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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, boundary currents such as the East Australian Current, East Australian Current Extension,
Tasman Front and Tasman Leakage and their transports are better simulated in 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 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 subtropics and sub-Antarctic. This also leads to a
weakening of the westerly winds between 60S and 45S 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.
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Key Points:

e NZESM is a nested fully coupled ESM based on UKESM with a high-resolution ocean
grid of 1/5° around New Zealand

e The oceanic circulation is improved in NZESM over the nested domain and model biases
of temperature and salinity are reduced

e The Super-Gyre intensifies and expands southward due to wind changes triggered by
changes in the large-scale heat transport



18

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

37

38
39
40
41
42
43
44
45
46
47
48
49
50

51

52
53
54
55
56
57
58
59
60
61

Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems AGU

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, boundary currents such as the East Australian
Current, East Australian Current Extension, Tasman Front and Tasman Leakage and their
transports are better simulated in 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 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 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 the both models is that the oceans around New
Zealand in the New Zealand Earth System Model are more precisely modelled, 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 and cause 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 in the Southern Ocean. It is notable how
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 and Thompson 1996; Mullan 1998). It occupies the interface
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 fuelled 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 towards
New Zealand. Whether or not the name TF is appropriate for this flow, or if it is better described
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as an eastern extension of the EAC-Ext is currently under debate (Oke et al. 2019). 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, O'Kane, and Holbrook 2015). A
portion of the EAC-Ext leaves the Tasman Sea as Tasman Leakage (TL) to the Indian Ocean
(Speich et al. 2002; Rintoul and Bullister 1999). This export pathway is part of the Super-Gyre
circulation, which connects 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 characterised by strong
horizontal gradients in temperature, salinity and nutrients (Orsi, Whitworth, and Nowlin 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, make the oceanic conditions unique and
challenging to model and to observe. Long-term oceanographic observations in the region
include mooring arrays within the EAC, Expandable 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 variability of these boundary currents.

Global climate models struggle to precisely simulate the oceanic conditions in this region
(Rickard, Behrens, and Chiswell 2016; Law et al. 2017), 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 models not
being able to precisely simulate western boundary currents and cannot resolve important
processes such as mesoscale eddies. To overcome this shortcoming some modelling centres have
developed high-resolution configurations for CMIPG6 (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 (Roberts et al. 2016; Muller et al. 2018), at the expense of
computational cost, which restricts the number of applications and simulations. 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).

The paper is structured as follows. Section 3 provides the model description of NZESM.
Section 4 highlights the model performance of NZESM against the United Kingdom Earth
System Model (UKESM) and observations and section 5 provides a discussion and summary.
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Figure 1. (a) Grid sizes of NZESM in km with high-resolution domain embedded into a global eORCA1 domain.
Two control sections which run from Australia to New Zealand are shown in red dots. The orange dots mark the
segments which have been used to calculate transports. The Macquarie Ridge (MR), Campbell Plateau (CP),
Chatham Rise (CR), and Tasman Sea (TAS), Tasman North (TN) section and Tasman South (TS) section have been
labelled. The 1000m iso-bath is show by the white contour line. (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), Westland Current (WC), Southland Current (SC), Antarctic Circumpolar Current (ACC).

2 Model description

NZESM is based on UKESM (see (Kuhlbrodt et al. 2018; Storkey et al. 2018; Sellar et al.) for
details. NEMO (Madec 2008) is used to simulate the ocean physics, CICE (Hunke et al. 2017,
Rae et al. 2015) for 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, Popova, and Anderson
2013) for ocean-biogeochemistry. All model components are coupled together via OASIS-MCT
(Craig, Valcke, and Coquart 2017) to build a fully-coupled interactive earth system model
(ESM).

NEMO supports local grid refinement capabilities, also known as nesting (Adaptive Grid
Refinement In Fortran, AGRIF (Debreu, Vouland, and Blayo 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. Several nested configurations have been
established in the past to address scientific research questions (Behrens 2013; Behrens et al.
2012; Biastoch, Bning, and Lutjeharms 2008; Schwarzkopf et al. 2019). In the case of 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 grids sizes of 12km to 20km
(Figure 1a); this resolution makes the model eddy-permitting around New Zealand. The vertical
grid, identical between both model grids, uses 75 z-levels, with a 1m surface layer which
increases with depth to up to 200m in thickness. The model background viscosity and diffusivity
for the nested region have been set to bi-Laplacian 5x10° and 200 respectively, in comparison to
200 and 1000 for the global grid. The time step of the nested domain has been reduced to 900s
compared to 2700s for the global model. For compatibility reasons 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 4 show
that differences between NZESM and UKESM originate from the presence of the high-resolution
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nest and can be causally linked together. 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.

For this model comparison paper, we use the historical simulations from UKESM and NZESM
covering the period from 1950-2014, with NZESM initialised 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.

Modelled temperature and salinity has been compared with results from the shorter time series
(2004-2018) Roemmich-Gilson Argo climatology [Roemmich and Gilson, 2009]. The
Roemmich—Gilson product consists of optimally-interpolated Argo profiles ona 1° x 1° grid of
longitude and latitude and can be downloaded from http://sio-
argo.ucsd.edu/RG_Climatology.html. The monthly Argo-derived temperature values extend over
58 pressure levels from the surface to 2000m depth. 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 modelled sea
surface height (SSH) to characterize near surface circulation and variability. The Ssalto/Duacs
altimeter products were produced and distributed 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 Sea Surface Height (SSH) fields from AVISO, UKESM and NZESM are shown in
Figure 2a-c. In AVISO the EAC, the EAC-Ext and the TF are clearly represented by compressed
contour lines, which reflect strong 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,
Peterson, and Tomczak 1995). But since it is largely density compensated it is not characterised
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 turning
southward towards 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 the Campbell Plateau,
before the flow turns northward towards the Chatham Rise, east of the 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 the bifurcation of the EAC into the EAC-Ext and the TF is
too far south. 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
northwards to the east of the Campbell Plateau.
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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 the 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 where flows become concentrated and intensified.

SSH variance provides an indirect measure for eddy kinetic energy and is shown in Figure 2d-f.
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, particularly 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 intensity in the
sub-Antarctic is slightly higher than in AVISO, while the intensities agree well within the EAC
separation region. But north of the separation region variability is too low in the model.

125
1.00
0.75
0.50
0.25
0.00
—0.25
—0.50
—0.75
-1.00

[m]

150°E

N

N ad = (4 = 10-1
150°E 170°E 170°W 150°E 170°E 170°W 50°E 170°E 170°W

Figure 2. Mean (1995-2014) SSH fields for (a) AVISO, (b) UKESM and (c) NZESM. Contour interval for SSH
(black contour lines) is 10cm. The 1000m iso-bath is show by the white/grey 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 15cm?.
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3.2.  Mean cross-section properties along Tasman North

In the following section we describe the differences between UKESM and NZESM 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
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before turning south with an end point near Auckland. Along the zonal part of this section it
crosses the EAUC.

The UKESM and NZESM temperature fields are similar (Figure 3a,d); warmest water is found
near Australia as part of the EAC inflow and the temperatures become colder 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 250m, except for the EAC. Below 500m
temperatures in NZESM are in general around 0.5° colder than UKESM, except near the
boundaries where temperatures up to 1°C warmer. In NZESM the heat transport of the EAC
(below 100m) and EAUC are larger than in UKESM and cause the positive anomalies near both
coasts and in the top 250m along the northern boundary of the TF.

The salinity field shows three different vertical layers (Figure 3b,e), with high salinity values in
the top 500m, which is linked water with subtropical origin. Below this is a fresh layer between
500m and 1250m of AAIW, with saltier waters underneath associated with Pacific Deep Waters
(PDW). The difference between NZESM and UKESM highlights that salinity in NZESM is in
general fresher in the upper 1250m, except for the boundary currents and PDW layer, which are
saltier. This freshening, together with the negative cold anomaly at this similar depth range,
could imply a strengthening of the AAIW formation south of New Zealand. However, results at
the Tasman South (TS) section promote a different explanation and point to changes in the
circulation and heat transport within the Subtropical Gyre, which will be discussed in section 3.7.

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

The differences in temperature and salinity seen along the section can be mainly explained by
changes in the cross-Tasman transports, the EAC and the TF. UKESM shows a very weak
southward transport through the Tasman of around -0.93 Sv, which is lower than observations
suggest (Table 1). NZESM with a net southward transport of -4.82 Sv sits within the range of
earlier reported values of around -3 Sv to -9 Sv. Overall the transport values of the EAC, the TF
and the EAC-Ext in NZESM are closer to the observed values than in UKESM, which
overestimates the TF transport by a factor of two.
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237 Figure 3. Mean properties (1995-2014) along the Tasman North section. (a,d) Temperature, (b,e) salinity and (c-f)
238 cross-section velocity for UKESM (top row) and NZESM (middle row). The difference (NZESM minus UKESM) is
239  shown in the bottom row. Temperature contour interval is 5°C. The contour interval for salinity is 0.2 psu. The grey
240  dashed line marks the point where the section turns from zonal to meridional. Contour interval for temperature

241 difference is 0.5°C, for salinity 0.1 psu and 5 cm/s for cross-section velocities.

242

Observations

UKESM

NZESM

EAC volume

-25 to -37 Sv (Ridgway
and Dunn 2003)

-22 (Mata et al. 2000)
-22 (Sloyan et al. 2016)

-28.7 Sv

-16.8 Sv

EAC-Ext volume

-19 Sv (Ridgway and
Dunn 2003)

-7.1Sv

-8.8 Sv

TF volume

13 Sv (Ridgway and
Dunn 2003)
8 (Stanton 2010)

21.8 Sv

9.5Sv

TL volume

-8 Sv (Rintoul and
Sokolov 2001)

-8 Sv (Ridgway and
Dunn 2007a)

-8.0 Sv

-10.6 Sv

Cross-Tasman volume

-7.4 Sv (Ridgway and
Dunn 2003)

-9 Sv (Ridgway and
Godfrey 1994)

-31t0 -8 Sv (Hill et al.
2011)

-0.33

-4.82

Cross-Tasman Heat

-24x10%2 Jfs

-320 x10'? J/s

Cross-Tasman FW

0.01 Sv

-0.07 Sv

ITF

15 Sv (Gordon et al.
2010)

15.3 Sv

14.8 Sv
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STG Pacific Ocean -43.9 Sv -45.4 Sv
153°E to 173°E, 37.5°S
to 20°S

STG Indian Ocean 23°W | -41 to -58 Sv(Palmer et -94.1 Sv -96.6 Sv
to 53°W, 45°S to 20S° al. 2004)
STG Atlantic Ocean - -49.5 Sv -51.3 Sv
57°W to 27°W, 45°S to
20S°

Table 1. Time mean (1995-2014) transports.

3.3.  Mean cross-section properties along Tasman South

Along the TS section the impact of changes in cross-Tasman transports between UKESM and
NZESM is more obvious (Figure 4a,d). Here NZESM is substantially warmer over the entire
section, with differences reaching up to 2°C (Figure 49) in the top 750m in the central Tasman
Sea. This is due to the combined impact of EAC-Ext eddies being resolved in NZESM, which
carry warm and salty waters from the boundary current (EAC-EXt) into the interior Tasman Sea,
and the enhanced southward cross-Tasman transport in NZESM. Between 1000m and 1250m
positive temperature anomalies are present, which are opposite to the TN section at this depth
range.

The salinity differences in the top 750m are very coherent to the temperature differences, with
salinity being up to 0.5 psu saltier in NZESM compared to UKESM. This supports our
conclusion about the increased southward volume, heat and salt transport and a more unstable
EAC-Ext in NZESM. However, the AAIW layer becomes fresher (750m-1750m), which can be
a consequence of an enhanced AAIW production or a surface freshening in the formation region.
We can rule out an enhanced AAIW production since it conflicts with the positive temperature
differences at this depth range. Therefore, that suggests that a freshening in the Southern Ocean
and a weakening of the AAIW production are the reasons for this negative salinity anomaly. That
is further supported by diagnostics in section 3.7.

In UKESM the EAC-Ext and the TL extend up to 750km into the Tasman Sea, compared with
only 250km in NZESM. In general, NZESM shows more meridional structures than UKESM
over the section. Near the New Zealand shelf a southward flow is visible, the Westland Current,
which contributes to the STF. This current is more prominent and wider in NZESM and barely
recognisable in UKESM.
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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.

3.4.  Mean properties in the Tasman Sea

The TN and TS sections enclose a large portion of the Tasman Sea, which we use to investigate
the mean temperature and salinity profiles against Argo, shown in Figure 5 for the upper 1000m
where the differences are largest. The mean profiles for the Tasman Sea are shown by the solid
lines, and the shading indicates the minimum and maximum over the period 2004-2014.

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

Salinity in both models are too fresh compared to Argo. Differences reach up to 0.8 psu in the
upper 200m of the water column and decrease to 0.2 psu at 1000m. In NZESM the salt bias is
reduced in the top 700m by around 0.2 psu. UKESM shows a large range of around +0.2 psu
within the top 200m, while the range of Argo and NZESM is smaller around £0.1 psu. The
reasons for the overall fresh bias of both models is connected the general precipitation surplus
compared to observations over most of the Pacific and Indian Ocean (Sellar et al.). However,
overall NZESM shows improvement in the temperature (salinity) in the top 100m (700m)
compared to UKESM.

The temporal variability of these temperature and salinity profiles is shown in Figure 6 and
Figure 7, where the seasonal cycle of UKESM has been removed from all datasets. UKESM
shows a positive temperature trend over the entire period of about 1.2°C/decade (top 1000m), in-
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line with the increasing CO2 concentrations. The largest warming occurs in the top 400m of the
water column. This same layer also has the largest interannual variability of around +£0.5 °C. The
temperature trend in NZESM is very similar to UKESM. The largest warming and transient
adjustment from the UKESM state occurs within the first 10 years, with a warming of around
0.5°C in the top 1000m intensified at around 400m depth compared to UKESM. Not only does
the mean temperature differ between UKESM and NZESM but also the interannual to decadal
variability, while both show the similar warming trend.

Salinity in UKESM (Figure 7a) shows two opposing trends. The top 600m becomes saltier (0.1
psu/decade), while the layer between 600-1000m becomes fresher (-0.06 psu/decade). The
salinity in NZESM adjusts within the first 10 years from the UKESM state as for temperature.
The top 100m shows the largest salinity increase by about 0.2 psu which decreases with depth.
Only little change is seen below 800m, with freshening trends in NZESM slightly larger (-0.13
psu/decade) for 600-1000m than in UKESM.

0 0
200 1 200 ~
400+ 400
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=
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[
[a)]
600 600 -
800 + 800 ~
ARGO ARGO
UKESM UKESM
NZESM NZESM
1000-

. ‘ . . . . . . . 1000 +— . . . . . . .

6 8 10 12 14 16 18 20 22 34.2 34.4 34.6 34.8 35.0 35.2 35.4 35.6
Temperature [°C] Salinity [psu]

Figure 5. Vertical mean (2004-2014) profiles for (a) temperature, (b) salinity in the Tasman Sea.
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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. The seasonal cycle of UKESM has been subtracted.

3.5  Surface temperature and salinity biases

After having presented the localised impacts on the Tasman Sea, we show the regional changes
due to the presence of the high-resolution nest in NZESM. Since the Argo climatology does not
cover high-latitudes (<60°S) we use EN4 (Good, Martin, and Rayner 2013) as a reference. This
dataset is widely used to assess the model performance (Storkey et al. 2018). Surface
temperature and salinity biases of UKESM and NZESM are shown in Figure 8. UKESM shows a
general cold bias exceeding -0.5°C north of ~35°S. The EAC-EXxt is too warm, while the
remaining Tasman Sea is more than -1°C too cold. East of New Zealand we observe a dipole
pattern with a positive bias north east of the Chatham Rise and a negative bias south east of it. In
the ACC region the biases tend to be positive, with biases exceeding 2°C east of 150°E. In
comparison to UKESM, in NZESM the cold model bias north of New Zealand 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 size and
intensity. The only region where model biases have become 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 to -
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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 section 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 combination 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.
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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-red box marks the region of the high-resolution nest. Contour interval for
temperature is 0.5°C and 0.5psu for salinity.
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3.6 Advective response of top 500m 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 responses far beyond the boundaries of the nested high-resolution
domain. Here we present the mean temperature and salinity differences over the top 500m
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 south east into the Southern Ocean. To the east of the Chatham Rise a large negative
anomaly has developed exceeding 2°C, 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 4.2 and 4.3, the southward cross-Tasman transport of heat is increased
in NZESM compared to UKESM. This change in heat advection between NZESM and UKESM
causes the positive 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 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.
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Figure 9. Mean (1995-2014) top 500m (a) temperature and (b) salinity difference: NZESM minus UKESM. The
dark-red box marks the region of the high-resolution nest. Contour interval for temperature is 0.5°C and 0.5psu for
salinity.

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 hemisphere (Cai 2006; Ridgway and Dunn 2007b; Speich, Blanke, and Cai
2007). The barotropic streamfunction for UKESM, NZESM and the difference is 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 centres near the western boundary due to the
western intensification. The barotropic streamfunction difference shows a strengthening for all
three gyres centres of between 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 500m and 1000m and are not driven by changes in the AAIW
formation. Along the Campbell Plateau and along the Chatham Rise we see enhanced
circulation, which is reflected by negative (positive) anomalies north (south) of the Super-Gyre
boundary.
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397  In addition to the enhanced Super-Gyre circulation, a slight southward expansion of the gyre

398  boundary is visible in most regions in the Southern Ocean. The southward expansion is caused
399 by reduced zonal wind stress south of the Super-Gyre boundary between 60°S and 45°S of about
400  5%-10% (Figure 11) in NZESM compared to UKESM. The exception is the Indian Ocean sector
401 where zonal winds increase. The overall reduction in zonal winds leads to a weakening of

402 northward Ekman transport and allows for a southward expansion of the Super-Gyre. The

403  reduction in Ekman transport causes a weakening of AAIW formation, which was seen in the TS
404  section (section 4.3 and Figure 4) by positive temperature anomalies in the AAIW depth range
405  (1000-1250m). The related slightly negative salinity anomalies suggest in addition a freshening
406  of the source waters, which is supported by the negative anomalies in Figure 9 around 60°S -

407 65°S south of Australia and New Zealand.

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

! ! H P W R o H : 1 0
10°S EP-i-..o oo e e S 10
20°S J rd . 3 e — 50
30°s P Y e B L —_
: i -30 =2
40°S e . : : S R 10 L
50°8 [ i . ; : _50 &
60 o S _..___..__..___.:.__..___..__..___..._..__ :.__..___..__..___..__....f..__..___..__..___..__.._4:...__..___..__..___..__.._E_..__...__..__..___..__..4:._..__..___..__..___..__..f....__..___..__..___..__.  S— —60
: ; H : H : : =70
30°W 10°E 50°E 90°E 130°E 170°E 150°W
— i B S S ; 0
10°S 1 ! T ——— ,,_,&:.-:..a—:.i' b T 10
20°S . — o —20
30°S =
. -30 3
40°5 _40 E
50°5 _50 &
=70
10°S 12
20°5 s 5 d
30°S SUUUUUNPROOS: 8, JUUUUOIS OOOIOOONOS SO, ) o e 6 S
40°S | j 0 %
u
50°5 ; 5 =
60°5S in ... S -12

11 30°wW 10°E 50°E 90°E 130°E 170°E 150°W 110°W

412 Figure 10. Time mean (1995-2014) barotropic stream function for (a) UKESM and (b) NZESM and (c) difference
413 (NZESM minus UKESM). Blue (red) contour shows 0 Sv contour for UKESM (NZESM). The nested
414 region is shown by the blue box.
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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 techniques using AGRIF (Debreu, Vouland, and Blayo 2008) with
a two-way nesting scheme, which allows for a smooth transition of signals between the nested
grid and the global coarse 1° ocean grid.

The comparison between NZESM, 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
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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 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 reduction 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 temperature 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 cause temperature and
salinity to increase along the west coast of Australia and in the upper 500m 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 recognised in UKESM when comparing the low-
resolution version, based on a global 1° (€ORCAL) ocean grid, with a high-resolution version
based on a global 0.25° (eORCAO025) ocean grid (Sellar et al.). 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 (eORCAZ1) configurations. In this respect, the performance of UKESM
(eORCAL) is better due to a cancellation of errors, which is to some extent linked to the impact
of mesoscale eddies in this region. The UKESM (eORCAO025) model grid does not resolve them
fully 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 (Hogg et al. 2013; Meredith 2016;
Doddridge et al. 2019) and nesting provides a potential way forward (Patara, Boening, and
Biastoch 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 centres via the Sverdrup balance. 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.
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The bio-geochemical implications of improvements in the ocean physics around New Zealand
are also excluded here.

Nevertheless, 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. Therefore, the oceanic circulation around New Zealand is more precisely
captured in NZESM than without this high-resolution focal region in UKESM. Due to this step
forward, we speculate that climate projections and climate variability modelled by NZESM will
be more precise and accurate than without this tailored model development for the New Zealand
region.
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