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Abstract

This study evaluates the representation of Dense Shelf Water (DSW) formation
in the Southern Ocean by two global oceanic reanalyses: GLORYS2v4 and
ORASS5. We found that GLORYS2v4 generally represents larger areas and more
consistent temporal patterns of DSW compared to ORASS5. This latter reanalysis
significantly underestimates the extent and frequency of DSW formation.
Although both reanalyses show good statistical agreement with the World
Ocean Circulation Experiment data set, with a root mean squared error of
approximately 0.7, a mean absolute percentage error of 1.16% and an r value
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thereby affecting its ability to satisfactorily represent the Meridional Overturning
Circulation and the global thermohaline circulation. These discrepancies are
attributed to the nudging process used for the sea-surface temperature in the
ORAS5 model. This study highlights the importance of oceanic reanalyses to
validate climate modelling results, in particular in high-latitude regions, where
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Moreover, the SO takes up more than 70% of the heat
related to anthropogenic activities (Dufour et al. 2015;
Frolicher et al. 2015).

Introduction

Over the years, several studies have been conducted

across the SO, demonstrating that processes occurring
there are controlled by complex, and not fully elucidated,
interactions between the ocean, atmosphere and land/
sea-ice conditions (Rintoul 2018). Absorbing about
40-50% of anthropogenic CO,, the SO plays a significant
part in the global carbon dioxide variability (Sabine et al.
2004; Watson & Garabato 2006; Frolicher et al. 2015).

The lack of physical barriers in the SO allows for devel-
opment of the Antarctic Circumpolar Current, which
links oceanic basins by transporting water from one basin
to another (Farneti et al. 2015). The circulation and water
mass transformation in the SO are fundamental for the
global oceanic circulation (Sloyan & Rintoul 2001;
Sarmiento et al. 2004; Marinov et al. 2006; Marshall &
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Dense Shelf Water formation

Speer 2012; Farneti et al. 2015). The ocean—atmosphere—
cryosphere interactions in the SO, through surface buoy-
ancy and wind-stress, set the magnitude and the pattern of
the Meridional Overturning Circulation (Sloyan & Rintoul
2001; Lumpkin & Speer 2007; Marshall & Speer 2012;
Abernathey et al. 2016; Pellichero et al. 2018; Rintoul 2018).

Part of the Meridional Overturning Circulation in the SO
is the ascending branch of the deep water generated in the
North Atlantic, known as North Atlantic Deep Water, which
flows southward and is transformed into Upper Circumpolar
Deep Water and Lower Circumpolar Deep Water (Talley
et al. 2011). Upper Circumpolar Deep Water ascends to the
surface and, through air-sea buoyancy fluxes, is converted
into Antarctic Intermediate Water and Subantarctic Mode
Water, which flow northward, submerging in the subtropical
front and occupying the upper layers of oceanic gyres. This
mechanism ventilates these regions (Sloyan & Rintoul 2001;
Hartin et al. 2011; Farneti et al. 2015). Lower Circumpolar
Deep Water emerges near the Antarctic coast and, through
air-sea-ice interactions, is integrated into Antarctic Bottom
Water (Gordon 2001; Marshall & Speer 2012). The ascension
of water in the Meridional Overturning Circulation provides
nutrients from the intermediate and deep ocean to the sur-
face, which, according to model simulations, is responsible
for three-quarters of primary production north of 30°S
(Sarmiento et al. 2004; Marinov et al. 2006).

The formation of these water masses and how water is
transported in the SO, and the nature of how ocean—
atmosphere—cryosphere interactions modulate these pro-
cesses, are key points for understanding the distribution of
heat, CO, and oxygen throughout the global ocean (Banks
& Gregory 2006; Talley et al. 2011; Khatiwala et al. 2013;
Marshall et al. 2015; Yamamoto et al. 2015). Although we
know that the SO is important, it is poorly sampled and
accurate modelling results are scarce (Silvano 2020). In
recent years, many studies have evaluated ocean models
and reanalysis, with the aim of producing satisfactory rep-
resentations of the complex processes that occur in the SO
(Justino et al. 2011; Bracegirdle et al. 2013; Sallée et al.
2013; Downes et al. 2015; Farneti et al. 2015; Justino et al.
2015; Wang & Dommenget 2015; Schneider & Reusch
2016; Wang et al. 2018; Almeida et al. 2021). However, the
lack of in situ observations means that several questions
remain regarding the atmospheric influence on surface
density, which subsequently modifies the characteristics
and magnitude of water mass formation. For example,
Antarctic Bottom Water sinks to the abyssal layer of the
global ocean (Orsi et al. 1999), occupying between 30 and
40% of the total global ocean volume (Johnson 2008). Its
formation is important for heat and CO, transport from the
surface to the ocean bottom (Sigman & Boyle 2000), and it
is also part of the Meridional Overturning Circulation (Orsi
et al. 1999; Johnson 2008; Marshall & Speek 2012).
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One important component of Antarctic Bottom Water is
the DSW, which is formed near the Antarctic Peninsula,
where there is a direct contact between the relatively warm
ocean surface and colder air from the Antarctic continent.
Th resulting massive ocean heat loss generates high rates of
sea-ice production (Tamura et al. 2008), which—through
brine rejection—substantially increases the density of coastal
waters over the Antarctic Continental Shelf. How DSW is
formed is an ideal test case to show how the representation
of density surface layers can have an impact on how differ-
ent reanalyses products simulate SO water masses.

This formation process occurs in very few locations: the
Weddell Sea (Foster & Carmack 1976; Gordon et al. 1993;
Foldvik et al. 2004; Moorman et al. 2020), the Ross Sea
(Jacobs et al. 1970; Gordon et al. 2004; Gordon et al. 2009;
Moorman et al. 2020), the Adélie Coast (Foster 1995;
Rintoul 1998; Williams et al. 2010; Moorman et al. 2020)
and Prydz Bay (Ohshima et al. 2013; Williams et al. 2016).
The Weddell Sea was chosen for this study because, out of
the three known locations, it is responsible for 66% of the
Antarctic Bottom Water formation (Talley et al. 2011).

Here we to analyse the fidelity of GLORYS2v4 (Ferry
et al. 2010) and ORAS5 (Zuo et al. 2019) reanalyses in
representing DSW formation in the SO. These reanalyses
were chosen because both use the same models but with
some differences in the simulation of the SST that might
generate some discrepancies. An additional factor for their
selection was the lack of their assessment in the SO: a bet-
ter understanding of their representation of the SO could
support future studies in this region. To this end, we com-
pare reanalysis data with conductivity—temperature—depth
data from the WOCE data set across the SO to assess the
effectiveness of the data assimilation products.

Methodology

Oceanographic reanalyses and in situ data

In this study we use two global oceanic reanalyses based on
monthly averaged data: GLORYS2v4 and ORAS5 (Table 1).
Although GLORYS2v4 and ORASS5 essentially employ the
same assimilation method and use ORCA-R025 as the
global configuration (Barnier et al. 2006), ORASS5 differs
from GLORYS2v4 because its SST is constrained by clima-
tology nudging, which may cause divergence between the
two reanalyses.

We obtained the in situ data from WOCE (Boyer et al.
2019) for the 1993-2014 period, an interval that overlaps
with both reanalyses time ranges. WOCE data were cho-
sen because our focus was to investigate isopycnal layers
in the water columns, through the neutral density com-
putation, and a database that has both potential tempera-
ture and salinity variables is required.
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Table 1 Features of the reanalysis GLORYS2v4 and ORASS products.

Dense Shelf Water formation

Features GLORYS2v4 ORAS5

Model NEMO 3.1 + LIM2 NEMO 3.4.1 + LIM2

Horizontal resolution 1/4° by 1/4° 25 km in the tropics; 9 km in the Arctic
Vertical levels 75 75

Atmospheric forcing ERA-Interim ERA-Interim

Temperature/salinity observational data EN4, CORA® EN4, CTDs®, buoys; Argo floats

SST data AVHRR & AMSR-E¢ HadISSTv2 & OSTIA®

Data range 1993-2016 1979-present

“Coriolis Ocean Dataset for Reanalysis. ®Conductivity—temperature-density instruments. ‘Advanced Very High Resolution Radiometer and Advanced
Microwave Scanning Radiometer for EOS. “The Met Office Hadley Centre’s sea ice and SST data set and Operational Sea Surface Temperature and Sea

Ice Analysis.

Evaporation-minus-precipitation data and heat flux
were taken from the ERA-Interim (Uppala et al. 2008;
Dee et al. 2011) because Nicolas & Bromwich (2011)
showed that out of six atmospheric reanalyses, this one
shows the best representation of evaporation-minus-pre-
cipitation patterns in the SO. It is also the atmospheric
forcing for GLORYS2v4 and ORASS.

Neutral density

A function of salinity, temperature, pressure, latitude and
longitude (Eqn. 1), neutral density (y”) determines the
isopycnal surfaces in the water column and across differ-
ent bodies of water (Jackett & McDougall 1997).

V= bp(BVS — aVh), (1)

where b is an integrating factor, p is the density of seawa-
ter, f§ is the coefficient of saline contraction, « is the coef-
ficient of thermal expansion, S is salinity and 6 is the
potential temperature.

It is important to note that although there is practically
no difference between neutral density and potential den-
sity at the surface, surface neutral density (y”) was chosen
to maintain consistency with previous works, such as
those of Williams et al. (2016) and Akhoudas et al. (2021).

DSw

DSW has been defined as waters with a temperature rang-
ing from -1.9 to -1.8 °C and salinity higher than 34.5 (Foster
& Carmack 1976; Baines & Condie 1998). DSW is more
commonly defined as having y” value higher than 28.27.
This y"value can be also associated with the AABW (Gordon
2001; Rintoul 2007; Marshall & Speer 2012; Azaneu et al.
2013). Here, DSW and AABW are assumed to be found at
the same y”, as previously assumed by Williams et al. (2016).

Although DSW can be formed in the subsurface
through mixing, we restricted our analysis to the forma-
tion of the water mass at the surface, through interaction
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with sea ice. We also use a point in the Weddell Sea in
each of the reanalyses where there is the highest number
of months with the presence of DSW.

Statistical analysis

The BIAS is a systematic difference between the model
and the true value, in this case the WOCE data value:

BIAS = Yi-Vi, (2)
where Yiis the predicted value and Yi is the true value for
the i-th observation.

MAPE is another metric used to evaluate the accuracy
of a predictive model. It measures the average percentage
difference between predicted and true values:

MAPE:lzg’:lMXIOO/ 3)
n Y
where 7 is the number of observations, Yi is the true value
and Yi is the predicted value for the i-th observation.
RMSE is a measure of the average magnitude of the
errors between predicted values and observed or true values
in a model. It is a common metric used to assess the accuracy
of a predictive model. The equation for RMSE is as follows:

Y,-Y,)°
RMSE = ZLM' )
n

where 7 is the number of observations, Yi is the true value
and Yi is the predicted value for the i-th observation.

Results

GLORYS2v4 and ORAS represent regions previously rec-
ognized as DSW source regions (Fig. 1): Weddell Sea
(Foster & Carmack 1976; Gordon et al. 1993; Moorman et al.
2020), Ross Sea (Jacobs et al. 1970; Gordon et al. 2004;
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Fig. 1 Regions with formation of Dense Shelf Water (DSW) and number of months during which DSW is at the surface layers, according to (a) GLORYS2v4
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Fig. 2 Surface area with Dense Shelf Water (DSW) in the SO for the two reanalyses used in this study.

Gordon et al. 2009; Moorman et al. 2020), Adélie Coast
(Foster 1995; Williams et al. 2010; Moorman et al. 2020) and
Prydz Bay (Ohshima et al. 2013; Moorman et al. 2020).
ORASS presents smaller DSW areas, mainly along the Adélie
Coast and in Prydz Bay, and fewer months with surface DSW.
The total area with surface DSW shows a direct impact of
the salinity differences between the reanalyses (Fig. 2).
GLORYS2v4 has a period of surface dense water source
starting in April and ending in November. ORAS5 presents
the same generation period, except during 2007-2010,
where it presents source regions between June and October,
with total areas up to 106 km2 smaller than GLORYS2v4.

(page number not for citation purpose)

To better understand the differences between the two
reanalyses, and to investigate the reason why ORAS5
presents much lower values compared to GLORYS2v4,
we took two representative points in the region—where
both data sets have the largest number of months with
the presence of source regions in the Weddell Sea—and
we analysed these two points surface features
(Figs. 3, 4, 5; Table 2). ORAS5 has an average tempera-
ture that is 0.15°C lower than GLORYS2v4 throughout
the analysed period (Fig. 2). The seasonal variability of
both is very similar and approximately 0.2°C. Both
reanalyses show very similar negative DSW temperature
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is so dense that it can form Antarctic Bottom Water on its
own (Williams et al. 2016) in most of the months between
1998 and 2003, as well as in 2006, 2009 and 2014.

ORASS, on the other hand, has a negative trend (Table 2)

trends, but ORAS5 no longer shows DSW production in

the Weddell Sea after 2009.

As seen in the temperature profiles (Fig. 3), the forma-

tion of DSW is not always linked to the decrease of tem-
perature. In fact, in some cases it coincides with the year’s

peak temperature, but the same is not true for salinity.

and shows this dense variety of DSW during fewer
months (three or less) in the years of 1994, 1995, 1997,

1998, 2000 and 2002.

In the salinity time series (Fig. 4), it is noticeable that
DSW formation only occurs when salinity increases

Focusing on DSW formation region in the Weddell
Sea, we can see more clearly that GLORYS2v4 shows an

increase in salinity for the entire region where DSW is
formed, and that ORAS5 shows a dipole in the region: a

above 34.55, which might explain the smaller DSW for-
mation shown by ORAS5. GLORYS2v4 has a positive
trend in salinity and values that reach 34.67, where DSW

YEAR

Fig. 3 Potential temperature (°C) for the point with maximum formation of Dense Shelf Water (DSW). Values marked with asterisks represent DSW.
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Fig. 4 Salinity for the point with maximum formation of Dense Shelf Water (DSW). Values marked with asterisks represent DSW.
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Fig. 5 Salinity trends for the areas of Dense Shelf Water (DSW) formation in the Weddell Sea; dots indicate statistically significant trends according to (a)
GLORYS2v4 and (b) ORASS. The star marks the point with the maximum DSW formation.

Table 2 Annual trend of temperature and salinity for the Dense Shelf
Water (DSW) at the point of maximum formation (Fig. 5). All the trends are
significant at the 95% confidence level.

Model Temperature (°Clyr) Salinity (PSU/yr)
GLORYS2v4 -0.0011 0.007
ORASS -0.0012 -0.0065

decrease of salinity southward and an increase in areas
northward. Areas with a positive trend have nearly no
statistical significance and the areas with negative trends
are the areas with maximum DSW formation. Even
though it may be argued that ORAS5 does not present
more DSW after 2009 because the chosen point lies in a
region with negative trends (Fig. 5b), in fact, ORAS5
shows that the Weddell Sea as a whole does not present
any formation of DSW after 2009.

The temperature-salinity diagram of the DSW forma-
tion region in the Weddell Sea (Fig. 6) corroborates the
data sampled by the regions of maximum DSW forma-
tion. Although ORAS5 shows lower temperatures at sev-
eral points, it still has much less DSW than GLORYS2v4.
This is evident from the salinity limit line of approxi-
mately 34.55 that delimits DSW. This underscores the
importance of representing salinity in the SO, especially
in regions where salinity is the main factor in the forma-
tion of water masses.

Surface salinity trends in the Weddell Sea are similar
for both reanalyses during the austral summer (Fig. 7).
However, trends during the winter months show great
differences. GLORYS2v4 shows warming throughout

(page number not for citation purpose)

almost all of the Weddell Sea and ORAS5 shows a dipole,
with negative/positive trends in the south/north. The
winter months start to differ between the reanalyses
because of the impacts of the SST nudging process of
ORASS5. The nudging generates a misinterpretation at
high-latitudes and at sea-ice edges, generating spurious
oceanic convection and anomalously dense waters
(Dunstone & Smith 2010; Servonnat et al. 2014).

Previous studies have pointed out how the increase in
salinity by brine rejection from sea-ice formation in the
Antarctic shelves increases seawater density in the region
(Pellichero et al. 2018; Moorman et al. 2020). Despite
showing an increase in sea-ice thickness greater than
GLORYS2v4 for most of the Weddell Sea (Fig. 8), ORAS5
still presents a negative salinity trend in winter months
across the southern portion of the Weddell Sea. This leads
us to the conclusion that a process other than ice forma-
tion controls salinity variations in the region.

Sea-surface salinity in the SO

The SSS statistics analyses (BIAS, RMSE, MAPE and r)
calculated for the reanalyses and for WOCE suggest that
both reanalyses represent the SO well, with a salinity
RMSE of approximately 0.7 for both, a MAPE inferior to
1.2% and a r value of 0.99 with 95% confidence.
Differences in salinity between the reanalyses and WOCE
show greater error in the 1990s (Fig. 9b, d). This is possi-
bly related to the fact that although the era of satellite
observations had already begun, it was only in the late
1990s and early 2000s that the high-latitude regions of
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Fig. 6 Temperature—salinity diagram of the surface region of Dense Shelf Water (DSW) formation in the Weddell Sea, according to (a) GLORYS2v4 and (b)

ORASS5. Blue points are DSW. ORAS5 has a higher number of sampled points because of its higher resolution.

(a) GLORYS - DJFM

(© GLORYS - JJAS

Salinity trend (PSU/yr x 10'1)

Salinity trend (PSU/yr x 10

(b) ORASS5 - DJFM

(d) ORASS - JJAS

Fig. 7 Salinity trends in the Weddell Sea for (a, b) austral winter and (c, d) summer, according to (a, c) GLORYS2v4 and (b, d) ORAS5.

Citation: Polar Research 2024, 43, 9732, http://dx.doi.org/10.33265/polar.v43.9732

(page number not for citation purpose)


http://dx.doi.org/10.33265/polar.v43.9732

Dense Shelf Water formation

R.A.D.N. Reis et al.

(a) GLORYS-WOCE (b) Temporal distribution of BIAS - GLORYS
2 10 T T T T
“S‘\ 15
» ot 1
6046, L et S OWE
T TN ’/\ 05 B =)
& \‘_‘..A \ ‘ o s
! 1 .: l‘l' 1 0 “? &"
' 5 | /:'" / ‘ = %
N lles ® @
120\w N8 ETT . : @
457 rehy 5 .
e
= -10 ; !
Jan85  Jul87  Jan-00 Jul02  Jan-05 Jul07  Jan-10  Jul-12
YEAR
(c) ORASS - WOCE (d) Temporal distribution of BIAS - ORAS5
2 10 T T T T T T T T
15
1 i
05 B S b
a3 * *
o &2 & ¥
£ @
05 ® @ ¥
w
_1 ad
15
2 _10 1 1 1 1 1 1 1 1
Jan95 Jul-97  Jan-00 Jul02  Jan05 Jul-07 Jan-10  Jul-12
YEAR

Fig. 9 Polar map showing the World Ocean Circulation Experiment (WOCE) data collection points along with the differences for salinity between (a)
GLORYS2v4 and WOCE, (c) ORAS5 and WOCE (and the temporal distribution of the bias for [b]) GLORYS2v4 and (d) ORASS. The values in the colour bar are

limited to values between -2 and 2 for better visualization.

the Southern Hemisphere were better sampled, as Nicolas
& Bromwich (2011) have pointed out regarding atmo-
spheric reanalyses. As shown in the spatial distribution of
the differences between the reanalyses and WOCE (Fig.
9a, ¢), both products present similar patterns and the
region with the most prominent differences is coastal
South America and the Antarctic Peninsula.

GLORYS2v4 (Fig. 10a) shows positive trends of salinity
north of 45° in the SO Atlantic sector, in the Weddell Sea
and between New Zealand and Australia. GLORYS2v4
shows an increase in salinity north of 45°, most of the Pacific
sector and a decrease between 45° and 60°. The trends pre-
sented by GLORYS2v4 are very close to the results found by
Aretxabaleta et al. (2015), using the EN4 data set from the
Met Office Hadley Centre in the UK (Good et al. 2013) and
data from the European Space Agency’s Soil Moisture and
Ocean Salinity satellite mission. ORAS5 (Fig. 10b) shows
the same significant increase in the Weddell Sea, except for
the southern coastal region, which shows a decrease in
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salinity, and a slight increase salinity in the region near New
Zealand and Australia. Beside these similarities, and the
almost identical similar statistical error (RMSE and MAPE),
ORASS5 disagrees with the positive sign presented by
GLORYS2v4 and found by Aretxabaleta et al. (2015), show-
ing a decrease in salinity in almost all the SO.

To address the question of whether this discrepancy
could be caused by the method of entering atmospheric
data, we calculated the density fluxes using the equations
by Schmitt et al. (1989) in the ERA-Interim data. As
expected (since both reanalyses use the same input data
from ERA-Interim), the analysis (not shown here)
demonstrates that there are no differences between the
surface density fluxes; this hypothesis was therefore dis-
missed. Another hypothesis suggests that the reason for
the difference may be the SST nudging process used by
ORASS5. The effect of SST nudging on the SSS of ORAS5
is already known as it is shown to generate an increase in
the salinity error between 1985 and 2005 (Zuo et al.
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Fig. 8 Sea-ice thickness in the Weddell Sea for (a, b) austral winter and (c, d) summer, according to (a, c) GLORYS2v4 and (b, d) ORASS5.
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Fig. 10 Sea-surface salinity (SSS) trends, with points showing regions with trends that are significant at the 95% level for the (a) GLORYS2v4 and (b) ORAS5
reanalyses.
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2019). However, Zuo et al. (2019) have shown that,
during the Argo Period, that is, 2005-2014, SST nudging
causes a reduction in the salinity RMSE in the upper
1000 m in the southern extra-tropics; this nudging
accounts for up to 40% of the RMSE reduction in the first
200 m. In fact, the RMSE of ORASS5 relative to the WOCE
datais small and close to the values found by GLORYS2v4.

Still, we cannot rule out the hypothesis that SST
nudging is the cause of this discrepancy in trends.
Using a nudging process like that of ORASS5, Masina &
Storto (2017) generated a field of mostly negative
trends in the SO. These negative trends are not lim-
ited to the surface. Analysing the salinity trend
between 0 and 300 m (Supplementary Fig. S1) shows
that this error occurs throughout the surface layers.
The layer between 300 and 700 m (Supplementary
Fig. S1) shows that ORASS5 presents results similar to
the trends shown in GLORYS2v4, especially in the
Pacific portion of the SO.

Conclusions

Both reanalyses successfully identify the principal
regions of DSW formation, revealing that the reanaly-
ses configurations can be used in the region. Yet there
are significant differences between ORAS5 and
GLORYS2v4. The difference in the salinity representa-
tion by ORASS5 leads to a difference in the surface
density, which, in turn, leads to a poor representation
of the dense water formation—a key feature of the
SO. ORASS, with its decreasing salinity trend in the
Weddell Sea during the austral winter, lacks in pro-
duction of DSW.

GLORYS2v4 and ORASS5 demonstrate good statistical
agreement with WOCE data in the SO, except for the
coastal areas. They are also capable of reproducing the
climatology patterns of y", SST and SSS (not shown
here). However, when considering the SSS and the y”,
trends, the reanalyses differ in several locations, such as
the Weddell Sea. ORAS5 presents negative trends in SSS
in most of the SO, which, in turn, lead to a negative
trend of y". ORAS5 has its SST constrained by nudging
to climatology and this seems to be limiting the interpre-
tation of SSS.

A better understanding of salinity trends presents a
great challenge for future works and models that are
focused on the SO, since even databases collected in
situ, such as CORAS5 and EN4, present contrasting
trends. This is crucial for studying the impacts of cli-
mate changes in SSS and how this modifies the
Meridional Overturning Circulation and water-mass
formation in the SO.
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