Response to reviewers on manuscript gmd-2020-210

First, the authors would like to sincerely thank the reviewers for their careful reading of the paper
and their valuable comments to the manuscript and helpful suggestions. We further clarified several
issues raised during the review process. Please find attached our revised paper and below a summary
of how we responded to the comments. We also provide a diff marked-up file. Responses to the
specific concerns raised by both reviewers are reported in blue color below.

During the revision process it became clear to us that our objective to make this paper readable
by a large audience including model developers, oceanic model users, as well as the OA coupling
and PBL modeling communities while providing enough information to make our results easily
reproducible is ambitious. There is a risk to overwhelm the reader with too much information.
When preparing the revised manuscript we tried to improve the readability through the following
changes:

1. The introduction has been reshaped with subsections to clearly separate the different moti-
vations and also highlight the assumptions inherent to our approach.

2. Two technical sections of the paper (the discrete algorithms to compute mixing lengths and
the profiling of the NEMO code) have been moved to the appendixes.

3. Section 4 in the original manuscript was hard to follow because we did not state clearly what
were our objectives when running a particular numerical simulation. We have added a new
subsection (Subsec. 4.1) to help the reader and explicitly give our motivations.

With those modifications we managed to reduce the size of the main body of the paper by 2 pages.

1 Response to reviewer #1 (Anton Beljaars)

This paper proposes a point wise single column approach to include feedbacks of ocean SST and
current on near surface atmospheric variables in offline ocean simulations with prescribed atmo-
spheric conditions e.g. from re-analysis. This is obviously of interest for the development of high
resolution ocean models, because fully coupled simulations are expensive and running fully coupled
at very high resolution, e.q. at 1km, is still not feasible at the global scale. The paper documents the
infrastructure that has been built for this purpose, with elements like boundary layer parametriza-
tion, numerical techniques, and technical aspects. The evaluation of the boundary layer scheme on
the basis of LES is comprehensive and in fact impressive. It clearly shows that some versions of
the closure are better than others, but also that advection is important in case of SST gradients.
Although important, the handling of advection is left to future work. Also first experiments with
offline ocean simulations are presented with prescribed atmospheric forcing. Simulations with tradi-
tional forcing at 10m are compared with simulations that are forced and interactive with data over
the entire boundary layer. Evaluation is limited to a qualitative comparison of correlation between
wind and SST, and the relation between surface current vorticity and wind or stress curl. How-
ever, I suspect that the results on these coupling coefficients depend on the strength of relaxation
coefficients. A clean and objective optimization strateqy for the relaxation is not obvious and left
to future work. The paper covers a lot of ground and as a purely scientific paper, more would be
needed on evaluation, comparison with observations and optimization of the relaxation. On the other



hand, I very much welcome this paper as a step towards a technical infrastructure for offline ocean
simulations with realistic air-sea interaction. This is very much needed not only for offline ocean
simulations, but also for coupled simulations with a lower resolution atmosphere. In the latter case,
the air-sea interaction at high resolution can be improved by the type of scheme that is proposed
here. Furthermore, I expect these type of intermediate complexity systems to play an important role
in coupled data assimilation, which is hard to do in fully coupled models. The merit of this paper
is that it carefully describes the design and evaluation of a technical infrastructure that can be used
in further studies. GMD 1s highly suitable for this type of paper, so I recommend publication, after
addressing the points below.

e Lines 61-71: The authors motivate the need for a comprehensive boundary layer feed- back
in the ocean coupling by making reference to earlier studies, which is good. Un- fortunately,
this paragraph is hard to read, mainly because too many aspects are put together here. It
is perhaps better not to discuss currents at this point because the effects of currents can (or
is) already included in ASL coupling. Also the reference to bottom drag does not help. The
main point is that with boundary layer coupling, temperature and wind at 10m change when
heat and momentum fluxes change.

Yes we agree that this part of the introduction was hard to follow. The introduction is
now structured with subsections and subsection 1.2 specifically addresses the motivations in
terms of processes. Within this subsection we clearly separate the 3 mechanisms found in the
literature to explain air-sea interactions at eddy-scale (i.e. the downward momentum mixing,
the pressure adjustment and the current feedback). It is indeed true that the effect of the
currents is also present with the ASL coupling strategy but the effect is largely over-estimated.
From our point of view model users should avoid taking into account oceanic currents with
the ASL forcing strategy because the ocean would lose too much energy. Correcting this
over-estimation problem for uncoupled simulations was a strong motivation at the beginning
of our work, therefore we decided to keep this aspect in the introduction but hopefully things
are more clearly explained in the revised manuscript.

e Section 2.2: This section presents the basic idea, which is central to the paper. Ideally,
one would like to have the full set of atmospheric equations to evolve the column and add
the nudging term only to keep the forcing ”deterministic” or reproducible. The purpose of
the term is to ensure that the chaotic atmosphere does not drift off and one would like the
nudging term as small as possible. As soon as the atmospheric equations are less complete, the
nudging term has to work harder. The question is how accurate is the selected single column
approximation? Is it possible to motivate the approximations by an asymptotic framework
like in the surface layer? It would be good to say something about the relative magnitude
of different terms: temporal change, advection, pressure gradient, Coriolis, and diffusion
dependent on the traditional Rossby number and dependent on a dimensionless number that
describes the magnitude of the diffusion term relative to the advection or pressure gradient
terms. In this paper the diffusion term is considered to be the dominant term, but for the
momentum equa- tion Coriolis and pressure gradient are added. This is probably quite good
for large horizontal scales, but becomes questionable for the 1km scale. The question can also
be asked in a different way, namely what is the equilibrium solution of the diffusion equation
with boundary conditions at the surface and just above the boundary layer? Over the ocean
a steady state solution can be very accurate provide that all the forcing terms are present,
namely radiative flux divergence, Coriolis and pressure gradient. The moisture equation is



even simpler; without cloud and precipitation processes, only diffusion is left and for steady
state there is no flux divergence. In conclusion, I think that the proposed approach describes
the effects of an instantaneous response of the entire boundary layer to changes in the surface
boundary condition.

We agree that the question you raise : how accurate is the selected single column approxima-
tion? is fundamental for the future evolution of our approach. Several authors have already
shown that momentum vertical turbulent mixing, pressure gradient, Coriolis, and nonlinear
advection are all important to the momentum balance in the marine atmospheric boundary
layer at the vicinity of oceanic fronts (see for example Spall (2007), Small et al. (2008) or
ONeill et al. (2010) ). It is also well known that the relative importance of those terms
depends on the wind regime: for strong winds the vertical mixing is the dominant mechanism
while for weak winds the pressure adjustment mechanism is dominant. We did not provide
a detailled discussion on this aspect in the original version of the manuscript because the
current single-column approximation is only a first step before testing more complex formula-
tions. Our rationale is that the two main bottlenecks in term of computational cost inherent
to the ABL forcing strategy are the reading of 3D atmospheric data and the ABL turbulent
scheme. As a first step, we focused on those two aspects to assess whether or not our approach
would be a viable option (see it as a proof of concept). Because turbulent schemes are usually
tested in a single-column setup we decided to start with such formulation. At least it allows
for a representation of the modification of atmospheric stability due to SST (surface wind
increases over warm water and decreases over cold water) which already brings an improve-
ment compared to the ASL forcing strategy. Now that we have an adequate computational
framework and an efficient turbulent scheme that we can operate for a reasonable overhead in
term of computational cost we can move from the development phase to the next phase. Even
if we go for more complicated formulations of our simplified model the steps described in the
paper are necessary steps. We now make it more clear in the introduction (see subsection 1.3)
and the conclusion of the paper.

Thanks for your suggestions, we will consider them as we now started to go forward on more
advanced formulation of our model. We believe that a promising way to include horizontal
advection and to get rid of the tricky nudging term is to formulate the ABL model as a pertur-
bation around a time-evolving ambient state provided by data from a large-scale atmospheric
model. This is very much inline with the notion of soundproof equations (see papers by D.
Durran, A. Arakawa or P. Smolarkiewicz). This is an ongoing work and we will keep you
informed of our findings.

Section 2.4 and line 242: Relaxation is an important ingredient of the proposed system
and has a strong influence as suggested at line 235. It was decided to scale the relaxation
time scale with the model time step. This is understandable for the top of the boundary layer
where relaxation is used to impose a boundary condition by relaxing to the forcing in a single
time step (immersed boundary condition). However, in the boundary layer, I would have
expected a more ”physical” time scale, dependent on which physical process it represents, or
how fast the error growth is in the chaotic atmosphere.

We agree with this remark, and on top of that the recommendation given in the previous
version of the manuscript (i.e. choose A™" such that A™"At ~ (.1) was not consistent with
the parameter values used for the numerical experiments in Sect. 5. This paragraph has
been reformulated in the new version of Sect. 2.4. and we now consider a typical adjustment
timescale of the ABL to surface perturbations to define the relaxation time-scale in the lower



portion of the boundary layer. We believe it is now clear that the A™™ parameter should not
change when changing the time-step of the model because it is a physical parameter and not a
numerical one, only AI"** has to change with At. For the realistic simulations we considered a
relaxation time-scale around 90 min which roughly corresponds the time it takes for a parcel
with vertical velocity W ~ 0.5m s™! to reach the top of the PBL (with H, ~ 1300m) and
come back to the surface.

Section 3.3: If I understand correctly, the coupling with sea ice involves the averaging of
temperatures of different categories before computing fraction weighted fluxes over open water
and sea ice (lines 384-385). Alternatively, it would have been possible to extend the weighted
averaging in 384-385 to all the categories (as e.g. in Best et al., 2004, J. Hydrometeor., 5,
1271-1278 for land use categories). It is not the same as averaging the sea ice temperature,
because the transfer coefficients are stability dependent.

This is a very good point, thanks for raising it. In our case the two options you mention are
identical because in the current version of NEMO, all sea-ice categories have the same transfer
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But we fully agree that in the more general case where Ci® is function of T} averaging
the fluxes over sea-ice categories will be different from averaging the temperatures before
computing a single flux. We now mention this in the revised Section 3.3 because there is
already a plan to have a more advanced bulk formulation over sea-ice in NEMO. An other
option we have considered would be to run the whole atmospheric column over each sea-ice
categories and then average over those different columns. This would give a different result
from the two other options but for a much larger computational cost.

Section 5.2 Wind to SST correlation is considered here. I have seen papers by Chelton, where
the emphasis is on wind to SST-gradient correlation. Is the latter correlation less realistic in
the current coupling because advection is missing?

This is an interesting remark. We chose to show the wind to SST correlation to allow a direct
comparison with the spatial map given in Bryan et al. (2010). In particular Bryan et al.
(2010) show that the correlation between SST and surface wind-speed depends strongly on
the horizontal resolution (their Fig. 1 illustrates this aspect). The ability to reproduce the
modification of surface wind field by mesoscale SST is a prerequisite to be able to represent
the resulting convergences and divergences of the surface winds. We believe that Chelton
and co-authors have mostly looked at SST induced changes in wind-stress rather than surface
winds (but it is probably safe to consider that changes in wind stress are mostly attributable
to changes in surface wind speed). They came up with

VxT =c¢VSST xT
V.1 :CQVSST:I'\

with 7 the unit vector in the wind-stress direction. Following your comment, we have com-
puted the correlation factor between VSST - 7 and V - 7 for our NEMO/ABL1d ORCA025
simulation and we compare it to a coupled WRF-NEMO simulation provided by Lionel Re-
nault. This comparison is shown in Fig. 1. It seems that our results compare well with the
ones from coupled simulations.
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Figure 1: Correlation coefficient between downwind SST gradients and surface wind-stress diver-
gence.

e Figures 10 and 11 are discussed and compared with figures in literature. The paper is
already (too) long, but it should be possible to read the paper on its own, so it might be
better to reduce the number of plots from 3 to 2 and add the reference figures.

We merged figures 10 & 11 in one figure (Fig. 10 in the revised manuscript). If we understood
correctly you suggest to include in our paper the figures from Bryan et al. (2010) and Renault
et al. (2019) we used to assess our results ? We include those figures at the end of this
document (see App. A) but we are not sure that it is possible to integrate those figures
directly into our manuscript... Maybe we misunderstood your suggestion.

e Section 5.3 This section (including Table 4) describes the computer technology aspects, but
I feel that it is a bit too technical for this paper. I recommend to shorten it and limit to
general results on processing and 1O time.

We decided to move this section (Sect. 5.3 in the previous version of the manuscript) to
appendix D and to discuss the important outcomes in the conclusion.

e Section 6 This section summarizes the paper, and describes plans for future work. Also the
inclusion of advection is mentioned. I suggest to conclude more explicitly that advection is
high priority. From the experiments with an SST front it is clear that advection can not be
ignored at high resolution.

Yes this is more clearly stated in the revised conclusion. As mentioned earlier, our next
step forward now that we have a reliable turbulent scheme and an adequate computational
framework is to study different level of complexity in the formulation of the simplified ABL
model.



Response to referee # 2

Fuirst, I would like to commend the authors for tackling this much-needed task. When forced by
prescribed atmospheric fields via bulk formula, ocean-ice only models can only modify the atmospheric
forcing via the drag coefficient. In a fully coupled system, the atmosphere is, in turn, expected to
respond the ocean SST and currents. There is therefore a strong need for intermediate models like
the proposed ABL1d by allowing part of the near surface atmospheric field to vary as a function of
ocean variables.

Thanks for those encouraging remarks

Second, while the authors provide a thorough description of their approach, it is of- ten dense
and not always easy to extract the main information.

Yes we agree that the paper is dense, therefore we tried to improve its readability. As mentioned
in the preamble of our reply, we have moved to appendices two technical subsections of the paper
and in Section 4 we now provide the main outcomes for each of the numerical experiments we
conduct.

It is also lacking an overview of what is the current practice in planetary boundary layer models
and how the particular approach chosen for ABL1d stacks against them.

We indeed do not provide an overview of current practices in PBL models (beyond citing Bak-
lanov et al. 2011 & LeMone et al., 2019 in the revised manuscript) because for our purposes we
were looking for a simple (i.e. without cloud-related processes) and efficient scheme with a limited
number of arbitrary parameters to set. Our objectives are different from the current concerns in
the PBL community which is more focused on cloud processes, flows over complex topography and
structural aspects like the addition of a Turbulent Potential Energy equation or mass-flux schemes.
We raise this point in the revised subsection 1.3. For the particular PBL scheme we use (a prognos-
tic TKE with diagnostic mixing length turbulent scheme) most of the research is oriented toward
an appropriate choice of mixing length, that’s the reason why we investigate the sensitivity to this
aspect.

In regard to your remark on the lack of comparison with existing PBL models. Note that the
testcases we discuss in sections 4.2, 4.3, 4.4.1, and 4.4.2 are standardized testcases routinely used
in many publications dealing with turbulence modelling of the atmospheric boundary layer under
idealized forcing conditions. Our results can thus be directly confronted with the ones obtained
with other PBL schemes. Comparison of results obtained with the present scheme to the ones used
in published testcases show that the scheme is doing very well. Moreover, in the paper we show that
our results compare favorably with the ones obtained from LES simulations using a well established
model (MesoNH).

Major comments:

e Major comment #1: While I appreciate the fact that this approach emphasize over water
conditions, the paper would benefit from a brief overview of current PBL and param- eteri-
zations (Baklanov et al., BAMS, 2011, DOI:10.1175/2010BAMS2797.1) and why the authors
decided to use their own approach. In particular, there are already existing standalone PBL
models such as the one from the University of Washington. Important differences between
the planetary boundary layer over land and ocean surfaces arise because the ocean thermody-
namic and dynamic characteristics, especially its temperature and this should be contrasted



with existing models. This would set the stage for section 2.3

We have thought a lot about the possibility to start with an existing PBL scheme (either
standalone or extracted from an AGCM). But at some point it came clear to us that it would
be much easier to take a fresh start. There are several reasons for that:

— Computational efficiency: each code is designed with particular choices of parallelization
options (shared vs distributed memory), particular memory access patterns which can
both dramatically affect the performance on massively parallel environments. Moreover
developing a robust and efficient interface with external codes is not always an easy task.
Because we are targeting an application in the operational context, those aspects are
important.

— Code maintenance: having a turbulent scheme inside the NEMO framework and following
the standard NEMO coding rules guarantees that the corresponding piece of code will
be maintained and will go through automatic regression tests.

— Flexibility: unlike most atmospheric models our aim was to use a simple geopotential
vertical coordinate. Moreover, we wanted to be able to easily investigate the sensitivities
to model parameters and closure choices which has been straightforward in the framework
we developed.

We were confident that this choice was the right one because some researchers involved in the
project have a thorough expertise in prognostic TKE turbulent schemes for the atmospheric
and oceanic PBL. In the end, our comparison with the MesoNH results shows that our scheme
behaves very much like the original CBR-1d scheme used at Meteo France over the last two
decades.

This is explained at the beginning of section 2.3 in the paper:

The turbulence scheme we have implemented in our ABLI1d model is very similar to the so-
called CBR-1d scheme of Cuzart et al. (2000) which is used operationally at Meteo France
(Bazile et al., 2012). We chose to recode the parameterization from scratch for several rea-
sons: computational efficiency, consistency with the NEMO coding rules, use of a geopotential
vertical coordinate, and flexibility to add elements specific of the marine atmospheric boundary
layer.

Major comment #2: It is somewhat related to #1, but when stating that the turbulent
mixing by the air-sea feedback is thought to be the main coupling mechanism and that this
mechanism is expected to explain most of the eddy-scale wind-SST and wind- currents in-
teractions, this needs to be further substantiated or be made clear that this is one of your
assumptions.

Yes we agree with this remark. This assumption was clearly stated only in section 2.2 in the
original manuscript. We now mention it explicitly in the introduction (see Sec. 1.3):

"Our aim is to account for the modulation of atmospheric turbulence by anomalies in sea-
surface properties in the air-sea fluxes computation which is thought to be the main coupling
mechanism at the characteristic scales of the oceanic mesoscales.”

and in the conclusion:

"A crucial hypothesis is that the dominant process at the characteristic scale of the oceanic
mesoscale is the so-called downward mixing process which stems from a modulation of atmo-
spheric turbulence by sea surface temperature (SST) anomalies”

As said in our reply to reviewer #1, this assumption will be relaxed in future work. The main



target here was to build the adequate computational framework within NEMO and to design
an appropriate turbulence scheme.

e Major comment #3: The series of validation experiments in sections 4 and 5 are not easy
to ready and would benefit from a clearer introduction clearly stating which aspect of the
ABL1d model is being tested and which limitations are emphasized. A thorough discussion of
the choices in relaxation time scales and lack of advection are key elements to the validation
discussion. Section 5.2 is the main achievement with an application of global NEMO, but
what are we learning here besides the fact that it has impact on the circulation? For each
of the applications/validations sections, the manuscript would benefit from an introductory
statement describing the intent of each section, what is being tested, and their outcome.

This is a very good suggestion. We have added a subsection (subsection 4.1) to explain the
objectives behind each numerical experiment. Then for each experiment we have summarized
the important outcomes in the revised manuscript. The discussion on the appropriate choice
of relaxation time-scale has been revised (see Sec. 2.4 and reply to reviewer # 1).

Regarding your remark on Sect. 5.2., this paper should be primarily understood as a model
development paper rather than a paper about the physics of the OA coupling. In section 5.2, a
first lesson is that the NEMO model can be run efficiently, stably and without significant drift
when coupled with ABL1d. Then, our second intent was to show that the various mechanisms
mentioned in the introduction (namely the downward mixing process and the current feedback
effect) are qualitatively and quantitatively well represented in the NEMO simulations with
the ABL coupling strategy whereas they are absent in the ASL forcing strategy. We have
split Section 5.2 in three subsections to clarify this point.

Note that the Brivoal et al. (2020) paper is now available online (the reference has been
updated in the revised manuscript). This paper is a process-oriented study of NEMO-ABL1d
coupled model solutions.

Minor comment:

I suggest moving the code performance section to an appendix.

Yes, reviewer#1 had the same request therefore we decided to move this section (Sect. 5.3 in
the previous version of the manuscript) to appendix D and to discuss the important outcomes in
the conclusion.



A Reference figures from Bryan et al. (2010) and Renault
et al. (2019)
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Figure 2: Fig. 1lc from Bryan et al. (2010)
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Figure 3: Fig. 1b from Renault et al. (2019)
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Abstract. A simplified model of the Atmospheric Boundary Layer (ABL) of intermediate complexity between a bulk param-
eterization and a three-dimensional atmospheric model is developed and integrated to the Nucleus for European Modelling of
the Ocean (NEMO) general circulation model. An objective in the derivation of such simplified model called ABL1d is to
reach an apt representation in ocean-only numerical simulations of some of the key processes associated to air/sea interactions
at the characteristic scales of the oceanic mesoscale. In this paper we describe the formulation of the ABL1d model and the
strategy to constrain this model with large-scale atmospheric data available from reanalysis or real-time forecasts. A particular
emphasis is on the appropriate choice and calibration of a turbulent closure scheme for the atmospheric boundary layer. This
is a key ingredient to properly represent the air/sea interaction processes of interest. We also provide a detailed description
of the NEMO-ABLI1d coupling infrastructure and its computational efficiency. The resulting simplified model is then tested
for several boundary-layer regimes relevant to either ocean/atmosphere or sea-ice/atmosphere coupling. The coupled system
is also tested with a realistic 0.25° resolution global configuration. The numerical results are evaluated using standard metrics
from the literature to quantify the wind/sea surface temperature (a.k.a. thermal feedback effect), wind/currents (a.k.a. current
feedback effect) and ABL/sea-ice couplings. With respect to these metrics, our results show very good agreement with ob-
servations and fully coupled ocean-atmosphere models for a computational overhead of about 9% in term of elapsed time
compared to standard uncoupled simulations. This moderate overhead, largely due to I/O operations, leaves room for further
improvement to relax the assumption of horizontal homogeneity behind ABL1d and thus to further improve the realism of the

coupling while keeping the flexibility of ocean-only modelling.

1 Introduction

Owing to advances in computational power, global oceanic models used for research or operational purposes are now config-
ured with increasingly higher horizontal/vertical resolution thus resolving the baroclinic deformation radius in the tropics (e.g.

Deshayes et al., 2013; Metzger et al., 2014; von Schuckmann et al., 2018). Meanwhile fine-scale local models are routinely
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used to simulate submeso-scales, which occur on scales on the order of 0.1 — 20 km horizontally, and their impact on larger
scales (e.g. Marchesiello et al., 2011; McWilliams et al., 2019). By increasing the oceanic model resolution, small scales fea-

tures are explicitly resolved but an apt representation of the associated processes requires the relevant scales to be present also

in the surface forcings including the proper interaction with the low-level atmosphere.

1.1 Historical context

Historically, Oceanic General Circulation Models (OGCMs) were forced by specified wind-stress and thermal boundary con-
dition (from observations or reanalysis) independent from the oceanic state thus often leading to important drifts in model
sea surface properties. To minimize such drifts, a flux correction in the form of a restoring of sea-surface temperature and
salinity toward climatological values can be added (e.g. Haney, 1971; Barnier et al., 1995). To overcome the shortcom-
ings of the forcing with specified flux, Takano et al. (1973) proposed to use a parameterization of the atmospheric surface
layer (ASL) constrained by large scale meteorological data and by the sea-state (essentially the sea-surface temperature and
sometimes the surface currents) to compute the turbulent components of air-sea fluxes. Currently, whatever the target ap-
plications, such technique is widely used in the absence of a concurrently running atmospheric model. Such parameteriza-
tion of the ASL
(known as bulk parameterization, e.g. Beljaars, 1995; Large, 2006), which corresponds to a generalization of the classical neu-

tral wall law to stratified conditions (Monin and Obukhov, 1954), is expected to be valid in the first tenth of meters in the

atmosphere. In practice, unless a fully coupled ocean-atmosphere model is used, atmospheric quantities at 10 meters, either
from existing numerical simulations of the atmosphere or from observations, are prescribed as input to the bulk parameteri-
zation. Throughout the paper, this approach will be referred to as “ASL forcing strategy”. A problem with such methodology
is that the fast component of the system (the atmosphere) is specified to force the slow component (the ocean) whereas the
inertia is in the latter. Indeed, a change in wind-stress or heat flux will affect 10 meter winds and temperature more strongly
than sea surface currents and temperature. In the “ASL forcing strategy”, the key marine atmospheric boundary layer (MABL)

processes are not taken into account and thus feedback loops between the MABL and the upper-ocean are not represented.
1.2 Air-sea interactions at oceanic mesoscales

An increasing number of studies based either on observational studies and/or on air-sea coupled simulations have unambigu-
ously shown the existence of air-sea interactions at oceanic mesoscales
—With-partieularrelevance for the-presentstudy,(e.
- Those interactions affect the mass, heat and momentum exchange between the atmosphere and the ocean. We focus in this
work on the dynamical response of the surface wind-stress to the sea-surface properties (Sea Surface Temperature (SST) and
currents) which directly affects low-level winds, temperature and humidity. Several mechanisms responsible for the surface

wind-stress response to SST and oceanic currents can be invoked:
(i) Downward momentum mixing: SST-induced changes in the stratification produce significant changes of wind speed and

turbulent fluxes throughout the MABL ;-with an increase (resp. decrease) in wind speed over warm water (resp. cold wa-

. Giordani et al.,

1998; Bourras et al., 2004; Chelton and Xie, 2010; Frenger et al., 201
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ter). As the wind blows over warm water, the MABL becomes more unstable and-the-assoctated-which leads to an increased

vertical mixing enhanees-the-resulting in a downward mixing of momentum from the upper atmosphere to the near-surface

resp. crosswind) SST gradients correlation (e.g. Chelton and Xie, 2010; Schneider and Qiu, 2015).

zz) Atmospheric pressure adjustment: this mechanism corresponds to an ad]ustment of the atmospheric pressure gradi-

(Lindzen and Nigam, 1987; Minobe et al., 2008; Lambaerts et al., 2013).
(iii) Oceanic current feedback: The momentum exchange between the ocean and the atmosphere is not-enly-affected
byaﬁefm%@hﬂgbt&ﬂ}seﬁge}wwm by a dynamical coupling through the dependence of surface

wind-stress on oceanic surface currents

Renaultet-al;20+6a)—(e.g. Dewar and Flierl, 1987). This coupling results in a drag exerted by the air-sea interface on the
ocean which leads to a systematic reduction of the wind power input to the oceanic circulation.

Even if these three mechanisms are mainly active at oceanic eddy scales, they can induce significant effects at larger
scales in regions with large SST gradients and/or surface currents (Hogg et al., 2009; Bryan et al., 2010; Renault et al., 2016a
. They jointly leave their imprint on the wind divergence and identifying the relative importance of each mechanism on the

momentum balance is difficult because it depends on the dynamical regime and on the spatial and temporal scales of interest
Schneider and Qiu, 2015; Ayet and Redelsperger, 2019).

In the ASL coupling strategy the dow

in-the-MABL-is-ignored;—although—pressure adjustment mechanism is absent and only a small fraction of this-effeet-the
downward momentum mixing mechanism is accounted for through the modification of surface drag coefficient depend—

ing on the ASL stability
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—Dewar-and 8 alled op-drag—-wh ads—to-areduction—o wind-pow

eceante-cirewlation—(Businger and Shaw, 1984; Chelton and Xie, 2010). As far as the current feedback is concerned, Renault
et al. (2016b) showed that this-the reduction of wind power input to the ocean is systematically over-estimated in tneotpted

oceanie-simutations-oceanic simulations based on an ASL forcing strategy compared to air-sea coupled simulations. A simu-
lation that neglects the MABL adjustment to the current feedback can not represent the partial re-energization of the ocean by
the atmosphere and hence overestimates the tep-drag-drag effect by more than 30% (e.g. Renault et al., 2016b, 2019a). The
ASL forcing strategy used in most oceanic models will thus over-estimate the dynamical-coupting-current feedback effect and

under-estimate the thermat-couplingdownward momentum mixing.

1.3 The proposed approach and focus for this paper

The various aspects discussed so far suggest that a relevant coupling at the characteristic scales of the oceanic mesoscales
requires nearly the same horizontal resolution in the ocean and the atmosphere (since the atmosphere must "see" oceanic
eddies and fronts) as well as an atmospheric component more complete than a simple ASL parameterization to estimate air-sea
fluxes. This assessment raises numerous questions on current practices to force oceanic models across all scales' in the absence
of an interactive atmospheric model. The computational cost associated to the systematic use of fully coupled ocean atmosphere
models of similar horizontal resolution is generally unaffordable and comes with practical issues like the proper definition of
initial conditions via data assimilation techniques (e.g. Mulholland et al., 2015) and the proper choice of a parameterization set.
Moreover, in the fully coupled case at basin or global interannual scales the temporal consistency with the observed variability
is generally lost unless a nudging toward observations or reanalysis is done in the atmosphere above the MABL (e.g. Bielli
et al., 2009).

There is thus clearly room for improvement in the methodology to compute the surface boundary conditions for an ocean
model. Alternatives to the ASL forcing strategy have already been suggested by Seager-et-al-1995)-Kleeman and Power (1995); Seager et
and Deremble et al. (2013). They proposed a vertically integrated thermodynamically active but-and dynamically passive
MABL model where the wind and the MABL height are specified as in the current practices. By—censtruetionsach-medel

ean—Such model allows a better feedback between SSTs and low-level air temperature and humidity because the latter are
rognostic (Abel, 2018). However, by construction, such model do not reproduce the various aforementioned coupling mecha-

nisms affecting the surface wind stress. Their focus is on the improvement of the large-scale thermodynamics while ours is on

the improvement of the eddy-scale momentum exchanges.

In the present study we propose an alternative methodology to improve the representation of the downward momentum
mixing and of the current feedback effect in ocean-only simulations, leaving aside the pressure gradient adjustment for
now on. Our aim is to account for the modulation of atmospheric turbulence by anomalies in sea-surface properties in the
air-sea fluxes computation which is thought to be the main coupling mechanism at the characteristic scales of the oceanic
mesoscales. As a step forward beyond the ASL forcing strategy we propose to complement the ASL, parameterization with

"This remark is supported by the conclusions of the CLIVAR Working Group on Model Development following the Kiel meeting in Apr. 2014 http:

/Iwww.clivar.org/sites/default/files/documents/exchanges65_0.pdf


http://www.clivar.org/sites/default/files/documents/exchanges65_0.pdf
http://www.clivar.org/sites/default/files/documents/exchanges65_0.pdf

an ABL parameterization while keeping a single-column frame. By construction our approach excludes horizontal advection

whose effect can be important at the vicinity of strong SST fronts (e.g. Kilpatrick et al., 2014; Ayet and Redelsperger, 2019).

2

However we considered that finding a simple and efficient MABL parameterization is the top priority to start investigating the

125 viability of our approach in terms of practical implementation and computational cost. Indeed there exists a large variety of
parameterization schemes to represent the effects of subgrid-scale turbulent mixing in the ABL (see LeMone et al., 2019, and references the
- The _schemes based on a diagnostic or prognostic turbulent kinetic energy (TKE) are very popular for operational and
research purposes despite well-identified shortcomings (e.g. Baklanov et al., 2011). For our purposes we do not need the full
complexity of the schemes used in practice in atmospheric models because aspects like cloud processes and complex terrains

130 are outside our scope. For this reason, the guideline in this paper is the development and the testing of a simplified version of the
TKE-based scheme proposed by Cuxart et al. (2000) for over-water and over-sea-ice conditions. Note that the single-column
approximation for our simplified model selected in this study is only a temporary choice to provide evidence on the viability
of the whole approach. More advanced formulations allowing to recover a more realistic momentum balance (i.e. including

advection) will be studied in future work.
135 1.4 Content

The objective of the present study is to introduce a simplified model of the MABL of intermediate complexity between a bulk
parameterization and a full three-dimensional atmospheric model and to describe its integration to the Nucleus for European
Modelling of the Ocean (NEMO) general circulation model (Madec, 2012). This approach will be referred to as “ABL coupling
strategy”’. A constraint in the conception of such a simplified model is to allow an apt representation of the downward momen-
140 tum mixing mechanism and partial re-energization of the ocean by the atmosphere while keeping the computational efficiency
and flexibility inherent to ocean only modeling. The paper is organized as follows. In SeeSect. 2, we describe the continuous
formulation of the simplified model called ABL1d, including the parameterization scheme used to represent vertical turbulent
mixing in the MABL and the strategy to constrain this model with large-scale atmospheric conditions. SeeSect. 3 provides the
description of the dicretization and of the practical implementation of the ABL1d model in the NEMO framework. In SeeSect.
145 4 and 5 numerical results obtained for some atmosphere-only simplified test-cases available in the literature and for a coupled
NEMO- ABL1d simulation in a global configuration are shown. Finally, our conclusions and perspectives are summarized

and discussed in SeeSect. 6.

2 Model equations

In_this section we first provide some basic elements on model reduction to motivate our approach and mention possible

150  alternatives (Subsect. 2.1). Then we detail the continuous formulation of the ABL1d model and discuss the assumptions made.
In particular the governing equations and necessary boundary conditions are given in Subsect. 2.2 and the turbulence closure
scheme for the MABL, in Subsect. 2.3. Finally in Subsect. 2.4 we discuss the methodology to relax the ABL1d prognostic
quantities toward large-scale data,
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2.1 Motivations and proposed approach

Global oceanic models can be run at higher resolution that global atmospheric models because of their affordable computational

cost. From an oceanic perspective, we generally simulate at high-resolution (in space and time) ocean fields ¢ (2, v, 2,t) over

atime interval ¢ € [0, 7] over which only large scale atmospheric data ¢$2" (x,y, z,t) are known from the integration of a model

Matm using lower-resolution surface oceanic data ¢7g (z,y,z = 0,t) to compute its surface boundary conditions, namely

18" (2.9, 2,1) = Mawm (S18 (2,9,2=0,1)),  t€[0,T]

Instead of directly using ¢¢2" (2, v,z = 10 m,t) to constrain the oceanic model as in the ASL forcing strategy, our objective

is to estimate (without running the full atmospheric model again) the correction to the 10 m large-scale atmospheric data

associated both with the fine resolution in the oceanic surface fields and with the two-way air-sea coupling. Somehow we aim
~atm

at finding a methodology to get a cheap estimate ¢yg (,y,2 = 10 m,t) of the solution that would have been obtained using

a coupling of M, and the oceanic model at high resolution. To do so we could imagine several approaches: (i) estimate

atm
oce
0drs

would require to have the possibility to operate M, ; (ii) Build a surrogate model via learning strategies which would require

(i.e. the derivatives of the atmospheric solution with respect to the oceanic parameters) via sensitivity analysis which

a huge amount of data and computing time; (iii) Select the feedback loops of interest and define a simplified model to mimic
the underlying physical mechanisms. Following the terminology of Razavi et al. (2012), the first two approaches enter the
class of statistical or empirical data-driven models emulating the original model responses while the third one enters the class
of low-fidelity physically-based surrogates which are built on a simplified version of the original system of equations. In the
present study we consider this latter approach, in the spirit of Giordani et al. (2005) who derived a simplified oceanic model by

degenerating the primitive equations system and prescribing geostrophic currents into the momentum equation in substitution

of the horizontal pressure gradient. In this model, a simple 1D oceanic mixed layer is three-dimensionalized via advective terms

of this section we describe the continuous formulation of our simplified MABL model which will be referred to as ABL1d.

2.2 Formulation of a single column approach

The formulation of the ABL1d model is derived under the following assumptions: (i) horizontal homogeneity (i.e. 0, = 0y =
0), (ii) the atmosphere in the computational domain is transparent (i.e. 9,Z = 0 with Z the radiative flux) meaning that cloud
physics is ignored and solar radiation and precipitations at the air-sea interface are specified as usual from observations (e.g.
Large and Yeager, 2009) (iii) vertical advection is neglected. Such assumptions prevent the model to prognostically account for

the SST-induced adjustment of the atmospheric horizontal pressure gradient and for horizontal advective processes associated
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with a higher resolution boundary condition at the air-sea interface. The focus here is on the proper representation of the
modulation of the MABL turbulent mixing by the air-sea feedback which is thought to be the main coupling mechanism
at the characteristic scales of the oceanic mesoscales impacting ¢*"*(z = 10 m, t) hence air-sea fluxes. This mechanism is
expected to explain most of the eddy-scale wind-SST and wind-currents interactions and is key to properly downscale large-
scale atmospheric data produced by a coarse resolution GCM to the oceanic resolution.

At a given location in space, the ABL1d model for the Reynolds-averaged profiles of horizontal velocities uy (z,t), potential

temperature 0(z,t), and specific humidity ¢(z,t), provided a suitable initial condition, is

ouy, = —fk xup + 0, (Kmﬁzuh) +Rig
00 = 0.(K.0.0)+ \(0ys —0) (1)
815(] = 0,2 (Ksazq) + )\s (qLS - Q)

for the height 2z between a lower boundary 2. and an upper boundary z;,, which will be considered horizontally constant
because only the ocean and sea-ice covered areas are of interest. In (1), k = (0,0,1)? is a vertical unit vector, f the Coriolis
parameter, K,,, and K are the eddy diffusivity respectively for momentum and scalars, the subscript LS is used to characterize
large-scale quantities known a priori, As(z,t) is the inverse of a relaxation timescale, and Rys denotes a large-scale forcing for
the momentum equation. Ry can either represent a forcing by geostrophic winds ug (i.e. Rps = fkxu¢) orequivalently by a
horizontal pressure gradient (i.e. Ryg = (p%V hp) LS) combined with a standard Newtonian relaxation (i.e. Rps = Ay, (urs —
uy,) ). Because of the simplifications made to derive the ABL1d model the Ry,g term and a nonzero A are necessary to prevent
the prognostic variables to drift very far away from the large-scale values used to “guide” the model. By itself a relaxation term
does not represent directly any real physical process, but the rationale is that it accounts for the influence of large-scale three-
dimensional circulation processes not explicitly represented in a simple 1d model. Note that this methodology is currently used
to evaluate GCM parameterizations in 1D column model. Once the turbulent mixing and the Coriolis term have been computed
to provide a provisional prediction "1 at time n + 1 for any ABL1d prognostic variable ¢, the relaxation term provides a

weighting between this prediction and the large-scale quantities
" = AtA prs + (1 — AtA)p" T+ )

with At the increment of the temporal discretization. Above the boundary layer, the ABL1d formulation is unable to properly
represent the physics, therefore the A parameter should be large while in the first tens of meters near the surface we expect the
ABL1d model to accurately represent the interaction with the fine resolution oceanic state and thus the relaxation toward ¢r,g
should be small. The exact form of the A, and \,,, coefficients is discussed later in Sec. 2.4. Note that because of the relaxation
term, three-dimensional atmospheric data for urg, 01s, qLs, and possibly (p%Vhp) L sampled between zgg. and 2o, must
be provided to the oceanic model instead of the two-dimensional data (usually at 10 m) necessary for an ASL forcing strategy.
Since the ABL1d model does not include any representation of radiative processes and microphysics, the radiative fluxes and

precipitation at the air-sea interface are similar to the one provided for a standard uncoupled oceanic simulation. The model
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requires boundary conditions for the vertical mixing terms which are computed via a standard bulk formulation:

Kmazuh‘z:zsfc = CDHuh(Zsfc) - uoce”(uh(zsfc) - uoce)a (3)

Ksazd)‘zzzsfc = C¢||uh(zsfc) - uoccH(Qb(Zsfc) - (j)occ)a with d) = 0; q (4)

For the sake of consistency, it is preferable to use a bulk formulation as close as possible to the one used to compute the
three-dimensional large-scale atmospheric data ¢¢%". Because in the present study the plan is to use a large-scale forcing from
ECMWE reanalysis products, we use the IFS? bulk formulation such as implemented in the AeroBulk® package (Brodeau et al.,
2017) to compute Cp, Cy, and C|, in realistic simulations (see SeeSect. 5). Note that for an ASL forcing strategy uy,(2st) and
&(2sc) in (3) would be respectively equal to urs(z =10 m) and ¢rs(z = 10 m) while in the ABL coupling strategy those
variables are provided prognostically by an ABL1d model. As far as the boundary conditions at z = z;,, are concerned,
Dirichlet boundary conditions uy, (2top) = uLs (2top) and @(z4op) = P15 (2top) are prescribed.

Model (1) is a first step before evolving toward a more advanced surrogate model including horizontal advection and fine-

scale pressure gradient in the future. A particular focus of the present study is on the appropriate choice of a closure scheme to

diagnose the eddy diffusivities K, and K. This is a key step to properly represent the downward mixing process.
2.3 Turbulence closure scheme

This subsection describes the turbulence scheme used to compute the eddy diffusivity for momentum and scalars. Those eddy
diffusivities are responsible for a vertical mixing of atmospheric variables due to turbulent processes. The turbulence scheme
we have implemented in our ABL1d model is very similar to the so-called CBR-1d scheme of Cuxart et al. (2000) which is
used operationally at Meteo France (Bazile et al., 2012). We chose to recode the parameterization from scratch for several
reasons: computational efficiency, consistency with the NEMO coding rules, use of a geopotential vertical coordinate, and
flexibility to add elements specific of the marine atmospheric boundary layer.

CBR-1d is a one-equation turbulence closure model based on a prognostic turbulent kinetic energy (TKE) and a diagnostic

1

computation of appropriate length scales. The prognostic equation for the TKE e = 5 ((v/u/) + (v'v") + (w'w’)) (with (-) the

Reynolds averaging operator) is

1
Orc =~ {uf') 0. ) + 5% w0} 0. (') 4 ol ) = ®)

where horizontal terms and vertical advection are neglected, as usually done in mesoscale atmospheric models. Here 6,, is the
virtual potential temperature, p, is atmospheric density, and € a dissipation term. In order to express the evolution of e in terms

of Reynolds averaged atmospheric variables ;-the-following-we consider the standard closure assumptions for the first order
turbulent fluxes are-made:—(Cuxart et al., 2000) to obtain the classical TKE prognostic equation

/! ref 2
’ v

2Integrated Forecasting System: https://www.ecmwf.int/en/forecasts/documentation-and- support/changes-ecmwf-model/ifs-documentation
3http://aerobulk.sourceforge.net/


https://www.ecmwf.int/en/forecasts/documentation-and-support/changes-ecmwf-model/ifs-documentation
http://aerobulk.sourceforge.net/
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8te:KmHaZ <uh> ||2_KSN2+82 (Keaze)_%G:B/Q (6)

(3
where [, is a dissipative length scale, c. a constant, and N? is the moist Brunt-Viisili frequency computed as

250 N2 =(g/6") (D, () +0.608 ,((0) (q))) with 6¢f = 288 K. Under-those hypothesis-the TKE prognostic-equation-is-

Bhe = Kom|0, (up) ||2 — K N2 + 0, (K.0.¢) — %63/2

13

The eddy diffusivities for momentum K,,, TKE K, and scalars K all depend on e and on a mixing length scale [,,
(KmaKSer) = (Cmycs(lsz’C’e)lm\/E

with (C,,,Cs,C,) a triplet of constants and ¢, a stability function proportional to the inverse of a turbulent Prandtl number,

255 given by

¢4(z) = (1 —‘rIHaX{ClZmZENQ/e? _0-5455})71 :

2) = (1+max{Cl,l.N?/e.—0.5455 - The ¢ function is bounded not to exceed ¢2*** = 2.2 as done in the Arpege

model of Meteo-France (e.g. Bazile et al., 2012). Assuming that the minimum of ¢, is attained in the linearly stratified limit
(i.e. forl,, =1. = \/W ), values of the maximum Prandtl number Pry = C,,, /(Cs¢.) are given in Tab. 1. Constant values

260 for C,,, Cs, Ce, c., and C can be determined from different methods, leading to nearly similar values. The traditional way is to
use the inertial-convective subrange theory of locally isotropic turbulence (Lilly, 1967; Deardorff, 1974). Another way relies on
a theoretical turbulence model partly based on renormalization group methods (see Cheng et al., 2002). For the present study,
the sets proposed by Cuxart et al. (2000) and Cheng et al. (2002) will be considered (Tab. 1). A major difference between the
two sets concerns the value of C,,. This difference is explained by a reevaluation of the energy redistribution among velocity

265 components by pressure fluctuations, whose magnitude is assumed to be proportional to the degree of energy anisotropy as
initially introduced by Rotta (1951). Note that the constant set of Cheng et al. (2002) is now used by default in both research
and operational Meteo-France models.

Dirichletboundary-conditionsfor FKE-are-The Dirichlet boundary condition for TKE applied at the top z = ziop IS €(2 = Ziop) = Emin =

and at the bottom z = z4s. we have

u 2

2
270 e(z=2zs) = egfe= ——+0.2w3
V CT‘!‘LCE
6.2 -2
e(z = Ztop) =  C€min — 107" m” s



Cm Cs Ce Ce Ci Priin Prex [min
Cuxart et al. (2000) (CBR00) 0.0667 0.1667 0.4 0.7 0.139 0.182  0.511 1.5m
Cheng et al. (2002) (CCHO2)  0.126 0.143 034 0.845 0.143 0.182 0515 0.79m

Table 1. Set of turbulence scheme constants from Cuxart et al. (2000) and Cheng et al. (2002). Pry = Ci, /(Cs¢-) is the turbulent Prandtl

number.

u?

Oﬂ’l CE

e(z = zste) = €sfe = +0.2w? 7

with u, and w, the friction and convective velocities given by the bulk formulation. The value for e.,;, has been chosen
275 empirically as well as background values K" = 10~* m? s~! and K™ = 1075 m? s~ ! for eddy diffusivities. The-value-of

e-The minimum value for [,,, is simply set as

[min — % There are multiple options to compute the mixing lengths I,,, and [ (this point will be discussed later in Sec.
3.2.2) but all options have identical boundary conditions IM)N:VLW

(Cm Ce) 1/4
OTYL
Again the value of Lt results from the similarity theory in the neutrally stratified surface layer (See—4-+-in—Redelspergeretal;200H)

Sec. 4.1 in Redelsperger et al., 2001, and App. A). In (8), x is the von Karman constant and z; a roughness length computed

within the bulk algorithm. The way egs. and L. are obtained is detailed in App. A
Our current implementation of boundary layer subgrid processes is an eddy-diffuvisity approach which does not include any

280 lm(z = Zsfc) =Lse =K (Zsfc + ZO)llm(Z = Ztop) = [;;}Li“ (8)

285 explicit representation of boundary-layer convective structures. This could be done via a mass-flux representation (e.g. Hourdin
et al., 2002; Soares et al., 2004) or the introduction of a countergradient term (e.g. Troen and Mahrt, 1986). This point is left
for future developments of the ABL1d model.

2.4 Processing of large-scale forcing and Newtonian relaxation

As mentioned earlier, the ABL1d model (1) requires three-dimensional (z,y, z) large-scale atmospheric variables ¢¢%" while

290 existing uncoupled oceanic forcing strategies require only two-dimensional (x,y) atmospheric variables. This is a difficulty
for efficiency reasons since it substantially increases the number of I/Os but also for practical reasons because it requires
the development of a dedicated tool to extract large-scale atmospheric data and interpolate them on prescribed geopotential
heights from their native vertical grid which can be either pressure based or arbitrary Lagrangian Eulerian. Such tools have
been developed specifically to work with ERA-Interim, ERAS and operational IFS datasets and are described in App. B.

atm

295 Beyond the particular values of ¢7g", the form of the relaxation timescale has great impact on model solutions. The vertical

profile for the \,,, and A4 coefficients in (1) is chosen to nudge strongly above the MABL and moderately in the MABL with

10
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a smooth transition between its minimum and maximum value to avoid large vertical gradients in A,, and A; which would
result in artificially large vertical gradients in atmospheric variables. In practice the A,,(z) and As(z) functions depend on the

following parameters

— (Amax \min) gnd (\max \min) which define the maximum and minimum of the nudging coefficient respectively for
momentum and scalars. Following equation (2), a guideline to set reasonable values for those parameter values would be
to make sure that AtAT*** ~ 1 (i.e. the large scale value is imposed above the boundary layer) ﬂﬂdﬁév%\?li%—l%}&@vq

choose A™™ based on the typical adjustment timescale of the ABL to surface perturbations. Broadly speaking the ABL
can be defined as the region that respond to surface forcings with a timescale of about an hour (e.g. LeMone et al., 2019

1

. In the realistic numerical experiments shown in Sect. 5, we used \™" = L __ which, for an oceanic dynamical
time-step At = 1080 s, would lead to AtA™® = (.2, (i.e. the boundary layer values are the result of a weighting with a
weight 6-9-0.8 for the ABL1d prediction and 68-1-0.2 for the large scale value).

— (Bmin; Bmax) Which define the extent of the transition zone separating the maximum and minimum of the nudging

coefficient

We considered the following general form for A\ (z) (resp. A, (2)), with hy; the boundary layer height whose value is diagnosed

using an integral Richardson number criteria (Sec. 3.2 and 3.3 in Lemarié et al., 2012) with a critical value equal to C :

Amin, 2 < Bminhbl
3 p m
As(2) = Z G\ ) 2 €]Buminhb1; Bmaxhoi| )
m=0
)\Isnax’ z 2 ﬁmaxhbl

where four «,,, coefficients are necessary to guarantee the continuity of As(z) and its derivative 0,As at z = Binhp and

2z = Bmaxhbl. We easily find

o (3Bmax - Bmin) r2nin>\lsnax + (5max - 3ﬂmin) r2nax>\lsnin o GBmaxﬂmin(AgﬂaX - /\Isnin)
Qo = ) ap = — 3
(ﬁmax - ﬁmin)

(ﬁmax __Bmim)3
(ﬁmax + ﬂmin)()\gnax - Agnm) Z(Agnax _ )\gnln)

(6max - ﬂmin)3 ’ =T (ﬂmax - 5min)3

The value of Ay, is bounded beforehand to guarantee that at least 3 grid points are such that z < By inhyy and 2 > Braxhol. A

Oé2:3

typical profile of the A;(z) is shown in Fig. 1a.

When the model is forced by the large-scale pressure gradient (or the geostrophic winds), the parameter A, (z) should be
theoretically zero at high and mid latitudes. However for the equatorial region, a Newtonian relaxation toward the large scale
winds should be maintained. To do so, the coefficient \,, (z) is multiplied by a coefficient ., which is a function of the Coriolis
parameter f. The 7., coefficient equal to zero for large values of | f| and increases to one when approaching the equator. The
following form satisfies those constraints (see also Fig. 1b)

. T [ f — fmax ¢ _ 2 -1
ch(f)sm<2 |:fmax:|) ) fmax*ms . (10)

11
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Figure 1. a) Typical profile of the nudging coefficient A\s;(z) with respect to the parameters /\gnax,)\’sni“,ﬁmin,,@max,hbl. b) Equatorial

restoring function 7eq with respect to the Coriolis frequency f.

3 Numerical discretization and implementation within NEMO

The-formulation-We have introduced so far the continuous formulation of the ABL1d model. In this section we describe the

discretization methods used and how this model is included in the NEMO modeling framework. In particular, the discretization

of the Coriolis term and of the TKE equation (6) and associated mixing lengths are described in Subsect. 3.1 and 3.2
respectively. Details about the practical implementation in NEMO are given in Subsect. 3.3 for the coupling aspects and

3.4 for the computational aspects.
The ABL1d model (1) is discretized in time with an Euler backward scheme for the vertical diffusion terms, semi-implicitly

for the Coriolis term and explicitly for the relaxation term which means that the model is stable as long as A;At < 1. The
variables are defined on a non-staggered grid in the horizontal (a.k.a Arakawa A-grid). Because we consider a computational
domain exclusively over water or sea-ice, topography is not considered and vertical levels are flat and fixed in time which,
among other things, allows to interpolate the large-scale data ¢p,g on the vertical grid offline. The position of the various
quantities introduced so far on the computational grid is given in Fig. 2.Jn-thisseetion-we-provide-additional-details-on-the

dicere OO he ortoltsterms eqration; nolan h = A and O

and-o boundary-condittons-atz——2g-

3.1 Coriolis term treatment

Since in our implementation the horizontal velocity components are collocated, the discretization of the Coriolis term is

straightforward and is energetically neutral. In the event the ABL1d is integrated with a time-step much larger than the oceanic

time-step, a specific care must be given to the stability of the Coriolis term time-stepping. Fer-a-givengrid-eelwithindex{45)

12
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Figure 2. Vertical grid variable arrangements and important notations.

a-A semi-implicit scheme with weighting parameter  reads u " "* = —

gL - L
T =l (A (=)o el )
+1, n : +1,
ot = o = (A0 (L=l )
The-where the exponent x is used here to emphasize that ﬂ%ﬁ%ﬁWng

value at time n + 1 before vertical diffusion and Newtonian relaxation are applied. For a given grid cell with index (z, ), the
345 semi-implicit scheme can be written in a more compact way as

ntie Q=1 =)(fA)D)u" + (FA " (1 =1 =) (fi ;A1) )ui; + (fi jAL)v};
Wi T L+ (fAD2? 1+ (f, ;A0
s o (1-0( —N(fA)2) 0" — (fA " (L =51 =) (fi ;A1) — (fi;At)uf;
A L+ (fAL)2A2 1+ (fi, ;A% '

1+ (1=’ (AL
14+~2(fAt)?
tained as long as v > 1/2 . For the numerical results obtained below in SeeSect. 4 and 5 we used v = 0.55 which is deliberately

The associated amplification factor modulus is |Acor| = \/ meaning that unconditional stability is ob-

350 slightly dissipative.

3.2

nSee

3.2 Discretization of TKE equation
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In Sect. 2.3 we have presented the continuous formulation of the TKE-based turbulence closure of the ABL1d model. In the

following we describe how the positivity of TKE can be preserved and how the mixing lengths [/,, and /. are computed. We

rovide a substantial discussion on the latter aspect because numerical results are very sensitive to the choices made.

3.2.1 TKE positivity-preservation

The TKE equation is discretized using a backward Euler scheme in time with a linearization of the dissipation term l—ge3/ 2

g
which is discretized as —+/eme™ !, However, such discretization is not unconditionally positivity-preserving for TKE which

could give rise to unphygical solutions (e.g. Burchard, 2002b). Ignoring the diffusion term, the TKE prognostic equation (6)
can be written as an ordinary differential equation (ODE) of the form

8te:S(uh,N2)—D(e,t) e, with_ S(uh,NQ):Km||6zuh||2—KtN2, D(e,t):%\/eTl an

€

where the last term can be seen as a damping term. For ODEs like (11) it can be shown that for an initial condition e(0) >
0 and S(uy,N?) >0, the solution e(t) keeps the same sign as e(0) whatever the sign of the damping coefficient D(e,t).

Assuming that S(up,, N?) and D(e,t) are positive, a backward Euler discretization of the damping term in (11) would lead to
ntl e"+AtS(uh,N2)
[ =
S e D et
ni1 " + AtS(up, N?)
e —_
14+ AtD(e,t)

which preserves positivity since for e™ > 0 we obtain e" 1 > 0. However, there is no guarantee that the forcing term S (uy,, N?)

is positive in particular when the shear is weak and the stratification is large. When S(uy,, N?) is negative a specific treatment

(known as “Patankar trick”, see Deleersnijder et al., 1997; Burchard, 2002b) is required. In the event of a negative S(u, NV 2),

the idea is to move the buoyancy term from S to D after dividing it by e”, such that S(uy,, N?) = K, ||0.uy,||* is now strictly

positive and D(e,t) = %\/67 + K ];[—5. Such procedure is a sufficient condition to preserve the positivity of the TKE without
€

ad-hoc clipping of negative values. Moreover our discretization of the shear and buoyancy terms in the TKE equation is done

in an energetically-consistent way following Burchard (2002a).

3.2.2 Mixing lengths computation

An other challenging task when implementing a TKE scheme is the discretization of the mixing lengths. As mentioned earlier, 4
different discretizations of /,,, (resp. [.) have been coded. All discretizations consider the boundary conditions given in (8). The
values of [;;, and [, are traditionally computed from two intermediate length scales l,,;, and /4, Which respectively correspond
to the maximum upward and downward displacement of a parcel of air with a given initial kinetic energy. Once I, and lgyn

have been estimated by one of the method described below, the dissipative and mixing length scale [,,, and [, are computed as

(12 ! o (log(cc) —3log(Cp,) +4log(k)
Im = (Q{ZI,I,H(]WH}), Wltha——< e 10

=]

Zj = min (lnpa ldwn)
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2% (; {lépﬂﬁwn})a (12a)

le=min (lyp,ldwn) (12b)

~

where a ~ —% for CBROO and ﬁﬁ%%%g;v%»for CCHO2 —(see App. A). The impact of the weighting between [, and lgwn
to compute /,,, can be significant for idealized experiments like the ones presented in SeeSect. 4.2 but for more realistic cases

results are weakly sensitive and equivalent to the ones obtained with the simpler weighting l,,, = \/lupldwn-

In the following we provide the continuous form of the various ways to compute [, and [ implemented in the ABL1d
model. The discretization aspects are detailed in App. C.

3.2.3 Beugeault-andLacarrére- (1989)engthseale

1. Bougeault and Lacarrere (1989) length scale. A classical approach in atmospheric models is the use of the Bougeault
and Lacarrere (1989) mixing length (see also Bougeault and André, 1986) which defines I, and /gy as
2+lup z
/ N2(s)(s — 2)ds = e(2), / N2(s)(z — s)ds = e(z). (13)
z z—ldwn

By construction such mixing lengths are bounded by the distance to the bottom and the top of the computational domain.
2 A2 2

u 13onN L .
It is worth noting that for N2 = cste, (13) gives respectively pT =e(z) and dW% = e(z) which is equivalent to

the Deardorff (1980) length scale. An-objeetive-isto-sa

m(zm/z) = —6(2k+1/2)

e3t(zpr1)?
FC(rts/2) = *6(2k+1/2)+N35t¥

[e3t(241) + €3t(zr2)]?

3
Q
N
E
+
ot
~
V)
~—
|

—e(zk+1/2) + chst

he-In the remainder we will note /pr,g9 the mixing

hmobtained from (13).
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3.2.3 Adaptation-ef NEMO’slength-seale

. Adaptation of NEMO’s length scale. The standard NEMO algorlthm (Sec. 10.1.3 in Madec, 2012) is a—simplerand

p-simple

and efficient compared to (13). This algorithm is based on the Deardorff (1980) length scale {5gg-is—ecomputed-atecelt
. nces—sueht

; 2e511/2 ;

are then limited sueh-that-theystay-smallerthan-thenot only by the distance to the surface and to the top but also b

the distance to a strongly stratified portion of the air column. This limitation amounts to control the vertical gradients of

lup(2) and [ z) such that they are not larger that the variations of height—This-amounts-to-compute-lyp-and-lawmas-

(lllp)k71/2 = min((lup)kﬂmJr'@kv(lDé%O)k;—UQ)

(ldwn)k,_t,_l/g = min ((ldwn)k,_l/g + e3ty, (ZD8O)]¢+1/2>

with-e3t;—the-thickness-of vertieal-Hayer-k(Fig—2)altitude. The resulting mixing length will be simply referred to as

Ipsgo- Note that the Taylor expansion of the integral in the ton-(13)

is

z+lup

N2(2)]2 dN? 3
[ W) zpasm T | Sl o),

which shows that the [pgg mixing length is an approximation of /gr,s9 Which is obtained by retaining only the leading

order term in the Taylor expansion.

3.2.3 Reodieretal2017)1ength-seale

. Rodier et al. (2017) length scale. Recently, Rodier et al. (2017) proposed a modification of the Bougeault and Lacarrére

(1989) mixing length. This modification turns out to improve results for stably stratified boundary layers typical of areas

covered by ice. They propose to add a shear related term to (13) such that the definition of l,, and lqwn becomes

z2+lup z
/{NQ(S)(sfz)qLco\/@HasuhH}ds:e(z), /[N2 z—erco\/iHBuhH] e(z).  (14)
z z—ldwn
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where ¢ is a parameter whose value should be smaller than /C,,, /c.. The value of ¢y will be chosen based on numerical

435 experiments presented in Sec. 4. At-a-diserete-levelthe FCfunetioninAlgerithmt-isreplaced-by-

e3t(zp) /.
m(2p+1/2) FC( Zp— 1/2) + TI(]\“Q(%M/Q)( p+1/z—7k+1/z)+N ( Zp— 1/2)( Zp— 1/2—7k+1/z))

e3t(zp) ,
+ C()Tp( 6(Z,,+1/2)||dzuh(2p+1/2)H+ 6(21)—1/2)||8Zu}L(Zp—l/2)H>

In the following this mixing length will be referred to as Ir17.

3.2.3 Aleeal-buoyaney-and-shear-basedlength-seale

440 4. A local buoyancy and shear-based length scale. For the sake of computational efficiency, we have derived a local

version of the Rodier et al. (2017) length scale which is original to the present paper. Under the assumption that [,
(resp. lqwn) is small compared to the spatial variations of N2, e, and |[0-up ||, we end up with the following second-order

equation for [,,;,

]\;2(
up TCove 2)|10- uhHlup—e( )

N?(2) 2 . ... ..
445 ——215 0+ con/e(2)]|0.up ||l = e(z), whose unique positive solution is
2 /e(z)

colldzunll + /G| 0-un? +2N2(2)

lf)so(z) =

Ve
Co ||8zuh || e
based length scale of Wilson and Venayagamoorthy (2015). Once [}y, has been computed we apply the limitations-and

same algorithmic approach as in the NEMO-algorithmlpg case.

We easily find that [fyg, = Ipgo for ||0,un|| =0, and lfg) = for N2 = 0 which is consistent with the shear

450 The performance of those four length scales for various physical flows is discussed in SeeSect. 4.
3.3 Coupling with ocean and sea-ice

For the practical implementation of the ABL coupling strategy within a global oceanic model, a proper coupling method is re-

e.g. Beljaars et al., 201
and the ABL1d must have the ability to handle grid cells partially covered by sea-ice. For the coupling strategy, a so-called im-

quired for stability and consistency purposes

455 plicit flux coupling which is unconditionally stable (App. B in Beljaars et al., 2017) and asymptotically consistent for At — 0
(Renault et al., 2019a) is used. Because vertical diffusion in ABL1d is handled implicitly in time, the boundary conditions (3)

should be provided at time n + 1. The implicit flux coupling amounts to discretize the boundary conditions (3) as

Kndw "2 = Cplluf(zsse) — Uocel| (W) (2stc) — Uoce) (15)
KSaz(b‘::lefc = C¢||uZ(ZSfC) - iVIOCeH((bn-i_l(Zst) - aoce) (16)
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460 where Uy and $Oce are either the instantaneous values at time n if NEMO and ABL1d have the same time-step or an average
over the successive oceanic substeps otherwise.

A particular care has also been given to the compatibility between the ABL1d model and SI® (Sea Ice model Integrated

Initiative) the sea-ice component of NEMO. SI® is a multi-category model whose state variables relevant for our study are the

I*h category), and the ice velocity u'® (same for all

ice surface temperature 7;°° with associated fractional area a; (for the
465 categories). Note that the values of the exchange coefficients over sea-ice }3‘39, ;Ce, and C’fl‘;e are different from their oceanic
counterparts but are the same over all sea-ice categories. At this point there are several strategies for the ABL1d/SI® coupling:
&
1. run the ABL1d model over each-+iee-the whole ABL for each category [ and then average atmospheric variables weighted
by ay, tit)-

470 2. run a single ABL1d model with a category averaged surface flux. In the current version of NEMO Cic® is function of

the averaged temperature 7"° which means that it is equivalent to compute a flux over each category before averagin
them and to compute a single flux using the averaged surface temperature, indeed

S [Ci un (zare) — 0| (O(zure) — T)] = O ug (2ugc) — 0| <9<zsfc> - ZT>
l

l

The second option has been preferred because it is much easier to implement and more computationally efficient. It amounts

Necat

475 to consider an ice surface temperature averaged over all categories 7" = Z alTlice for the computation of ice-atmosphere
=1

turbulent fluxes (77°° also enters in the computation of ¢i..). Noting F,. the fraction of open water (lead), the boundary

condition (15) and (16) are modified in

Kmazuh‘::zlsfc = FoceCD||uZ(Zsfc) - i]-oceH (uz+1(zsfc) - ﬁoce) + (1 — Foce)CiDce”llZ(Zsfc) - ﬁiceH (uZH(zsfc) — ﬁice)
Ksazd)‘Z:zlsfc = Focech”uZ (Zsfc) - ﬁoce” (¢n+l(zsfc) - ngce) + (]- - Foce)c(i;eHuZ(Zsfc) — i‘iiceH(d)n-l-l (Zsfc) — gice)

480 Because the dynamics of sea-ice is computed before the thermodynamics (see Fig. 1 in Rousset et al., 2015), the ABL1d/SI®

coupling follows the different steps
1. Compute surface fluxes over ice and ocean and integrate the ABL1d model for given values F. and a;'.
2. Compute the dynamics of sea-ice
3. Update F. and a} in F}, and a; because of step 2.

485 4. Distribute the fluxes over each ice category considering the updated values a} (See-3-6-inRoussetet-al;2045)(Sect. 3.6 in Rousset ¢

5. Compute the thermo-dynamics of sea-ice
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ASL forcing strategy ABL coupling strategy

10m atmospheric data 3D atmospheric data

SAS module SAS module

ASL (bulk) / ABL1d /

3 $
v

v
SI13 «—+OCE

Figure 3. Schematic representation of the ASL forcing strategy (left) and ABL coupling strategy (right) in term of code organization and
required external data. The OCE and SI® components represent respectively the oceanic and sea-ice dynamics and thermodynamics while the
ASL component is in charge of providing boundary conditions related to atmospheric conditions. In the NEMO computational framework
the so-called surface module (SAS component), delineated by dashed line polygons, is virtually separated from the OCE component which

allows SAS to be run in standalone or detached mode (see Sec. 3.4).

3.4 Additienal-details-abeut-the-implementationComputational aspects

As described in Maisonnave and Masson (2015), the NEMO source code is organized to separate the ocean routines on one side
and the routines responsible for the surface boundary conditions computation (including sea-ice and the coupling interfaces)
on the other side. This makes a clear separation between the standard ocean model (OCE component) and the so-called surface
module (SAS component). As schematically described in Fig. 3, the ABL1d model has been implemented within the SAS

component which allows the following useful features
— The ABL1d model can be run in standalone mode (coupled or not with sea-ice) with prescribed oceanic surface fields.

— The ABL1d model can be run in detached mode, i.e. the OCE and SAS components run on potentially separate proces-
sors and computational grids communicating via the OASIS3 — MCT coupling library (Craig et al., 2017).

An other capability implemented within the NEMO modelling framework is the possibility to interpolate forcing fields on-the-
fly. This is particularly useful for the ABL coupling strategy since three-dimensional atmospheric data must be interpolated on
the ABL1d computational grid. As the current implementation of the on-the-fly interpolation only works in the horizontal, the
vertical interpolation of large-scale atmospheric data on the ABL1d vertical grid is done offline. Nevertheless it means that the
size of input data compared to an ASL forcing strategy is /N times larger with N the number of vertical levels in the ABL.

A possibility to improve the efficiency for the reading of input data would be to take advantage of the parallel 1O capabilities
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Units Neutral case GABLS1 SST front
Time-step [s] 60 10 10
Simulation time [h] 28 9 40
Ztop [m] 1500 400 2000
Vertical levels - 40 64 50
Vertical resolution uniform uniform stretched (Az € [20,100] m)
Coriolis parameter [s7] 107* 1.39x 1074 107*
Brunt-Viisili frequency  [s7] 0 3.47x107* 107*
Geostrophic winds [ms™'] | ug = (10,0) uc = (8,0) uc = (15,0)
Roughness length [m] 0.1 0.1 COARES3.0 bulk
Stability functions ; Ym = —48(z/Luo) COARE3.0 bulk
vs = —7.8(z/Lmo)
oret K] - 283 288

Table 2. Description of the idealized experiments performed in Sec. 4. Lyio is the Monin-Obukhov length.

provided by the XIOS library (Xml-IO-Server, Meurdesoif et al., 2016) which is currently used in NEMO only for writing
output data. This technical development is left for future work. This is a key aspect because, as discussed later in Sec. D, the

main source of computational overhead associated with the ABL coupling strategy is due to the time spent waiting for input

To check the relevance of our ABL1d model for idealized atmospheric situations typical of the atmospheric boundary layer
over water or sea-ice, we performed a set of single column experiments. Each of those experiments have-been—run—with—a
companion-are evaluated with benchmark large-eddy simulation-simulations (LES)medel-whoseselution-is-considered-as-the
referenee. Moreover, we use standardized testcases from the literature to allow our results to be cross-compared with other
well-established ABL schemes. In the following we consider a neutrally stratified (Sect. 4.2) and a stably stratified (Sect. 4.3)
case as well as a case with a transition from stable to unstable stratification representative of an atmospheric flow over an

SST front —(Sect. 4.4). All ABL1d simulations presented here have been performed dlrectly within the SAS component of the

—and can be reproduced using the
code available at https://zenodo.org/record/3904518 (Lemari€ and Samson, 2020) which also includes the scripts to generate

An objective of this-the present section is to illustrate the type of sensitivity we can expect from the ABL1d model and

505
files to be read.
4 Atmosphere-only numerical experiments
4.1 Sensitivity experiments and objectives
510
515
NEMO modelling framework -
the figures.
520

discriminate between the various options available in the code+—e—cheice-of-. The experiments showed in Sect. 4.2 and 4.3 are
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meant to investigate the impact of (i) the set of constant coefficients (CBR00 vs CCHO02) s-eheiee-(ii) the various formulations
of l,,, and [, among the algorithms described in See-3-2:2-1-3:2:2-4-and-choice-of the-appropriate-value-of-Sect, 3.2.2 (iii) the
parameter value cp in the Iry7 and lfg, mixing length computation. Those experiments will allow to discard several options.
The ability of the remaining options to represent the downward mixing mechanism, discussed in Sect. 1.2. are then evaluated

experiment we explicitly provide the initial and boundary conditions as well as all the necessary parameter values (see Tab. 2

so that the experiments can be reproduced easily by other modeling groups.

4.2 Neutral turbulent Ekman layer

We first propose to investigate the simulation of a neutrally stratified atmosphere analogous to a classical turbulent Ekman
layer. The selected case is based on the setup described in Andren et al. (1994). The initial conditions for this experiment are
not defined analytically, they are given by Tab. A.1 in Andren et al. (1994)*. This testcase is mainly used to check the adequacy
of our surface boundary conditions with similarity theory and the proper calibration of the parameter cy in the lfyg, and Ir17
formulations of the mixing lengths. In theory, the Ipgy and Ipr,g9 mixing lengths do not support the asymptotic limit N? = 0
but for the integrity of numerical results a minimum threshold N2 on the stratification is imposed in the code. In this case
the procedure to compute those mixing lengths as described in See—??-and-?2-App. C will provide identical results, namely
lup = Ztop — 2 and lqwn = 2 — zstc (i.e. the distance from the top and from the bottom of the computational domain). We test
here the I}y, and Iry7 introduced in Sec. 3.2.2. The reference solution is taken from Cuxart et al. (2000) (panels a) and b) in
their Fig. 16). Results are obtained using the ABL1d model with either the CBROO (Fig. 4, left panels) or the CCHO2 (Fig.
4, right panels) set of parameters. All experiments have been done with ¢y = 0.15 and ¢y = 0.2. All simulations are able to
reproduce the overall behaviour of the LES case.

— The best agreement is obtained when using the CCHO2 medel-constants along with [}y5, mixing length fermulation-and
Cp — 0.2

— The results obtained for Ipgp and Ipy g9 are identical and close to the [gy7 results with ¢y = 0.15 (not shown) ~Breadly
speaking;all-

— All simulations with the CCHO2 set of parameters show reasonable results -
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Figure 4. Results obtained for the neutral boundary-layer case of Andren et al. (1994) with the CBR0O model constants (left panels a to d)
and CCHO2 model constants (right panels d to e) for different parameter values for ¢y and different mixing length formulations (I5g for
black lines or [r17 for grey lines). Results are shown for u (panels a & e), v (panels b & f), e (panels ¢ & g), and [, (panels d & h). In the
top four panels results are compared with LES simulations from Cuxart et al. (2000) (their Fig. 16). As in Andren et al. (1994), simulations

were run over a period of 10/ f and results are averaged over the last 3/ f period.
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Figure 5. Results obtained for the stably stratified boundary-layer case of Cuxart et al. (2006) for the parameter values CBROO (left panels a
to ¢) and CCHO?2 (right panels d to f) with different mixing length formulations: Ipso for black solid lines, If,go with co = 0.15 for dashed
black lines (resp. co = 0.2 for dotted black lines), 189 for solid grey lines and Ir17 with co = 0.15 for dashed grey lines (resp. co = 0.2 for
dotted grey lines). Results are shown for potential temperature 6 (panels a & d), wind speed (panels b & e), and [,,, (panels ¢ & f). Dotted red

lines represent LES results from Rodier et al. (2017). Instantaneous profiles after 9 hours are shown.
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4.3 Stably stratified boundary layer (GABLS1)

Within the Global Energy and Water Exchanges (GEWEX) Atmospheric Boundary Layer Study (GABLS), idealized cases for
stable surface boundary layers have been investigated (e.g. Cuxart et al., 2006). Such conditions are typical of areas covered
with sea-ice. Here we consider the GABLS1 case whose technical description is available at http://turbulencia.uib.es/gabls/
gabls1d_desc.pdf. This experiment is particularly interesting as significant differences generally exist between solutions ob-
tained from LES and single-column simulations, for example when the Bougeault and Lacarrere (1989) length scale is used
(e.g. Cuxart et al., 2006; Rodier et al., 2017). A large scale geostrophic wind is imposed as well as a cooling of the surface
temperature 65 (¢t) given by 05(t) = 263.5 — 0.25(¢/3600 s). The parameter values for this test are reported in Tab. 2 and the
initial conditions are uy(z,t = 0) = ug, and
O(2.t = 0) = 265 2z <100 m ’ e(s.t=0) = emin +0.4(1 — 2/250) 2 <250m

265+ 0.01(z — 100) otherwise €min otherwise
The solutions after 9 hours of simulation are shown in Fig. 5 (left panels) for CBR0OO parameter values and in Fig. 5 (right
panels) for CCHO2 parameter values. The reference solution is taken from Rodier et al. (2017) LES simulations. As expected,
solutions based on a mixing length ignoring the contribution from the vertical shear exhibit a too thick boundary layer and
a wind speed maximum located too high in altitude. Using a buoyancy and shear based mixing length mitigates the issue
and provides very good agreement with reference solutions when the CCHO2 model constants are used. The best results are
obtained for lfyg, with cg = 0.2 and Iry7 with ¢ = 0.15. Solutions obtained with the CBR0O model constants systematically
predict larger turbulent kinetic energy and mixing lengths resulting in large values of K in the first 100 meters near the surface
(not shown). The mismatch in terms of TKE is partially explained by the difference in boundary condition since with CBR0O
constants we have ey = 4.628 u2 while with CCHO2 constants we get eg. = 3.065 u? from Eq. (7). Note that the proper
calibration of the ¢y constant jointly with the c, is the subject of several ongoing studies. Since our simulations reproduce the
known sensitivity to those parameters, the ABL1d model could directly benefit from new findings on that topic.

— the CCHO2 set of parameters tara—out—to-provide results of better quality than the CBROO constants. For the sake of

simplicity, we will retain only the CCHO2 parameters for the numerical results shown in the remainder.

— the buoyancy and vertical shear based mixing lengths [ and [}, are superior to the buoyancy based mixing lengths
l and [ for stable boundary layers.

4However, we did not find significant differences in numerical solutions when using the following initial conditions :

up(z,t=0)=ug, e(z,t =0) = emin
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4.4 Winds across a midlatitude SST front
4.4.1 Setup and reference solutions

An idealized experiment particularly relevant for the coupling of the MABL with mesoscale oceanic eddies (and potentially
submesoscale fronts) has been initially suggested by Spall (2007) and then revised by Kilpatrick et al. (2014). More recently
Ayet and Redelsperger (2019) derived an analytical model based on a similar setup. The geometry of the problem is two-
dimensional x-z with an SST front along the x-axis

0,(x) = 288.95 + %tanh (;)
where A =3 K, Ly = 100 km, and = € [—1800 km, 1800 km]. As indicated in Tab. 2, a zonal geostrophic wind of 15 m s+
is prescribed balanced by a vertically homogeneous meridional pressure gradient. The wind thus flows over cold water before

reaching a warm SST anomaly 3 K warmer. We consider a dry case, the model is initialized Vx with

S
—
N
-
I
o
=
Il

288.95 + (N20" /g) =
q(z,t=0) = 0

where N2 = 10~% 572 and #"f = 288 K. The velocities are systematically initialized with geostrophic winds. All simulations
are run for 36 hours when the flow reaches a quasi-equilibrium state.

For this configuration the reference solution is obtained from the Mesoscale Non Hydrostatic model (MesoNH) v5.3.0
(Lafore et al., 1998; Lac et al., 2018) where microphysics and radiation packages have not been activated. The horizontal
resolution is Ax =1 km and the model is discretized with 91 vertical levels from the surface to 20 km height. The vertical
resolution near the surface is Az = 10 m and around Az = 100 m at 2000 m height. The turbulence scheme is the 1.5-order
closure of Cuxart et al. (2000) in its one-dimensional form with the /gy,g9 mixing length and CCHO2 set of parameters. Sea
surface fluxes are computed using the bulk parameterisation COARE3.0. which is also available in NEMO from the Aerobulk
package. As far as the ABL1d model is concerned, the top of the computational domain is zy,, = 2000 m and the vertical
grid is stretched with a typical resolution of 20 m near the surface and 100 m near z = 2., with a first grid point located at

z = 10 m. In the horizontal, the resolution is Az = 6 km.
4.4.2 Numerical results

For this configuration, results will be mostly evaluated in terms of 10 m winds u;o and temperature 61¢. As an illustration of the
type of result we get, we first compare the MesoNH solution and the ABL1d solution obtained with the Ipgg and /gy,g9 mixing-
lengths in Fig. 6. It is worth noting that the MesoNH solution closely compares with the solution of Kilpatrick et al. (2014)
(their Fig. 2) with a shallow boundary layer height (around 400 m) before the front and a thicker one (around 800 m) after
the front where momentum mixing is enhanced. Over the front, as noted by Ayet and Redelsperger (2019) with similar setup,
the effect of advection is predominant for meridional winds thus explaining the differences seen with the ABL1d simulations.

Indeed with ABL1d, whatever the numerical options, the atmospheric column will locally adjust to the underlying oceanic
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Figure 6. Zonal (top panels) and meridional (bottom panels) components of atmospheric winds for the reference MesoNH simulation (right
panels) and for ABL1d simulations with Ipgp mixing length and CCHO2 model constants (left panels) and with [grs9 mixing length and
CCHO2 model constants (middle panels). Temperature contours are shown in white with a contour every 0.5°C between 15°C and 17.5°C.

The SST front is centered at x = 0 km.

conditions since horizontal advection is neglected. This explains the absence of horizontal lag when passing over the front
in the ABL1d solution compared to the MesoNH solution. However, away from the SST front the solutions are very similar
in terms of boundary layer height and vertical wind structure. In anticipation of a coupling with an oceanic model, the most
important quantities to look at are the 10m atmospheric variables rather than the full 3D vertical structure of the MABL. In
Fig. 7, the 10m wind components and temperature when the ABL1d model reaches a quasi-equilibrium state are shown for
different mixing lengths options, as well as the MesoNH results. First the results obtained with the Ir17 are very different from
the expected behaviour and we will focus the discussion on other options. In terms of zonal 10m wind the buoyancy based
IBLg9 and Ipgp mixing lengths provide a good agreement with the MesoNH solution which could be expected as the MesoNH
solution has been generated using the Ipygg mixing length. As soon as the mixing length is function of buoyancy and vertical
shear (as is the case for [fyq,) the simulated winds are weaker because the boundary layer is thinner. This leads to improved
results in the stably stratified case shown earlier but in the present case more representative of realistic configuration in the
MABL it leads to a too weak mixing. However, compared to the [r17 mixing length the [}y5 still performs reasonably well but

the winds on the warm side of the front are about 1 m s~' weaker than the MesoNH winds for ¢y = 0.15 and become weaker

and weaker as ¢y increases. For-the-last-numerical-experiments-we-will-stady;-the-
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Figure 7. Zonal (top) and meridional (middle) components of 10 m winds and 10 m temperature (bottom) for the reference MesoNH
simulation (dashed red) and for ABL1d simulations with different mixing lengths formulations for the winds across a midlatitude SST front

experiment.

— in the frontal region the effect of horizontal advection is predominant and the ABL1d model can not reproduce the
620 horizontal lag seen in the reference solution when passing over the front.

— the ABL1d model reproduces correctly the downward momentum mixing mechanism. The best results are obtained with
the buoyancy based [ and [ mixing lengths.

— the Ir17 mixing length will be discarded from the comparison.

Although relevant for the present study this 2D z-z experimentsetup is not fully representative of realistic conditions because

625 the air column has time to adjust to the underlying oceanic state which is kept frozen in time.
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Figure 8. 2D time vs height sections representing the temporal evolution of the zonal (top panels) and meridional (bottom panels) components
of atmospheric winds for ABL1d simulations of an air column crossing an SST front with COARE bulk formulation (left panels) and IFS
bulk formulation (middle and right panels). For the case presented in the right panels, a Newtonian relaxation toward the initial temperature

)\max

profile was added with \™" = and Ay = G[h] The simulations were performed with Ipso mixing length and CCH02 model constants.

1
48[h]
4.4.3 A single-column version

An alternative to the -z setup would be to formulate the testcase as a Lagrangian advection of an air column over an SST front

by prescribing a temporal evolution of sea surface temperature () as

3(t— 144 x 103 )
—9 h
0,(t) 8895+3[ tan ( 50000 >] t € 10,80 x 3600 ]

In this case the air column does not necessarily have time to adjust to the underlying oceanic conditions. Initial conditions
are the same as the ones of the 2D z-z case. For this testcase we do not have a reference solution but it is expected that the
temporal evolution of the solution should be relatively similar to the spatial evolution in the MesoNH 2D z-z case studied in
previous subsection. This can be seen from Fig. 8 where there is a clear similarity between the time vs height sections obtained
with the ABL1d simulations and the x vs height sections shown for MesoNH in Fig. 6. The ABL1d solution shows a temporal
lag analogous to the horizontal lag in the reference solution for the 2D z-z case. In addition to that, we also use this testcase
to investigate the sensitivity of the solutions to the bulk formulation and to the Newtonian relaxation which was absent in
simulations discussed so far. We consider the COARE and IFS bulk formulation which are relatively close to each other to

check the robustness of the results to small perturbations in surface fluxes. We also consider simulations with a relaxation of
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Figure 9. Temporal evolution of the zonal (left panels) and meridional (right panels) components of 10m atmospheric winds for ABL1d
simulations of an air column crossing an SST front. The temporal evolution of SST (solid red lines) is also shown. For each panels the results

from 4 different simulations are shown: with COARE bulk formulation (solid lines) or IFS bulk formulation (dashed lines), with Newtonian

relaxation on temperature such that A™™" = ﬁ and \J** = ﬁ (gray lines) or no relaxation (black lines). The top panels are obtained

from simulations performed with Ipsp mixing length, middle panels with I5,gq (co = 0.15) and bottom Ip1.s9.

the temperature variable toward the initial condition with a fast restoring time scale A; = ﬁ above the PBL and a slower one
As = f[h] in the PBL. This is meant to check that the relaxation does not completely overwrites the physics of the coupling we
aim at representing with the ABL1d model. Results from those sensitivity experiments are shown in Fig. 8 and 9. In particular
in Fig. 9 the evolution of the 10 m winds across the SST front closely resembles the one shown in Fig. 7 (dashed red lines) for
MesoNH. Moreover the results in Fig. 9 are robust to a change of bulk formulation to compute the surface fluxes. Reassuringly,
adding a relaxation toward large-scale data which did not see the SST front does not deteriorate the realism of the solutions, as
can be seen from Fig. 8 (rightmost panels) and 9 (gray lines).

— the response of the ABL1d model to evolving oceanic conditions is not local in time (it shows a temporal la
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— the good representation of the downward momentum mixing process is not sensitive to the bulk formulation

— adding a relaxation term toward large-scale data does not deteriorate significantly the realism of the solutions

Based on the results reported in this section, the best balance between efficiency and physical relevance is obtained when using

the parameter values from CCHO2 and the modified Deardorff (1980) mixing length formulation Ipgg or lfyg,. In particular we
could imagine using the [ formulation over water and the [, formulation over sea-ice.

5 Coupled numerical experiments

n-addition—to-idealized-Using atmosphere-only sim

AR ounnled—wwith-NEMO-to—re

:
been focused so far on the good representation of the downward momentum mixing mechanism and of the stable boundar
layers typical of areas covered with sea-iceand-the MABE—To-doso—we-. In the following we check that those two aspects

are still adequately represented in a realistic coupled NEMO-ABL1d simulation. This simulation will also be used to look
at the wind-current interaction which was left aside so far, We performed a 5-years global simulation using the ORCA025

configuration. Details and illustrations are given hereafter.
5.1 Coupled NEMO-ABL1d configuration

We use here a global ORCA025 configuration at a 0.25° horizontal resolution (Barnier et al., 2006) with 75 vertical z-levels
forced by ECWMF ERA-Interim 6-hours analysis (Dee et al., 2011). This configuration is identical to the one described in
Couvelard et al. (2019) (see their Sec. 4.1.1). The ABL1d-NEMO coupled simulation is carried out with the same numerical
options as in a standard ASL forcing strategy. However, in the ABL coupling strategy, the two-dimensional near-surface air
temperature, humidity and winds used in the usual ASL forcing are replaced by three-dimensional atmospheric variables
sampled between the surface and 2000 m preprocessed following the different steps described in App. B. The large-scale
pressure gradient computed during the preprocessing is used as a geostrophic forcing for the ABL1d model dynamics. Three-
dimensional atmospheric variables are generated over the 2014-2018 period and vertically interpolated on 50 levels between
10 m and 2000 m with a vertical resolution increasing with height. Grid resolution is about 20 m near the air-sea interface and
reaches 70 m at the top of the ABL1d domain. The choice of a vertical extent of 2000 m and 50 vertical levels in the ABL1d
model is somewhat arbitrary and the robustness of numerical results to these choices will be investigated in future studies.
For the simulations presented here, same horizontal grid and time-step (At = 1200 s) are chosen in the ABL1d and NEMO
models. The options associated with the ABL coupling available through the NEMO standard namelist are reported in Tab. 3
—and a detailed profiling of the code is presented in App. D in order to assess the overhead associated with the ABL coupling.
strategy vs ASL coupling strategy. This profiling shows that the overhead associated with the ABL1d (when using the Ingg
mixing length) is in the order of 4% and the one associated with the input part of the IO operations is 5%. Overall there is an
increase of 9% in elapsed time compared to the standard ASL forcing strategy.
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Namelist parameter Type Description

In_hpgls_frc boolean | true if Ryps = (%Vhp) in (1)
a LS
In_geos_winds boolean | trueif Ris = fk X ug in (1)
nn_dyn_restore integer | (=0) no wind relaxation (=1) wind relaxation scaled by

Teq(f) as in (10) (=2) wind relaxation everywhere

rn_ldyn_min real inverse of \,,2* in hours (see Sec. 2.4)
rn_ldyn_max real inverse of A™™ in hours (see Sec. 2.4)
rn_ltra_min real inverse of A2'®* in hours (see Sec. 2.4)
rn_ltra_max real inverse of A™™ in hours (see Sec. 2.4)
nn_amxl integer | (=0) Ipso mixing length (=1) l55o mixing length (=2) IpLs9

mixing length (=3) lr17 mixing length

rm_Cm real C', parameter in TKE scheme

rn_Ct real C parameter in TKE scheme

rn_Ce real C. parameter in TKE scheme
rn_Ceps real ce parameter in TKE scheme

rn_Rod real co parameter in lfygq and lr17 mixing lengths
rn_Ric real C1 parameter in the definition of ¢,

In_smth_pblh boolean | horizontal smoothing of PBL height
Table 3. Namelist parameters in the NEMO(v4.0) to set in the namelist section namsbc_abl before running a simulation coupled with

ABLI1d.

5.2 Numerical results

- In this section, we evaluate the ABL coupling
strategy in a realistic context for a set of relevant metrics. The objective is not to conduct a thorough physical analysis of
the numerical results but to illustrate the potential of the ABL coupling strategy and its proper implementation in NEMO. To
evaluate our numerical results, we use standard metrics from the literature to quantify the wind/SST (a.k.a. thermal feedback
effect), wind/currents (a.k.a. current feedback effect) and MABL/sea-ice couplings (e.g. Bryan et al., 2010; Renault et al.,
2019b).

5.2.1 Thermal feedback effect

To quantify the surface wind response to SST, we show in Fig. 22-glebal-maps-10a a global map of the temporal correlation be-
tween the high-pass filtered 10 m wind speed from the first vertical level in the ABL1d model and the SST. Same correlation is
shown in Bryan et al. (2010) from satellite observations (their Fig. 1d) and from coupled numerical experiments between a 0.1°

ocean and a 0.25° atmospheric models (their Fig. 1¢). Consistent with observations and fully-coupled models, the correlation
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obtained from the coupled NEMO-ABL1d simulation shows large positive correlations over regions like the Southern Ocean,
Kuroshio and Gulf Stream extensions as well as in the Gulf of Guinea. Correlations are however weaker than observations in
the northern and equatorial Pacific between 90° W and 180° W. As the thermal feedback strength is related to the ocean model
resolution (Bryan et al., 2010), we can expect a better agreement with observations using a higher resolution configuration such

as ORCAI12 (1/12° resolution). This coupling sensitivity to the oceanic resolution will be addressed in a future study.
5.2.2  Current feedback effect

Other processes of interest are those related to the coupling between oceanic surface currents, wind-stress and wind. Such
coupling is responsible for a dampening of the eddy mesoscale activity in the ocean. In Renault et al. (2019b), two coupling
coefficients called s,, and s, are defined to quantify this effect. s, is a measure of the sink of energy from the eddies and fronts
to the ABL and s,, quantifies the partial re-energization of the ocean by the wind response to the wind/current coupling. This
re-energization is absent in the ASL forcing strategy which results in an excessive dampening of the oceanic eddy mesoscale
activity. In practice, s, (resp. s,,) corresponds to the slope of the linear relationship between high-pass filtered surface current
vorticity and surface wind-stress (resp. wind) curl. Global maps of s, and s,, computed from our coupled NEMO-ABL1d
global simulation are shown in Fig. 10. Large negative values of s, indicate an efficient dampening of the eddy mesoscale
activity by the current feedback (i.e. a large sink of energy from the ocean to the atmosphere) and the large positive values
of s,, indicate an efficient wind response and re-energization of the mesoscale currents. Our numerical experiment provides
results very consistent with the results obtained from coupled simulations between NEMO and the Weather and Research
Forecasting model (WRF') shown in Renault et al. (2019b) (their Fig. 1b for s, and 2c for s,,). As mentioned earlier, with an

ASL forcing strategy we would systematically have s,, = 0 and stronger s values.

5.2.3 MABL/sea-ice couplin

The last illustration of our implementation presented in this section is the coupling of ABL1d with sea-ice. As described in
SeeSect. 4.3, sea-ice generally induces a shallow stably stratified boundary layer due to the near-surface air cooling. This
increased vertical stability tends to reduce atmospheric turbulence, producing shallower PBL heights over sea-ice. This rela-
tionship between sea-ice concentration and PBL height is clearly visible from Fig. 11 on both Arctic and Antarctic domains
where the ABL height follows a progressive decrease from about 866#m—t6—2061m-800 m to 200 m in the transition zone
between the open ocean and fully ice-covered regions. This coupling between the PBL and sea-ice have important effects
on near-surface wind, temperature and humidity, and consequently on sea-ice concentration evolution which will need to be

specifically assessed in future ABL-based studies.

5.3 Ceodeperformanee-andprofiling
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Figure 10. (a): Global map of temporal correlation of high-pass filtered wind speed at the first vertical level of the ABL1d model with SST
from NEMO. Both NEMO and ABL1d are configured at 0.25° resolution. (b) & (¢): Global maps of the coupling coefficient between the

surface current vorticity and the wind curl (s, top(b)) and between the surface current vorticity and the wind-stress curl (s, bottom(c))
estimated from a 0.25° resolution coupled NEMO-ABL1d global simulation. The fields are first temporally averaged using a 29-day running
mean and spatially high-pass filtered.
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6 Conclusions

6.1 Summary

A simplified atmospheric boundary layer (ABL) model has been developed and integrated to an oceanic model. This develop-
ment is made with the objective to improve the representation of air-sea interactions in eddying oceanic models compared to the
standard forcing strategy where the 10 meter height atmospheric quantities are prescribed. For this preliminary study, the sim-
plified ABL model takes the form of a single column model including a turbulence scheme coupled to each oceanic grid point.
A crucial hypothesis is that the dominant process at the characteristic scale of the oceanic mesoscale is the so-called downward
mixing process which stems from a modulation of atmospheric turbulence by sea surface temperature (SST) anomalies. Our
approach can be seen as an extended bulk approach: instead of prescribing atmospheric quantities at 10 meters to compute
air-sea fluxes via an atmospheric surface layer (ASL) parameterization, atmospheric quantities in the first few hundred meters

are used to constrain an ABL model which provides 10 meter atmospheric values to the ASL parameterization. An important
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point is that our modeling strategy keeps the computational efficiency and flexibility inherent to ocean only modeling. Indeed,

the overhead generally observed in term of computational cost compared to the usual ASL forcing strategy is roughly 10%
half of this overhead is due to I/O operations since the ABL model is constrained by 3D atmospheric data.

In this paper the key components of such an approach have been described. This includes the large-scale forcing strategy,
the coupling with the ocean and sea-ice and last but not least the ABL turbulence closure scheme based on a prognostic
equation for the turbulence kinetic energy. The resulting simplified model, called ABL1d, has been tested for several boundary-
layer regimes relevant to either ocean/atmosphere or sea-ice/atmosphere coupling. Results have systematically been evaluated
against Large Eddy Simulations (LES). Furthermore we have investigated the behaviour of the model to several parameters
including the formulation of the mixing length and the turbulence model constants. First results from a global ABL1d-NEMO

configuration show an excellent behaviour in term of wind-SST two-way coupling. A thereughfirst analysis of the impact of the
coupling with ABL1d from a physical viewpoint will-be-presented-in-subsequent-work(e-g-Brivoal-et-al5;2020)is presented
in Brivoal et al. (2020).

6.2 Future work

Now that an adequate computational framework and an efficient turbulent scheme that can be operated for a reasonable
computational overhead have been developed, the next step is to investigate the relevance of the single-column representation of
the ABL selected for the present paper. Indeed, several studies have already shown that momentum vertical turbulent mixin

ressure gradient, Coriolis, and nonlinear advection are all important to the momentum balance in the marine atmospheric

boundary layer at the vicinity of oceanic fronts (see for example Spall, 2007; Small et al., 2008; O’Neill et al., 2010). It is

well known that the relative importance of those terms depends on the wind regime: for strong winds the vertical mixing
is the dominant mechanism while for weak winds the pressure adjustment mechanism dominates. The current single-column
approximation is based on the assumption that the balance is dominated by vertical turbulent mixing and the effect of other
terms is roughly represented by the geostrophic guide and/or the nudging term. The testcase presented in Sect. 4.4 clearly
illustrates the limitations of a single-column approach ignoring advective effects. However, before moving to more advanced
formulations, our rationale was that the two main bottlenecks in term of computational cost inherent to the ABL coupling.
strategy are the reading of 3D atmospheric data and the choice of ABL turbulent scheme. As a first step, we focused on those
two aspects to assess whether or not our approach can be a viable option. Even if the justification of our model is not beyond
reproach, it already brings an improvement compared to the ASL forcing strategy.

Several ways to improve the methodology presented here are currently under investigation. The-At a practical level, ways
to lower the computational overhead due to I/O operations will be investigated using the parallel I/O capabilities provided by
the XIOS library which is currently used in NEMO only for outputs. At a more fundamental level, the continuous formulation

of the ABL1d model will be completed by—adding—a—mass-flax—representationin-our—turbulent-closurescheme-and-and-to

improve the representation of the momentum balance by integrating the effect of horizontal advection and fine-scale pressure
gradient. As-mentioned-several-times-in-the-paper-ways-Increasing the complexity of the model should allow to lower the
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v—impact of the nudging term on the

ABL solutions.

In the event our approach turns out to be physically sound for a reasonable complexity it could be useful not only for
offline oceanic simulations but also in coupled simulations to downscale the information from a low-resolution atmospheric
component to a high-resolution oceanic component. A standalone ABL model of intermediate complexity could also play a
role in coupled data assimilation where the current practice is generally to assimilate data separately in the ocean and the
atmosphere ignoring the air-sea interactions which results in inconsistencies at the air-sea interface in the initial conditions
causing initial shocks in the coupled forecasts (e.g. Mulholland et al., 2015). We wish to conclude this study by clarifying that

the framework we have developed within NEMO is general enough to allow alternative approaches (e.g. via model-driven

empirical models) to be seamlessly tested and confronted with the ABL coupling strategy.

Code availability. TEXT

Data availability. TEXT

Code and data availability. The changes to the NEMO code have been made on the standard NEMO code (release 4.0). The code can be
downloaded from the NEMO website (http://www.nemo-ocean.eu/, last access: 23 June 2020). The NEMO code modified to include the
ABL1d model is available in the zenodo archive (https://doi.org/10.5281/zenodo0.3904518, Lemarié and Samson (2020)). The namelists and

data used to produce the figures are also available in the zenodo archive.

Sample availability. TEXT

Video supplement. TEXT

Appendix A: Surface boundary conditions for TKE and mixing lengths

In this appendix, following the methodology of Redelsperger et al. (2001) re-expressed with our notations, we quickly recall

how the surface boundary conditions for the turbulent kinetic energy (TKE) and for the mixing lengths [,,, and [, are determined

via a matching between the subgrid turbulence scheme and the surface-layer theory. The simplest form of atmospheric surface-layer
ASL) theory, namely for neutral stratification, is considered. Under the quasi equilibrium hypothesis the evolution equation (6)

d.uy |2 = S=e3/2

for the turbulent kinetic energy (TKE) reduces to the equilibrium between turbulence production and dissipation K
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which, combined with K,, = C,,l,,, /e, leads to

Cm
e=—"(Lnle)||0-upl? (Al)
£
The similarity theory for the ASL in the neutral case is such that |0, uy || = ——“— with & the Von Karman constant and 2
the roughness length which can be combined with (A1) to get that in the surface-layer:
Crm Lnle 2
_Zm A2
€ Ce (n2(z+zo)2)u* (A2)

. Moreover, enforcing the consistency between the eddy-diffusivity for momentum

iven by the ASL theory (K, = ku(z + 2q)) and the one given by the TKE closure (K, = Cy, L 1/€) leads to

We thus have two relations (A2) and (A3) for three unknowns (e, l,, and [.). At this point our derivation will differ from
in the ASL. Under this assumption, combining (A2) and (A3)

for z < §,.4 where J,4 corresponds to the extent of the ASL.
The expression of L. (z) for z < .4 is also used as a constraint to define the weighted average needed to determine [
1 a * . .
from Ly, and lgn: b = | = (2% +1 v equivalent to equation (12a)). In the ASL we further assume that [ ~ 0 and

to be consistent with L we should have

1 a ¢ C’r’L € 1/4
<2 (521@/1 )) - R%(%sl +20) (A4)

Considering that §,51 > zg, (A4) is satisfied for

_ <log(cs) —3log(Cy) + 410g(/~1)>
‘- log(16)

Considering the CBR00O model constants we obtaina = —1.4796 ~ —3/2 and a = —0.860834 ~ —6/7 for the CCHO2 constants
see Tab. 1).

Appendix B: Preprocessing of atmospheric data from IFS
B1 Altitude of IFS vertical levels

The ABL1d model is discretized on fixed in time and space geopotential levels while the IFS model uses a pressure-based

sigma coordinate. A first step is to recover the altitude associated with each sigma level. The pressure p,, +1 defined at cell
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interfaces between two successive vertical layers is given by
pk+% = Ak+% + BH%psa ke H]-vNifs]]

where A; 1 (Pa) and B, | 1 (dimensionless) are constants given by a smooth analytical function defining the vertical grid
stretching. Typical values of the altitude of grid points in the vertical for a standard 60 levels grid (L60) and a surface pressure
of 1013 hPa are given in Tab. B1.

Once the values of pj 1 and p, are known, the altitude of cell interfaces can be computed by integrating the hydrostatic
equilibrium

R4T,

0:¢=— d.p (B1)

vertically. In (B1), ¢ is the geopotential, ), the virtual temperature and R, the specific gas constant for dry air. At a discrete
level we get

4l

/285¢ds:—RdTv(zk) / (a;p) ds

k—

z

[SE

which gives

; RyT, Pr4-1
et = — =~ (Z’“)ln< “2)

g

Once the the layer thicknesses e3t'}€fS are known, horizontal wind components, potential temperature and specific humidity can

be interpolated on the ABL1d vertical levels. Under the constraint that / Y(2) dz = / 1(2) dz for any IFS quantity '
Zsfc Zsfc

to be interpolated. Wind components are interpolated using a fourth-order compact scheme while tracers are interpolated using

a WENO-like PPM scheme (A. Shchepetkin, personal communication) which is monotonic.
B2 Filtering in the presence of boundaries

Because of the IFS numerical formulation and of the post-processing of output data, the solutions sometimes contain high
frequency oscillations at the vicinity of the land-sea interface. This problem is further compounded when the nearshore topog-
raphy is steep. The atmospheric fields over water thus need to be smoothed horizontally to specifically remove the 2Ax noise.

We use a standard two-dimensional Shapiro filter which, in the absence of lateral boundaries, can be formulated as

" L (5@ @)
%,j = 7/’1‘,;‘ + Z (6i+1/2,j - 52'71/2,]')
1
£ o« (y,%) (y,%)
i,j 7/%,]- + 4 (5i,j+1/2 - 52’,;;1/2)
where 61(_7_)1 e Yiy1,; — Vi ; and 51(%_:)1 2= 7 j+1 — ¥7 ;- The amplification factor associated to this filter is

Ashap (0,0,) = i(l +cosb,) (1 +cosby), 0y =k Az, 6,=k,Ay
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Index Ay, [Pa] B, Altitude zj, [m] | Layer thickness e3t;"" [m]
1 0.000000 1.000000 10.00 20.00
2 0.000000 0.997630 34.97 29.94
3 7.367743 0.994019 71.89 43.92
4 65.889244 0.988270 124.48 61.30
5 210.393890 | 0.979663 195.85 81.49
6 467.333588 | 0.967645 288.55 104.01
7 855.361755 | 0.951822 404.72 128.43
8 1385.912598 | 0.931940 546.06 154.40
9 2063.779785 | 0.907884 713.97 181.61
10 2887.696533 | 0.879657 909.57 209.81
11 3850.913330 | 0.847375 1133.73 238.78
12 4941.778320 | 0.811253 1387.12 268.33
13 6144.314941 | 0.771597 1670.26 298.31
14 7438.803223 | 0.728786 1983.49 328.58

Table B1. Altitude z;, and layer thickness e3t;, of the IFS L60 vertical grid in the first 2000 meters with respect to the parameter values Ay,

and By, of a surface pressure p; = 1013 hPa.

which guarantees that one iteration of the filter is sufficient to remove the grid-scale noise since Agpap (7, ™) = Ashap (7,0y) =
Ashap (0, 7) = 0 and that Agpap, < 1 (i.e. no waves are amplified). In the presence of solid boundaries we would like to retain

those properties as much as possible. A straightforward approach would be to impose a no-gradient condition at the coast, i.e.

(y,%)

5@ = 0 as soon as tmask; 1, ; X tmask; ; = 0 (resp. 52.7].“/2 = 0 as soon as tmask; ;1 X tmask; ; = 0 ) with tmask the

i+1/2,5
indicator function equal to 1 over water and 0 over land. Let us also consider the following alternative boundary conditions

62(1)1/23 = —6§f)1/2’j, if tmaskiﬂyj =0 (B2)
57§f)1/2,j = _51(1)1/2,j’ if tmaski,l_j =0

and similar in the y-direction. We do not elaborate on this choice but it can be shown theoretically that boundary conditions
(B2) provide a better control of grid-scale noise near the coast. To illustrate this point, in Fig. B1 the surface pressure gradients
are shown for different boundary conditions. In particular it can be seen near the coast that the no gradient boundary condition
(panels b and e) leaves some artifical patterns in gradients especially in the Peru-Chile current system while boundary condition
(B2) efficiently mitigate this issue. Note that it is particularly essential to make sure that the surface pressure field is sufficiently
smooth because gradients of this field are used to compute geostrophic winds which are important for the large-scale forcing

of the ABL1d model.
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Figure B1. Atmospheric surface pressure horizontal gradients in = (top panels) and y (bottom panels) directions obtained from the original
IFS data (a and d), after a Shapiro filtering with no gradient boundary conditions (b and e), and after a Shapiro filtering with boundary

conditions (B2) (c and f). The area in red is covered by land.

B3 Large-scale pressure gradient computation

The last aspect of the pre-processing of atmospheric data we would like to discuss is the computation of the large-scale pressure

gradient (or equivalently of the geostrophic wind components) The objective is to estimate the following terms

1 1
fs=— (@) Ris=—(0,0)-.
LS pa( 2P) LS pa( D)
where (-). denotes a gradient along constant geopotential height. Using the hydrostatic balance we have p% =—g(0.p)~!
which leads to
Ls = —9(0- )_1(890 )z Rig= —9(0; )_1(874 )= (B3)
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Assuming a generalized vertical coordinate s = s(z,y) the computation of gradients along constant height is not straightfor-

ward since (0.p), = (0:p)s — (0.p)(0z2)s leading to

(ax )z(az )71 = (8zp)71(a:c )s - (axz)s

In the particular case of the IFS coordinate s we have

B(2)0.ps
(0:A) + (9. B)ps

and (0,2)s can be estimated after integrating the hydrostatic balance.

(azp)_l(a:vp)s = (B4)

Starting from the layer interfaces height z;fj ft1/20 surface pressure (p;); ; and parameter values Ay, By, Ay 41 /2:Bry12

the different steps are the following:
1. Compute Ax; ; and Ay; ; from latitudes and longitudes
2. Compute horizontal gradients 9,ps and 9y p, for surface pressure

2{(ps)i+1, — (Ps)i} 2{(ps)i,j+1 — (ps)ij}
FX; 110 = , : FY, 1= : :
/2 Azij+ Aziy1; Lz Ayij + Ay

3. Compute horizontal gradients (0,2), and (9y2)s

cep __cep cep __cep
Ziplgk41/2 " Figka1/2 TRt k—1/2 T Fik—1/2

A.’L‘i’j + A:I;iJrl’j

dZxi11/2,5k =

cep __cep cep ___cep
Zigrikt1/2 ~ Fighr12 TR k-2 T Figee12

Ayij+ Ayi

dZy; ji 120 =
4. Compute (9.p)~1(d.p)s via (B4)

LB (2~ ) (P +FX )

WI’le ik =
N 2 (ps)ij(Brg1/2 — Br—1/2) + (Apy1/2 — Ap—1/2)
. 1B (2512 = 5 12) (FY i/ + FYi 1)
wWI ik — 7
! 2 (Ps)ij(Brg12 — Br—1/2) + (Agy1/2 — Ax—1/2)

5. Finalize (we get a minus sign in [%f'y because the grid in the y-direction is flipped in the raw data)
u 1
(RLs)i,j,k = -9 (erYi,j,k - §(dZYi,j+1/2,k + dZYi,j1/2,k)>

1
(Rig)ije = —g <erXi,j,k - i(dzxi-&-l/zj,k + dZXi—1/2,j,k)>

Appendix C: Discrete algorithms to compute [,,, and [

In the following we describe the discrete algorithms used to provide the mixing lengths [,,,, and [ iven in Sect. 3.2.2. Four
different ways to compute those quantities have been implemented in the ABL1d model.
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C1 Bougeault and Lacarrere (1989) length scale
The Bougeault and Lacarrére (1989) mixing length defines /,,,, and [ as

z+lup z
/ N2(s)(s — 2)ds = e(2), / N%(s)(z —s)ds = e(2). (CD)
z z2—lawn

By construction such mixing lengths are bounded by the distance to the bottom and the top of the computational domain and

935

Algorithm 1 gives the following sequence
EoGrayz) = Zelamnyz)

edt(zg 2
M0 EC(iy) = —elonrya) + N2,

[3t(2x41) + €3t(zpp2)]?
2

E,QM = —e(Zhg1/2) + N2,

LA B

Assoonas FC(z changes sign we stop the procedure because [,,,, such that —e(z + N2 (2 =0, which corresponds
to the Deardorff (1980) length scale, has been found. We note [ the mixing length corresponding to the Bougeault and Lacarrere (1989
945  algorithm.

Algorithm 1 Procedure to compute the Bougeault and Lacarrere (1989) length scale 1, (2 .

Initialize FC : FC(z = —e(Zra1y2
forp=k+1,N do

if FC(ZP+1/2) X FC(Zp_l/Q) <0 then

z +lip € 25— z
break
end if
end for
Linearly interpolate FC between z,_1 /5 and z to find z, such that FC(z,) = 0.

C2 Adaptation of NEMO’s length scale
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The standard NEMO algorithm (Sec. 10.1.3 in Madec, 2012) is much easier to discretize. As a first step the Deardorff (1980)
length scale [ is computed at cell interfaces, such that

l B 26k+1/2 l
(ID80) )1 /2 = max max (N2, N2)’ i

with V2 the minimum stratification allowed whose value is set to the smallest positive real computer value. The vertical

radients of [ are then limited such that they stay smaller than the variations of height. This amounts to compute [, and

Loy 33
(lup)k71/2 = min ((lup)k+1/2 + e3tk, (ZD80)k—1/2) (€2)
(ldwn)k+1/2 = min ((ldwn)kfl/Z + e3tk, (ZD80>1€+1/2) (€3)

with e3t;. the thickness of vertical layer k (Fig. 2). The resulting mixing length is simply referred to as Ipsp.

C3 Rodier et al. (2017) length scale

Recently, Rodier et al. (2017) proposed to add a shear related term to (C1) such that the definition of [, and [ becomes

z+lup z

N6 rayilml|ds=e@. [ [N eyl d=e.
z z2—lawn

where ¢ is a parameter whose value should be smaller than +/C,, /c.. At a discrete level, the F'C function in Algorithm 1 is

replaced by

e3t(z
EQEMEQM s %(N2(2p+1/2)(zp+1/2*Zk'+1/2)+N2(Zp—1/2)(zp—1/2*Zk+1/2))
e3t(z,)
2 (Velopar/2)10:un(zpias2) | 4+ elp/2)[0:0n (25 1/2) )

This mixing length will be referred to as Ig7.

C4 A local buoyancy and shear-based length scale

For the sake of computational efficiency, we have derived a local version of the Rodier et al. (2017) length scale (noted 7
which is original to the present paper

2 /e(z)

col| 9z un|| + /G [10-un* + 2N2(2)

Z*Dso (2) =

Once [{)g, has been computed at cell interfaces z = 2z 4 1/2 we apply the limitations (C2) and (C3) as in the NEMO algorithm.
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Appendix D: Code performance and profilin,

970 To finalize our description of the implementation of the simplified atmospheric boundary layer model in NEMO, we assess
in _this appendix the computational efficiency of our approach. We compare the performance of two simulations: one with a
coupling with the ABL1d model (with 50 vertical levels) which requires reading 3D atmospheric data in input files, and one
with a standard ASL forcing strategy which necessitates reading only 2D atmospheric data. For the coupling with ABL1d, we
consider the Ingg mixing length which gave robustly good results across the different numerical tests investigated earlier in the

975  manuscript. The simulations are performed with NEMO version 4.0 for the ORCA025 configuration previously described on

128 cores (Intel(R) Xeon(R) E5 processors 2.6 GHz) compiled with ifort (v13.0.1) using the “—i4 —r8 — O3 — fp — model precise — fno
options. The UOs are handled via Lustre file system. Each MPI subdomain has 80 x 130 points in the horizontal and 75 points
in the vertical. The various reports given below have been obtained from a built-in NEMO code instrumentation dedicated to
calculation measurement (e.g. Maisonnave and Masson, 2019). As mentioned earlier, the outputs are done using the parallel

980 /O capabilities provided by the XIOS library, Thanks to XIOS, we do not expect any significant difference between the
two simulations regarding the cost of output operations. However, the use of XIOS to handle input operations is still under
development and because of the significant amount of data to read in the ABL coupling strategy, it makes sense to assess
the associated overhead. We ran the ASL forced and ABL coupled NEMO simulations for 20 days such that the cost of the
initialization step is no longer visible in the averaged cost per time-step. Moreover, for the two simulations, the atmospheric

985  data necessary for the computation of the turbulent components of air-sea fluxes are provided every 6 hours.

We first show in Fig. DI the elapsed time for each time-step over the first 48 h of the simulations with different ways to
specify the surface fluxes. For most time-steps, the overhead associated with the ABL1d when using the Ipgg mixing length
is very small (in the order of 47%), however every 18 time-steps (i.e. every 6 hours), there is a larger overhead due to the input
part of the I/O operations. To further refine our assessment, we report in Tab. D1 the elapsed and CPU time spent on average

990 over all the processors in the 11 most expansive sections of the code. As expected, the CPU time is not significantly affected
by the ABL1d model (increase of 4%), but the elapsed time is increased by about 9% because of the time spent in waiting for
/O operations.

The overhead associated with input operations could be mitigated by reducing the number of vertical levels in the ABL1d
model (we used 50 levels here to get an upper bound on the computational overhead) and either by using XIOS to handle

995  input operations or by running ABL1d in detached mode as explained in Sec. 3.4 such that the time spent reading input files
is covered by actual computations. Nonetheless the small increase in CPU time leaves room for further improvements of the
ABL model to relax the horizontal homogeneity assumption.

Author contributions. Florian Lemarié has written the paper with the help of all the coauthors. Florian Lemarié, Guillaume Samson, and
Gurvan Madec designed and developed a preliminary version of the ABL1d model within NEMO 3.6 stable version. This original code was

1000 then ported to NEMO release 4.0. Jean-Luc Redelsperger and Hervé Giordani have provided inputs in the design of the TKE closure scheme
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Section

ASL forcing

Elapsed

CPU_

ABL coupling

Description

dyn_spe.

icedyn_rhg

tra_ady

zdf_phy

dyn_ady

tra ldf_

1df sl

dom_vyvl

dyn_nxt

dyn zdf

789.25 (15.22%
637.9s (12.30%
623.95 (12.03%

546.6s (10.54%

221.0s (4.26%)

185.5 5 (3.58%)

159.9 s (3.08%)

101.6 5 (1.96%

786.5s (15.42%
639.25 (12.53%
613.85(12.04%

545.45 (10.70%

220.0s (4.31%)

184.2 5 (3.61%)

151.55 (2.97%)

92.775s (1.82%

541.05(9.59%

229.2 5 (4.06%
220.35(3.90%

186.6 5 (3.30%

243.6 5 (4.32%

159.05 (2.82%

130.85(2.32%

580.8 s (10.29%)

775.55(14.62%
638.6 5 (12.04%
615.95(11.61%

538.8 5 (10.16%

184.35 (3.48%

327.45(6.17%

Sea-ice rheology

3D tracer advection with FCT scheme

Vertical physics: surface boundary layer

3D Nonlinear momentum advection
Isoneutral diffusion operator

Computation of local neutral directions

Lagrangian evolution of vertical scale
factors with free surface

barotropic/baroclinic  couplin and
Asselin time filterin

Apply bottom and surface stress and
solve the implicit vertical mixin

Surface flux computation (turbulent and
non-turbulent)

Total

51849855

50998845

5643.897 5

53029495

Table D1. Report of the elapsed time and CPU time in different sections of the NEMO(v4.0) code for the ASL forcing strategy (left portion

of the table) and the ABL coupling strategy (right portion of the table). The timing is averaged on all processors. The right most column
provides a quick description of the task handled by the corresponding section. On top of the timing in seconds the percentage of the total
CPU and elapsed associated to each section is reported in parentheses. The computational overhead associated to the ABL coupling strategy
can be estimated from the shc section and the elapsed/CPU time.
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Figure D1. Elapsed time for each time-step of a 48 h simulation with standard ASL forcing strategy (black circles) and ABL forcing strate;

using the lpsgo mixing length (grey diamonds). For the two simulations the time-step size is At = 1200 s.

and of the numerical experiments. Florian Lemarié¢ has carried out the idealized numerical experiments, Guillaume Samson the realistic

experiments and Jean-Luc Redelsperger the MesoNH simulations.

Competing interests. The authors declare that they have no conflict of interest.

Disclaimer. TEXT

Acknowledgements. We thank Anton Beljaars and one anonymous reviewer whose efforts helped to improve earlier versions of this paper.
We also thank Pascal Marquet and Sébastien Masson for useful discussions. Florian Lemarié, Guillaume Samson, and Gurvan Madec have

received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 821926 (IM-
MERSE). Florian Lemarié¢ and Jean-Luc Redelsperger also acknowledge the support by Mercator-Ocean and the Copernicus Marine Envi-

ronment Monitoring Service (CMEMS) through contract 22-GLO-HR - Lot 2 (High-resolution ocean, waves, atmosphere interaction).

47



1010

1015

1020

1025

1030

1035

1040

1045

References

Abel, R.: Aspects of air-sea interaction in atmosphere-ocean models, Ph.D. thesis, Kiel University, 2018.

Andren, A., Brown, A. R., Mason, P. J., Graf, J., Schumann, U., Moeng, C.-H., and Nieuwstadt, F. T. M.: Large-eddy simulation of a neutrally
stratified boundary layer: A comparison of four computer codes, Quart. J. Roy. Meteorol. Soc., 120, 1457-1484, 1994.

Ayet, A. and Redelsperger, J.-L.: An analytical study of the atmospheric boundary layer flow and divergence over a SST front, Quart. J. Roy.
Meteorol. Soc., https://doi.org/10.1002/qj.3578, 2019.

Baklanov, A. A., Grisogono, B., Bornstein, R., Mahrt, L., Zilitinkevich, S. S., Taylor, P., Larsen, S. E., Rotach, M. W., and Fernando,
H. J. S.: The Nature, Theory, and Modeling of Atmospheric Planetary Boundary Layers, Bull. Amer. Meteor. Soc., 92, 123-128,
https://doi.org/10.1175/2010BAMS2797.1, https://doi.org/10.1175/2010BAMS2797.1, 2011.

Barnier, B., Siefridt, L., and Marchesiello, P.: Thermal forcing for a global ocean circulation model using a three-year climatology of ECMWF
analyses, J. Mar. Res., 6, 363 — 380, https://doi.org/https://doi.org/10.1016/0924-7963(94)00034-9, 1995.

Barnier, B., Madec, G., Penduff, T., Molines, J.-M., Treguier, A.-M., Le Sommer, J., Beckmann, A., Biastoch, A., Boning, C., Dengg, J.,
Derval, C., Durand, E., Gulev, S., Remy, E., Talandier, C., Theetten, S., Maltrud, M., McClean, J., and De Cuevas, B.: Impact of partial
steps and momentum advection schemes in a global ocean circulation model at eddy-permitting resolution, Ocean Dyn., 56, 543-567,
https://doi.org/10.1007/s10236-006-0082-1, https://doi.org/10.1007/s10236-006-0082- 1, 2006.

Bazile, E., Marquet, P., Bouteloup, Y., and Bouyssel, F.: The Turbulent Kinetic Energy (TKE) scheme in the NWP models at Meteo France,
in: Workshop on Workshop on Diurnal cycles and the stable boundary layer, 7-10 November 2011, pp. 127-135, ECMWF, ECMWF,
Shinfield Park, Reading, https://www.ecmwf.int/node/8006, 2012.

Beljaars, A., Dutra, E., Balsamo, G., and Lemarié, F.: On the numerical stability of surface—atmosphere coupling in weather and climate
models, Geosci. Model Dev., 10, 977-989, 2017.

Beljaars, A. C. M.: The parametrization of surface fluxes in large-scale models under free convection, Quart. J. Roy. Meteorol. Soc., 121,
255-270, 1995.

Bielli, S., Douville, H., and Pohl, B.: Understanding the West African monsoon variability and its remote effects: An illustration of the grid
point nudging methodology, Clim. Dynam., 35, 159-174, https://doi.org/10.1007/s00382-009-0667-8, 2009.

Bougeault, P. and André, J.-C.: On the Stability of the THIRD-Order Turbulence Closure for the Modeling of the Stratocumulus-Topped
Boundary Layer, J. Atmos. Sci., 43, 1574-1581, https://doi.org/10.1175/1520-0469(1986)043<1574:OTSOTT>2.0.CO:;2, 1986.

Bougeault, P. and Lacarrere, P.: Parameterization of orography-induced turbulence in a mesobeta-scale model, Mon. Weather Rev., 117,
1872-1890, 1989.

Bourras, D., Reverfdin, G., Giordani, H., and Caniaux, G.: Response of the atmospheric boundary layer to a mesoscale oceanic eddy in the
northeast Atlantic, J. Geophys. Res., 109, https://doi.org/10.1029/2004JD004799, 2004.

Brivoal, T., Samson, G., Giordani, H., Bourdallé-Badie, R., Lemarié, F., and Madec, G.: Impact of the current feedback on kinetic energy
over the North-East Atlantic from a coupled ocean/atmospheric boundary layer model, Ocean Sci., 2020, 1-27, https://doi.org/10.5194/0s-
2020-78, 2020.

Brodeau, L., Barnier, B., Gulev, S. K., and Woods, C.: Climatologically Significant Effects of Some Approximations in the Bulk Parameter-
izations of Turbulent Air—Sea Fluxes, J. Phys. Oceanogr., 47, 5-28, https://doi.org/10.1175/JPO-D-16-0169.1, 2017.

Bryan, F. O., Tomas, R., Dennis, J. M., Chelton, D. B., Loeb, N. G., and McClean, J. L.: Frontal Scale Air—Sea Interaction in High-Resolution
Coupled Climate Models, J. Climate, 23, 6277-6291, https://doi.org/10.1175/2010JCLI3665.1, 2010.

48


https://doi.org/10.1002/qj.3578
https://doi.org/10.1175/2010BAMS2797.1
https://doi.org/10.1175/2010BAMS2797.1
https://doi.org/https://doi.org/10.1016/0924-7963(94)00034-9
https://doi.org/10.1007/s10236-006-0082-1
https://doi.org/10.1007/s10236-006-0082-1
https://www.ecmwf.int/node/8006
https://doi.org/10.1007/s00382-009-0667-8
https://doi.org/10.1175/1520-0469(1986)043%3C1574:OTSOTT%3E2.0.CO;2
https://doi.org/10.1029/2004JD004799
https://doi.org/10.5194/os-2020-78
https://doi.org/10.5194/os-2020-78
https://doi.org/10.5194/os-2020-78
https://doi.org/10.1175/JPO-D-16-0169.1
https://doi.org/10.1175/2010JCLI3665.1

1050

1055

1060

1065

1070

1075

1080

Burchard, H.: Energy-conserving discretisation of turbulent shear and buoyancy production, Ocean Modell., 4, 347 - 361,
https://doi.org/https://doi.org/10.1016/S1463-5003(02)00009-4,  http://www.sciencedirect.com/science/article/pii/S1463500302000094,
2002a.

Burchard, H.: Applied Turbulence Modelling in Marine Waters, Lecture Notes in Earth Sciences, Springer Berlin Heidelberg, 2002b.

Businger, J. and Shaw, W.: The response of the marine boundary layer to mesoscale variations in sea-surface temperature, Dynam. Atmos.
Oceans, 8, 267-281, 1984.

Cavaleri, L., Fox-Kemper, B., and Hemer, M.: Wind Waves in the Coupled Climate System, Bull. Amer. Meteor. Soc., 93, 1651-1661,
https://doi.org/10.1175/BAMS-D-11-00170.1, 2012.

Chelton, D. B. and Xie, S.-P.: Coupled ocean-atmosphere interaction at oceanic mesoscales, Oceanogr., 23, 52-69, 2010.

Cheng, Y., Canuto, V. M., and Howard, A. M.: An improved model for the turbulent PBL, J. Atmos. Sci., 59, 1550-1565, 2002.

Couvelard, X., Lemarié, F., Samson, G., Redelsperger, J.-L., Ardhuin, F., Benshila, R., and Madec, G.: Development of a 2-way coupled
ocean-wave model: assessment on a global NEMO(v3.6)-WW3(v6.02) coupled configuration, Geosci. Model Dev. Disc., 2019, 1-36,
https://doi.org/10.5194/gmd-2019-189, https://www.geosci-model-dev-discuss.net/gmd-2019-189/, 2019.

Craig, A., Valcke, S., and Coquart, L.: Development and performance of a new version of the OASIS coupler, OASISMCT3.0, Geosci. Model
Dev., 10, 3297-3308, https://doi.org/10.5194/gmd-10-3297-2017, 2017.

Cuxart, J., Bougeault, P., and Redelsperger, J.-L.: A turbulence scheme allowing for mesoscale and large-eddy simulations, Quart. J. Roy.
Meteorol. Soc., 126, 1-30, 2000.

Cuxart, J., Holtslag, A. A. M., Beare, R. J., Bazile, E., Beljaars, A., Cheng, A., Conangla, L., Ek, M., Freedman, F., Hamdi, R., Kerstein,
A., Kitagawa, H., Lenderink, G., Lewellen, D., Mailhot, J., Mauritsen, T., Perov, V., Schayes, G., Steeneveld, G.-J., Svensson, G., Taylor,
P., Weng, W., Wunsch, S., and Xu, K.-M.: Single-Column Model Intercomparison for a Stably Stratified Atmospheric Boundary Layer,
Bound.-Lay. Meteorol., 118, 273-303, 2006.

Deardorff, J. W.: Three-dimensional numerical study of turbulence in an entraining mixed layer, Bound.-Lay. Meteorol., 7, 199-226, 1974.

Deardorff, J. W.: Stratocumulus-capped mixing layers derived from a three dimensional model, Bound.-Lay. Meteorol., 18, 495-527, 1980.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., Bauer,
P, Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, A. J., Haim-
berger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M., Matricardi, M., McNally, A. P., Monge-Sanz,
B. M., Morcrette, J.-J., Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and Vitart, F.: The ERA-Interim reanalysis:
configuration and performance of the data assimilation system, Quarterly Journal of the Royal Meteorological Society, 137, 553-597,
https://doi.org/10.1002/qj.828, 10.1002/q;.828, 2011.

Deleersnijder, E., Beckers, J.-M., Campin, J.-M., El Mohajir, M., Fichefet, T., and Luyten, P.: Some mathematical problems associated with
the development and use of marine models, in: The Mathematics of Models for Climatology and Environment, edited by Diaz, J. 1., pp.
39-86, Springer Berlin Heidelberg, Berlin, Heidelberg, 1997.

Deremble, B., Wienders, N., and Dewar, W. K.: CheapAML: A Simple, Atmospheric Boundary Layer Model for Use in Ocean-Only Model
Calculations, Mon. Weather Rev., 141, 809-821, 2013.

Deshayes, J., Tréguier, A.-M., Barnier, B., Lecointre, A., Sommer, J. L., Molines, J.-M., Penduff, T., Bourdallé-Badie, R., Drillet, Y., Garric,
G., Benshila, R., Madec, G., Biastoch, A., Boning, C. W., Scheinert, M., Coward, A. C., and Hirschi, J. J.-M.: Oceanic hindcast simulations
at high resolution suggest that the Atlantic MOC is bistable, J. Geophys. Res., 40, 3069-3073, https://doi.org/doi:10.1002/grl.50534,
w0S:000321951300034, 2013.

49


https://doi.org/https://doi.org/10.1016/S1463-5003(02)00009-4
http://www.sciencedirect.com/science/article/pii/S1463500302000094
https://doi.org/10.1175/BAMS-D-11-00170.1
https://doi.org/10.5194/gmd-2019-189
https://www.geosci-model-dev-discuss.net/gmd-2019-189/
https://doi.org/10.5194/gmd-10-3297-2017
https://doi.org/10.1002/qj.828
10.1002/qj.828
https://doi.org/doi:10.1002/grl.50534

1085

1090

1095

1100

1105

1110

1115

1120

Dewar, W. K. and Flier], G. R.: Some Effects of the Wind on Rings, J. Phys. Oceanogr., 17, 16531667, 1987.

Frenger, 1., Gruber, N., Knutti, R., and Munnich, M.: Southern Ocean Eddies Affect Local Weather, Nature Geosci., 6, 608-612, 2013.

Giordani, H., Planton, S., Bénech, B., and Kwon, B.-H.: Atmospheric boundary layer response to sea surface temperatures during the
Semaphore experiment, J. Geophys. Res., 103, 25 047-25 060, 1998.

Giordani, H., Caniaux, G., and Prieur, L.: A Simplified 3D Oceanic Model Assimilating Geostrophic Currents: Application to the POMME
Experiment, J. Phys. Oceanogr., 35, 628—-644, https://doi.org/10.1175/JP02724.1, 2005.

Haney, R. L.: Surface Thermal Boundary Condition for Ocean Circulation Models, J. Phys. Oceanogr., 1, 241-248,
https://doi.org/10.1175/1520-0485(1971)001<0241:STBCFO>2.0.CO;2, 1971.

Hogg, A., Dewar, W., Berloff, P., Kravtsov, S., and Hutchinson, D. K.: The effects of mesoscale ocean-atmosphere coupling on the large-scale
ocean circulation, J. Climate, 22, 4066—4082, 2009.

Hourdin, E., Couvreux, F., and Menut, L.: Parameterization of the Dry Convective Boundary Layer Based on a Mass Flux Representation of
Thermals, J. Atmos. Sci., 59, 1105-1123, https://doi.org/10.1175/1520-0469(2002)059<1105:POTDCB>2.0.CO;2, 2002.

Kilpatrick, T., Schneider, N., and Qiu, B.: Boundary Layer Convergence Induced by Strong Winds across a Midlatitude SST Front, J. Climate,
27, 1698-1718, 2014.

Kleeman, R. and Power, S.: A Simple Atmospheric Model of Surface Heat Flux for Use in Ocean Modeling Studies, J. Phys. Oceanogr., 25,
92-105, https://doi.org/10.1175/1520-0485(1995)025<0092: ASAMOS>2.0.CO;2, 1995.

Lac, C., Chaboureau, J.-P., Masson, V., Pinty, J.-P., Tulet, P., Escobar, J., Leriche, M., Barthe, C., Aouizerats, B., Augros, C., Aumond, P.,
Auguste, F., Bechtold, P, Berthet, S., Bielli, S., Bosseur, F., Caumont, O., Cohard, J.-M., Colin, J., Couvreux, F., Cuxart, J., Delautier,
G., Dauhut, T., Ducrocq, V., Filippi, J.-B., Gazen, D., Geoffroy, O., Gheusi, F., Honnert, R., Lafore, J.-P., Lebeaupin Brossier, C., Libois,
Q., Lunet, T., Mari, C., Maric, T., Mascart, P., Mogé, M., Molinié, G., Nuissier, O., Pantillon, F., Peyrillé, P., Pergaud, J., Perraud, E.,
Pianezze, J., Redelsperger, J.-L., Ricard, D., Richard, E., Riette, S., Rodier, Q., Schoetter, R., Seyfried, L., Stein, J., Suhre, K., Taufour,
M., Thouron, O., Turner, S., Verrelle, A., Vié, B., Visentin, F., Vionnet, V., and Wautelet, P.: Overview of the Meso-NH model version 5.4
and its applications, Geosci. Model Dev., 11, 1929-1969, https://doi.org/10.5194/gmd-11-1929-2018, 2018.

Lafore, J. P, Stein, J., Asencio, N., Bougeault, P., Ducrocq, V., Duron, J., Fischer, C., Héreil, P., Mascart, P., Masson, V., Pinty, J. P.,
Redelsperger, J. L., Richard, E., and Vila-Guerau de Arellano, J.: The Meso-NH Atmospheric Simulation System. Part I: adiabatic formu-
lation and control simulations, Ann. Geophys., 16, 90-109, 1998.

Lambaerts, J., Lapeyre, G., Plougonven, R., and Klein, P.: Atmospheric response to sea surface temperature mesoscale structures, J. Geophys.
Res., 118, 9611-9621, 2013.

Large, W. G.: Surface Fluxes for Practitioners of Global Ocean Data Assimilation, in: Ocean Weather Forecasting. An Integrated View of
Oceanography, edited by Chassignet, E. P. and Verron, J., chap. 9, pp. 229-270, Springer, 2006.

Large, W. G. and Yeager, S. G.: The global climatology of an interannually varying air-sea flux data set, Clim. Dynam., 33, 341-364,
https://doi.org/10.1007/s00382-008-0441-3, 2009.

Lemarié, F., Blayo, E., and Debreu, L.: Analysis of Ocean-atmosphere Coupling Algorithms: Consistency and Stability, Procedia Com-
puter Science, 51, 2066 — 2075, https://doi.org/https://doi.org/10.1016/j.procs.2015.05.473, http://www.sciencedirect.com/science/article/
pii/S1877050915012818, international Conference On Computational Science, ICCS 2015, 2015.

Lemarié, F. and Samson, G.: A simplified atmospheric boundary layer model for an improved representation of air-sea interactions in eddying

oceanic models: implementation and first evaluation in NEMO (v4.0)), https://doi.org/10.5281/zenodo.3904518, 2020.

50


https://doi.org/10.1175/JPO2724.1
https://doi.org/10.1175/1520-0485(1971)001%3C0241:STBCFO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(2002)059%3C1105:POTDCB%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1995)025%3C0092:ASAMOS%3E2.0.CO;2
https://doi.org/10.5194/gmd-11-1929-2018
https://doi.org/10.1007/s00382-008-0441-3
https://doi.org/https://doi.org/10.1016/j.procs.2015.05.473
http://www.sciencedirect.com/science/article/pii/S1877050915012818
http://www.sciencedirect.com/science/article/pii/S1877050915012818
http://www.sciencedirect.com/science/article/pii/S1877050915012818
https://doi.org/10.5281/zenodo.3904518

1125

1130

1135

1140

1145

1150

1155

Lemarié, F., Kurian, J., Shchepetkin, A. F., Molemaker, M. J., Colas, F, and McWilliams, J. C.: Are there in-
escapable issues prohibiting the use of terrain-following coordinates in climate models?, Ocean Modell., 42, 57 - 79,
https://doi.org/https://doi.org/10.1016/j.ocemod.2011.11.007, http://www.sciencedirect.com/science/article/pii/S1463500311001831,
2012.

LeMone, M. A., Angevine, W. M., Bretherton, C. S., Chen, F., Dudhia, J., Fedorovich, E., Katsaros, K. B., Lenschow, D. H., Mahrt, L.,
Patton, E. G., Sun, J., Tjernstrom, M., and Weil, J.: 100 Years of Progress in Boundary Layer Meteorology, Meteorol. Monogr., 59,
9.1-9.85, https://doi.org/10.1175/AMSMONOGRAPHS-D-18-0013.1, 2019.

Lilly, D.: The representation of small-scale turbulence in numerical simulation experiments, In Proc. IBM Sci. Comput. Symp. on Environ-
mental Sci., Nov. 14-16, 1966, Thomas J. Watson Res. Center, Yorktown Heights, N. Y., IBM Form 320-1951, pp. 195-210, 1967.

Lindzen, R. S. and Nigam, S.: On the role of sea surface temperature gradients in forcing low-level winds and convergence in the tropics, J.
Atmos. Sci., 44, 2418-2436, 1987.

Madec, G.: NEMO ocean engine, in: Note du Pole de modélisation No. 27, Institut Pierre-Simon Laplace (IPSL), France, 2012.

Maisonnave, E. and Masson, S.: Ocean/sea-ice macro task parallelism in NEMO, in: Technical report, TR/GMGC/15/54, available at http:
/Iwww.nemo-ocean.eu/content/download/167787/683246/file/opa_sas_tr.pdf, 2015.

Maisonnave, E. and Masson, S.: NEMO 4.0 performance: how to identify and reduce unnecessary communications, in: Technical report,
TR/CMGC/19/19, available at https://cerfacs.fr/wp-content/uploads/2019/01/GLOBC-TR _Maisonnave-Nemo-2019.pdf, 2019.

Marchesiello, P., Capet, X., Menkes, C., and Kennan, S.: Submesoscale dynamics in tropical instability waves, Ocean Modell., 39, 31-46,
https://doi.org/10.1016/j.ocemod.2011.04.011, 2011.

McWilliams, J. C., Gula, J., and Molemaker, M. J.: The Gulf Stream North Wall: Ageostrophic Circulation and Frontogenesis, J. Phys.
Oceanogr., 49, 893-916, https://doi.org/10.1175/JPO-D-18-0203.1, 2019.

Metzger, E. J., Smedstad, O. M., Thoppil, P. G., Hurlburt, H. E., Cummings, J. A., Wallcraft, A. J., Zamudio, L., Franklin, D. S., Posey,
P. G., Phelps, M. W, Hogan, P. J., Bub, F. L., and DeHaan, C. J.: US Navy Operational Global Ocean and Arctic Ice Prediction Systems,
Oceanogr., 27, https://doi.org/10.5670/oceanog.2014.66, 2014.

Meurdesoif, Y., Caubel, A., Lacroix, R., Dérouillat, J., and Nguyen, M.: XIOS Tutorial, available at http://forge.ipsl.jussieu.fr/ioserver/
raw-attachment/wiki/WikiStart/XIOS-tutorial.pdf, 2016.

Minobe, S., Kuwano-Yoshida, A., Komori, N., Xie, S.-P., and Small, R. J.: Influence of the Gulf Stream on the troposphere, Nature, pp.
206-209, 2008.

Monin, A. S. and Obukhov, A. M.: Basic laws of turbulent mixing in the surface layer of the atmosphere, Trudy Akademii Nauk SSSR
Geofizicheskogo Instituta, 24, 163—-187, 1954.

Mulholland, D. P., Laloyaux, P., Haines, K., and Balmaseda, M. A.: Origin and Impact of Initialization Shocks in Coupled Atmosphere-Ocean
Forecasts, Mon. Weather Rev., 143, 4631-4644, https://doi.org/10.1175/MWR-D-15-0076.1, 2015.

Oerder, V., Colas, F., Echevin, V., Masson, S., Hourdin, C., Jullien, S., Madec, G., and Lemarié, F.: Mesoscale SST-wind stress coupling in
the Peru—Chile current system: Which mechanisms drive its seasonal variability?, Clim. Dynam., pp. 1-22, 2016.

Oerder, V., Colas, F., Echevin, V., Masson, S., and Lemarié, F.: Impacts of the Mesoscale Ocean-Atmosphere Coupling on the Peru-Chile
Ocean Dynamics: The Current-Induced Wind Stress Modulation, J. Geophys. Res., 123, 812—-833, https://doi.org/10.1002/2017JC013294,
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JC013294, 2018.

O’Neill, L. W., Esbensen, S. K., Thum, N., Samelson, R. M., and Chelton, D. B.: Dynamical Analysis of the Boundary Layer and Surface
Wind Responses to Mesoscale SST Perturbations, J. Climate, 23, 559-581, https://doi.org/10.1175/2009JCLI2662.1, 2010.

51


https://doi.org/https://doi.org/10.1016/j.ocemod.2011.11.007
http://www.sciencedirect.com/science/article/pii/S1463500311001831
https://doi.org/10.1175/AMSMONOGRAPHS-D-18-0013.1
http://www.nemo-ocean.eu/content/download/167787/683246/file/opa_sas_tr.pdf
http://www.nemo-ocean.eu/content/download/167787/683246/file/opa_sas_tr.pdf
http://www.nemo-ocean.eu/content/download/167787/683246/file/opa_sas_tr.pdf
https://cerfacs.fr/wp-content/uploads/2019/01/GLOBC-TR_Maisonnave-Nemo-2019.pdf
https://doi.org/10.1016/j.ocemod.2011.04.011
https://doi.org/10.1175/JPO-D-18-0203.1
https://doi.org/10.5670/oceanog.2014.66
http://forge.ipsl.jussieu.fr/ioserver/raw-attachment/wiki/WikiStart/XIOS-tutorial.pdf
http://forge.ipsl.jussieu.fr/ioserver/raw-attachment/wiki/WikiStart/XIOS-tutorial.pdf
http://forge.ipsl.jussieu.fr/ioserver/raw-attachment/wiki/WikiStart/XIOS-tutorial.pdf
https://doi.org/10.1175/MWR-D-15-0076.1
https://doi.org/10.1002/2017JC013294
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017JC013294
https://doi.org/10.1175/2009JCLI2662.1

1160

1165

1170

1175

1180

1185

1190

1195

Pelletier, C., Lemarié, F., and Blayo, E.: Sensitivity analysis and metamodels for the bulk parametrization of turbulent air—sea fluxes, Quart.
J. Roy. Meteorol. Soc., 144, 658-669, https://doi.org/10.1002/qj.3233, 2018.

Razavi, S., Tolson, B. A., and Burn, D. H.: Review of surrogate modeling in water resources, Water Resour. Res., 48,
https://doi.org/10.1029/2011WRO011527, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/201 1WR011527, 2012.

Redelsperger, J. L., Mahé, F., and Carlotti, P.. A Simple And General Subgrid Model Suitable Both For Surface Layer And Free-Stream
Turbulence, Bound.-Lay. Meteorol., 101, 375-408, 2001.

Redelsperger, J. L., Bouin, M. N., Pianezze, J., Garnier, V., and Marié, L.: Impact of a sharp, small-scale SST front on the marine atmospheric
boundary layer on the Iroise Sea: analysis from a hectometric simulation, Quart. J. Roy. Meteorol. Soc., https://doi.org/10.1002/qj.3650,
2019.

Renault, L., Molemaker, M. J., Gula, J., Masson, S., and McWilliams, J. C.: Control and Stabilization of the Gulf Stream by Oceanic Current
Interaction with the Atmosphere, J. Phys. Oceanogr., 46, 3439-3453, https://doi.org/10.1175/JPO-D-16-0115.1, 2016a.

Renault, L., Molemaker, M. J., McWilliams, J. C., Shchepetkin, A. F., Lemarié, F., Chelton, D., Illig, S., and Hall, A.: Modulation of Wind
Work by Oceanic Current Interaction with the Atmosphere, J. Phys. Oceanogr., 46, 1685-1704, 2016b.

Renault, L., Lemarié, F., and Arsouze, T.: On the implementation and consequences of the oceanic currents feedback in ocean—atmosphere
coupled models, Ocean Modell., 141, 101423, https://doi.org/https://doi.org/10.1016/j.ocemod.2019.101423, http://www.sciencedirect.
com/science/article/pii/S1463500319300459, 2019a.

Renault, L., Masson, S., Oerder, V., Jullien, S., and Colas, F.: Disentangling the Mesoscale Ocean-Atmosphere Interactions, J. Geophys.
Res., 124, 21642178, https://doi.org/10.1029/2018JC014628, 2019b.

Rodier, Q., Masson, V., Couvreux, F., and Paci, A.: Evaluation of a Buoyancy and Shear Based Mixing Length for a Turbulence Scheme,
Front. in Earth Sci., 5, 65, https://doi.org/10.3389/feart.2017.00065, https://www.frontiersin.org/article/10.3389/feart.2017.00065, 2017.

Rotta, J.: Statistische theorie nichthomogener turbulenz, Zeitschrift fur Physik, 129 (6), 547-572, 1951.

Rousset, C., Vancoppenolle, M., Madec, G., Fichefet, T., Flavoni, S., Barthélemy, A., Benshila, R., Chanut, J., Levy, C., Masson, S.,
and Vivier, F.: The Louvain-La-Neuve sea ice model LIM3.6: global and regional capabilities, Geosci. Model Dev., 8, 2991-3005,
https://doi.org/10.5194/gmd-8-2991-2015, https://www.geosci-model-dev.net/8/2991/2015/, 2015.

Schneider, N. and Qiu, B.: The Atmospheric Response to Weak Sea Surface Temperature Fronts, J. Atmos. Sci., 72, 3356-3377,
https://doi.org/10.1175/JAS-D-14-0212.1, 2015.

Scire, J. S., Robe, F., Fernau, M., and Yamartino, R.: A user’s guide for the CALMET meteorological model (Version 5), Tech. rep., Earth
Tech: Concord, MA, USA, 2000.

Seager, R., Blumenthal, M. B., and Kushnir, Y.: An advective atmospheric mixed layer model for ocean modeling purposes: global simulation
of surface heat fluxes, J. Climate, 8, 1952-1964, 1995.

Small, R. J., deSzoeke, S. P., Xie, S. P,, O’Neill, L., Seo, H., Song, Q., Cornillon, P., Spall, M., and Minobe, S.: Air-sea interaction over ocean
fronts and eddies, Dynam. Atmos. Oceans, 45, 274-319, https://doi.org/10.1016/j.dynatmoce.2008.01.001, 2008.

Soares, P. M. M., Miranda, P. M. A., Siebesma, A. P., and Teixeira, J.: An eddy-diffusivity/mass-flux parametrization for dry and shallow
cumulus convection, Quart. J. Roy. Meteorol. Soc., 130, 3365-3383, https://doi.org/10.1256/qj.03.223, 2004.

Spall, M.: Midlatitude Wind Stress—Sea Surface Temperature Coupling in the Vicinity of Oceanic Fronts, J. Climate, 20,
https://doi.org/10.1175/ICLI4234.1, 2007.

Takano, K., Mintz, Y., and Han, J.-Y.: Numerical simulation of the world ocean circulation, Second Conf. on Numerical Weather Prediction,

Monterey, CA, Amer. Meteor. Soc., pp. 121-129, 1973.

52


https://doi.org/10.1002/qj.3233
https://doi.org/10.1029/2011WR011527
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2011WR011527
https://doi.org/10.1002/qj.3650
https://doi.org/10.1175/JPO-D-16-0115.1
https://doi.org/https://doi.org/10.1016/j.ocemod.2019.101423
http://www.sciencedirect.com/science/article/pii/S1463500319300459
http://www.sciencedirect.com/science/article/pii/S1463500319300459
http://www.sciencedirect.com/science/article/pii/S1463500319300459
https://doi.org/10.1029/2018JC014628
https://doi.org/10.3389/feart.2017.00065
https://www.frontiersin.org/article/10.3389/feart.2017.00065
https://doi.org/10.5194/gmd-8-2991-2015
https://www.geosci-model-dev.net/8/2991/2015/
https://doi.org/10.1175/JAS-D-14-0212.1
https://doi.org/10.1016/j.dynatmoce.2008.01.001
https://doi.org/10.1256/qj.03.223
https://doi.org/10.1175/JCLI4234.1

Troen, 1. B. and Mahrt, L.: A simple model of the atmospheric boundary layer; sensitivity to surface evaporation, Bound.-Lay. Meteorol., 37,
129-148, https://doi.org/10.1007/BF00122760, 1986.
1200 von Schuckmann, K., Traon, P.-Y. L., Smith, N., Pascual, A., Brasseur, P., Fennel, K., Djavidnia, S., Aaboe, S., Fanjul, E. A., Autret, E.,
Axell, L., Aznar, R., Benincasa, M., Bentamy, A., Boberg, F., Bourdallé-Badie, R., Nardelli, B. B., Brando, V. E., Bricaud, C., Breivik,
L.-A., Brewin, R. J., Capet, A., Ceschin, A., Ciliberti, S., Cossarini, G., de Alfonso, M., de Pascual Collar, A., de Kloe, J., Deshayes,
J., Desportes, C., Drévillon, M., Drillet, Y., Droghei, R., Dubois, C., Embury, O., Etienne, H., Fratianni, C., Lafuente, J. G., Sotillo,
M. G., Garric, G., Gasparin, F., Gerin, R., Good, S., Gourrion, J., Grégoire, M., Greiner, E., Guinehut, S., Gutknecht, E., Hernandez,
1205 F., Hernandez, O., Hgyer, J., Jackson, L., Jandt, S., Josey, S., Juza, M., Kennedy, J., Kokkini, Z., Korres, G., Kduts, M., Lagemaa, P.,
Lavergne, T., le Cann, B., Legeais, J.-F., Lemieux-Dudon, B., Levier, B., Lien, V., Maljutenko, 1., Manzano, F., Marcos, M., Marinova,
V., Masina, S., Mauri, E., Mayer, M., Melet, A., Mélin, F., Meyssignac, B., Monier, M., Miiller, M., Mulet, S., Naranjo, C., Notarstefano,
G., Paulmier, A., Gomez, B. P., Gonzalez, 1. P., Peneva, E., Perruche, C., Peterson, K. A., Pinardi, N., Pisano, A., Pardo, S., Poulain,
P-M., Raj, R. P, Raudsepp, U., Ravdas, M., Reid, R., Rio, M.-H., Salon, S., Samuelsen, A., Sammartino, M., Sammartino, S., Sandg,
1210 A. B., Santoleri, R., Sathyendranath, S., She, J., Simoncelli, S., Solidoro, C., Stoffelen, A., Storto, A., Szerkely, T., Tamm, S., Tietsche, S.,
Tinker, J., Tintore, J., Trindade, A., van Zanten, D., Vandenbulcke, L., Verhoef, A., Verbrugge, N., Viktorsson, L., von Schuckmann, K.,
Wakelin, S. L., Zacharioudaki, A., and Zuo, H.: Copernicus Marine Service Ocean State Report, J. Oper. Oceanogr., 11, S1-S142, 2018.
Wallace, J. M., Mitchell, T. P., and Deser, C.: The Influence of Sea-Surface Temperature on Surface Wind in the Eastern Equatorial Pacific:
Seasonal and Interannual Variability, J. Climate, 2, 1492-1499, https://doi.org/10.1175/1520-0442(1989)002<1492:TIOSST>2.0.CO;2,
1215 1989.
Wilson, J. M. and Venayagamoorthy, S. K.: A Shear-Based Parameterization of Turbulent Mixing in the Stable Atmospheric Boundary Layer,
J. Atmos. Sci., 72, 1713-1726, https://doi.org/10.1175/JAS-D-14-0241.1, 2015.

53


https://doi.org/10.1007/BF00122760
https://doi.org/10.1175/1520-0442(1989)002%3C1492:TIOSST%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-14-0241.1

	gmd-2020-210-author_response-version1
	gmd-2020-210-supplement-version1

