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Abstract This paper describes the development of New Zealand's Earth System Model (NZESM) and
evaluates its performance against its parent model (United Kingdom Earth System Model, UKESM) and
observations. The main difference between the two earth system models is an embedded high-resolution
(1/5°) nested region over the oceans around New Zealand in the NZESM. Due to this finer ocean model mesh,
currents such as the East Australian Current, East Australian Current Extension, Tasman Front, and Tasman
Leakage, and their volume and heat transports are better simulated in the NZESM. The improved oceanic
transports have led to a reduction in upper ocean temperature and salinity biases over the nested region. In
addition, net transports through the Tasman Sea of volume, heat and salt in the NZESM agree better with
previously reported estimates. A consequence of the increased cross-Tasman Sea transports in the NZESM is
increased temperatures and salinity west of Australia and in the Southern Ocean reducing the

meridional sea surface temperature gradient between the subtropics and sub-Antarctic. This also leads to a
weakening of the westerly winds between 60°S and 45°S over large parts of the Southern Ocean, which
reduces the northward Ekman transport, reduces the formation of Antarctic Intermediate Water, and allows
for a southward expansion of the Super-Gyre in all ocean basins. Connecting an improved oceanic circulation
around New Zealand to a basin-wide Super-Gyre response is an important step forward in our current
understanding of how local scales can influence global scales in a fully coupled earth system model.

Plain Language Summary We describe the model development of the New Zealand Earth
System Model and assess its performance against the model on which it is based (United Kingdom Earth
System Model) and observations. The New Zealand Earth System Model is a fully coupled earth system
model, which aims to model all relevant bio-physical processes in and between the atmosphere, land, ocean,
and sea-ice. The main difference between both models is that the oceans around New Zealand in the

New Zealand Earth System Model are more precisely modeled, due to a refined ocean model mesh in this
region. That results in a more accurate oceanic circulation around New Zealand in the New Zealand Earth
System Model compared to the United Kingdom Earth System Model and reduced model biases of
temperature and salinity. These oceanic changes have implications beyond the oceans around New Zealand,
causing a warming in the Southern Ocean and a related weakening of the westerly winds over the Southern
Ocean. This weakening of the winds allows subtropical waters to reach further south into the Southern
Ocean. It is notable that regional changes in the ocean circulation can have implications on the global scale.

1. Introduction

New Zealand is a maritime continent, and its weather and climate are directly impacted by the surrounding
ocean (Basher & Thompson, 1996; Mullan, 1998). It occupies the intersection between subtropical waters to
its north and sub-Antarctic water masses to its south, separated by the Subtropical Front (STF). Due to the
prevailing westerly winds, the Tasman Sea and the air-sea fluxes of heat and moisture over this region can be
considered a pacemaker for New Zealand's weather and climate. The Tasman Sea is fueled by the East
Australian Current (EAC), which transports warm and salty waters from the tropics along the east coast
of Australia into the Tasman Sea (Figure 1b). At around 32°S the EAC bifurcates into the EAC-Extension
(EAC-Ext), which continues southward, and the Tasman Front (TF), which flows eastward toward New
Zealand. The TF is dominated by eddies, particularly in the western Tasman Sea, leading to the suggestion

BEHRENS ET AL.

1 0of 18


https://orcid.org/0000-0002-9713-7227
https://orcid.org/0000-0002-0680-0098
https://orcid.org/0000-0002-9967-9740
https://orcid.org/0000-0003-2936-0918
https://orcid.org/0000-0002-0169-4361
https://doi.org/10.1029/2019MS001996
https://doi.org/10.1029/2019MS001996
http://dx.doi.org/10.1029/2019MS001996
http://dx.doi.org/10.1029/2019MS001996
http://dx.doi.org/10.1029/2019MS001996
mailto:erik.behrens@niwa.co.nz
https://doi.org/10.1029/2019MS001996
https://doi.org/10.1029/2019MS001996
http://publications.agu.org/journals/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019MS001996&domain=pdf&date_stamp=2020-06-28

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001996

Model grid sizes (km)

10 (b)

160°W 120°E 140°E 160°E 180° 160°W 140°W

Figure 1. (a) Grid sizes of NZESM in km with high-resolution domain embedded into a global eORCA1 domain are shown by the color shading and contours.
Two control sections which run from Australia to New Zealand are shown in by the red dotted lines. The orange dots mark the segments which have been
used to calculate transports. The Macquarie Ridge (MR), Campbell plateau (CP), Chatham Rise (CR), Tasman Leakage (TL), Tasman Sea (TAS), Tasman North
(TN) section, and Tasman south (TS) section have been labeled. The 1,000 m iso-bath is shown by the white contour. (b) Schematic of major ocean currents

in the region: East Australian Current (EAC), East Australian Current extension (EAC-Ext), Tasman Front (TF), East Auckland Current (EAUC), Fiordland
Current (FC), Southland Current (SC), and Antarctic Circumpolar Current (ACC).

that it is more accurately described as an eastern EAC-Ext (Oke et al., 2019). While instantaneous fields are
dominated by eddies, the TF is clearly visible in temporal means. Because this work uses a model that is
eddy-permitting but not eddy-resolving and focuses on interannual time scales, the TF terminology has been
used. The EAC-Ext is a region of high mesoscale eddy activity with eddies transporting water from the
boundary current into the interior Tasman Sea (Bull et al., 2017; Oliver et al., 2015). A portion of the
EAC-Ext leaves the Tasman Sea as the Tasman Leakage (TL) to the Indian Ocean (Rintoul &
Bullister, 1999; Speich et al., 2002). This export pathway is part of the Super-Gyre circulation, which con-
nects all three subtropical gyres in the Southern Hemisphere (Cai, 2006). The TF crosses the Tasman Sea
and feeds the East Auckland Current (EAUC); the western boundary current on the east coast of the
North Island of New Zealand. This current continues south and interacts with a series of standing eddies
before following the Chatham Rise into the Pacific Ocean (Chiswell et al., 2015).

The STF is located at around 45°S south of Tasmania and is characterized by strong horizontal gradients
in temperature, salinity, and nutrients (Orsi et al., 1995). A weak eastward flow is associated with the STF
while crossing the Tasman Sea. The STF is deflected south as it approaches the South Island of New
Zealand. The STF forms the Southland Current east of the South Island and then turns east along
Chatham Rise.

The interaction of these currents and water masses with the exceptional bathymetry, such as sea-mounts,
ridges, and plateaus around New Zealand, makes the oceanic conditions unique and challenging to model
and to observe. Long-term oceanographic observations in the region include mooring arrays within the
EAC, Expendable Bathythermograph transects between New Zealand, Australia, and Fiji, and dispersed
Argo data. Glider missions within the EAC and EAUC are slowly complementing our understanding of
the variability of these boundary currents.

Global climate models struggle to precisely simulate the oceanic conditions in this region (Law et al., 2017;
Rickard et al., 2016), which has motivated tailored model development such as ACCESS-OM (Bi et al., 2013).
Some of the reported model biases of these coupled models can be linked to the relatively coarse oceanic
model grids and the inability of these models to precisely simulate western boundary currents and resolve
important processes such as mesoscale eddies. To overcome this shortcoming some modeling centers have
developed high-resolution configurations for CMIP6 (e.g., Storkey et al., 2018) to incorporate the impact
of mesoscale eddies. Such global high-resolution simulations have been shown to reduce some model biases
(Muller et al., 2018; Roberts et al., 2016) but require substantially more computational resources. Nested
model grids provide an alternative, where areas of interest can be simulated at finer scales and at much lower
computational cost. In this paper we describe such a tailored model solution for New Zealand which,
together with other model developments, has become known as the New Zealand Earth System Model
(NZESM).
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The paper is structured as follows. Section 2 provides the model description of NZESM. Section 3 highlights
the model performance of NZESM against the United Kingdom Earth System Model (UKESM) and observa-
tions, and section 4 provides a discussion and summary.

2. Model Description

NZESM is based on UKESM (see Kuhlbrodt et al., 2018; Sellar et al., 2019; Storkey et al., 2018, for a detailed
model description and evaluation): NEMO (Madec, 2008) is used to simulate the ocean physics, CICE
(Hunke et al., 2017; Rae et al., 2015) for the sea-ice, the Unified Model (UM) (Walters et al., 2019) for the
atmosphere, JULES (Walters et al., 2019) for the land surface, and MEDUSA (Yool et al., 2013) for the ocean
biogeochemistry. All model components are coupled together via OASIS-MCT (Craig et al., 2017) to build a
fully coupled interactive earth system model (ESM).

The UKESM configuration, where NZESM has been branched off, uses a global 1° tripolar model grid
(eORCAL1) to simulate the ocean and a N96 grid for the atmosphere. Due to the coarse oceanic grid, mesos-
cale eddies are not resolved and have been parameterized (Gent & McWilliams, 1990) with a spatially vary-
ing coefficient (Held & Larichev, 1996). Isopycnal mixing has been parameterized following Redi (1982). For
horizontal viscosity a value of 20,000 m?/s (Laplacian) and 1,000 m?/s for isopycnal diffusion has been used.
A geothermal heat flux at the ocean floor has been applied to simulate geothermal processes (Goutorbe
et al., 2011). NEMO supports local grid refinement capabilities, also known as nesting (Adaptive Grid
Refinement In Fortran, AGRIF; Debreu et al., 2008). Here a fine model mesh can be embedded in a coarser
ocean model grid via a two-way nesting scheme, allowing for interactive coupling between both model grids,
which is known as two-way nesting. Several nested configurations have been previously used to address
scientific research questions (Behrens, 2013; Behrens et al., 2012; Biastoch et al., 2008; Schwarzkopf
et al., 2019). In the case of the NZESM the nested high-resolution ocean model domain spans from
132.7°E to 143.7°W and 60.17°S to 10.75°S with a nominal resolution of 1/5°, which translates into grid sizes
of 12 to 20 km (Figure 1a); this resolution makes the model eddy-permitting around New Zealand. Since the
model mesh is largely able to simulate eddies no eddy parameterization has been applied in the
high-resolution nest; however, it is still applied to the coarse model grid. The vertical grid, identical between
both model grids, uses 75 z-levels, with a 1 m surface layer which increases with depth to up to 200 m in
thickness. The model background viscosity and diffusivity for the nested region have been set to
bi-Laplacian 5 x 10'° m?/s and 20,000 m?/s (Laplacian) respectively, in comparison to 200 and 1,000 m*/s
for the global grid. The time step of the nested domain has been reduced to 900 s compared to 2,700 s for
the global model. For compatibility with AGRIF, a linear-free surface has been used instead of a fully free
surface as in UKESM. In addition, a climatology of iceberg-related meltwater fluxes, based on UKESM,
has been applied instead of the Lagrangian iceberg tracking scheme, due to the incompatibility of the latter
with AGRIF. Apart from these two differences the model settings are identical to UKESM. The model results
in section 3 show that differences between NZESM and UKESM originate from the presence of the
high-resolution nest and can be causally linked. Therefore, we assume that the other differences have a
minor impact on the model response.

In this version of NZESM, the coupling with the atmospheric model is accomplished via the global coarse
model, which contains the upscaled information of the nested region. The atmospheric model therefore does
not experience the directly resolved eddy fluxes of the nested grid.

ESMs are computationally very expensive due to the model components which form an ESM, the long simu-
lations, and the number of simulations (ensemble size). UKESM typically uses 1,261 CPUs in total, where
1,152 (48 x 24) are allocated for the atmosphere, 108 (12 X 9) for the ocean, and one CPU for handling
the ocean output (XIOS). The atmosphere includes the physical core, the atmosphere, the atmospheric
chemistry, and the land surface interactions. The ocean includes the physical core and ocean biogeochem-
istry. In this configuration around 7,500 CPU hours are required to simulate one model year. In comparison
NZESM uses in total 1,248 CPUs with 1,008 (36 x 28) for the atmosphere, 240 (20 X 12 global and nested
model) for the ocean, and one CPU for the ocean output. In this configuration NZESM uses 9,500 CPU hours
for one model year, a CPU increase of 25% compared to UKESM.

However, this increase is very small compared to the roughly 300,000 CPU hours which would be required
for increased ocean resolution of 0.25° globally, the standard of global high-resolution earth system models.

BEHRENS ET AL.

30f 18

858017 SUOWILLIOD BAITER1D 8|ceol|dde aup Aq pausenob aJe ssjolie YO ‘88N JO Sani o A%iq1T 8UljUO AB]IM UO (SUOTHIPUOD-PUe-SWelALI0Y A8 |1mAlelq1[eul [UO//SdY) SUORIPUOD pue swie 1 8y 88S *[5Z02/0T/E2] Uo Akeidiauliuo A8|IM ‘80US|BoX3 818D PUe LifeeH 10j 8Intisu| feuolieN ‘IOIN Aq 966T00S INGTOZ/620T OT/I0p/u0o A8 i Areiq putjuo'sgndnBe//sdiy woiy pspeojumod ‘2 ‘0202 ‘99vZzr6T



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001996

In other words, NZESM has a higher horizontal oceanic resolution around New Zealand than global
high-resolution earth system models and can simulate 31 years for the cost of one global high-resolution
ESM year. This is a compelling argument for the development of NZESM, instead of using an off the shelf
high-resolution ESMs. For this model comparison paper, we use historical simulations from UKESM and
NZESM covering the period from 1950 to 2014, with NZESM initialized with the same start dump of
UKESM in 1950. We note that grid refinement has been applied to NEMO to improve ocean physics in
the nested region but not to MEDUSA. However, improvements to the ocean physics (e.g., ocean circulation)
due to the high-resolution nest will impact MEDUSA on the coarser global grid. These bio-geochemical
impacts are out of scope for this work and will be assessed separately.

Modeled temperature and salinity have been compared with data from EN4 (Good et al., 2013) using the
Gouretski and Reseghetti (2010) corrected version 4.2.1. Remotely sensed absolute dynamic topography
(ADT), a multi-mission altimeter product (Ssalto/Duacs) from Archiving, Validation and Interpretation of
Satellite Oceanographic data (AVISO), has been compared to modeled sea surface height (SSH) to character-
ize near surface circulation and variability. The Ssalto/Duacs altimeter products were produced and distrib-
uted by the Copernicus Marine and Environment Monitoring Service (http://www.marine.copernicus.eu).

3. Model Results
3.1. Mean SSH and Variance Field

The mean SSH fields from AVISO, UKESM, and NZESM are shown in Figures 2a-2c. In AVISO the EAC,
the EAC-Ext, and the TF are clearly represented by compressed contour lines, which reflect strong surface
geostrophic currents. The horizontal gradient over the Tasman Sea is weak, although there is flow associated
with the STF in the order of 3 Sv (Stramma et al., 1995). But since the STF in this region is largely density
compensated it is not characterized by a large SSH gradient. To the east of New Zealand's North Island,
the southward flow associated with the EAUC and East Cape Currents can be seen, with SSH contours turn-
ing southward toward the Chatham Rise. South of 50°S the influence of the Antarctic Circumpolar Current
(ACC)is visible with large SSH gradients reflecting strong surface currents. The northern portion of the ACC
is deflected southward by the presence of Campbell Plateau, before the flow turns northward toward the
Chatham Rise, east of Campbell Plateau.

The mean SSH pattern of UKESM does capture the large-scale features seen in AVISO. The EAC and
EAC-Ext are too wide and water which enters the TF is carried too far south within the EAC-Ext. That is
indicated by a more southern location of the first contour which passes north of the North Cape of New
Zealand. The circulation east of New Zealand is reasonably well captured; however, the flow in the ACC
is too strong and too zonal compared to AVISO and tends to expand too far northward east of the
Campbell Plateau.

The SSH pattern of NZESM is more in agreement with AVISO than UKESM. The width of the EAC is similar
to that in AVISO, and the flow pattern of the TF across the Tasman Sea matches AVISO. Flows associated
with the ACC now show the meridional diversions as seen in AVISO, west and east of Campbell Plateau.
The ACC itself is stronger than in UKESM in some regions, which could be a result of a more realistic
and steeper bathymetry in NZESM. The bathymetry in UKESM is smoother, allowing flows to extend over
larger regions, compared to steeper bathymetry in NZESM where flows become concentrated and
intensified.

SSH variance provides an indirect measure for eddy kinetic energy and is shown in Figures 2d-2f. AVISO
exhibits large variability within the EAC, the separation region, and the EAC-Ext. The variability quickly
decays away from the Australian coast. Enhanced variability is also present in the ACC, especially in regions
where the ACC shows large meridional variability. In UKESM none of this eddy variability is present due to
the coarse model grid, which does not allow for mesoscale eddies to be resolved. NZESM, on the other hand,
produces a similar SSH variance pattern to AVISO. Large eddy variability is present in the EAC region, par-
ticularly near the region where the EAC separates into the EAC-Ext and the TF. NZESM also shows
enhanced eddy variability within the same regions of the ACC as AVISO. The NZESM intensities agree well
with AVISO within the EAC separation region and are slightly higher in the sub-Antarctic, but variability is
too low in the model north of the separation region.
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Figure 2. Mean (1995-2014) SSH fields for (a) AVISO, (b) UKESM and (c) NZESM. Contour interval for SSH (black contour lines) is 10 cm. The 1,000 m iso-bath
is shown by the white/gray contour line. Variance of SSH for AVISO (d), UKESM (e) and NZESM (f). Contour levels for SSH variance (light blue lines) are 1, 5, 10,

and 15 cm?.

3.2. Mean Cross-Section Properties Along Tasman North

In the following section we describe the differences of temperature, salinity, and cross-section velocity
between UKESM, NZESM, and EN4 across two sections which bound the Tasman Sea (Figure 1a). The
Tasman North (TN) section cuts through the warm water pathway into the Tasman Sea running across
28°S from Australia to 178°E before turning south with an end point near Auckland. This section charac-
terizes how both models capture the inflow of warm and salty subtropical water into the Tasman Sea,
how this water recirculates within the subtropical gyre, or leaves the Tasman Sea as part of the TF and
EAUC. Previous studies have shown that net transports across this section control water mass properties
in the central Tasman Sea and therefore are of particular interest (Behrens et al., 2019).

The UKESM and NZESM temperature fields are similar (Figures 3a and 3d) with the warmest water found
near Australia as part of the EAC inflow and the temperatures cooler moving east along the TN section. The
difference between NZESM and UKESM shows that temperatures in NZESM are about 0.5°C warmer in the
top 250 m, except for the EAC (Figure 3g). Below 500 m temperatures in NZESM are in general around 0.5°
colder than UKESM, except near the boundaries where temperatures are up to 1°C warmer. The comparison
to EN4 suggests (supporting information Figure S1) that the temperature biases along this section are
reduced in NZESM compared to UKESM. The top 250 m in UKESM along the entire section are around
1°C too cold, while the layer down to 1,200 m is up to 1.5° too warm compared to EN4 (Figure S1d). The
UKESM bias shows the opposite pattern to the difference between NZESM-UKESM (Figure 3g) which con-
sequently results in a reduced model bias in NZESM (Figure Sle). The temperature differences between
NZESM and UKESM near the coast can be attributed to changes in the boundary currents between both
models. Here the EAC, TF, and EAUC become narrower and flow stronger in NZESM with accompanied
changes in the baroclinicity.

The salinity field shows three different vertical layers (Figures 3b and 3e), with high salinity in the top 500 m,
which is linked to water with subtropical origin. Below this surface layer a fresher layer between 500 and
1,250 m of AAIW is visible, and saltier waters underneath associated with Pacific Deep Waters (PDW).
The difference between NZESM and UKESM (Figure 3h) highlights that salinity in NZESM is in general
fresher in the upper 1,250 m, but the boundary currents and PDW layer are saltier. Both models present a
fresh bias in the top 1,200 m compared to EN4 along this section (Figure S2), and this fresh bias becomes
larger in NZESM due to lower but more realistic volume transports of the TF and EAUC, carrying less salty
water from the EAC along this pathway.
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Figure 3. Mean properties (1995-2014) along the Tasman North section. (a, d) Temperature, (b, e) salinity, and (c—f) cross-section velocity for UKESM (top row)
and NZESM (middle row). The difference (NZESM minus UKESM) is shown in the bottom row. Temperature contour interval is 5°C. The contour

interval for salinity is 0.2 psu. The gray dashed line marks the point where the section turns from zonal to meridional. Contour interval for temperature difference
is 0.5°C, for salinity 0.1 psu, and 5 cm/s for cross-section velocities.

The cross-section velocities show that with increasing model resolution the boundary currents become nar-
rower and more intense (Figures 3c and 3f). The EAC extends up to 500 km off the coast in UKESM, while in
NZESM it is only 250 km. The same behavior is visible for the EAUC and in the difference between NZESM
minus UKESM (Figure 3i).

The differences in temperature and salinity seen along the TN section between both models can be largely
explained by large-scale changes in the Super-Gyre Circulation with it extending southward in NZESM.
This is discussed in detail in section 3.7. As a consequence of this expansion the top 250 m become warmer
and fresher in NZESM. The freshening is counterintuitive but a result of the substantial fresh bias north of
the TN (see section 3.5) which extends in NZESM further into the Tasman Sea. The expansion of the
Super-Gyre Circulation also affects the volume transports of EAC-Ext, TF, EAUC, and throughflow through
the Tasman Sea. In NZESM all of these transports are closer to observational estimates compared to UKESM
(Table 1). The throughflow in UKESM is close to zero (—0.33 Sv) while in NZESM —4.82 Sv is being trans-
ported through the Tasman Sea. Therefore, more heat and salt are carried through the Tasman Sea south-
ward in NZESM, rather than being advected north of New Zealand within the overly strong TF in
UKESM. The cross-section velocity anomalies (Figure 3i) suggest baroclinic changes in the boundary cur-
rents, which lead to nonuniform anomalies in temperature and salinity over the water column.

3.3. Mean Cross-Section Properties Along Tasman South

The TS section runs from Tasmania to the South Island along 43°S. This section characterizes the southern
boundary of the Tasman Sea with the Tasman Outflow transporting water toward the Indian Ocean. Along
the TS section the impact of changes in throughflow through the Tasman Sea between UKESM and NZESM
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Table 1
Time Mean (1995-2014) Transports
Observations UKESM NZESM
EAC volume transport —25 to —37 Sv (Ridgway & Dunn, 2003); —22 Sv —28.7Sv + 5.7 —16.8 Sv+ 7.8
(Mata et al., 2000); —22 Sv (Sloyan et al., 2016)
EAC-Ext volume transport —19 Sv (Ridgway & Dunn, 2003) —7.1Sv + 4.0 —8.8 Sv+11.9
TF volume transport 13 Sv (Ridgway & Dunn, 2003) 8 Sv (Stanton, 2010) 21.8 Sv + 4.8 9.5Sv + 6.8
TL volume transport —8 Sv (Stephen R. Rintoul & Sokolov, 2001); —8 Sv —8.0Sv+5.2 —10.6 Sv + 8.8
(Ridgway & Dunn, 2007)
Cross-Tasman Sea —7.4 Sv (Ridgway & Dunn, 2003); —9 Sv —0.33 + 4.8 —4.82 + 6.8

volume transport
Cross-Tasman Sea
Heat transport
Cross-Tasman Sea
FW transport
ITF transport
STG Pacific Ocean 153°E to
173°E, 37.5°S to 20°S
STG Indian Ocean 23°W to
53°W, 45°S to 20°S
STG Atlantic Ocean —57°W to
27°W, 45°S to 20°S

(Ridgway & Godfrey, 1994); —3 to —8 Sv (Hill et al., 2011)
2

—24 x 10" /s + 181 x 10" —320 x 10" J/s + 279 x 10*2

0.01 Sv + 0.04 —0.07 Sv + 0.05
15 Sv (Gordon et al., 2010) 153 Sv +2.7 14.8 Sv + 2.5
—4398v + 4.6 —45.4 Sv + 12.7
—41 to —58 Sv (Palmer et al., 2004) —94.1Sv + 3.9 —96.6 Sv + 3.9
—49.5Sv + 6.3 —51.3Sv+6.9

Note. The Cross-Tasman Sea transports are defined as the net transports of volume, heat, and freshwater across the TS section (Figure 1a). A references salinity of
34.8 has been used to compute freshwater (FW) transports. The strengths for the Subtropical Gyres (STG) in each ocean basin are provided. Modeled STG
strengths are computed from minimum barotropic stream function over the regions provided in the table. The standard deviations for the modeled transport
are provided based on monthly mean values.

become more obvious than across the TN section (Figure 4). NZESM is substantially warmer over the entire
section, with differences compared to UKESM reaching up to 2°C in the top 750 m in the central Tasman Sea
(Figure 4g). This is due to the combined impact of the NZESM resolving EAC-Ext eddies, which carry warm
and salty waters from the boundary current (EAC-Ext) into the interior Tasman Sea and enhanced
southward transport through the Tasman Sea. UKESM displays over large parts of this section a cold
temperature bias in the order of —1°C within the top 500 m compared to EN4 (Figure S3). This bias turns
positive in NZESM in the order of 0.5°C (Figure S3e).

The salinity differences in the top 750 m are very coherent with the temperature differences, with salinity
being up to 0.5 psu saltier in the NZESM compared to the UKESM (Figure 4h). This supports our conclusion
about increased southward volume, heat, and salt transport, as part of the Super-Gyre extension and a more
unstable EAC-Ext in NZESM.

However, the AATW layer becomes fresher (750-1,750 m), which can be a consequence of enhanced AATW
production or a surface freshening or a surface warming in the formation region, following the concepts
developed by Bindoff and McDougall (1994). However, the positive temperature anomalies at the same
depth range conflicts with enhanced AAIW production rates and surface warming. Results in section 3.7
suggest that a surface freshening in combination with reduced AAIW are likely the reasons for the observed
anomalies.

In UKESM the EAC-Ext and the TL extends up to 750 km into the Tasman Sea, compared with only 250 km
in NZESM (Figures 4c-4f). In general, NZESM shows more meridional structures than UKESM over the sec-
tion. Near the New Zealand shelf a southward flow is visible, the Fiordland Current (Chandler et al., 2019),
which contributes to the STF. This current is more prominent and wider in NZESM and barely recognizable
in UKESM.

3.4. Mean Properties in the Tasman Sea

The TN and TS sections enclose a large portion of the Tasman Sea, where we compare the mean temperature
and salinity profiles against the EN4 dataset for the upper 1,000 m where the differences are largest
(Figures 5a and 5b). The mean profiles for the Tasman Sea are shown by the solid lines, and the shading indi-
cates the minimum and maximum range over the period 2004-2014.
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Figure 4. Mean properties (1995-2014) along the Tasman South section. (a, d) Temperature, (b, e) salinity, and (c-f) cross-section velocity for UKESM (top row)
and NZESM (middle row). The difference between NZESM minus UKESM is shown in the bottom row. Temperature contour interval is 5°C. The contour interval
for salinity is 0.2 psu. Contour interval for temperature difference is 0.5°C, for salinity 0.1 psu, and 5 cm/s for cross-section velocities.

For temperature in the top 50 m, UKESM is around 1°C cooler compared to the EN4 mean profile and the
minimum values (Figure 5a). Here NZESM shows a better match with EN4 with only small differences.
Between 100 and 600 m NZESM is around 0.8°C cooler than EN4, while UKESM shows a close match
with EN4.

Salinities in both models are too fresh compared to EN4. Differences reach up to 0.8 psu in the upper 200 m
of the water column and decrease to 0.2 psu at 1,000 m (Figure 5b). In NZESM the salt bias is reduced in the
top 700 m by around 0.2 to 0.6 psu. UKESM shows a large range of around +0.2 psu within the top 200 m,
while the range of EN4 and NZESM is smaller at around +0.1 psu. The reason for the overall fresh bias of
both models is connected to the general precipitation surplus compared to observations over most of the
Pacific and Indian Ocean (Sellar et al., 2019). However, overall the top 100 m temperatures in NZESM are
improved, while the substantial salinity difference over the top 1,000 m remains and is only slightly reduced
in NZESM.

Due to the large biases in both models the density and density structure is affected (Figure 5c). Here, both
models present water masses which are too light compared to EN4 in particular near the surface. Despite this
shortcoming of both models, the profile structure compares reasonably between both models and EN4,
within NZESM is capturing it better than UKESM.

The interannual variability and long-term changes of these temperature and salinity profiles are shown in
Figures 6 and 7. Note in panels (a) and (b) of each figure the seasonal cycle of UKESM has been removed.
UKESM shows a positive temperature trend over the entire period of about 1.2°C/decade (top 1,000 m), con-
sistent with the increasing CO, concentrations (Figure 6a). The largest warming occurs in the top 400 m of
the water column. Most of the interannual variability in the order of +0.5°C is constrained to this layer too.
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Figure 5. Vertical mean (2004-2014) profiles for (a) temperature, (b) salinity averaged over the Tasman Sea for EN4, UKESM, and NZESM shown as solid lines.
Note that the depth scale in (a) and (b) is not equidistant. The shading represents the minimum and maximum range over the 20-year period.
(c) Temperature-salinity plot for the three datasets from (a) and (b). The dashed contour lines show potential density in kg/m3.
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Figure 6. Temporal evolution of the mean temperature anomalies in the Tasman Sea for (a) UKESM, (b) NZESM, and (c) NZESM minus UKESM. In (a) and (b)
the seasonal cycle from UKESM has been subtracted to illustrate the transition from the joint restart. In (c) the individual seasonal cycles have been removed
before computing the anomalies to highlight the changes in interannual variability between UKESM and NZESM.
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Figure 7. Temporal evolution of the mean salinity anomalies over the Tasman Sea for (a) UKESM, (b) NZESM, and (c) NZESM minus UKESM. In (a) and (b) the
seasonal cycle from UKESM has been subtracted to illustrate the transition from the joint restart. In (c) the individual seasonal cycles have been removed before
computing the anomalies to highlight the changes in interannual variability between UKESM and NZESM.

NZESM presents a fast adjustment (~5 year) to warmer temperatures of about +0.5°C in the upper 1,000 m
from the joint restart with UKESM. The largest warming occurs within the top 600 m of the water column.
Superimposed on this warming is a very similar long-term warming trend in the top 400 m as that seen in
UKESM (Figure 6b). However, the layer between 600 and 800 m exhibits a cooling of around —0.2°C,
which was not present in UKESM. In addition to the cooling trend, the interannual variability differs
between both models despite the same starting point (Figure 6c). That suggests that due to ocean-
atmosphere feedbacks the large-scale climate pattern and associated variability have been impacted due to
the presence of the high-resolution nest in NZESM.

Salinity in UKESM shows two opposing trends (Figure 7a). The top 600 m becomes saltier (0.1 psu/decade),
while the layer between 600 and 1,000 m becomes fresher (—0.06 psu/decade). The salinity in NZESM
adjusts within the first 5 years from the joint starting point with UKESM as for temperature (Figure 7b).
The top 100 m shows the largest salinity increase of about 0.2 psu which decreases with depth. Only little
change is seen below 800 m, with freshening trends in NZESM slightly larger (—0.13 psu/decade) for
600-1,000 m compared to UKESM. Salinity also shows changes to the interannual variability (Figure 7c).
We note that interannual temperature and salinity variability do not necessary co-vary.

3.5. Surface Temperature and Salinity Biases

After having presented the localized impacts on the Tasman Sea, we show the regional changes around New
Zealand due to the presence of the high-resolution nest in NZESM.

Surface temperature and salinity biases of UKESM and NZESM are shown in Figure 8. UKESM shows a gen-
eral cold bias exceeding —0.5°C north of ~35°S. The EAC-Ext is too warm, while the remaining Tasman Sea
is more than —1°C too cold. To the east of New Zealand we observe a dipole pattern with a positive bias
northeast of Chatham Rise and a negative bias southeast of it. In the ACC region the biases tend to be posi-
tive, with biases exceeding 2°C east of 150°E. In comparison to UKESM, in NZESM the cold model bias
north of New Zealand in the subtropical region is reduced. The Tasman Sea changes from a large negative
to small positive model bias in the order of 0.2°C. In addition, the model biases east of New Zealand have
also been reduced in NZESM in both size and intensity. The only region where model biases have become
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Figure 8. Surface model biases 1995-2014, compared to EN4. (a) SST UKESM, (b) SST NZESM, (c) SSS UKESM, and (d) SSS NZESM. The dark blue box marks
the region of the high-resolution nest. Contour interval for temperature is 0.5°C and 0.5 psu for salinity.

larger are in the Australian sector south of 50°S, where previously positive biases of 0.5°C now exceed 1.5°C.
This warming is consistent with the temperature anomalies shown across the TS section, Figure 4.

UKESM has an overall negative surface salinity bias in the subtropical region. The SSS bias exceeds —1.5 psu
around 10°S, 160°W. The negative bias becomes weaker when moving south until it turns positive between
55°S and 60°S. Over the Tasman Sea the bias is between —0.6 and —0.7 psu. In NZESM the fresh bias is
reduced in most regions and values in the Tasman Sea are close to —0.5 psu, while values along the TN sec-
tion have increased slightly.

Some of the changes in the model biases between UKESM and NZESM can be attributed to changes in the
oceanic circulation in NZESM. As presented earlier, NZESM transports more heat into and through the
Tasman Sea, which results in warmer SSTs and reduces the overall negative SST bias in this region. In com-
bination with an enhanced salt transport into and through the Tasman Sea in NZESM, the warmer SST
increases evaporation which causes a further reduction of the negative SSS bias.

3.6. Advective Response of Top 500 M Temperature and Salinity Anomalies

In this section we seek to highlight the advective response of the nested region in NZESM, due to changes in
volume, heat, and freshwater transports. These changes, in combination with atmospheric feedbacks, trigger
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Figure 9. Mean (1995-2014) top 500 m a temperature and b salinity difference: NZESM minus UKESM. The dark blue
box marks the region of the high-resolution nest. Contour interval for temperature is 0.5°C and 0.5 psu for salinity.

responses far beyond the boundaries of the nested high-resolution domain. Here we present the mean
temperature and salinity differences over the top 500 m between NZESM and UKESM (Figure 9). In these
depth-averaged differences, the response due to ocean advection is dominant over changes in the surface
fluxes of heat and freshwater.

The largest impact occurs inside the boundaries of the nested region, confirming that differences between
NZESM and UKESM are mainly driven by the presence of the high-resolution nest in NZESM. In NZESM
the Tasman Sea is around 1.5°C warmer compared to UKESM. This anomaly extends into the Indian
Ocean sector between 60°S and 40°S, over the Chatham Rise and southeast into the Southern Ocean. To
the east of Chatham Rise a large negative anomaly exceeding 2°C has developed, which extends further into
the Pacific Ocean.

The main anomaly pattern can be attributed to the changes in the oceanic circulation in NZESM. As
described in sections 3.2 and 3.3, the southward cross-Tasman Sea transport of heat is increased in
NZESM compared to UKESM. This change in heat advection between NZESM and UKESM causes the posi-
tive temperature difference in the Tasman Sea, the south Indian Ocean, and the Chatham Rise. In UKESM
most of this heat is carried instead through the Tasman Sea by the overly strong TF and EAUC to the east of
New Zealand. In NZESM this heat pathway is reduced due to a more realistic transport of the TF and causes
the negative anomalies in this region. The positive temperature differences west of Australia are a result of
the increased TL transport of heat and feeds into the northern branch of the Indian Subtropical Gyre (van
Sebille et al., 2012).

Salinity shows a very similar difference pattern to temperature, where positive differences span from the
Tasman Sea into the South Indian and South Pacific Ocean. The good match to the temperature differences
suggest that most of these anomalies are caused by changes in the ocean advection of heat and freshwater,
rather than by regional changes in the surface fluxes.

3.7. Impacts on the Super-Gyre Circulation

As seen in the previous sections, the differences are not restricted to the nested regions and have far-reaching
impacts due to advective processes and atmospheric feedbacks. This can impact the basin-scale circulation
including the Super-Gyre circulation, which connects all three subtropical gyres in the southern
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hemisphere (Cai, 2006; Ridgway & Dunn, 2007; Speich et al., 2007). The barotropic stream function for
UKESM and NZESM and the difference are shown in Figure 10, highlighting the Super-Gyre circulation
and the inter-basin connectivity. The 0 Sv contour is shown for UKESM and NZESM to define the gyre
boundaries. All three subtropical gyres are visible in UKESM and NZESM, with centers near the western
boundary due to the western intensification. The barotropic stream function difference shows a
strengthening for all three gyres centers of 2-4 Sv (see Table 1). Over the nested region we see a
weakening of the circulation north of New Zealand (positive anomalies) of about 8 Sv, which reflects weaker
transports of the TF in NZESM compared to UKESM. This large-scale weakening in combination with
changes in the heat transport explains the negative temperature anomalies in the TN section at depths
between 500 and 1,000 m and are not driven by changes in the AATW formation. Along Campbell Plateau
and Chatham Rise we see enhanced circulation, which is reflected by negative (positive) anomalies north
(south) of the Super-Gyre boundary.

In addition to the enhanced Super-Gyre circulation, a slight southward expansion of the gyre boundary is
visible in most regions in the Southern Ocean. The southward expansion is caused by reduced zonal wind
stress south of the Super-Gyre boundary between 60°S and 45°S by about 5-10% (Figure 11) in NZESM com-
pared to UKESM. The exception is the Indian Ocean sector where zonal winds increase. The overall
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reduction in zonal winds leads to a weakening of northward Ekman transport and allows for a southward
expansion of the Super-Gyre. The reduction in Ekman transport causes a weakening of AAIW formation,
which was seen in the TS section (section 3.3 and Figure 4) by positive temperature anomalies in the
AAIW depth range (1,000-1,250 m). The related slightly negative salinity anomalies suggest in addition
a freshening of the source waters, which is supported by the negative anomalies in Figure 9 around
60°S-65°S south of Australia and New Zealand.

Lastly, the intensification of the individual subtropical gyre transports is due to positive wind stress curl
anomalies over the gyre centers (Figure 12) on the western side of each basin. This results in a speed up
of gyre circulation in each basin via the Sverdrup circulation.

4. Conclusions and Discussion

NZESM is a fully coupled earth system model based on UKESM (Kuhlbrodt et al., 2018). This paper
describes the model development of NZESM and evaluates its model performance against UKESM and
observations. The main enhancement of NZESM compared with UKESM is an embedded high-resolution
(1/5°) nested ocean around New Zealand. This has been accomplished through local grid refinement tech-
niques using AGRIF (Debreu et al., 2008) with a two-way nesting scheme, which allows for a smooth transi-
tion of signals between the nested grid and the global coarse 1° ocean grid.

The comparison between NZESM and UKESM and observations shows that, due to the finer model mesh in
NZESM, the oceanic circulation in the nested region has been improved compared to UKESM. Volume
transports of the EAC, EAC-Ext, TF, and TL in NZESM agree better with observed values. Here, UKESM
overestimates transports of the EAC and TF by up to a factor of two and underestimates transport of the
EAC-Ext. Transports of these currents in NZESM do not differ more than 15% from the observed values.
This improvement is mainly achieved through a better representation of the boundary currents, which are
too wide in UKESM, and a more realistic bifurcation of the EAC into the EAC-Ext and TL. Here mesoscale
eddies play an important role and NZESM simulates the eddy field in the bifurcation region better than
UKESM.

The improved separation into the EAC-Ext and TL in NZESM has consequences for the cross-Tasman Sea
transport. In UKESM the net volume, heat, and salt transport through the Tasman Sea is too low compared
to previous estimates. In NZESM these transports are within the range of those estimates and lead to a reduc-
tion of model biases in temperature and salinity in this region.

UKESM shows a large-scale cold (~1-2°C) and fresh (~0.7 psu) bias at the surface around New Zealand.
These biases are reduced to nearly zero (+0.2°C) for temperature and ~0.5 psu for salinity. Since the tem-
perature biases are small and do not show a similar pattern to the fresh biases, we conclude that an excess
of precipitation and not a lack of evaporation is the main cause for the remaining fresh bias. Reasons remain
unknown and are beyond the scope of this ocean-focused study.

Due to ocean advection and atmospheric feedbacks in combination with the two-way nesting, the impact of
the high-resolution region propagates well beyond the nest boundaries. The enhanced transport of heat and
salt within the TL and through the Tasman Sea causes temperature and salinity to increase along the west
coast of Australia and in the upper 500 m of the Southern Ocean.

The SST increase has atmospheric implications too, since it reduces the large-scale meridional SST gradient
between subtropical and subpolar regions. That, in turn, weakens the westerlies following the thermal wind
equation. This weakening of westerlies is observed in a meridional band between 45°S to 60°S and reduces
the northward Ekman transport and causes the Super-Gyre to extend further into the Southern Ocean.

The southward extension has also been recognized in UKESM when comparing the low-resolution version,
based on a global 1° (eORCA1l) ocean grid, with a high-resolution version based on a global 0.25°
(eORCAO025) ocean grid (Sellar et al., 2019). These results confirm our hypothesis and findings that the
expansion is related to the improved transports of the boundary currents, as seen in NZESM. However,
the expansion of the Super-Gyre in UKESM (eORCAO025) results in larger SST and sea-ice biases in the
Southern Ocean compared with the lower resolution (eORCA1) configurations. In this respect, the perfor-
mance of UKESM (eORCAL1) is better due to a cancelation of errors, which is to some extent linked to the
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impact of mesoscale eddies in this region. The UKESM (eORCA025) model grid does not fully resolve eddies
in the Southern Ocean, while they are parametrized in the UKESM (eORCA1) configuration. Trying to shed
light into the impact of eddies in the Southern Ocean and their regional impact is an active and complex field
of research (Doddridge et al., 2019; Hogg et al., 2013; Meredith, 2016), and nesting provides a potential way
forward (Patara et al., 2016) to improve our understanding.

The Super-Gyre expansion in NZESM goes along with a gyre circulation intensification of around 2-4 Sv, as
a consequence of increased wind stress curl over the individual subtropical gyre centers via the Sverdrup bal-
ance. Both the expansion and extension of the Super-Gyre have various ramifications; such as the transport
of salt from the Indian to the Atlantic Ocean via the Agulhas Leakage. This has far-reaching consequences
for the Atlantic Meridional Overturning Circulation as well as the circulation and sea-ice in the Southern
Ocean. Although we observe changes in those quantities, causal links all the way from oceanic changes
around New Zealand beyond the Super-Gyre scale are not trivial to establish and are beyond the scope of this
paper. The bio-geochemical implications of improvements in the ocean physics around New Zealand are
also excluded here.

We have demonstrated with the development of NZESM that we can reduce model biases around New
Zealand by embedding a high-resolution ocean nest in a global, relatively coarse resolution earth system
model, with a feasible computational cost to allow for a sequence of simulations. The oceanic circulation
around New Zealand is more precisely captured in NZESM than without this high-resolution focal region
in UKESM. With this step forward, we speculate that climate projections and climate variability modeled
by NZESM will be more precise and accurate than without this tailored model development for the New
Zealand region.

Data Availability Statement

The model output of NZESM (u-bl274 MetOffice identifier) and UKESM (u-bm456 MetOffice identifier)
used for the manuscript is publicly available via Zenodo (http://doi.org/10.5281/zenodo.3581390 and
http://doi.org/10.5281/zenodo.3581410). The model code for NZESM (NEMO+CICE) is publicly available
online (https://doi.org/10.5281/zenodo.3873691). The EN4 is publicly available from https://www.metof-
fice.gov.uk/hadobs/en4/download%2010en4%20102%20101.html (Good et al., 2013).
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