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Key Points:

e Multidecadal trends of the mixed layer depth in summer in OMIP models are related to

trends in the wind speed used to force the models.

e Theincrease of the summer mixed layer depth in the Southern Ocean from 1970 to 2018

is confirmed by the models.

e Trends of the mixed layer depth are weaker in OMIP models than in observations, possibly

due to an underestimation of the wind speed trends.
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Abstract

The surface mixed layer of the ocean plays a key role in ocean-atmosphere interactions. Despite
the ocean surface warming in the past four decades, which increased the stratification, the mixed
layer depth (MLD) has been found to increase, most notably in the Southern Ocean in summer.
We use 12 models from the Ocean Model Intercomparison Project (OMIP) at different
resolutions, forced by the atmospheric reanalysis JRA55-do, to assess their capability to
represent the MLD trends over the period 1970-2018 and to investigate their origin. The MLD
evolution in the OMIP models is extremely well correlated across models at interannual time
scales, especially in summer. Correlations are lower in high resolution models because of the
chaotic nature of the mesoscale variability. OMIP models reproduce consistently the deepening
trend of the mixed layer in summer in the Southern Ocean and confirm its relation to the wind
speed. The MLD deepening is weaker in the models than in observations, probably due to the
fact that the wind speed trend is underestimated in the atmospheric reanalysis. We find however
that the MLD deepening is not a simple one-dimensional response to the increase of the wind
speed at a given location, but that the three-dimensional processes that control the stratification
also play a part. This study gives confidence in the capacity of ocean models to project the

response of the mixed layer to future changes in wind speed.

Plain Language Summary

The top layer of the ocean mediates the transfers of heat and gases between the atmosphere
and the deep ocean. It is called the mixed layer because it is homogeneized vertically by turbulent
processes. Changes in the thickness of this layer have been observed over the past decades, and
are expected in the future due to anthropogenic climate change. It is thus very important to
understand the drivers of the observed changes and to assess whether the ocean-ice models
used for climate projections can represent the relevant processes. We consider 12 models forced
by the same atmospheric forcing over the period 1970-2018 and we find that they reproduce the
mixed layer deepening observed in the Southern Ocean in summer. In the most realistic models,

ocean eddies generate interannual variability of the mixed layer in energetic regions such as the
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Gulf Stream or Kuroshio, obscuring the long-term trends. The models confirm that the mixed
layer deepening is related to the increase in wind speed over the Southern Ocean in the past
decades. The increase in wind speed strengthens the turbulent mixing locally, but changes in the

ocean circulation below the mixed layer also play a part in the long-term trends.

1 Introduction

The ocean has absorbed about 90% of the energy accumulated in the earth system due
to the human-induced increase in greenhouse gases in the atmosphere (Gulev et al., 2021; von
Schuckmann et al., 2020), with the upper ocean warming faster than the deep ocean. This results
in an increase of the upper ocean stratification (Yamaguchi & Suga, 2019). This stratification is
not uniform vertically: the layer of maximum vertical density gradient, the upper ocean
pycnocline (Serazin et al., 2023), is overlaid by a well-mixed layer where the stratification is very
low due to mixing by surface waves, Langmuir cells, shear-driven turbulence, and convection
(Belcher et al., 2012; D’Asaro, 2014). It has long been assumed that the increased stratification
would lead to a shallowing of the ocean mixed layer (Bindoff et al., 2019), because the
stratification below the mixed layer acts as a barrier, reducing diffusivity and preventing mixed
layer deepening, but this has been questioned by recent studies as reported by Fox-Kemper et

al. (2021).

Somavilla et al. (2017) were the first to document mixed layer deepening trends
from hydrographic time series in the subtropical North Atlantic and North Pacific over the period
1990-2015. The deepening trends were 4.3 m/decade and 6.8 m/decade, respectively. They
found similar trends in ocean reanalyses at the location of the hydrographic stations. In the
reanalyses, these trends were spatially coherent over large regions, but not of a uniform sign
over an ocean basin, and dependent on changes in the water masses advected at depth. The
winter trends were explained by changes in the buoyancy forcing (densification of the surface
waters favoring convection) but also an increased downward Ekman pumping. Sallée et al. (2021,

hereafter S21) further analyzed upper ocean trends using a global dataset of hydrographic
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observations over a longer period (1970-2018). They confirmed the increase in stratification
documented by Yamaguchi & Suga (2019) due to warming, but also to freshening in the Southern
Ocean and in the intertropical convergence zones. S21 found that despite this increase in
stratification, the summer mixed layer depth was increasing by 2.9 m/decade almost globally,
the trend reaching 10 m/decade in the Southern Ocean, supporting Fox-Kemper et al. (2021).
Deepening trends were also found in winter, but they were less significant. S21 reviewed the
processes that could induce a deepening of the mixed layer despite the surface warming and
strengthening of the upper ocean pycnocline, and pointed to surface-forced mechanical
turbulence. Noting that the wind speed over the ocean has been increasing (Young & Ribal, 2019),
they examined the different mechanisms through which a wind speed increase could deepen the
mixed layer, despite a strengthening stratification. They argued that mixing due to Langmuir
circulation, submesoscale frontal instabilities and instabilities of wind-driven inertial oscillations
and internal wave shears could contribute to the observed deepening, the latter being the most

likely candidate.

Whether the mixed layer will deepen or shallow in the future is an important issue,
because its thickness influences air-sea exchanges (Rudzin et al., 2018) and primary production
(Llort et al., 2019). The coupled ocean-atmosphere models participating in the Coupled Model
Intercomparison Project tend to project shallower mixed layer depths in future scenarios
(Alexander et al., 2018; Fox-Kemper et al., 2021; Sallée et al., 2013), but there is low confidence
in these results because CMIP models have large biases in their representation of the mixed layer
(Fox-Kemper et al., 2021, and references therein). Most climate models have a grid resolution of
about 100 km and processes impacting the mixed layer are parameterized: vertical processes
such as those examined by S21, as well as mesoscale processes that have been shown to structure
the spatial variability of the mixed layer in observations and models (Gaube et al., 2019; Treguier

et al., 2023).

The Southern ocean, where multidecadal mixed layer trends were the largest in S21, is
characterized by a high level of mesoscale eddy energy, which makes high resolution models

necessary for the evaluation of trends over the historical period. Li & Lee (2017) used the POP
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model at 1/10° resolution to analyze the seasonal deepening of the mixed layer at the
equatorward edge of the subantarctic front, south of Australia. They demonstrated the role of
buoyancy advection by a jet-scale overturning circulation, which was driven by the eddy
momentum fluxes that intensify the jet. Using a regional coupled model at 9 km resolution, Gao
et al. (2023) demonstrated that buoyancy advection plays a major role in the mixed layer
variability at the mesoscale, especially in winter when the MLD is larger. Thus, ocean mesoscale
dynamics influence the evolution of the MLD on seasonal time scales, but their possible influence
on longer time scales has not been considered, nor their possible contribution to the trends

revealed by S21.

The objective of our study is to assess the capability of current global ocean models to
represent the observed multi-decadal trends of the mixed layer depth and their relation to the
winds. For this purpose, we use models that participate in the Ocean Model Intercomparison
Project (OMIP, Griffies et al., 2016). We consider models with resolutions of 1/10° or finer,
representing mesoscale dynamics, and compare them with lower resolution versions
representative of the CMIP models (about 1°). The improvements brought by the higher
resolution in OMIP models have been documented by Chassignet et al. (2020) and Treguier et al.,
(2023). The analysis of mixed layer biases in OMIP shows that they are similar in amplitude to
those of the CMIP models (Tsujino et al., 2020), and that these biases are model dependent as

well as resolution dependent (Treguier et al., 2023).

In this paper, we address the following questions. (1) Although different models have different
mixed layer biases, are their interannual variability and trends similar, when forced by the same
atmospheric forcing? (2) Do the OMIP models reproduce the deepening trend of the mixed layer
diagnosed by S21 in summer? (3) Do the OMIP models confirm the relations between mixed layer

depth trends and wind trends hypothesized by $217?

2 Models

We use the same models as Treguier et al. (2023, hereafter T23). They are listed in Table

1, but we do not repeat here the description of each model, as these are found in T23 and in
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Chassignet et al. (2020). OMIP ocean-ice models are forced by the same atmospheric state: for
OMIP2, the forcing is JRA55-do, derived from the Japanese 55 years reanalysis (Griffies et al.,
2016; Tsujino et al., 2018). The forcing covers the period 1958-2018. The OMIP protocol advises
to repeat this forcing cycle 6 times to allow a better spin-up of the ocean state. However, only
one cycle has been run for most high resolution models, because of the high cost of these
simulations. As a consequence, we use only the first OMIP cycle for both low and high resolution
models. This is adequate for the present study because spin-up effects are expected to affect
deep water masses and not so much the surface ocean, which largely equilibrates after a few

seasonal cycles.

The mixed layer depth (MLD) is computed using the threshold method proposed by Griffies et al.
(2016), with a uniform density threshold of 0.03 kg.m=. However, not all OMIP models used this
approach for their online MLD computations. Moreover, the threshold has often been computed
relative to the density at the top model level, the depth of which varies across models (T23), and
is different from the 10 m level used in observation datasets (de Boyer Montégut et al., 2004;
Holte et al., 2017). T23 showed that it is necessary to use a common reference level for a proper
comparison of the MLD between models and for the evaluation of the models using observations.
Here we use the MLD computed as in T23 using a 10 m reference level and a uniform density
threshold of 0.03 kg.m3. The MLD has been recomputed from monthly temperature and salinity
model outputs, because unfortunately daily outputs were not available for all models. We
acknowledge that MLDs computed from monthly vs. daily archives differ, because submonthly

variance can create significant rectified effects as documented by T23.

Our focus is on interannual variability and trends at spatial scales larger than 100 km. Following
S21, we focus on two seasons: the winter (summer) season is the average over the months of
January to March in the Northern (Southern) Hemisphere, and July to September in the Southern
(Northern) Hemisphere, respectively. The modelled MLDs are first computed on the native grids
of the models. In the case of the high resolution models, MLDs are then coarsened by spatial
averaging towards a nominal 1° grid (coarsening by a factor of 10 for IAP-LICOM, ACCESS-MOM
and NCAR-POP, a factor of 12 for FSU-HYCOM and 16 for CMCC-NEMO). In a final step, the MLDs
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from low resolution models, observations and coarsened high resolution models are all regridded
by bilinear interpolation to a common quasi-isotropic grid with a zonal resolution of 1° (Mercator

grid), prior to the computation of statistics and trends.

Table 1

Characteristics of the OMIP models used in this study.

Model Horizontal grid for the model Mixed layer vertical mixing
pairs parameterizations

ACCESS-MOM 1° tripolar KPP, FFH

(Kiss et al., 2020) 1/10° tripolar KPP, FFH

AWI-FESOM Unstructured 1° KPP

(Sein et al., 2018) Unstructured 10-50 km

IAP-LICOM 1° tripolar Canuto MLD scheme

(L. Li et al., 2020) 1/10° tripolar

NCAR-POP 1° tripolar KPP, FFH, Langmuir

(Danabasoglu et al., 2020) 1/10° tripolar KPP

FSU-HYCOM 0.72° tripolar KPP

(Chassignet et al., 2020) 1/12° tripolar

CMCC-NEMO 1° tripolar TKE

(lovino et al., 2016) 1/16° tripolar

Note: Consortia or institution names are as follows: Australian Community Climate and Earth
System Simulator (ACCESS), Alfred Wegener Institute (AWI), Florida State University (FSU),
Institute of Atmospheric Physics (IAP), National Center for Atmospheric Research (NCAR), Centro
Euro-Mediterraneo sui Cambiamenti Climatici (CMCC). The ocean models are based on the
Modular Ocean Model (MOM, Griffies, 2012; Kiss et al., 2020), the Finite element/volumE Sea ice-
Ocean Model (FESOM, Wang et al., 2014), the LASG/IAP Climate system Ocean Model (LICOM, L.
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Li et al., 2020; Lin et al., 2020), the Parallel Ocean Program (POP, Smith et al., 2010), the HYbrid
Coordinate Ocean Model (HYCOM, Chassignet et al., 2003) and the Nucleus for European
Modelling of the Ocean (NEMO, Madec & the NEMO team, 2016). The mixed layer
parameterizations are the K-profile parameterization (KPP, Large et al., 1994); the Turbulent
Kinetic Energy (TKE, Blanke & Delecluse, 1993), the parameterization of submesoscale eddy
effects (FFH, Fox-Kemper et al., 2008), Langmuir (Q. Li et al., 2016) and the Canuto scheme
(Canuto et al., 2001, 2002). For all model pairs except NCAR-POP, the mixing schemes are the

same at low and high resolution.

3 — Modelled variability of the mixed layer depth and its correlation across models

Before exploring multidecadal trends of the MLD, we consider in this section the interannual
variability, because the physical mechanisms that may cause multidecadal trends (as discussed
in the literature e.g., S21) should also influence the MLD on interannual time scales. One cycle of
the OMIP forcing simulates only one multidecadal trend over the 1970-2018 period, while the
interannual variability is described with more degrees of freedom over the same period and

therefore should be quite robust across models.

To set the stage, let us consider a global map of the multi-model mean of the interannual
standard deviation of MLD in the low resolution and high resolution models. In winter (Figure 1a,
b), the interannual variability of the mixed layer is larger where the mean mixed layer is deep
(see T23, Figure 1). The hot spots of interannual variability are the subpolar North Atlantic
(Labrador and Irminger seas) and the Nordic seas, as well as the Antarctic Circumpolar Current
(ACC). The Weddell Sea is also a region of large interannual variability in the OMIP models, but
this reflects biases of some of the models (maps for individual models are shown in
supplementary Figures S1 and S3). For example, at low resolution, the FSU-HYCOM and ACCESS-
MOM models have excessively deep mixed layers in the Weddell Sea in winter (biases larger than
3000 m, see T23) and this is reflected in the multi-model mean interannual variability (Figure 1a).

This is consistent with the CMIP6 multi-model mean (Heuzé, 2021) which shows biases exceeding
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1000 m in the Weddell Sea. At high resolution, this bias is reduced in FSU-HYCOM, but increased
in IAP-LICOM (T23, Figure 7). A hot spot of interannual variability is also found in the Nordic seas.
T23 noted that the location of the deep mixed layers in the Greenland Sea were more accurately
represented by the high resolution models, while some low resolution models had excessively

deep mixed layers in the Norwegian sea.

a) Winter std - low resolution

400

300

200

100

25

20

15

10

Figure 1. Multi-model mean of the interannual standard deviation of the MLD [m] over 49 years (1970-
2018). The winter (summer) season is the average over the months of January to March in the Northern

(Southern) Hemisphere, and July to September in the Southern (Northern) Hemisphere, respectively.

Overall, just as was the case for the mean MLD (T23), the inter-model differences in MLD
interannual standard deviation are larger than the differences between resolutions within each

model pair (supplementary figures S1 and S3).

In the summer season, the mixed layer is shallower and its interannual variability is reduced
accordingly (note the different color scale for Figures 1 ¢, d, S2 and S4). Interannual variability is

large in the tropics and in the Southern Ocean. We note that the variability is stronger at low
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resolution around 5°N, probably due to the deep bias diagnosed by T23, which is greatly reduced
in high resolution models. In the ACC, the presence of resolved eddies at high resolution may
increase the interannual variability in some regions, for example downstream of the Agulhas

retroflexion.

Despite models having different biases (T23), is the interannual variability of MLD robust across
these models forced by the same atmospheric state? To answer this question, we have computed
the 15 pair-wise Pearson correlation coefficients of all the pairs among the 6 low resolution
models, the same for the 6 high resolution models, and the 6 correlations between the low
resolution and high resolution members of each model pair. The correlations are computed for
the MLD averaged for each winter or summer, over 49 years (1970-2018 period). The mean and
linear trends have been removed from all series before the computations. The average of all
model pairs is shown in Figure 2 for winter and summer (correlations for each pair are found in
the supplementary material, Figures S5-510). The high positive correlation of the MLD series
between the model pairs is striking, and extremely significant at the global scale for low
resolution models in summer (Figure 2b). Clearly, the interannual variability of MLD in the models
seems predominantly driven by their common atmospheric forcing. There are regions where the
correlation across models is lower, especially in winter. These are regions of strong ocean
dynamics like the Gulf Stream and the boundary current of the North Atlantic subpolar gyre. In
the low resolution models (Figure 2a), the different model biases (T23) result in different
advection of water mass properties in these regions, thus leading to a different preconditioning
of the water column in winter and a different MLD evolution at the interannual timescale. Inter-
model correlations are clearly reduced at high resolution (Figures 2c and 2d) or when considering
pairs of models at low and high resolution (Figures 2e and 2f), and are no longer significant in
regions of high mesoscale turbulence: Gulf Stream, Kuroshio, ACC, Brazil-Malvinas confluence,
Agulhas retroflexion, and, in winter, the western Bay of Bengal, the East Australian Current and
the region west of Australia where eddies drift westwards. Mesoscale turbulence in the high
resolution OMIP models is generated by the instabilities of the mean flow. Considering that the
OMIP protocol does not include assimilation of ocean observations, mesoscale turbulence is not

constrained directly by the interannual variability of atmospheric forcing, and it is expected to be
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uncorrelated between different models. It is well known that ocean mesoscales generate a so-
called “intrinsic” variability at interannual time scales and large spatial scales (Penduff et al.,
2018). T23 already pointed out that mesoscale eddies influence the spatial structure of the MLD
in the OMIP models. Here we show that their presence decreases the inter-model correlations at
high resolution compared with the low resolution models. The correlations of individual pairs
(Supplementary material, figures S5-S10) show a consistent behavior of all model pairs, except
IAP-LICOM which has a lower correlation with the other five models. This may be related to this
model having very specific biases, for example a very shallow mixed layer in the Southern Ocean

(T23), probably due to its use of a vertical mixing scheme unique among all the models (Table 1).
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a) low resolution - winter b) low resolution - summer

d) high resolution - summer
. =G A

T T
-1.00 -0.75 —0.50 -0.25 0.00

Figure 2. Pearson correlation coefficients for pairs of model time series of the MLD detrended interannual
anomalies, 1970-2018. The correlation coefficient averaged between the 15 pairs of different low
resolution models is shown in panels a) and b) for winter and summer respectively, and the average of
the 15 pairs of high resolution models in panels c) and d). The average of the 6 correlations between the
low resolution member and the high resolution member for each model pair from the same group is
shown in panels e) and f). Regions where less than half the individual pair-wise correlations have a p-value
lower than 0.1 are hatched (less than 8 members for panels a-d and less than 3 members for panels e-f).
The winter (summer) season is the average over the months of January to March in the Northern

(Southern) Hemisphere, and July to September in the Southern (Northern) Hemisphere, respectively.
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Figure 2 demonstrates that the interannual variability of the MLD is largely driven by the
atmosphere in OMIP models, but can the models shed some light on the processes involved? The
surface buoyancy flux acts to restratify the ocean when positive (decreasing the MLD) and
destratifies the ocean by convection when it is negative (thus increasing the MLD): these
mechanisms would lead to a negative correlation between the buoyancy flux and the MLD.
Vertical mixing processes, sensible heat loss and evaporation are enhanced when the wind is
stronger, thus a positive correlation is expected between the MLD and the amplitude of the wind
stress. However, the processes that govern the MLD are complex (Belcher et al., 2012; Somavilla
et al.,, 2017). The MLD anomaly at a given location and year depends on the underlying
stratification, which may have been modified by anomalous water mass properties or an
anomalous ocean circulation, generated perhaps by atmospheric forcing, but at a different
location and in a different year. These processes are often referred to as preconditioning
(Marshall & Schott, 1999; Q. Li & Lee, 2017; Gillard et al., 2022). To exemplify the local relation
between the MLD response and the air-sea fluxes, we have computed the times series of the
surface buoyancy flux and wind stress amplitude for the CMCC models. Their respective
correlations with the MLD are shown in Figure 3 for both the low and high resolution model; note
that under sea ice the fluxes correspond to ice-ocean interactions, not air-sea interactions. The
correlations of MLD with the buoyancy flux are generally negative and correlations with the
amplitude of the wind stress are positive, as expected. We do not attempt to disentangle the
influence of these two forcings, because they are strongly correlated with one another: the
buoyancy flux includes the effects of the latent heat flux and the evaporation, which are both
dependent on the wind speed. At low resolution, comparing Figure 3 with the correlations across
models, and more specifically the model pairs involving the CMCC model (Figures S5 and S6)
shows that the correlation of MLD with local momentum and thermohaline fluxes is lower than
its correlation across models. This suggests that beyond a direct local response to the local air-
sea fluxes, the MLD response at interannual time scales is mediated by three-dimensional ocean
processes and that these processes seem robust enough to act in very similar fashion in the low
resolution models, resulting in very high correlations of the interannual variability of MLD across

models (Figure 2). The interannual variability of MLD is less correlated across the different high
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301 resolution models (Figures S7 and S8), because the three dimensional processes are influenced

302 by the resolved mesoscale dynamics.
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Figure 3. Pearson correlation coefficients of the MLD time series (1970-2018) with the surface forcing
fields in the CMCC-NEMO models. a) and b): low resolution model MLD correlation with the buoyancy flux
for winter and summer respectively; ¢) and d): same fields for the high resolution model. e, f: MLD
correlation with the amplitude of the wind stress for the low resolution model, and g, h: same fields for
the high resolution model. The contour of sea-ice concentration 0.8 is shown in magenta. Areas where
the correlations have a p-value lower than 0.1 are hatched. The winter (summer) season is the average
over the months of January to March in the Northern (Southern) Hemisphere, and July to September in

the Southern (Northern) Hemisphere, respectively.

4 - Multi-decadal trends of winds and MLD

The interannual variability of the MLD is similar across the OMIP models: are the multidecadal
trends consistent as well, and related to the models’ common wind forcing? The first question to
consider is whether there are long-term trends of the wind speed in the JRA55-do forcing.
Designed to force ocean models, JRA55-do must satisfy various requirements, one of them being
that the heat and water budgets must be balanced globally when using observed SST and the
OMIP bulk formula to compute the air-sea fluxes. Raw surface variables from atmospheric
reanalyses never satisfy this requirement well enough to prevent large drifts in forced ocean
model simulations (Griffies et al., 2009). In the process of creating JRA55-do from the raw
reanalysis JRA55, Tsujino et al. (2018) noted that major evolutions in the observations that are
assimilated in the atmospheric model caused different biases before and after 1973 and 1998,
respectively. The correction strategy is thus defined for three different periods: pre 1973
corresponding to the pre-satellite era, 1973-1998, before the advent of the Advanced TIROS
Operational Vertical Sounder (ATOVS) and 1998 to present. The winds are corrected by an offset
to reduce the bias relative to satellite observations (Tsujino et al., 2018). This strategy, aimed at

reducing spurious biases, may also affect observed trends.

Surface wind is a key variable in the climate system and its trends have been studied extensively.
It is important to note that the trends depend on the time period over which they are computed.

Indeed, Deng et al. (2021), who compared wind speed trends in eight reanalyses, demonstrated
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that the evolution of wind speed over multiple decades is not well described by a linear trend.
For example, over land, a decrease of the wind speed (“terrestrial stilling”) has been documented
(e.g., Vautard et al., 2010), but Deng et al. (2021) confirmed that it has reversed since 2010. They
analysed the wind over the oceans in both hemispheres, and found that the increase in the
Southern Hemisphere also reversed around 2010. In the Northern Hemisphere, they found no
significant trend before 2010, and a decrease afterwards. Over the common period over which
all datasets were available (1980-2010), JRA55 performed well compared with the other

reanalyses (Deng et al., 2021).

The increase in winds over the ocean, especially in the Southern Ocean, has also been
documented using satellite observations (Young & Ribal, 2019). We have computed the linear
trends of the annual mean wind speed in JRA55-do over the period 1985-2018, using the scipy
library. There are similarities with Young & Ribal (2019), especially with an overall positive trend
stronger in the Southern Hemisphere (supplementary Figure S11). However, the amplitude of the
trend is underestimated in JRA55-do: 0.09 m.st.dec? in JRA55-do between 50°S and 60°S, vs.
0.28 m.st.dec! in Young & Ribal (2019). A similar underestimation is found in ERA5
(supplementary Figure S11) and other datasets (Deng et al., 2021). Overall, the wind speed trends
in JRA55-do are comparable to those of other reanalyses, and thus OMIP seems a good

framework to investigate the mixed layer response.
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a) JRA wind trend winter b) JRA wind trend summer
; o310, ~ -

Figure 4. Trends in JRA55-do and ERA5 wind speed, in m.s’*/decade. a, b: trend of the winter and summer
amplitude of the wind speed in JRA55-do over the period 1970-2018. Panels b and d are similar to a and
b, but for ERA5. The two regions used for Figure 6, with contrasted trends in summer, are outlined in
black: Southern East Pacific, SEPAC, and East Pacific sector of the Southern Ocean, EPSO. The blue dot in
the EPSO region marks the location chosen for the one-dimensional model (100°W, 55°S). The winter
(summer) season is the average over the months of January to March in the Northern (Southern)

Hemisphere, and July to September in the Southern (Northern) Hemisphere, respectively.

In this section, we choose the period 1970-2018 to study the MLD evolution, for comparison with
S21. Trends over this period are shown for JRA55-do (Figure 4 a, c) and ERA5 (Figure 4 b, d) for
two seasons, demonstrating that the trends in the Southern Ocean are more zonally symmetric
and stronger in summer. The comparison of the trends in JRA55-do and ERAS in Figure 4 reveals
similarities and differences, as found by Deng et al. (2021): these details will be discussed in

relation with MLD trends later in this section.
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The observed trends of MLD are presented in Figure 5 a, b. These maps, drawn from Sallées’s
archived dataset (Sallée et al., 2020), are almost identical to S21’s Figure 3¢ for summer trends
and to their Extended Data Figure 5c for winter trends. Small differences are due to our different
definition of the summer season: July-September in the present paper, vs. August-October in
S21. There are large regions where the observed MLD trends are weaker than their standard
error, due to the large variability of the MLD: these regions are hatched in Figure 5, following
S21. Note that this measure of significance corresponds to a p-value of about 0.3, and thus many
of the regions that are not hatched would be considered as having non-significant trends if a
more stringent measure were used, such as a lower p-value. S21’s main conclusion is that the
summer mixed layer has been deepening quasi-globally over the period 1970-2018, at rates
ranging from 5 to 10 m.dec! depending on the region (Figure 5b). There are, however, some
regions of mixed layer shoaling, for example the North Central Pacific, which have not been
commented upon by S21. Regarding the winter season (Figure 5a), S21 have noted that the
trends are less reliable because of the larger interannual variability, and that there is a shoaling

of the winter MLD in the Pacific sector of the Southern Ocean that seems significant.
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a) Observations winter b) Observations summer
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Figure 5. Trends of the MLD over the period 1970-2018 (m/decade). For comparison with S21, blue
represents mixed layer deepening, and red mixed layer shoaling. a and b: observations from S21. The
regions where the standard error of the trend is greater than the trend (condition C1) are hatched. c, d:
multi-model average of the low resolution models. The regions where condition C1 is satisfied by more
than half the models are hatched. e, f: same for the high resolution models. The winter (summer) season
is the average over the months of January to March in the Northern (Southern) Hemisphere, and July to

September in the Southern (Northern) Hemisphere, respectively.

A deepening trend of the mixed layer is also present in the OMIP models in the Southern Ocean

in summer, as shown by the multi-model trends in Figure 5 d, f. This deepening is found in all the
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models and resolutions (supplementary Figures S13 and S15). It is weaker than observed: the
average trend (where significant) in the latitude band 60°S-50°S is 3.3 m/decade for S21 and 2.1
m/decade for the multi-model mean. IAP-LICOM has a low trend compared with the other
models (supplementary figures S13 and 15) so that the multimodel mean trend is slightly larger
if this model is not taken into account (2.5 m/decade), but it is still lower than observed. The
difference may be explained by the underestimation of the wind speed trend by JRA55-do
(Figures 4 and S11). In the rest of the world, the models do not reproduce the summer deepening
trends observed by S21. In some cases, like the Southeast Pacific, the modelled MLD exhibits a
shallowing trend that is not found in S21 but is consistent with a weakening trend of the JRA55-
do winds, which is absent from ERAS (Figure 4c,f). In other cases, the modelled trends are not
significant (some areas in the North Pacific and the Indian Ocean, for example). If the models
have a realistic MLD variability, the lower significance of the modelled MLD trends compared to
the observed ones could simply result from the underestimated wind trends in JRA55-do. Note
that other forcings may also influence MLD trends. We have found significant trends in the
buoyancy forcing for the CMCC model in some areas (not shown). However, the pattern of
summer trends in the Southern Ocean is not zonally symmetric, unlike the MLD trend.
Furthermore, it is positive in the Indian ocean sector, which would make the mixed layer
shallower and not deeper. Therefore, in the Southern Ocean in summer, the wind speed seems

the main cause of the multidecadal trend in the models.

In winter, the pattern of trends in the Southern Ocean in both models and observations is not
zonally symmetric, contrary to the summer season. The models exhibit a shallowing mixed layer
trend in the South Pacific sector, a deepening in the Atlantic sector, and latitude bands of
deepening and shallowing south and north of the ACC front in the Indian sector. There is a hint
of such a pattern in the JRA55-do winds. For example, the south Pacific mixed layer shoaling of
the MLD is also found in observations (Figure 5a) and coincides with a weakening of JRA55-do

winds which is also seen in ERAS5 (Figure 4a,c).
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Figure 6. Panels a,b: time series of model MLD and JRA55-do wind speed anomalies relative to their time-
mean, in summer, in the two regions outlined in Figure 4 (Southern East Pacific, SEPAC, and East Pacific
sector of the Southern Ocean, EPSO). The grey lines represent each individual model (low and high
resolution), and the black line is the multimodel mean (left scale, in m). The blue line is the wind speed
(right scale, m/s). A linear trend is indicated for the multimodel mean and the wind speed. Panel c): time
series of MLD anomaly at a grid point in the EPSO region (100°W, 55°S, see Figure 4) for the CMCC-NEMO
low resolution model (black line). Two reconstructions of the time series using a one-dimensional NEMO

model are also shown (see text).
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To explore further the relationship between the modelled mixed layer and the winds, we focus
on two regions outlined in Figure 4: the East Pacific section of the Southern Ocean (EPSO, from
116°W to 76°W and 63°S to 53°S) and a Southern East Pacific region (SEPAC, from 95°W to 80°W
and 32°S to 17°S). There are significant, but contrasted MLD trends in summer in these regions
(Figures 5 and 6): in EPSO, the MLD deepens as observed by S21, but less so (2.1 m/decade vs.
6.7 m/decade). In SEPAC, the MLD shallows in the models (-1 m/decade) but deepens in 521 (3.4
m/decade). Figure 6 a, b confirms the good relationship between the MLD and the wind speed
for both the interannual variability and the trends. MLD and winds are highly correlated at
interannual time scales in both regions in summer (coefficients of 0.67 and 0.88 for EPSO and
SEPAC respectively; also see Figure 3 f, h). The multidecadal trends of MLD are consistent with
the wind forcing: EPSO shows a significant increase in wind speed (0.13 m.s'!/ decade) and SEPAC
a significant decrease (-0.14 m.s!/ decade). The relation between MLD and wind speed is
certainly not linear: this is illustrated by the different patterns of the trends in Figures 4 and 5,
and by the fact that the MLD trend in EPSO has almost twice the amplitude of the trend in SEPAC
while the wind speed trends have almost the same amplitude. The modelled MLD trend has a
sign opposite to the observed trend in the SEPAC region, but we note from Figure 4 that contrary
to the JRA55-do forcing, ERAS has no significant trend there. Multidecadal trends in atmospheric
reanalyses are probably not robust in SEPAC, while trends in ERA5 and JRA55-do are similar in

other regions, such as EPSO.

The role of the wind relative to the other atmospheric variables can be investigated using a one-
dimensional (1D) model in the vertical dimension. For this purpose, we have set up a version of
the NEMO model to simulate the water column at a typical location within the EPSO region
(100°W, 55°S, figure 4), based on the 75-levels configuration developed by Reffray et al. (2015)
which uses the same TKE vertical mixing parameterization as CMCC-NEMO. For the simulation
mld1d_init, the 1D model is initialized by the solution of the low resolution CMCC-NEMO model
at the nearest grid point for the month of December, and run for one year forced by the JRA55-
do forcing; the procedure is repeated for each year from 1970 to 2018. A second simulation,
mld1d_clim, is initialized with the December climatology of the low resolution CMCC-NEMO, and

forced by climatological JRA55-do atmospheric variables with the exception of the winds which



457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472

473

474

475
476
477
478
479
480
481
482
483
484

manuscript submitted to JGR-oceans

retain their variability and differ each year. The original CMCC-NEMO simulation and the two 1D
simulations are compared in Figure 6c. At this location, there is a positive trend in wind speed
and the MLD increases in summer over the period 1970 to 2018, even though the surface density
decreases (not shown). The 1D model reproduces successfully the summer mixed layer depth
anomaly every year, although the MLD has a deep bias compared to the full CMCC-NEMO model
(the average summer MLD is 76 m in ml1d-init instead of 66 m in CMCC-NEMO). The interannual
variability and the multidecadal trend are similar in CMCC-NEMO and mld1d_init (trends are 3.6
m/decade and 3.8 m/decade, respectively). When only the interannual variability of the wind is
retained in simulation mld1d_clim, a positive MLD trend remains but it is smaller (2.1 m/decade).
Another simulation where only the initial condition is climatological (the forcings being fully
varying) exhibits a similar trend (not shown). Thus, the MLD deepening in summer can be
reproduced with a 1D model, but the wind changes explain only a part of the trend. The
preconditioning, taken into account by initializing the 1D model every year, also plays an
important part. Note that the winter time variability is more complex and the trends less
significant in the regions considered here, and the variability is not so well reproduced by the 1D

model (supplementary Figure S16).

5 — Discussion and conclusion

In OMIP models, the interannual variability of the MLD at spatial scales > 100 km is constrained
by the atmospheric forcing to a high degree, as demonstrated by the high correlation of the MLD
across models. This is true in summer over most of the world ocean, except for the high resolution
models in regions of high mesoscale variability. It is not surprising to find such an impact of the
mesoscales, considering that eddies shape the MLD (Gaube et al., 2019; Gao et al., 2023; T23)
and that they induce intrinsic interannual variability that is uncorrelated with the atmosphere
(Penduff et al., 2018). At multidecadal time scales, the OMIP models reproduce to some extent
the deepening trend of the mixed layer observed in the Southern Ocean in summer from 1970 to
2018 (S21), with a zonally symmetric pattern that fits with the strengthening of the wind speed

in that region. The lower amplitude of the trend in OMIP compared to observations is probably
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explained by an underestimation of the wind speed trend in the JRA55-do forcing compared with

satellite observations (Young & Ribal, 2019).

S21 suggested that the wind caused a deepening of the mixed layer through local processes:
Langmuir circulation, submesoscale frontal instabilities and instabilities of internal wave shears.
Some of these processes are parameterized in the OMIP models. Three models include the Fox-
Kemper parameterization (Fox-Kemper et al., 2011) to represent restratification by the
submesoscale dynamics: the ACCESS-MOM pair and NCAR-POP at low resolution (Table 1). We
find that these models do not differ markedly from the others regarding the MLD trends, and
thus our results do not point out a key role for this mechanism. Although OMIP models have
different biases (T23), they are consistent in their representation of the MLD variability, with the
exception of IAP-LICOM which is less correlated with the other models. We conclude that the
models’ vertical mixing schemes TKE and KPP (table 1) result in similar representations of MLD
variability and trends, while the Canuto scheme (Canuto et al., 2001, 2002) used in IAP-LICOM
produces a different variability. The models suggest that the multidecadal MLD trend in the
Southern Ocean is in part a simple local response of the MLD to the wind stress, but three
dimensional mechanisms involving the ocean circulation cannot be excluded. Using a one-
dimensional simulation at a typical location in the Southern Ocean, we have found that the MLD
trend of the corresponding three dimensional simulation is fully reproduced only when the 1D
model is re-initialized each year by a profile from the 3D simulation. This means that
preconditioning during the winter season also plays a part in the summer MLD trends. Buoyancy
advection by the meridional Ekman currents is a key process in the Southern Ocean (Rintoul &
England, 2002; Sallée et al., 2013). DuVivier et al. (2018) have pointed out the influence of salinity
advection by the fronts of the Antarctic Circumpolar Current in the high resolution NCAR-POP
model. More recently, Gao et al. (2022) have demonstrated the role of eddy advection in
combination with eddy modulation of air-sea fluxes, especially in winter, to determine mixed
layer properties in the Southern Ocean. Finally, ocean-ice interaction must also be taken into

account.
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Outside of the Southern Ocean, S21 claimed that the MLD deepening in summer was quasi-
global, despite the fact that their map shows shallowing trends in some areas (Figure 5b). The
deepening trend in the OMIP simulations is certainly not global. This is consistent with the fact
that the trend in wind speed over the 1970-2018 period is not global in JRA55-do, but rather
displays complex spatial patterns of different signs (Figure 4) like other reanalyses (Deng et al.,
2021). This may be a deficiency in the forcing fields, as observations suggest that wind speed
trends may be stronger and more globally positive (Young and Ribal, 2019). This calls for updated

datasets to force ocean models for the next phase of OMIP.

The study of mixed layer depth trends from observations should be carried out jointly with an
analysis of the trends in wind speeds. This was attempted in a recent study (Roch et al., 2023)
focused on the recent years when profiles of the ARGO observing network are available (2006-
2021). OMIP models are run only up to 2018, but we computed the trends over the period 2006-
2018 (supplementary Figure S17) to compare. The models show complex patterns of shallowing
(e.g., in the Equatorial Pacific) and deepening (e.g., in the Southern Ocean in summer), very
different from the more widespread deepening shown by Roch et al. (2023). We assume that the
trends in Roch et al. (2023) are very dependent on the method they have used to remove the
effects of the EI-Nino Southern Ocean Oscillation (ENSO). Over such a short 15-years period the
variability is very much influenced by ENSO, and the changes in MLD or winds cannot be
described by a simple linear trend. We thus argue that the conclusion of Roch et al. (namely, that
trends in MLD over the ARGO period are not related to trends of the wind speed) is not definitive

and that a longer period is required to evaluate trends.

Considering the sparseness of in-situ observations before the ARGO period, we suspect that the
analysis of S21 also depends on the method to some degree, because their computed trends are
not consistent with other studies in some areas. A shallowing of the mixed layer in winter is
observed in the Kuroshio region (141°E-155°E, 30°N-37°N) over the period 1960-2021 (Sugimoto,
2022), at a rate of 4.75 m/decade. The OMIP models reproduce a shallowing, although weaker
(2 m/decade), while in the S21 dataset the winter mixed layer deepens in that region by 7.7

m/decade. The difference between the two observation-based studies can be explained by the
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fact that they do not use the same observations. In the work of Sugimoto et al. (2022), the MLD
is determined using a temperature threshold, which is appropriate for this region, while S21 use
a density threshold which is more robust across the world ocean in theory, but requires
knowledge of both temperature and salinity. Before the ARGO period, temperature profiles are
more numerous than profiles where both temperature and salinity have been measured. Our
hypothesis is thus that S21’s winter mixed layer deepening in the Kuroshio region is spurious and

that the significance of S21’s trend is overestimated in that region, and possibly elsewhere.

In the present analysis, we have considered only the mixed layer depth and the air-sea fluxes,
and we have focused on summer trends. The winter trends are more diverse across models and
less significant than the summer trends. A more in-depth exploration of their origin is beyond the
scope of this paper. This will require taking into account the representation of the underlying
stratification and of the circulation by the different models. Furthermore, we expect that the

processes responsible for the winter trends differ in different regions of the world ocean.

Overall, our analysis demonstrates the good capacity of the OMIP models to simulate the
multidecadal trends of the mixed layer depth, and confirms that positive trends in wind speed
can cause widespread MLD deepening in summer. More significant trends are expected to
develop in the coming decades, as the Earth continues to warm. The eddy-rich models developed
as part of HighResMIP will be necessary to assess the significance of the projected trends in the

presence of a realistic background variability in the surface mixed layer.
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