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Abstract. Operational systems operated by Mercator Ocean
provide daily ocean forecasts, and combining these forecasts
we can produce ensemble forecast and uncertainty estimates.
This study focuses on the mixed-layer depth in the North-
east Atlantic near the Porcupine Abyssal Plain for May 2013.
This period is of interest for several reasons: (1) four Mer-
cator Ocean operational systems provide daily forecasts at
a horizontal resolution of 1/4, 1/12 and 1/36° with different
physics; (2) glider deployment under the OSMOSIS project
provides observation of the changes in mixed-layer depth;
(3) the ocean stratifies in May, but mixing events induced by
gale force wind are observed and forecast by the systems.
Statistical scores and forecast error quantification for each
system and for the combined products are presented. Skill
scores indicate that forecasts are consistently better than per-
sistence, and temporal correlations between forecast and ob-
servations are greater than 0.8 even for the 4-day forecast.
The impact of atmospheric forecast error, and for the wind
field in particular (miss or time delay of a wind burst fore-
cast), is also quantified in terms of occurrence and intensity
of mixing or stratification events.

1 Introduction

Operational oceanography has developed since the end of
the 1990s in several countries with global-level partner-
ships under the GODAE Oceanview initiative (https://www.
godae-oceanview.org/) and with European funding through

Mersea, MyOcean and then MyOcean?2 projects (http://www.
myocean.eu/). Mercator Ocean is a French institution provid-
ing operational ocean forecasts for national requirements and
also contributing to international efforts. A suite of global
and regional ocean forecasting systems has been developed
and provides daily forecasts. These forecasts are all avail-
able through MyOcean or Mercator Ocean services. All Mer-
cator Ocean forecasting systems are evaluated in real time
and in delayed mode with a well-defined protocol described
in Lellouche et al. (2013). Results of this evaluation can
be found in the quarterly “QuO Va Dis?” bulletin #13 for
April-June 2013, available at http://www.mercator-ocean.fr/
eng/science/Qualification-validation2. Part of the validation
statistics are published on the MyOcean validation statis-
tics webpage, available at http://data.ncof.co.uk/calval/index.
html. Intercomparisons are also regularly performed in the
context of the GODAE Oceanview international initiative
(Ryan et al., 2014). These evaluations based on direct com-
parisons with observations (assimilated and independent)
show that the four systems’ overall performance is state-of-
the-art. The present study focuses on a “process oriented”
validation criterion which is the mixed-layer depth at a spe-
cific location and time. An ensemble of mixed-layer depth
estimates and the associated uncertainty are built around four
operational forecasting systems. The Northeast Atlantic area
was chosen because, since the launch of the V3 MyOcean
service at the end of April 2013, four systems with differ-
ent resolutions are providing ocean forecasts in this area on
a daily basis. Moreover, glider observations for May 2013
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are available in the Coriolis database (available through My-
Ocean service) sampling over the whole month with at least
one profile per day in a small 1/2° x 1/2° box centred on
16.25° W and 48.55° N. The physical variable chosen for this
study is the mixed layer depth because this ocean variable
is crucial in the forecast context for several reasons. (i) The
mixed layer integrates a lot of physical ocean processes such
as the horizontal and vertical advection and diffusion. Mea-
suring the accuracy of the mixed-layer depth is an essential
diagnostic for quantifying limitations in the model schemes
or parameterizations (Giordani et al., 2005; Keerthi et al.,
2013; Tozuka and Cronin, 2014). (ii) The mixed layer is
the ocean layer which is directly in interaction with the at-
mosphere and the study of the mixed layer can reveal bi-
ases or unappropriated formulation of the atmospheric forc-
ing of the ocean model (Béranger et al., 2010; Giordani,
2011). (iii) Most of the primary production in the ocean
occurs in the mixed layer. Its evolution is partly driven by
the horizontal advection in the mixed layer and by vertical
processes at the base of the mixed layer which entrain nu-
triments from the deep layers into the surface layer (Lav-
igne et al., 2013). (iv) The mixed layer is directly in in-
teraction with the atmosphere, and thus the vertical struc-
ture and heat content of this upper layer of the ocean is
crucial in ocean—atmosphere coupling. This is well admit-
ted in the scientific community and demonstrated at several
scales for decadal (Meehl et al., 2014) or seasonal forecast
(Balmaseda and Anderson, 2009), or short term forecast and
especially for extreme events forecast as tropical cyclones
(Goni and Trinanes, 2003). The ocean mixed-layer forecast
is also important for defence applications such as estimat-
ing acoustic propagation or ambient noise (Shapiro et al.,
2014). Our study aims at validating several ocean mixed-
layer forecasts, and at better quantifying the influence of
the various error sources, using ensemble techniques. This
study focuses on a small region of the Northeast Atlantic
in May, when the ocean stratifies and some mixing events
occur which are directly linked to atmospheric forcing. The
ability of a model to reproduce this critical stratification pe-
riod validates its ability to reproduce the intraseasonal vari-
ability of the upper ocean. Moreover the spring stratifica-
tion is a crucial phenomenon for the onset of phytoplankton
blooms in this area (Mahadevan et al., 2012). Other studies
quantifying the uncertainties in the ocean forecast for several
oceanic fields (Lermusiaux et al., 2006) made use of super-
ensemble techniques (Vandenbulcke et al., 2009; Lenartz et
al., 2010; Pistoia, 2012; Scott et al., 2012) or have quan-
tified the impact of medium-range atmospheric forecasting
on the ocean (Drillet et al., 2009). An ensemble approach
is also used in oceanography for estimating variability at a
more climatic scale, for example in Zhu et al. (2012), Xue et
al. (2012) and more recently in the Clivar Exchange special
issue (http://www.clivar.org/node/1507). Some fairly com-
plex techniques and diagnostics can be used, but in this study
standard statistical techniques are used to compare several
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estimates of the forecast mixed-layer depth. These forecasts
come from several systems providing daily 5-day forecasts
in our area of interest. Each ocean forecasting system in-
cludes a model with specific tunings, and oceanic initial con-
ditions with specific data assimilation choices. Each system
uses a slightly different set of atmospheric forcing extracted
from real-time ECMWF atmospheric forecasts. Thus ensem-
bles can be built from several model resolutions and tunings
and several forecast lengths (time elapsed from ocean ini-
tialization), varying either the atmospheric forcing fields, or
the type of ocean initial conditions. These two types of en-
semble will help us quantify the impact of the atmospheric
forcing errors, and the impact of the ocean initial condition
errors on the accuracy of the mixed-layer forecast, depend-
ing on the forecast length. The paper is organized as follows:
Sect. 2 describes the simulations and the observations used
in the study. Section 3 draws on the statistics on the whole
period, for quantifying forecast error and the main sources
of forecast error. Section 4 describes the mixed-layer depth
variability during May 2013, and how uncertainties in the
observations and forecasts can be estimated. The last section
presents the main conclusions of the study.

2 Forecast products and observations

The forecasts used in this study are provided by Mercator
Ocean using four different operational systems. Two global
ocean systems, one at 1/4° horizontal resolution (Glo4, Lel-
louche et al., 2013) and the second at 1/12° (Glol12), are
used. Two regional systems are also used, one covering the
North Atlantic and the Mediterranean at 1/12° (Atl12, Lel-
louche et al., 2013) and the last at 1/36° (Ibi36, Maraldi
et al., 2013) covering the Northeast Atlantic. All these sys-
tems are based on the NEMO ocean code (Madec et al.,
2008), using the same 50-level vertical grid and forced by
ECMWEF atmospheric analyses and forecasts. The initial
state of each forecast is computed with data assimilation or
with re-initialization techniques. The SAM2 software (Tran-
chantetal., 2008; Lellouche et al., 2013) is used to assimilate
in situ and satellite observations. This reduced-order Kalman
filter method is based on the singular evolutive extended
Kalman filter (SEEK) formulation introduced by Pham et
al. (1998). This method is used each week (on Wednesdays
as shown in Fig. 1) to produce the initial state of the forecast
for the Glo4, Glo12 and Atl12 systems. Two assimilation cy-
cles are performed allowing the assimilation of observations
up to 2 weeks old. The re-initialization method is used for the
1bi36 system (also on Wednesdays as shown in Fig. 1); a 2-
week “spin up” is carried out to stabilize the high-resolution
solution (at 1/36°) which is initialized using the 1/12° analy-
sis produced by the Atl12 system. This method and the ef-
fect of the length of spin-up time are detailed in Cailleau
et al. (2012). The main characteristics of these systems are
detailed in Table 1. Figure 1 shows more precisely how the
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Table 1. Main characteristics of the ocean forecasting systems.

1015

System Glo4 Glo12 Atl12 1bi36

Reference PSY3QV3R3 PSY4QV2R2 PSY2QV4R4 IBI36QV2R1

Nemo NEMO3.1 NEMO2.3
including specific
development for
regional/coastal
application

Horizontal 1/4° (~20km)  1/12° (~6.5km) 1/12° (~6.5km)  1/36° (~2.2km)

resolution

Vertical 50 z vertical levels with partial step. 1 m at the surface.

resolution 22 levels in the upper 100 m.

Atmospheric

ECMWF operational analysis and forecast, spatial resolution ~ 12 km and 3h

forcing temporal frequency. CORE Bulk formulation is used to compute
atmospheric stress and fluxes.
Atmospheric grid Interpolated on 1/4° grid Interpolated on
1/12° grid
Solar flux penetration 3-band parameterization for short-wave radiation 2-band

(Lengaigne et al., 2007)

parameterization
for short-wave
radiation (Morel

etal., 2007)
Vertical mixing TKE vertical mixing GLS vertical
mixing
Free surface Filtered free surface Explicit free

surface with time
splitting and tide

Initialization SAM?2 assimilation scheme (based on SEEK filter) Initialization with
assimilating SLA along track, L4 SST maps and in situ  Atl12 analysis and
temperature and salinity profiles 2-week spin-up.
Boundary conditions  none none from Glo4 from Atl12
Forecast length 7-day 5-day

systems are operated on a daily basis. Every day each sys-
tem provides a hindcast estimate, H, of the ocean state. H is
initialized using the “best” ocean state available, and forced
with the “best” atmospheric forcing, i.e. the ECMWEF analy-
sis. The days following the simulation are FO, F1, F2, F3 and
F4 — respectively the current day, the 1-day forecast and so
on. All the ocean forecasts are forced by an atmospheric fore-
cast. The latest available atmospheric forcing is used, and as
the ocean forecasting systems are not launched at the same
time they do not necessarily use the same 6-hourly update of
the atmospheric forecast. Moreover, bulk formulae are used
to compute atmospheric fluxes and this computation is an-
other source of differences between the atmospheric forc-
ing used by each system. Using this scenario, we can build
a four-member ensemble for each forecast length differing
mostly in their initial states, and the mean and median of this
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ensemble can be considered as two other forecasts. We obtain
for each date thirty 3-D ocean states which are not indepen-
dent estimates of the ocean. A reference experiment, here-
after called Atl12 free, was also carried out using the Atl12
system without data assimilation. This reference was needed
in order to assess the oceanic initial conditions errors (with
respect to atmospheric forcing errors), and to discuss their
impact on the mixed-layer depth forecast errors (Sect. 4.3.4).
This simulation was initialized in March 2013 with the anal-
ysis provided by Atl12 system, and forced using the atmo-
spheric forecast analysis to the end of May 2013.

This study focuses on May 2013, when all four ocean
forecasting systems described above were providing fore-
casts and when the Coriolis in situ database contains repet-
itive in situ profiles obtained from glider observations in a
1/2° area centred on 16.25° W and 48.55° N (Fig. 2). These
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Figure 1. Operational scheme for producing daily forecasts with
all the Mercator Ocean systems. The ocean initial state is produced
once a week on Wednesdays. Then, starting from this state, a hind-
cast (H) is produced each day using analysed atmospheric forcing.
Then the forecast for the current day (FO) up to 4-day forecasts (F4)
are performed daily, forced by the atmospheric forecasts.

gliders were deployed under the OSMOSIS (Ocean Sur-
face Mixing, Ocean Sub-mesoscale Interaction Study, http://
www.bodc.ac.uk/projects/uk/osmosis/introduction/) project,
in which care is taken to apply a near-real-time quality con-
trol, disseminating the observations to the Coriolis data cen-
tre in real time. The observations used in this study do not
represent the full data set but a subsampled one as carried
out in all Mercator Ocean forecasting systems for all types
of in situ observations. For each instrument (in this case
gliders) only one profile per day is retained to avoid over-
sampling (in time and space) of the observations since the
global model cannot represent processes at such high reso-
lution. This selection is made at random so that no particu-
lar time of the day is favoured. In our subsample database,
74 vertical profiles are available for May 2013 with at least
one profile per day. This data set allows a good representa-
tion of the day-to-day temporal evolution of the temperature
profile, and then of the mixed-layer depth during the entire
month of May 2013. De Boyer Montégut et al. (2004) re-
view temperature and density criteria which are used both
for the model and the observations in computing the mixed-
layer depth. In their paper, the criterion hereafter referred
to as “0.2°C temperature difference criterion” was used to
compute global mixed-layer depth climatology based on in
situ observations. In the present study the base of the mixed
layer, for model and observations, as selected by this crite-
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rion is the first level just above the point where the verti-
cal temperature difference from the surface exceeds 0.2 °C.
From a practical point of view, all the in situ profiles are inter-
polated on the vertical model grid to simplify the comparison
between models and observations. Note that the precision of
the mixed-layer depth estimate depends on the depth as func-
tion of the vertical grid; at the surface this is around 1 m and
at 50 m depth around 10 m. Figure 3 shows the pertinence
in our area of the “0.2°C difference temperature criterion”
which is also used in the routine validation of the operational
production against in situ temperature profiles. A brief com-
parison with a density criterion is also performed in our area
of interest (a 0.03kgm~2 difference with the surface den-
sity is used to detect the base of the mixed layer, as sug-
gested by De Boyer Montégut et al., 2004). When the mixed
layer is really pronounced as for one profile on 11 May and
for the two profiles of 28 May, the temperature criterion de-
tects the base of the mixed layer whereas the density criterion
gives a deeper mixed layer. When the profile is more mixed
the base of the thermocline is also detected, but the density
criterion indicates a shallower mixed layer (for instance in
the homogeneous profile of 11 May) or similar values be-
tween the two criteria (for instance on 18 May when the
three profiles are homogeneous). Each mixed-layer criterion
gives a different estimate of mixed-layer depth for each in-
dividual profile. However, the mixed-layer depth time series
computed with both criteria (not shown) display the same
daily variability and amplitude throughout May 2013. This
time period is of particular interest as it exhibits the spring
re-stratification phase; gusts of wind occur also during this
month and their effects on vertical mixing can be quanti-
fied. Some mesoscale oceanic structures are also present in
this area, associated with strong fronts and currents which
induce vertical mixing. In what follows, analyses and statis-
tics computed using the model outputs and observations are
based on (i) daily values which are actually daily means for
the model but only the mean of all the data available during
the day for the observations, and (ii) the spatial mean over
the 1/2° x 1/2° box defined previously. This box contains all
in the situ profiles available during this month (Fig. 2) and
is small enough when compared with the mesoscale struc-
tures in this area. This choice, both spatially and temporally,
is justified by the fact that the model cannot simulate all
the smaller scales available in the in situ observations. To
illustrate more precisely the daily variability of the observa-
tions, Fig. 2 (right panel) shows a zoomed portion of selected
dates. From 11 to 14 May there is a large variability in the
observed Mixed Layer Depth (MLD) in a small 1/4° x 1/4°
box. All these observations should be in the same model grid
cell in the 1/4° model and in neighbouring grid cells in the
1/12° models. However, observations show different profiles
where the mixed-layer depth varies over several tens of me-
tres as for example on 11 and 14 May. This cannot appear in
the model because daily average outputs are stored. The best
way to compare observations and model outputs at differing
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Figure 2. Left panel, position of the 74 profiles available in the area during May 2013. Right panel, selection of profiles from 11 to 14 May
during the M1 mixing event and the first S1 re-stratification phase (large circles) and from 24 to 26 May during the S2 stratification phase
(small circles). Colours show the mixed-layer depth computed for each profile with the 0.2 °C criterion. The number inside or below the

circles gives the day of the measurement.
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Figure 3. Available in situ profiles for three dates corresponding to
three mixing events (M1, M2 and M3) during May 2013. Note that
for these three dates three temperature profiles are available. The
circles indicate the mixed-layer depth computed using the tempera-
ture profiles and the 0.2 °C criterion and the diamond using density
profiles and the 0.03 kg m—3 criterion.

horizontal resolutions is to average spatially and temporally,
and to consider daily profiles over the month where smaller
scales in observation and high-resolution models are filtered
out. Thus all estimates, both from models and from obser-
vations, will be compared on the same spatial and temporal
grid. These daily profiles of a 1/2° x 1/2° box over a 1-month
period is well suited for the physical mechanisms we study
here. Note that by construction, nearly no spatial filtering is
done when averaging Glo4 in 1/2° x 1/2° boxes, while the
smallest scales are actually filtered out from Glo12, Atl12
and 1bi36.

3 Statistics

The statistics computed are mean bias (not shown), tempo-
ral correlation, error standard deviation for the Taylor dia-
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gram (Fig. 4), skill score (Fig. 5) (Murphy, 1988) and root
mean square error (RMSE; Table 2) for each system and for
the ensemble mean and median. For each forecasting system
and each forecast length, the skill score (SS) is computed as
follows:

u 2
Z Ym —om)
ss=1-"2 : @)
(Pm — Om)z
m=1

On a given date m, y,, is the forecast value, p,, the persis-
tence and o,, the observation. M is the total number of days
in May 2013. We computed the skill score with two differ-
ent type of persistence. The persistence p,, is either the per-
sistence of the initial condition of the forecast, or the per-
sistence of the last observation available. In other words, in
the first case p,, is equal to the initial condition of the y,,
forecast, and in the second case it is equal to the observation
available on the initial day of the y,, forecast. Observation
allows the use of the same “reference” state (in this case the
observations) to compare different systems. Additionally the
temporal evolution of the ensemble average and standard de-
viation is shown in Fig. 6 for mixed-layer depth, wind, heat
flux and fresh water flux. The mean bias (not shown) is small
for Atl12 and 1bi36 (less than 2m up to 3 days of forecast
length) and is greater in the two global systems with val-
ues greater than 5m. The 4-day forecast has the same bias
amplitude with all systems (around 5m) but with a nega-
tive bias for Atl12 and 1bi36 and a positive bias for Glo4
and Glo12. Generally, there is a positive bias in the Glo4 and
Glo12 mixed-layer depth, which means that the mixed-layer
depth is too deep when it is underestimated with Ibi36. These
results are consistent with the validation work done regularly
for the Mercator Ocean real-time production (see “QuO Va
Dis?” bulletins

available at www.mercator-ocean.fr/eng/science/
Qualification-validation2). The Taylor diagram (Fig. 4)
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Table 2. RMSE in metres for the mixed-layer depth computed with the systems, the mean value and the mean after removing one system.
The FO, F2 and F4 forecast lengths are shown. For each forecast length the best forecast is bold underlined, and the other forecast with error

not greater than 1 m compared with the best is shown in bold.

System Ibi36  Atll2 Glo4 Glol2 Mean M-Ibi36 M-Atll2 M-Glo4 M-Glol2

FO RMSE 15.5 16.0 274 19.8 17.0 18.7 17.8 153 17.6

F2RMSE  16.5 18.1 294 21.6 18.2 20.2 19.1 16.7 18.7

F4 RMSE 18.8 191 298 23.6 18.3 19.7 19.3 17.8 18.4
SS 0BS
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Figure 4. Taylor diagram comparing all available systems (in
colour) and forecast lengths (symbol). The black dot with a standard
deviation equal to 1 and a correlation of 1 indicates observations.

summarizes the following results: the temporal correlation
between forecast and observation is greater than 0.85 for
the first forecast day and decreases more or less depending
on the system and/or the forecast length. Glo4 system
is an exception; it has the lowest correlation for the first
forecast lengths (from 0.78 for H to 0.76 for FO and F1)
and then increases to 0.81 for the 4-day forecast length.
It can be diagnosed from Figs. 7 and 8 that the Glo4 F3
and F4 mixed-layer estimates have better results than the
Glo4 H, FO and F1 estimates for bad reasons. The poor
correlation with observations of the Glo4 H, FO and F1
mixed-layer estimates happens mainly because they miss
the first stratification event S1 and the mixing event M2.
Note that we will consider the ECMWEF analysis, used to
force the H estimates, as the observational reference for the
winds. The S1 stratification takes place in the Glo4 F3 and
F4 forecasts in response to underestimated winds from 6 to
7 May in F3, and from 6 to 10 May in F4. Then, the winds
are stronger than observations in F3 and F4 just before the
mixing event M2,

which induces mixing in Glo4 and improves the

scores for F3 and F4 with respect to H, FO and F1. The
response to a realistic atmospheric forcing is not as good in
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Figure 5. Skill score for the mixed-layer depth computed for all the
systems and the ensemble mean and median during May 2013. The
skill score is computed with the persistence of the observation

Glo4 asitisin Glo12, Atl12 or Ibi36, which will be discussed
in more detail in Sects. 4.2 and 4.3. The ensemble mean gives
the best result even if the Glo4 forecast is far worse than the
other systems. One would expect the scores to decrease with
the forecast length but the results are very similar (except
for Glo4) for H up until the 1-day forecast; the dispersion of
the systems (illustrated by the colour) is small in the Taylor
diagram (Fig. 4) for all the metrics (correlation, standard de-
viation or rms). However, the forecast dispersion increases
after the 2-day forecast and in particular there is a significant
decrease in correlation to under 0.79 for Glo12, when it re-
mains around 0.85 for 1bi36. The RMSE (Table 2) confirms
previous results with a smaller error for 1bi36 and the en-
semble mean (between 15 and 18 m rms) and a larger RMSE
for Glo4 (between 27 and 30 m rms). The skill scores which
measure improvement of the forecast in comparison to per-
sistence of the initial condition (not shown) display very sim-
ilar values as the one measuring the improvement in compar-
ison to persistence of the last observation. The latter (Fig. 5)
shows positive values (meaning that the forecast is better than
persistence) for all forecasts except FO in the Glo4 system.
As expected, it increases with the forecast length meaning
that the 4-day forecast is more efficient than the 1-day fore-
cast in beating persistence. The largest skill score change lies
between FO and F1, meaning that after 1 day the forecast and

www.ocean-sci.net/10/1013/2014/



Y. Drillet et al.: Forecasting the mixed-layer depth in the Northeast Atlantic

Mixed Layer Depth
T T T T

-50

mixed layer depth (m)
i
I
S

—-200 L 1 1 1 I L
5 10 15 20 25 30
days

Net Downward Heat Flux
T T

200 T T : .
M1 Mly‘
100f, M2 .
g \ |
< \ ‘
Ry RY 1
3 : \/ g3
2 ST S2
—100F ¢ B
—200 L I 1 | I L
5 10 15 20 25 30

days

20

wind (m/s)

WIND
T

days

M1 M2 M3 |
5 m 5 @ 5 &

Net Upward Fresh Water Flux
T T T T

fresh water flux (kg/m2/s)

:
s2

M3

2 /\ |
YR
WS

15 20 25
days

30

1019

Figure 6. Top left: temporal evolution of the mixed layer simulated by the ensemble with the standard deviation in blue, and observations
with associated uncertainties. Top right: wind speed time series. the analysis is in black dashed line with red line and dots when wind speed
is larger than 9ms~1. The +1 standard deviation in blue is computed with all the forecast lengths; note that all systems are assumed to be
using the same wind speed field, though an exception can occur if a forecast using one system is launched before atmospheric forcing is
updated in the real-time production. Bottom left: total heat flux time series. The analysis is in black dashed line with blue curve and dots
when the heat flux is negative (the ocean loses heat) and red when it is positive (the ocean get heat). The +1 standard deviation in light blue
is computed with all forecast lengths and with all systems. Bottom right: fresh water flux time series. The analysis is in black dashed line
with blue curve and dots when the fresh water flux is negative (precipitation term is dominant) and red when it is positive (evaporation term

is dominant). The £1 standard deviation in light blue is computed with all forecast lengths and with all systems.

the last analysis or observation available are nearly equiva-
lent, while after 2 days, the model has some significant pre-
dictive skill. Three “classes” of score can be seen as in the
Taylor diagram (Fig. 4); the best is obtained with Atl12, 1bi36
and the mean and median products, a second with a signifi-
cant decrease in the score obtained with Glo12, and a third
with Glo4. Combining the forecasts in another way, simply
by removing one system from the statistics, quantifies the
gain (or degradation) obtained with each individual system.
Table 2 shows the value of the RMSE for these combina-
tions; the robust result is that the best forecast is obtained for
the whole forecast with the mean computed after removing
the Glo4 system, and with the Ibi36 system. Removing the
Glo4 estimate, it may be noted that the mean of these fore-
casts is better than all the individual forecasts, showing that
each estimate of the remaining ocean state gives pertinent in-
formation in terms of statistics for the forecast. In the follow-
ing, the analysis of the mixing and stratification events will
provide additional physical interpretation for these statistical
results.
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4 Mixed-layer depth forecast during May 2013
4.1 Description of the mixing and stratification events

In our area of study (Fig. 2), centred on 16.25° W-48.55° N
in the Northeast Atlantic, May 2013 is characterized by mix-
ing and stratification events. Figure 6 illustrates this variabil-
ity, with three mixing events (referred to as M1, M2 and
M3) and three stratification events (referred to as S1, S2
and S3) well marked in both observations and simulations.
Figure 6 shows the variability over the same period and in
the same area for the main atmospheric forcing parameters,
which are respectively wind speed, total downward heat flux
and the upward fresh water budget. We note the good cor-
respondence between the evolution of the mixed-layer depth
and atmospheric forcing. The first mixing event (called M1
with a maximum value on 11 May) occurs just after a strong
gust of wind (~13ms~! on 8 May) and corresponds to an
abrupt loss of heat which is negative from 8 to 10 May (min-
imal value ~100W m~2 occurs on 8 May) and an evapo-

Ocean Sci., 10, 1013-1029, 2014



1020 Y. Drillet et al

Glo4 Mixed Layer Depth
T T T

34
¢ 2%

-50

il S

—100

Mixed layer depth {m)

L x Obs i
-150 H
Y ®r0
or3
®F4
—200 L L 1 I I I
5 10 15 20 25 30

days

Atl12 Mixed Layer Depth
T T T

=100

%
ey

Mixed layer depth (m)

1501 * Obs

—200 L 1 L L L L
5 10 15 20 25 30
days

.. Forecasting the mixed-layer depth in the Northeast Atlantic

Glo12 Mixed Layer Depth
T T

Sﬁiﬁg’\;x | *ﬂ\w

e

B
=
B
o .
c 100" \a zo' B
g & +
=
5 !
=
= L]
—150 ¢ xObs 4
)
oF3
oF2
-200 \ ! . s \ s
5 10 15 20 25 30

I
T o
=
ﬁ';-
g ®
—_— »
3
e
- O
1 T

|
S
S
T
»
L]
1

Mixed layer depth (m)

1501 * Obs

—200 L L L L L L
5 10 15 20 25 30
days

Figure 7. Mixed-layer depth evolution during May 2013. The black line is the hindcast and the coloured dots are the forecasts for several
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values of the MLD estimated by the profiles during the day.

ration phase. The first stratification phase (called S1) is a
short event occurring between 11 and 13 May and corre-
sponds to a positive downward heat flux with a maximum
value of +150 Wm~2 on 12 May and a decrease of the wind
to under 9ms—1. The second mixing event (called M2 with
a maximum value on 17 May) is longer; it follows a short
re-stratification phase before reaching the maximum mixed-
layer depth and remains around 130 m depth for 3 days. This
mixing phase is also preceded by strong winds and heat loss
(negative downward heat flux from 14 to 17 May). A grad-
ual stratification event (called S2) follows, occurring during
a low wind and a warming period (from 18 to 26 May) which
re-stratifies the entire water column. At the end of the month,
a final strong gust of wind, causing heat loss, induces the
M3 mixing event (28 May). The last rapid re-stratification
of the entire water column (S3) occurs when the wind de-
creases. Several robust conclusions can be drawn from these
alternating mixing and stratification events. First, all mixing
events are associated with strong winds (exceeding 12 ms—1)
occurring a few days before the maximum of the mixed-
layer depth is reached. For M1 and M2, the wind event oc-
curs three days before the mixing maximum, while for M3
the response is faster (only 1 day). This could happen be-
cause the wind relative increase is larger (around 10ms—1)
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for M3 than for M1 and M2 (around 5-7 ms~1) and because
there have been 3 consecutive days of constantly increasing
wind. These strong wind events are always associated with a
large (less than —80 W m~2) heat loss and evaporation. Re-
stratification events occur when the wind speed decreases (to
less than 9 m s—1) and when the ocean absorbs heat with total
fluxes greater than 100 W m~—2: 1 day for the S1 events and
over a longer period (6 days) for the S2 event.

The standard deviation of all mixed-layer depths available
for all systems and all forecast lengths computed in the same
area centred on 16.25° W-48.55° N (Fig. 6) is also correlated
with the uncertainties in the atmospherics fluxes, estimated
as the standard deviation of all atmospheric flux estimates.
There is a greater uncertainty for the mixed-layer depth dur-
ing M1, S1, M2 and M3 with a standard deviation around
20m, and also a smaller one around a few metres, during
the S2 and S3 events. This is also true for the wind and heat
fluxes where uncertainties are greatest during wind events,
especially during the wind speed maxima. For the observa-
tions, the uncertainties are represented in Fig. 6 as vertical
bars centred on the mean values of the observations in the
box for every day in May 2013. Figure 2 shows the spatial
distribution of these observations. The large uncertainty for
the M1 and S1 events (from 11 to 14 May) is explained by the
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Figure 8. Temporal evolution of atmospheric forcing for hindcast (black line) and forecasts (coloured dots). Top panels: evolution of wind
speed for Glo4 (left) and Atl12 (right) systems. Bottom panels: heat flux (left) and fresh water flux (right) for the Atl12 system.

fact that we have a large east-west and north—south gradient,
with a centre area more stratified (with mixed layer around
40 m for 12, 13 and 14 May, the blue and green dots in Fig. 2)
surrounded by more mixed profiles from 11 to 14 May (yel-
low, orange and red dots in Fig. 2). This gradient is smaller
for the two other mixing events (M2 and M3). The uncer-
tainty in the observations of the S2 stratification event is quite
small and the right-hand panel of Fig. 2 shows a significantly
shallow mixed layer of depth less than 30 m for 24, 25 and
26 May as indicated by the small blue circles. This uncer-
tainty in the observation is not a robust diagnostic because
the number of observations in our case is too small to give a
precise estimate of this uncertainty, but nevertheless it gives
useful information for evaluating the model. In this particu-
lar experiment, at this location, during this month and taking
into account the estimate of the uncertainty for the model and
the observations, the model is in agreement with the obser-
vations.

4.2 Evaluation of the hindcasts

Comparing the hindcasts (hereafter referred to as H) in Fig. 7
for the ocean fields and Fig. 8 for the atmospheric fields, all
systems describe a stratified period at the beginning of the
month with mixed-layer depth around 20 m, except for Glo12
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where the mixed layer is deeper for the same period (around
40 m) which is closer to the observations. This may result
from the large-scale conditions being different in Glo12 on
the one side, and in Atl12 and Ibi36 on the other side. All
systems have their own dynamical regime, but 1bi36 is ini-
tialized with Atl12 analyses, which explains that the circula-
tion features of Atl12 and Ibi36 bear similarities, but do not
look like the main circulation features of Glo12.

On 7 May all the systems simulate the beginning of the
M1 mixing event, which reaches its maximum after 4 days
but with significantly different amplitudes. The M1 event is
too fast and too strong with Glo4 and Glo12 compared with
the observations whereas the 1bi36 and Atl12 hindcasts are
much closer to the observed values. Glo4 and Glo12 simu-
late mixed-layer depth greater than 100 m, while Atl12 sim-
ulates only 85 m of mixed-layer depth and 1bi36 even less
so, with only 70m depth. There is then a re-stratification
event (S1), completely missed with Glo4, while it is ob-
served and simulated with the other systems. The strongest
re-stratification takes place with Glo12 while nothing hap-
pens with Glo4 where the mixed layer remains deeper than
100 m for 8 days. This stratification event is present in the ob-
servations, and the mixed-layer depths are very close to the
observation in Glo12, Atl12 and 1bi36 even if the schedule
of the re-stratification is different mainly due to differences
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Figure 9. Mixed-layer depth (colour field) and sea surface height (contours) simulated by the four systems for 13 May in the area surrounding
the area of interest (1/2° x 1/2° white box centred on 16.25° W-48.55° N, Fig. 2). The colour dot indicates the mixed-layer depth observation

for the same day.

during the first mixing event as noted above. Figures 9 and
10 show the spatial patterns of the mixed-layer depth for all
systems for 13 May and 16 May respectively. In our area of
interest (white squares in these figures) there is a strong gra-
dient in the mixed-layer depth with a mixed column in the
northern part of the area, and a more stratified ocean in the
south. In this case the mean profile in this box is not fully
representative of the situation and the observation fails to
capture this kind of pattern. Nevertheless, as Figs. 9 and 10
show, the hindcast mixed layer in this box fit well with the
mean observed mixed-layer depth. Statistics computed over a
smaller box (taking into account only the northern part of the
box from 48.55 to 48.8° N) are slightly different for the Glo4
system with a deeper M1 mixing event and a more stratified
S1 event (not shown). But in this case the number of points
in the box is too small for this low-resolution system, and
the statistical results in terms of bias or rms values are not as
good. As explained in Sect. 2, the average applied over the
1/2° x 1/2° box is a small-scale filtering which is efficient
for the 1/12° or the 1/36° of degree system and consistent
with the available observations, but filters no signal for the
1/4° system. Taking into account a larger box for this system
could be a solution, but in this case the inconsistency with
the available observations which are really concentrated in
this small area will induce other biases. The M2 event with
a maximum of mixed-layer depth on 17 and 18 May is well
simulated with the Glo12, Atl12 and Ibi36 systems. The last
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period of the month is more similar in all systems, with a
re-stratification of the entire water column (S2) from 20 to
25 May, and a new mixing event (M3) followed by a re-
stratification (S3). The temporal evolution of the mixed-layer
depth agrees well among all the systems with minima and
maxima occurring on the same day except for the S1 strati-
fication event in Glo4 between 11 and 13 May. Observations
available at this position allow a precise validation of the evo-
lution of the mixed layer during the month. As shown by the
statistics, the 1bi36 system is the closest to observations with
very good timing of mixing and re-stratification events and a
good estimate of the mixed-layer depth. This is not surpris-
ing as this system benefits from the highest-resolution hori-
zontal mesh, the highest-resolution atmospheric forcing, and
also from the GLS scheme for the vertical mixing (Umlauf
and Burchard, 2003; Reffray et al., 2014). For instance, on
13 May (Fig. 9) at 17° W a dipole structure can be detected
in both Atl12 and 1bi36, with a cyclonic eddy near 48° N and
an anticyclonic eddy near 49° N. This dipole structure is not
present in either Glo4 or Glo12, which do not represent the
anticyclone at 49° N.
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Figure 10. As Fig. 9, for 16 May.

4.3 Discussion of the forecasts
4.3.1 Forecast of the first mixing event (M1)

The greatest forecast error is obtained with the Glo4 system
during the M1 event. During this first period (between 9 and
12 May) the 1- and 2-day forecasts are consistent with the
hindcast (green and blue dots with respect to the black line
in Fig. 7) and so deeper than the observations, but the 3- and
4-day forecasts (red and purple dots in Fig. 7) are closer to
the observations with a thinner mixed layer. One would have
expected FO to be more accurate than F4. As already men-
tioned in Sect. 3, the Glo4 is better at long forecast lengths
than at short forecast lengths for wrong reasons. The 4-day
wind forecast is less than the analysis wind (4 ms—! rather
than 13ms~1; purple dots for 9 May in Fig. 8, top panels).
The Glo4 system seems to produce too much mixing in re-
sponse to realistic wind (H, FO to F3), and thus produces a
more realistic mixed-layer depth when the wind is under-
estimated (F4). The other systems, Glo12, Atl12 and espe-
cially 1bi36 have a more realistic answer to wind forcing and
for these systems the error increases with forecast length. At
the beginning of the M1 event, the 4-day forecast misses the
mixing. Looking more closely at the forecast for the 9 May
(Fig. 7) none of the models 4-day forecast (purple dots) sim-
ulates the mixing when the smaller forecast lengths (blue,
green, yellow and red dots) capture this event. The same kind
of underestimation of the wind fields is observed for the Glo4
forecast at other dates and other forecast lengths (like 6 and
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10 May for the 4-day length illustrated by the purple dots
on Fig. 8, top left panel). The atmospheric forcings seen by
Glo4 display slightly more dispersion between the different
forecast lengths than the other systems. This can add to the
uncertainty of the mixed-layer depth in Glo4 with respect to
the other systems. These differences in the wind field used
for the forecast are explained by the fact that in the opera-
tional suite all the systems are not launched at the same time.
It is then possible to use the different base times of the at-
mospheric forecast for the ocean forecasts provided by the
different systems used in this study (Glo12, Glo4, Atl12 and
1bi36). As the Glo4 system is the first to be launched in the
operational suite, if there is a delay in the atmospheric forc-
ing construction procedure, this system will use the latest at-
mospheric forecast (using for example the previous analysis
cycle). The other systems are able to forecast this mixing of
the water column up to 4 days. Glo12 and Atl12 provide an
excess of mixing especially for the 3- and 4-day forecasts.
1bi36 is in better agreement with observations except for the
11 May where the observed mixed layer is deeper (a depth
of 90 m but with high uncertainty) and the forecast, just as
with the hindcast, gives too shallow a mixed layer (a depth
of between 65 and 75 m).

4.3.2 Forecast of the first re-stratification (S1)
and second mixing (M2) events

As already discussed for the hindcast in Sect. 4.2, the S1 re-
stratification event is not forecast with Glo4. Although the
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3- and 4-day forecast seem to give good results, it is for
the wrong reason; the initial state of these forecasts is too
stratified and the strong wind event is not present in the at-
mospheric forecast. The other systems are able to forecast
this re-stratification phase after the 12 May for each forecast
length. During the second mixing event (from 12 to 17 May
in the observation) the Glo4 forecast (especially from day 2
to day 4) provides a deep mixed layer, deeper than the hind-
cast and also deeper than the observations. The analysis of
the area (Figs. 9 and 10) shows that all systems provide mix-
ing of the water column from 13 to 16 May. This is true for
the hindcasts (Figs. 9 and 10) and forecasts (not shown) but
at a larger scale than the smaller 1/2° x 1/2° box which con-
tains the observations, and which is illustrated by the white
box in the figures. At this small scale, mesoscale oceanic
structures affect the mixed layer and a new source of uncer-
tainty is added to the atmospheric forcing uncertainties. As
observed in Figs. 9 and 10, similar large-scale mixed-layer
depth patterns appear in all systems, with a north-south gra-
dient with shallow mixed layer in the south (less than 50 m
depth) and a deeper mixed layer in the northern part. Note
that the figures show hindcast states and consequently the
atmospheric uncertainty is reduced. At smaller scales, the
effects of mesoscale, fronts, eddies and associated dynam-
ics are represented by the contours of sea surface height in
Figs. 9 and 10. In this case it is noticeable that the horizon-
tal resolution of the system is a key factor in the effect on
the mixed-layer depth. In Glo4, at 1/4° resolution, there is
less consistency between the mixed layer and the sea surface
height fields; at 1/12° (in Glo12 and Atl12) and even more
so at 1/36° (1bi36) there are thin structures along fronts, sur-
rounding eddies where the mixed layer is deeper. This influ-
ences the statistics when looking at small spatial and tem-
poral scales, as in our case where the spatial scale is less
than 50 km and the temporal scale is approximately 1 day.
As mentioned in previous sections, this S1 to M2 period con-
tains uncertainties for the mixed-layer depth and also for the
atmospheric forcing. It is linked to the following phenomena,
which all contain uncertainties:

1. error in the atmospheric forecast (see Fig. 8);

2. rapid stratification/mixing change occurring over two
days; in this case a short delay in the forecast gives a
large error;

3. M2 event occurs when the mixed layer is still thick; in
the case of a shallow mixed layer, the uncertainty is nat-
urally reduced,;

4. there are well marked mesoscale structures which affect
the mixed-layer depth, generating vertical mixing asso-
ciated with vertical velocities along the front and around
eddies.
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4.3.3 Forecast of the second and third stratification (S2,
S3) and third mixing (M3) events

The S2, M3, S3 time sequence is well forecast in all the
systems, with good temporal consistency with observations
(Fig. 7). Maximum stratification occurs on 25 May (S2).
Then, the water column is mixed until 28 May (M3) and
quickly re-stratified until the end of the month (S3). All the
forecast lengths are close to the hindcast run except the 4-
day forecast for 21 and 28 May. For these dates, all systems
give consistent solutions with too rapid a re-stratification for
21 May and a lack of mixing for 28 May. This is explained
by the error in the wind forecast (Fig. 8) taking into account
a 1- or 2-day lag, which is the typical time taken to mix the
water column. For 19 and 20 May the forecast wind speed is
too strong with wind speeds exceeding 10 ms—1, while anal-
yses give values less than 10ms~! decreasing to 7ms~1 for
20 May. The opposite occurs for 27 May with a wind forecast
of approximately 10 ms~! rather than the 14 ms! predicted
by the analysis

4.3.4 Atmospheric forcing versus initial state
in the uncertainties

The question of the significance or effect of atmospheric
forcing vs. initial state on the mixed-layer forecast has to be
addressed. One diagnostic computed to quantify these two
aspects separately is based on the temporal correlation be-
tween several time series. The first step is to compute the
temporal correlation between the same forecast lengths with
all the available systems. Correlations are thus computed for
six ensembles of estimates (H, FO, F1, F2, F3, F4), each en-
semble being made of four different time series coming from
the four systems. If the initial state had a strong impact on
error growth, one would expect the mean correlation of the
ensembles to decrease significantly with the forecast length.
In this case the mean correlation decreases from 0.94 (for
the Hindcast time series) to 0.91 (for the 4-day forecast time
series). This small decrease in correlation indicates that the
initial state has a small effect. In the second step the lag corre-
lation between the Hindcast (H time series) and the Forecast
(FO to F4 time series) is computed independently for each
system. In this case the mean correlation decreases from 0.98
(correlation between H and FO time series with 1-day lag) to
0.83 (correlation between H and F4 with 5-day lag). Even
though the correlation is still high, this stronger decrease in-
dicates that atmospheric forcing has a greater effect in com-
parison with the initial state. A second diagnostic is based
on the error growth computed with the standard deviation of
the forecast error, normalized with the standard deviation of
the observations (Fig. 11). For the atmospheric variables, the
main error is displayed by the fresh water flux which does
not drive the variability of the mixed-layer depth in our case,
as mentioned before. The normalized standard deviation be-
comes greater than 1, signifying that for the 1-day forecast
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the error variance is greater than the observation variance.
An unexpected decrease of the error happens for F2. First,
current numerical weather prediction systems have difficul-
ties to produce realistic water fluxes over the ocean, in anal-
ysis mode as well as in forecast mode. Second, water fluxes
may vary a lot inside a given day, or between two instances
of a weather forecast. In consequence, errors in water fluxes
averaged over 1 day may behave this way due to pure ran-
dom effects, and a bigger sample may be necessary in or-
der to derive robust statistics for this variable. For the wind
field, which in this case is the more important, this ratio is
smaller in comparison with the other forcing fields (heat and
fresh water fluxes). The difference between the forecast over
the entire month and that only over the mixing events (illus-
trated by the dashed line on the top panel in Fig. 11) is small
except for the 4-day forecast. For the mixed-layer forecast
(bottom panel in Fig. 11) considering the entire period there
is a small linear increase in the normalized standard deviation
which generally remains less than 1 even for the 4-day fore-
cast. The link with the error growth for the wind fields can be
made by considering that the largest increase in the error for
the 4-day forecast will have an effect on the longer-length
forecast of the mixed layer (typically for the 5 or 6 days
which are not included in this study). Taking only the mixing
events into account, the normalized standard deviation is sta-
ble for the first 3 days and then increases. It should be noted
that during the stratification events the normalized standard
deviation for the mixed layer is greater than 1. This is ex-
plained by the fact that, in a stratified ocean the error and the
mixed-layer depth have the same amplitude and a very small
variation in the mixed layer gives rise to a large effect for
this ratio. As we see in Figs. 9 and 10, there is also a strong
spatial variability in the mixed layer which is not driven by
atmospheric forcing, especially at small scales. Computing
the spatial standard deviation in the small 1/2° x 1/2° box
for all the systems independently, we show that uncertainty
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at this small scale is as great, or even greater, than the un-
certainty estimated as the standard deviation of all systems
and all forecast lengths spatially filtered in the 1/2° x 1/2°
box. This standard deviation can reach 50 to 60 m during the
month but the available observations are insufficient to quan-
tify this variability in small spatial scale. To understand the
initial state differences, an experiment without data assimi-
lation (Atl12 free) was performed and assimilation statistics
between systems were compared. The Atl12 free experiment,
driven by the best atmospheric forcing, simulates the mix-
ing and stratification events (not shown); the timing of these
events is in good agreement with the Atl12 simulation but the
amplitude is quite different. The M1 event is too deep and
S1 insufficiently stratified, the S2 stratification occurs more
quickly and the M3 mixing is insufficiently deep. Statistical
results are shown in Fig. 4 where we see that the correla-
tion is still high (0.86), of the same order of magnitude as
the 1-day forecast, and the RMSE is comparable with the 2-
day forecast. However, the standard deviation is greater than
all the Atl12 estimates, showing that data assimilation has a
significant effect on the initial state and particularly the strat-
ification which conditions the intensity of the mixing or strat-
ification forecast. Figure 12

shows the SLA increments computed for the three systems
(note that there is no data assimilation in the 1bi36 system,
which is not presented here). Our area of interest (48.5° N
and 16.2° W) is along a well marked front present in all anal-
yses. Positive increments in the northern part and negative in
the southern part are deduced from the analysis at 1/4 and
1/12° even though the spatial scales are different with in-
crements containing more mesoscale features at 1/12°. This
front is more intense in the 1/12° solution and is further north
in Glo12 by comparison with Atl12. These centimetre-scale
differences affect the circulation and especially the circula-
tion around mesoscale structures as can be seen in the daily
mean for 13 and 16 May (Figs. 9 and 10). The tempera-
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Figure 12. Mean SLA increment (in cm) computed over May 2013 for Glo4 (left), Atl12 (middle) and Glo12 (right) systems.

ture increments presented in Fig. 13 illustrate the correction
computed on the temperature profiles during May 2013 as a
result of the data assimilation method. Differences between
the three systems are noticeable. As already mentioned, the
Atl12 system is the closest to observations with a positive
increment around 0.1 °C at the surface and a negative incre-
ment of the same order of magnitude at 150 m depth. This
correction tends to stratify the ocean (warming in the surface
layer and cooling at the base of the mixed layer), as is ex-
pected given the previous results (Fig. 7). For the Glo12 sys-
tem, the temperature increment is negative from the surface
down to 150 m depth, but also with greater cooling at the base
of the mixed layer than in the surface layer. The effect can be
considered equivalent to that for the Atl12 system, neglect-
ing the bias. In Glo4, the increment profile is quite different:
in the top first 30 m there is a cooling of the mixed layer and
then increments re-stratify the ocean from 30 to 150 m just
as in the other systems. The dashed lines in Fig. 13 give the
envelope of the five increments available over the month of
May, computed as plus or minus one standard deviation de-
parture from the mean (we recall that the analysis cycle is one
week and in this case we use the five analyses using observa-
tions for May 2013). This illustrates the large variability in
this increment during this month. This might be expected be-
cause of the rapid strong mixing and re-stratification events
observed during this month. The conclusion of this part is
that evidence of the link between the wind and the mixed-
layer forecast is clearer than for the initial state in a complex
and non-linear operational system. It is difficult to discrimi-
nate the two sources of error using 5-day forecasts that hap-
pen to be correlated with the initial state. However, using the
Atl12 free simulation which is sufficiently far from initializa-
tion with data assimilation (made in March), we were able to
show that the effect of data assimilation on the initial state in-
cluding mesoscale processes and ocean stratification is actu-
ally significant. Model physics (vertical mixing scheme) and
resolution (from 1/4 to 1/36°) also play a crucial role; they
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Figure 13. Mean temperature increment (solid line) and + one stan-
dard deviation departure from the mean (dashed line) for May for
the three systems (Glo4 in blue, Atl12 in black and Glo12 in red).

have been discussed and their effects quantified in terms of
the statistics generated by the operational systems available.

5 Conclusions

This study focuses on a small area in the Northeast Atlantic
during May 2013. Several conditions are met to obtain robust
results:

1. a large number of temperature profiles (74) in a small
area with a high sampling frequency over the month
(more than one per day);

2. available daily forecasts with four operational ocean
forecasting systems containing differences in horizon-
tal resolution from 1/4 to 1/36°, initialization method,
vertical mixing scheme, atmospheric forcing, and so on;

3. astrong variability in the mixed-layer depth during the
month with alternating mixing and stratification events;
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4. a strong link between atmospheric forcing and ocean
response.

As a result of all these conditions, we have shown how oper-
ational oceanic systems can provide a mixed-layer forecast,
and we have quantified the quality of these forecasts with
commonly used diagnostics. The mean bias of the mixed-
layer depth forecast over the month is around a few metres
(usually less than 5m) and is quite stable with the forecast
length; the mixed-layer depth RMSE increases with the fore-
cast length but remains less than 20 m. The accuracy of the
mixed-layer depth depends on the vertical grid of the models,
and in Mercator Ocean forecasting systems near 100 m, two
levels are more than 10 m apart. Improving the vertical reso-
lution of the models could significantly improve the accuracy
of the mixed-layer depth estimates. The temporal correlation
between observation and forecast is usually greater than 0.85
and slowly decreases with forecast length. The skill score
shows the benefit of comparing the forecast with the persis-
tence. These statistics are also useful in comparing the per-
formance of the systems from the best to the worst in terms of
forecast ability. In our case we have shown that Glo4, which
is the system with the lowest resolution, gives the worst re-
sults and 1bi36, which has the highest resolution, gives the
best results closely followed by the Atl12 system. This pa-
per concentrates on temporal variability since, with the ob-
servations available, it is not possible to estimate a spatial
distribution of the mixed-layer depth. We have shown that
temporal variability is mainly driven by atmospheric forcing
(especially the wind field) and that the model forecast is of-
ten close to the observations with good agreement of the tem-
poral sequence of the mixing and stratification events in the
observations and forecasts. Note that a ~ 2-day lag between
a strong wind event and the maximum of mixed-layer depth
is observed, and consequently missing this event on the first
day of the wind forecast generates an error in the mixed-layer
depth forecast.

The availability of four systems providing daily forecasts
gives the opportunity to build an ensemble forecast asso-
ciated with an estimate of the uncertainty of the mixed-
layer depth. These systems have been developed by Mercator
Ocean under the MyOcean project, the ocean part of the Eu-
ropean Copernicus programme, and have been operated in
real time since the end of April 2013 (V3 of MyOcean ser-
vice). Other ocean forecast products could also have been
used to increase the number of members in the ensemble, but
for this study we chose to use only these four forecasts to
separate the effects of atmospheric forcing and initial state.
First results show the benefit of the mean or the median of
the members as forecast. In our case this ensemble estimate
is close to the best forecast, and sometimes this estimate is
the best (for example the best correlation for the 1-day fore-
cast is obtained with the median state and with the mean for
the 4-day forecast). Computing the same statistics, removing
each individual forecast one by one, is a good way to estimate
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each contribution in the ensemble. We have shown that after
removing the worst forecast, which systematically degraded
the mixed-layer depth estimation, the mean is always better
than each individual forecast for every forecast length. Using
other operational forecasts, it will be now useful to introduce
into the ensemble ocean estimates computed with other at-
mospheric forecasts, as for example, the product available
in MyOcean provided by the UK’s Met Office covering the
Northwest shelf (O’Dea et al., 2012), or other global high
resolution forecasts such as that provided by Naval Research
Laboratory (NRL) (Cummings, 2005). Uncertainty estimates
in the mixed layer in this area based on our 4-forecasting sys-
tems and 4-day forecast length can reach 50 m during this
particular month. The spatial uncertainty for the model in
such a small area has the same order of amplitude (~ 50 m).
Using the available data an uncertainty of 50 m was also es-
timated on several dates, though the number of observations
might be insufficient to compute a robust level of uncertainty.
We have also shown that there is a direct link between the
atmospheric uncertainty (especially the wind field) and the
mixed-layer depth. The other atmospheric fluxes (net heat
and water fluxes) are intrinsically different for each model
as they are computed from bulk formulae, which gives more
dispersion between all estimates.

Finally we have shown that the temporal variability in
the mixed-layer depth when changing from the mixing to
the stratification phase is driven by the atmospheric forcing,
but the small and meso-ocean scales also have a great lo-
cal impact. At this smaller scale, resolution, parameteriza-
tion and assimilation play a role and can impact the forecast
score, error or uncertainty. Unfortunately, based on obser-
vations the mixing along fronts and around eddies remains
difficult to validate properly. The coverage of the in situ ob-
servations and the resolution of satellite observations are not
sufficient even though the recovery of vertical velocity based
on satellite observations is promising (Buongiorno Nardelli
et al., 2012) and though observations of water colour pro-
vide high-resolution estimates of ocean parameters directly
affected by the vertical mixing. However, the effect of hori-
zontal circulation, particularly around eddies or along strong
fronts, is illustrated by Figs. 9 and 10. The Ibi36 model,
having the highest horizontal resolution, is able to resolve
mesoscale eddies that induce patterns of convergence and
mixing that are not present in the coarser horizontal reso-
lution systems. The 1bi36 model benefits from model tuning
(GLS mixing scheme, explicit tides, higher-resolution atmo-
spheric forcings) that are not yet implemented in the basin
scale and global model configurations such as Atl12, Glo12
and Glo4. Further sensitivity studies would be necessary in
order to quantify the effect of each individual improvement
of 1bi36 with respect to Atl12 or Glo12. Eventually as a test
platform for further developments of a high-resolution global
system, the Ibi36 forecasting system proves to be success-
ful in reproducing the mixed-layer depth and its response
to atmospheric forcing. Future development of the opera-
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tional oceanic forecasting systems will be crucial in improv-
ing forecasts of oceanic parameters or processes such as the
mixed-layer depth. Within the scientific community, work is
in progress to include data assimilation of new types of obser-
vation (such as ocean colour and, in the near future, SWOT
high-resolution sea surface height observations), to increase
horizontal and vertical resolution, to improve vertical mixing
models and parameterizations, to improve ocean—atmosphere
interaction due to coupling and to provide better estimates
of the uncertainties based on ensemble techniques. On the
short term, Mercator Ocean systems will be improved by us-
ing choice already done for 10i36 as the full resolution of
the atmospheric forcing at 1/8° in place of a 1/4° interpola-
tion, and by modifying the mixing length to 10 m in the TKE
mixing scheme or by implementing the GLS mixing scheme
(Reffray et al., 2014). A better vertical resolution could also
improve the MLD forecast, as well as introducing the mixing
due to waves.
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