularly well illustrated here.

5. CONCLUSIONS AND OUTLOOK

The preliminary results of this study illustrate the
usefulness of the ensemble approach but also underline
the complexity of interpreting the output of the
ensemble. The intention is to increase the ensemble to
50 members and then to further exploit the method by
analysing the various components of the heat budget as
well as focusing on the propagation of the perturbed
amospheric signal in the vertical of the oceanic upper
layers. We will extend the analysis to the estimation of
covariances of the surface variables and between
surface and subsurface variables. An attempt to estimate
higher moments (3 and 4) of the ensemble distribution
will be made in order to characterize the non-linearity of
the ocean response to the perturbations.
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