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Abstract

In this work we show the effect on atmospheric climate of including a two-way-nested, high-resolution ocean model in the
region surrounding New Zealand within a coupled earth system model. The resolution of the regional, nested ocean model is
approximately 0.2 degrees compared to the 1 degree resolution of the global ocean model within which it is embedded and this
work complements previously published work on ocean circulation and marine heatwaves using the New Zealand Earth System
Model, NZESM. After a discussion of the eddy-permitting capability of the nested ocean and its coupling to the overlaying
atmosphere, we study the effects on air temperature, precipitation and evaporation, latent and sensible surface heat balances,
zonal and meridional winds, the anticyclonic storm track and the effect on clouds. With respect to clouds, we show that
stratocumulus is found to be the most sensitive cloud type when partitioning the results by cloud-top-pressure and optical
depth. Overall we find that the NZESM provides a better representation of regional atmospheric climate compared to its
parent model - the UKESM - although this improvement is not universal. For example, although the NZESM shows better
agreement in surface air temperature within the nested ocean region, there is also some deterioration in the agreement compared
to the UKESM at high southern latitudes where the seasonal sea-ice edge coincides with a transition from negative to positive
correlation between air temperature and cloud amount. The lack of additional model tuning in the NZESM after the nested

ocean model’s inclusion largely accounts for the presence of these improvement-deterioration pairs.



3

8

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Regional ocean grid refinement and its effect on simulated
atmospheric climate

Jonny Williams!”*, Erik Behrens!, Olaf Morgenstern!, Jodo Teixeira?, Vidya Varma'-, and
Wolfgang Hayek!

'National Institute of Water and Atmospheric Research (NIWA), Hataitai, Wellington, New
Zealand
2Met Office, Fitzroy Road, EXI 3PB, Exeter, UK
3Now at Institut fiir Geophysik und Meteorologie, Universitdit zu Kéln, Pohligstrafie 3, 50969
Koln, Germany
*Corresponding author: Jonny Williams, jonny. williams@niwa. co. nz

February 13, 2023

Abstract

In this work we show the effect on atmospheric climate of including a two-way-nested, high-resolution
ocean model in the region surrounding New Zealand within a coupled earth system model. The resolution
of the regional, nested ocean model is approximately 0.2° compared to the 1° resolution of the global ocean
model within which it is embedded and this work complements previously published work on ocean circula-
tion and marine heatwaves using the New Zealand Earth System Model, NZESM. After a discussion of the
eddy-permitting capability of the nested ocean and its coupling to the overlaying atmosphere, we study the
effects on air temperature, precipitation and evaporation, latent and sensible surface heat balances, zonal and
meridional winds, the anticyclonic storm track and the effect on clouds. With respect to clouds, we show that
stratocumulus is found to be the most sensitive cloud type when partitioning the results by cloud-top-pressure
and optical depth. Overall we find that the NZESM provides a better representation of regional atmospheric
climate compared to its parent model — the UKESM - although this improvement is not universal. For exam-
ple, although the NZESM shows better agreement in surface air temperature within the nested ocean region,
there is also some deterioration in the agreement compared to the UKESM at high southern latitudes where the
seasonal sea-ice edge coincides with a transition from negative to positive correlation between air temperature
and cloud amount. The lack of additional model tuning in the NZESM after the nested ocean model’s inclusion
largely accounts for the presence of these improvement-deterioration pairs.

Keywords: Climate, Simulation, Validation

1 Introduction

Earth System Models - ESMs - are complex and computationally intensive pieces of software for understanding
past climates and informing projections of future ones. A single simulation can use thousands of computer
processors and can easily generate tens or hundreds of terabytes of data, e.g. [1].

The New Zealand Earth System Model - NZESM [2, 3] - is a modified version of the low-resolution con-
figuration of the United Kingdom Earth System Model UKESM version 1.0 [4]. The physical oceanography
of the NZESM is described in detail in [3]; the only difference to the UKESM is the inclusion of an embedded
high-resolution ocean model in the New Zealand region. This is discussed in more detail below.

Climate models’ representation of Southern Ocean climate is subject to some notable biases. The Southern
Ocean warm bias is arguably the most prominent one, however, there are associated biases in cloud properties
and - concomitantly - in their radiative effects [5, 6, 7].
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Regional ocean grid refinement and its effect on simulated atmospheric climate

Several authors have documented Southern Ocean model bias as well as the mechanisms that contribute
to them [8, 9, 10]. For example, [8] demonstrated that Southern Ocean model-observation mismatches can be
interpreted as being due to shortwave radiation biases in the clouds and surface radiation fields. [9] studied
cloud microphysics — specifically the shape of ice crystals in the atmosphere — and find that relaxation of the
traditional assumption of spherical crystals yields an improvement of up to 4 Wm~2. In contrast, [10] study the
effect on surface radiation biases due to cloud biases in cyclone systems, developing a new clustering method
and concluding that the resulting biases are predominantly due to mid and low level clouds in the cold air sector
of the cyclones.

The studies above consider atmosphere-only GCMs but ocean-only and coupled models have also been used
to investigate Southern Ocean biases. It is beyond the scope of this work to give an exhaustive review of our
understanding of the Southern Ocean biases present in coupled climate models; something that is persistent and
widespread in coupled models from CMIP5 and CMIP6. The UKESM is a complex coupled earth system model,
and its varied processes are documented across many publications.

Southern Ocean biases in coupled climate models are two-fold, manifesting in a persistent surface warm bias
of the Southern Ocean (e.g. [11] §3.1) and in a large shortwave cloud radiative effect - SWCRE - bias in the same
region (e.g. [9] §3). In coupled models these biases are inherently connected, and this study exhibits changes to
both biases even though the atmosphere component in the two model configurations studied is identical.

For example, [12] examine the HadGEM2-ES coupled model, results from which were submitted to the
5" Coupled Model Intercomparison Project (CMIP5) [13]. This study discusses the origin of the model’s bias
in detail and describes the effects of corrections to the albedo over the Southern Ocean on - for example -
atmospheric jets and the ‘double ITCZ’ problem (e.g. see [14] for a review).

From the perspective of ocean-only models, [15] provides a detailed overview of the basis and findings of the
second phase of the Ocean Model Intercomparison Project (OMIP2). More specifically, [16] and [17] examine
the role of horizontal grid resolution with [16] finding that although some fields are consistently improved as
resolution increases - western boundary, equatorial and Antarctic circumpolar currents - some are degraded in
some models, e.g. temperature and salinity profiles.

2 Models and datasets

2.1 Model description

The atmospheric component of the models used here is the ‘Global Atmosphere Model, Version 7.1° — GA7.1
[18] — configuration of the Unified Model, so-called due to its ability to simulate weather and climate in a unified
way. It uses a semi-implicit semi-Lagrangian dynamical core [19], the SOCRATES radiation scheme, based on
[20], shallow and deep mass-flux-based convection - e.g. [21] - and sub-gridscale boundary layer turbulence -
e.g. [22]. The models also simulate explicit tropospheric and stratospheric chemistry [23].

Clouds are described by [24] and [25] and their inclusion into the atmospheric component of the UKESM is
described in [18]. In this scheme, cloud condensate and cloud fraction are prognostic variables; that is, they are
calculated ‘online’ within the equation system solved by the model code. This improves on the previous ‘diag-
nostic’ scheme used in weather and climate forecasting codes used by members of the Unified Model Partnership
[26] by more realistically linking water vapour, condensate, and cloud fraction amounts.

The ocean model used is NEMO [27], which contains the MEDUSA ocean biogeochemistry simulator [28]
and is coupled coupled to the sea ice model CICE [29]. The specific configuration used here — including a
detailed description of the Southern Ocean — used by the models is documented in [30] and [11] and is known
as ‘Global Ocean Model, Version 6°, or GO6. Compared to the previous iteration of the ‘GO’ family of models,
GOG6 shows multi-variable improvements in the Southern Ocean region which are attributed to changes in ocean
mixing parameter values. The coupling between the different model components is done via the OASIS coupler,
which is used in several CMIP6-standard models [31].

The physical basis model (coupled ocean-atmosphere-sea ice but without the full biogeochemical complex-
ity) of the UKESM is called HadGEM3-GC31-LL [32]. This model exists in two resolutions, N96ORCA1 (the
parent resolution of the NZESM) and N2160RCA025 and the former exhibits a smaller overall Southern Ocean
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Regional ocean grid refinement and its effect on simulated atmospheric climate

warm bias due to improved volumetric ACC transport and a higher fidelity annual sea ice cycle. The overall
UKESM climatology is described in [33].

2.2 Eddies and resolution mismatches

The configureation of the NZESM described here includes a two-way nested, high-resolution ocean version
of the GO6 model in the New Zealand region whilst keeping all other aspects of the ocean model unchanged.
This nesting has been achieved using the Adaptive Grid Refinement In Fortran — AGRIF — method [34] and
has increased the nominal ocean grid resolution from 1° to 0.2°; thus achieving a 25 fold increase in areal mesh
density. The physical oceanography of the UKESM/NZESM model pair is described in [3] and the nested region
is illustrated in Figure 1. This study uses the same two simulations considered in [3] but analyses them from an
atmospheric perspective.
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Figure 1: (a) Surface ocean circulation speed of the 0.2° nested ocean model. (b) As for (a) but zoomed into the
dashed area and including vector streamlines with widths proportional to speed. (c) Sea surface temperature of
the nested 0.2° ocean model. (d) As for (c) but zoomed into the dashed area and including the streamlines from
(b). (e) Sea surface temperature from the 1° global ocean model. The 10, 15 and 20° isotherms are included to
illustrate the increase in spatial ‘noisiness’ in the nested ocean region. (f) As for (e) but zoomed into the dashed
area and including the streamlines from (b). Contours are at the same levels as the background colours and are
intervals of 1°C from 10°C to 16°C and are described by the legend. The 10, 15 and 20° isotherms are included
again to assist comparison with (e). (g) 1.5m air temperature at 1.25°x1.875°. The 10, 15 and 20°C isotherms
are included as in (e). (h) As for (g) but zoomed into the dashed area and including the streamlines from (b).
All sub-Figures on the same horizontal level — (a-b), (c-d) — have the same colour limits as indicated by the
appropriate colour bar. All data is for the mean of January 1989.
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[3] showed that sea surface temperatures - SSTs - in the region surrounding New Zealand are improved with
respect to observations because of the better representation of ocean currents which the finer ocean grid allows.
In particular, the transportation of heat and water volumes in the vicinity of the Tasman Front and the East Aus-
tralian Current are improved which in turn improve the SST; indeed as [3] state:

‘...the air-sea fluxes of heat and moisture over the [Tasman Sea] can be considered a pacemaker for New
Zealand’s weather and climate’.

Since this work and that of [3] use multi-decadal means, this improvement to the SSTs in the absence of any
changes to the atmospheric physics means that 1.5m air temperature comes into equilibrium with the sea surface
and improves its agreement with reanalysis data (see Figure 2).

Even at aresolution of 0.2° the nested region resolution is still not high enough for the model to be considered
‘eddy resolving’, however it is high enough to be ‘eddy permitting’. This distinction is described in detail in e.g.
[35]. Although the nested high-resolution ocean model is only run around New Zealand, the coarser global-ocean
model is also run globally, including the AGRIF region. It is this lower-resolution model which is coupled to
the atmosphere, and hence the detailed eddy-resolving structure of the underlying high-resolution ocean model
is not passed to the atmosphere directly, but via a lower resolution intermediary. Work is underway to enable
the atmosphere-ocean coupling to take place at higher resolution but this is not thought likely to substantially
change the results presented here.

Figure 1 illustrates how the eddy activity in the nested ocean model is related to the air temperature. Figure
1(a) and (b) show the nested ocean’s surface circulation speed at different length scales; the entire high-resolution
region, and zoomed in to a particularly active eddy region south and west of Tasmania. (b) also shows circulation
streamlines and these are also included in (d, f, h) to aid interpretation. The 2" row — (c), (d) — show the sea
surface temperature for the nested model. The 3™ row shows the SST in the same region but for the global, 1°,
ocean model. (f) shows the zoomed in colours from (e) as well as contour levels at integer temperature values.
Finally, the 4" row shows analogous sub-Figures as for the 3" but for atmospheric temperatures.

There are two resolution mismatches to be considered here: (1) 0.2° nested ocean to 1° global ocean to; (2)
1° global ocean to 1.25°%x1.875° atmosphere. The coupling between the ocean models is two-way but spatial
information will naturally be lost in the upscaling procedure. That said, the evidence of the ‘fingerprint’ of
the nested ocean on the global ocean model is clearly visible by comparing the SST field in Figure 1(e) inside
and outside the nested region. This is even visible in the 1.5m air temperature — 1(g) — particularly around the
northern reaches of the Antarctic Circumpolar Current at approximately 50°S and in the southward depression
of the isotherms around 151°E in (h).

2.3 Validation datasets and metrics

We compare 20-year annual and seasonal means (1989-2008) of climate model output to observational and
reanalysis products of temperature, total cloud amount, stratocumulus amount, and shortwave cloud radiative
effect (SWCRE). The models runs are started in 1950 to enable model spin-up to occur and both models start
from initial conditions from a UK Met Office simulations [36], which was itself run from 1850.

The simulated 1.5m temperatures, precipitation amounts and winds are compared to equivalent fields from
the state-of-the-art ERAS reanalysis [37]. Surface heat flux ground truth data are from the Objectively Analyzed
Air-Sea Heat Fluxes dataset - hereafter ‘OA flux’ - of [38]. Cloud cover data is from the International Satellite
Cloud Climatology project, ISCCP [39, 40].

2.4 NZESM runtime configuration

Given the significant computational expense of Earth System Models, it is very important to optimise the build
and runtime configuration of the component model executables to achieve best efficiency. Ideal setups depend
on the characteristics of the target high-performance computing (HPC) platform, such as the number of CPU
cores per node, CPU architecture, choice of compilers and libraries, as well as the interconnect that is used for
communicating data between the processes that run the model in parallel, and the storage system.
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NZESM consists of separate executables for the atmosphere (Unified Model) and ocean (NEMO) compo-
nents, which are coupled using the OASIS library. CPU cores on the HPC need to be distributed between these
components to match their respective runtime between data exchanges as closely as possible, as any wait times
will reduce efficiency. With the atmosphere model requiring many more cores than the ocean model to han-
dle its much larger computational expense, just enough resources should be assigned to the ocean so that the
atmosphere does not need to wait for data to arrive. OASIS comes with a timing feature to help find the right
balance.

The Unified Model and NEMO use the Message Passing Library (MPI) for distributed parallel computing,
where finding an optimal CPU core count for a given science configuration typically involves trade-offs between
runtime and computational efficiency ("strong scaling"). While assigning more cores will speed up computation
and thus achieve a higher number of model years per wall clock time interval, communication overheads become
more and more important with increasing core count and reduce computational efficiency, as relatively more
time needs to be spent on non-science related computation. It is usually advisable to start with a miminum
number of cores that allows the model to meet runtime expectations at reasonable efficiency, especially on a
busy HPC, where smaller core counts can lead to shorter queuing times and thus higher overall throughput. If
communication overhead is still small and if there is enough capacity on the HPC, core counts can be increased
to reduce runtime without suffering much efficiency loss ("linear scaling").

Both the Unified Model and NEMO impose constraints on how CPU cores can be used for parallel computing
with the "domain decomposition" approach, which can prevent configurations from using all available cores on
the assigned HPC nodes and thus impact efficient resource utilisation.

The Maui HPC that was used for this work comes with 40 Intel Skylake CPU cores per node. The original
core count configuration of NZESM was readjusted for Maui to minimise atmosphere/ocean runtime imbalance,
minimise the number of unused cores on the nodes, and maximise MPI parallelisation efficiency. This led to a
28% node count reduction from 32 nodes to 23 with only a modest 5% increase in runtime from 7.7 hours per
model year to 8.1 hours per model year. Overall computational resource utilisation by NZESM was thus reduced
by 24%.

3 Results

In the following sections we will explore the effect on the local atmospheric climate to the change in the ocean
physics described above. We focus on changes to:

e Temperature at 1.5m and aloft.

e Tropopause height.

Precipitation and evaporation.

Surface latent and sensible heat fluxes.

Zonal and meridional mean winds and the position of the sub-tropical jet stream.

Occurrence of anticyclones in the storm track at New Zealand latitudes.

Total cloud amount and its partitioning into morphological types.

3.1 Temperature
3.1.1 1.5m temperature

Figure 2 shows annual mean 1.5m air temperature for the UKESM and NZESM compared to ERAS reanalysis
data [37] for the period 1989-2008. The region defined by the blue rectangle in 2 denotes the location of the high-
resolution nested ocean model. From here we refer to this as the AGRIF region, named after the method used
to implement this change [3, 41, 34]. We can compare the atmosphere data shown in Figure 2 with equivalent
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(a) NZESM (b) NZESM - UKESM

-10 5 o 5 10 15 20 5 30 -2 -15 -1 45 o o5 1 15 2
Temperature [°C] Temperature difference [°C]
(c) UKESM - ERAS (d) NZESM - ERAS
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Temperature difference [°C] Temperature difference [°C]

Figure 2: 1.5m annual mean air temperature (°C) for: (a) NZESM (b) NZESM - UKESM; (c) NZESM - ERAS
reanalysis; (d) UKESM - ERAS reanalysis. All data shows annual means for 1989-2008.

180 ocean data in [3]. Figure 2(b) is analogous to the surface biases shown in Figure 9(a) in [3] and Figures 2(c-d)
100 are analogous to Figures 8(a-b) in [3], although it should be noted that the latter case shows averages of the top
101 levels of the ocean model down to 500m depth.
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Figure 3: Temperature as a function of pressure: (a) NZESM, (b) NZESM - UKESM, and the NZESM
tropopause in this region (c) NZESM - ERAS reanalysis, (d) UKESM - ERAS reanalysis. All data is for 1989-
2008.

(d) NZESM - ERAS
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As noted above in section 2.2 there is less spatial variability - i.e. it is more homogeneous - in the atmo-
sphere temperature field than in the equivalent ocean field in [3]. This is because of the lower resolution of the
atmosphere model compared to the high-resolution nested ocean model.

The ocean data in [3] uses the EN4 climatology [42] for sea surface temperature and therefore this serves as
a useful counterpoint to previous analyses with a different ‘ground truth’ dataset. Overall, the agreement with
the ERAS reanalysis is better in the NZESM compared to the UKESM, particularly in the vicinity of the AGRIF
region although it should be noted that this is not the case universally.

The general warming seen at higher southern Latitudes in Figure 2 is also observed in the wider southern
ocean region (not shown). This improvement-deterioration pair is often encountered in climate model devel-
opment but it should be noted that we are presenting the behaviour as observed when the global ocean model
physics is changed, rather than presenting the results of a tuning exercise. The tuning of climate models indeed
has its own literature and the interested reader is referred elsewhere [43, 44, 45].

3.1.2 Temperature as a function of pressure

Figure 3 shows zonal mean temperature profiles for the entire region shown in Figure 2.
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200

—&— NZESM tropopause pressure

-f3- UKESM tropopause pressure 140
—— NZESM - UKESM tropopause height
——
210 120
100
220
Tropopause 20

pressure [hPa] )
Tropopause height
difference [m]

230 60
“tao
240
20
250 0
-35° 40° 45° 50° 55¢ 60° 65°

Latitude [°]

Figure 4: Tropopause pressures in Figure 3 (red) and the tropopause height difference (blue).

The tropospheric warming signal in the NZESM is clearly visible in Figure 3(b), as is the accompanying
stratospheric cooling, which is expected to achieve overall energy balance [46].

The agreement between the tropospheric temperatures in the NZESM versus the reanalysis data is markedly
improved compared to the UKESM in the mid-to-lower troposphere. There is some deterioration in the agree-
ment in the stratosphere but this is of much smaller extent that the formerly mentioned improvement.

Figure 4 shows the tropospheric pressures for the models and the difference between the tropospheric heights.
Due to the warming in the NZESM, the tropopause is raised by up to ~130m. This is only ~ 1% of the total
height of the tropopause in this region, for comparison however, [47] shows that the global warming signal for
20°N — 80°N has been ~ 50 - 60m per decade for the period 1980-2020.
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(a) NZESM (b) NZESM - UKESM

e,
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Figure 5: Total precipitation (mm - day‘l) for (a) NZESM, (b) NZESM - UKESM, (c) UKESM - ERAS5, (d)
NZESM - ERAS. Contour levels for levels for all plots are at integer values and for (c¢) and (d) values over
2mm - day~! are masked to aid visual interpretation.

215 *

ae 3.2 Precipitation minus evaporation

217 Figure 5 shows the annual mean total precipitation fluxes for the models against ERAS reanalysis data.

10



Regional ocean grid refinement and its effect on simulated atmospheric climate

(a) NZESM (b) NZESM - UKESM
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Figure 6: Sea to air evaporation (mm - day~!) for (a) NZESM, (b) NZESM - UKESM, (c) UKESM - ERAS5, (d)
NZESM - ERAS. Contour levels for levels for all plots are at integer values.

From Figure 5(a) it is clear that by the largest contributor to the total precipitation in this region comes from
the South Pacific Convergence Zone — SPCZ — in the northern portion of the Figure 5(a). This region of intense
precipitation inclines south and eastwards from the Maritime Continent and shows a southward trend in the
NZESM compared to the UKESM. This is evidenced by drying in the northern portion and the opposite in the
southern portion in the northeast of Figure 5(b). This sub-figure also shows a general drying to the east and a
moistening to the west of New Zealand, which is anti-correlated to the 1.5m temperature changes observed in
Figure 2(b).

Comparing Figures 5(c) and (d) we see that the NZESM reduces both wet and dry biases close to New
Zealand and that the southward shifting of the SPCZ is evident in the more concentrated drying signal in Figure
5(d) with respect to ERAS.

Figures 6 and 7 show sea to air evaporation flux and precipitation minus evaporation (P — E) for the models
and ERAS respectively.
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(a) NZESM (b) NZESM - UKESM
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Figure 7: P — E (mm - day_l) for (a) NZESM, (b) NZESM - UKESM, (c) UKESM - ERAS, (d) NZESM -
ERAS. Contour levels for levels for all plots are at integer values and for (c) and (d) values over 4mm - day‘1
are masked to aid visual interpretation.
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(a) NZESM (b) NZESM - UKESM
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Figure 8: Surface latent heat fluxes (W-m~2) for (a) NZESM (b) NZESM - UKESM; (c) NZESM - OA flux; (d)
UKESM - OA flux.

Opverall, the pattern of changes in the evaporation are of the same sign as the precipitation. That is, regions
which show more precipitation also show more evaporation, and vice versa. However, the changes to the evapo-
ration flux are generally larger than the changes to precipitation and hence the region to the east of New Zealand
shows positive P — E change even though the amount of precipitation in this region is decreased. The sign of
this effect is reversed over the Tasman Sea which shows an overall ‘drying’ — negative A(P — E) — in spite of
increasing precipitation.

3.3 Surface heat balance

As discussed above, the Southern Ocean region has well-known and longstanding model biases in climate model
simulations. In this section we explore the effect of the eddy-permitting ocean on latent and sensible heat bal-
ances at the surface.

13
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(a) NZESM (b) NZESM - UKESM
¥ —7

SSHF [W- m™] SSHF difference [W-m~1]

(c) UKESM - OAFLUX (d) NZESM - QAFLUX

SSHF difference [W-m™*] SSHF difference [W-m~1]

Figure 9: Surface sensible heat fluxes (W-m~2) for (a) NZESM (b) NZESM - UKESM; (c) NZESM - OA flux;
(d) UKESM - OA flux.
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(a) NZESM (b) NZESM - UKESM
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Figure 10: Zonal mean zonal wind (m - s~!) for: (a) NZESM (b) NZESM - UKESM; (c) NZESM - ERA5
reanalysis; (d) UKESM - ERAS5 reanalysis. The box in (a) shows the area which is region which is examined in
more detail in Figure 11.

Figures 8 and 9 show the surface latent and sensible heat fluxes respectively for the models versus the OA
flux dataset [38].

The overall structure of these two figures is - as expected - very similar to temperature response in Figure 2.
In both cases, the model-data agreement is improved in the NZESM and this is particularly striking in the case
of the sensible heating, which shows — for example — significantly improved model-reanalysis agreement to the
east of New Zealand.

In the case of the latent heating there are some areas of improvement (region of convergence of the Southland
and East Auckland Currents) and deterioration (Tasman Sea and the south east coast of Australia in particular).
That said, there is a clear overall improvement in the model-data agreement in Figure 8.

3.4 Winds

3.4.1 Zonal mean zonal wind

New Zealand’s climate is primarily maritime-driven and the prevailing westerly winds are a key driver of — for
example — (South Island) West Coast extreme rainfall [48]. Firstly we study the east-west component of the
wind, u, defined positive west to east. Figure 10 shows the zonal mean zonal wind for the region shown in the
maps in previous figures.
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Figure 11: Zonal means zonal wind (m - s~!) in the region bounded by the black box in Figure 10(a).

In Figure 10(a) the dominance of the westerlies is clearly visible in the mostly-positive sign of u. The sub-
tropical jet is clearly visible at around 200hPa and = 30°S. This is shown by the black box in Figure 10(a) and
examined in more detail in Figure 11. Figure 10(b) shows that there is a small but non-negligible southward shift
of the jet in the NZESM and (c), (d) show a general improvement in model-reanalysis agreement, particularly at
latitudes north of ~ -30°S .
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Figure 12: Zonal mean meridional wind (m - s~!) for (a) NZESM (b) NZESM - UKESM; (c) NZESM - ERA5
reanalysis; (d) UKESM - ERAS reanalysis.

Figure 11 shows a close-up of the region indicated by the box in Figure 10(a) and shows a southward shift
of the sub-tropical jet which increases with decreasing latitude. Indeed, in some areas, the southward shift is as
much as 1°, or ~100km.

This small but non-negligible change to the position of the jet is indicative of a general southward shift in
the westerlies. The effect of this on the storm track impinging on New Zealand is discussed in §3.5.

3.4.2 Zonal mean meridional wind

Figure 12 shows the equivalent figure to Figure 10 but for the meridional wind, v, conventionally positive south
to north. The improvement to the structure of v as a function of pressure is striking, with the magnitude of both
positive and negative biases reduced almost universally. Additionally, the fractional change to v in Figure 12 is
in fact significantly greater than the changes to u in Figure 10.

This improvement is likely attributable to the significant improvement in the latitudinal structure of the near-
surface temperature, see Figures 3(c),(d)
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Figure 13: Storm tracks, i.e. the number of unique anticyclonic storms - N, - for the NZESM. The ¢ value is
the Gaussian kernel standard deviation used by the SciPy software [50].

3.5 Storm track

In this section we use the stormTracking package (https://github.com/ecjoliver/stormTracking)
to generate maps of the number of unique anticyclones - N, - in 6-hourly mean sea level pressure data. This
software uses the mesoscale feature tracking capability described in [49].
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Figure 14: N, for (a) NZESM - as in Figure 13(c) — (b) NZESM - UKESM with yellow arrow indicating the
alteration of the storm track; (c) NZESM - ERAS reanalysis; (d) UKESM - ERAS reanalysis using ¢ = 2 in the
Gaussian smoothing calculations.

Figure 13(a) shows raw N, data for ERAS and sub-figures (b) and (c) show the same data but with a
Gaussian smoothing applied with standard deviations - ¢ - of 1 and 2 respectively. The function used is the
gaussian_filter function in the multidimensional image processing package of SciPy [50] (version 1.8.0).
This smoothing is performed to assist in interpreting the differences between the ERAS data and the model sim-
ulations due to the spatial noise in the unsmoothed data, i.e. Figure 13(a). The N, maps are shown in Figure 14
and the zonal structure of the storm track is immediately clear.
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Figure 14 shows that the storm track in shifted south in the NZESM - yellow arrow in Figure 14(b) — and
that there is a significant reduction in the number of storms over the Tasman Sea. This reduction leads to a
noticeably better agreement between the NZESM and ERAS in this region. A more detailed exploration of the
models’ storm climatologies and how they are predicted to change over the course of the 21st century is the
subject of ongoing research and will be published elsewhere.
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(a) NZESM (b) NZESM - UKESM
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Figure 15: Total cloud for (a) ISCCP observations, (b) NZESM - UKESM, (c) UKESM - ISCCP, (d) NZESM -
ISCCP.

27 3.6 Clouds

288 Figure 15 shows the total cloud amount from the models and observations from the International Satellite Cloud
20 Climatology Project, ISCCP [39].
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Cloud type Morphological type | CTP [hPa] Optical depth, =
High top thin Cirrus P <440 03<7<36
High top medium Cirrostratus P <440 36<7<23
High top thick Deep Convection P <440 23<7
Mid-level top thin Altocumulus 440 <P <680 | 0.3<7<3.6
Mid-level top medium | Altostratus 440 <P <680 | 3.6 <7<23
Mid-level top thick Nimbostratus 440<P<680 | 23 <7

Low top thin Cumulus P > 680 03<7<36
Low top medium Stratocumulus P > 680 36<17<23
Low top thick Stratus P> 680 23<7

Table 1: Representative morphological cloud types from [52].

Figure 15(b) shows that there is a general increase in cloud to the east of New Zealand with the reverse
seen to the west and south in the Tasman Sea, and in the SPCZ. At mid-latitudes, the sign of this change is
anti-correlated with the temperature change and in the SPCZ there is a clear relationship between the reduction
in total cloud and the amount of precipitation, Figure 5(b). These intra-model differences notwithstanding, it
should be noted that the differences between the models and the observations are order of magnitude larger.

The response of clouds to climate perturbations is one of the most uncertain aspects of climate change and
although it is useful to examine the total cloud amount, it is instructive to split the total into into constituent
morphological types. A commonly used technique in climate model validation — e.g. [51] — is to partition
the clouds into 9 categories or ‘bins’ of cloud-top-height and optical depth. These 9 categories correspond
approximately to the 9 morphological types in Table 1 [52].

The 9 types in Table 1 are themselves combinations of a larger set of 7 cloud-top-pressure and 7 optical
depth, 7, bins which are defined by the Cloud Feedback Model Intercomparison Project Observational Simulator
Package, COSP Figure 2(c) in [51] and Figure 16(a). This package processes model outputs so that they can
be compared directly with satellite retrievals. Note the ‘zeroth’ category in Figure 16(a) which contains clouds
which are too optically thin to be detected by the satellites. Figure 16(b) shows the 9 cloud types in the ISCCP
for 1989-2008.

VAV _ high top thin high top medium high top thick
0| 7 7 8 8 9 9 D
180 [ <<
s />Q< <\ 7 7 8 8 9 9
310155
0 7 7 8 8 9 9
KK
Cloud top 440157 e Altostratus Nimbostrata
pressure [Pa] o < 4 4 5 5
560 {5
65 a 4 5 5 6 6
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1000 ~
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(a) Cloud top pressure versus optical depth, z. This (b) Annual mean CTP-r histograms for the ISCCP
shows the categorisation of the 7x7 ISCCP data into the dataset, 1989 - 2008.

3%3 matrix used for model-data comparison. This data
is shown numerically in Table 1

Figure 16
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Figure 17: NZESM - UKESM cloud type occurrence differences.

For the models, the differences between the cloud types are shown in Figure 17. Figure 17 shows firstly that
the magnitude of the cloud occurrence differences are small compared to the observed amounts in Figure 16(b)
and also that the only morphological type which differs substantially between the models is stratocumulus (Sc),

Figure 17(h).
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There is a clear anti-correlation between stratocumulus amount in Figure 17(h) and 1.5m temperature dif-
ferences in Figure 2(b) between = -50 to -30°S. For Sc, the magnitude of this change is ~1% - K~!, which is
in good agreement with the data from Figure 5 in [53] for a similar cloud type categorisation type. It should
be noted in Figure 17(h) however that at higher southern latitudes, the sign of the correlation is reversed. This
corresponds closely to the location of the austral winter sea ice maximum. Indeed, for the austral summer (DJF),
the anti-correlation between temperature and Sc is dominant across the domain, but for austral winter (JJA),
this reversed around the sea ice edge, in agreement with, for example, [54] Table 1, which shows a negative
correlation between sea ice area and cloud fraction south of ~ —55°.

To quantify this further, for each latitude, A, we have calculated the the correlation coefficient, c;, between the
DIJF and JJA temperature differences, AT, and the equivalent stratocumulus amounts, AS',. The unnormalised,
c;» and normalised, ¢, y, quantities are plotted in Figure 18 and are defined in equations 1 and 2 respectively,

c, = 2 {ATM . ASA,H} (D
]
“ @
c =
A,N |ATZ,0 M AS/Lel

max

where 6 represents the longitude values at each latitude, A.
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Figure 18: Normalised, ¢, and unnormalised, ¢,  — inset — correlation between temperature and stratocumulus
amount differences (NZESM - UKESM) for austral winter, JJA, and summer, DJF, in the region shown in Figure
17. The shaded bar just south of -60° shows the difference between the latitudes of the 15% sea ice contour for
the two models, with the NZESM being shifted ~1°, or ~#100km southward.
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Figure 18 shows that, in austral summer, the sign of the correlation between temperature and stratocumulus
amount is almost universally negative, with the exception of some negligibly small positive values near the
equator. In austral winter however, the sign of the correlation is reversed southward of approximately -60°S,
which coincides with the location of the seasonal sea-ice edge. The blue shaded region south of -60°S in Figure
18 shows the average latitude of the 15% isopleth of JJA sea ice cover in the region considered, which is a
commonly-used measure of sea ice extent [55]. Southward of the sea ice edge, the c; values become up to
4 times the magnitude of any negative values at latitudes nearer the equator. This indicates that the sea-ice
retreat in the NZESM - ultimately due to increased heat transport south from the eddy-permitting ocean — has
a significant effect on the resulting cloud amount and shows the efficacy of studying this inherently coupled
‘system of systems’ with a model of appropriate complexity [56].
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4 Conclusions

In this work we have studied the regional atmospheric climate of two historical simulations of the period 1989 -
2008 using configurations of the UKESM1.0 model with [3] and without [33, 4] a nested, regional ocean model.
The introduction of the eddy-permitting ocean model improves many aspects of model-observation agreement
(underlined text for easy reference):

The 1.5m air temperature closely mirrors the improvements seen in the equivalent plots shown in [3]. This

is of course expected since the data presented are multi-decadal annual means for the same model pair.
The atmosphere data however shows less spatial variability compared to the ocean and this is due to the
lower atmospheric resolution and the fact that the coupling between the model components is performed
at the global ocean model resolution.

For the air temperature above the boundary layer, the NZESM exhibits tropospheric warming and strato-
spheric cooling, the former of which leads to a significant improvement in model-reanalysis agreement
and a raising of the tropopause height by ~130m, or ~1%, which is comparable to the climate change
signal in the same quantity over recent decades.

The SPCZ dominates the precipitation signal in the region studied here and shows a southward shift in the
NZESM cf. the UKESM. The NZESM also shows reduced wet and dry biases close to New Zealand.

The changes to sea-to-air evaporation are generally of the same sign as the precipitation changes, but larger
in magnitude meaning that A(P — E) is of the opposite sign to A P in some areas.

The surface heat balance in the NZESM is improved with respect to observations. This is true for both
the latent and sensible heat fluxes but is particularly striking for the latter. In common with virtually all
model development changes — see below — the observed changes are not all beneficial. For example, the
latent heat fluxes are improved in the convergence region of the Southland and East Auckland Currents but
degraded over the Tasman sea. Overall however, the improvements are beneficial to model performance,
even in the absence of additional model tuning.

The zonal mean zonal wind, u, exhibits a southward shift of the sub-tropical jet by ~100km and an overall
improvement in model-reanalysis agreement, particularly at latitudes north of = -30°S.

The zonal mean meridional wind, v, in the NZESM shows almost universal improvements to the positive
and negative biases in the UKESM. This is likely attributable to the overall improvement in the latitudinal
structure of the air temperature aloft.

Preliminary results on the effect of the high-resolution ocean model on the mid-latitude storm track shows
two main features. Firstly, a significant reduction in the number of anticyclonic systems over the Tasman
Sea and secondly a general southward shift of the storm track to the east of New Zealand.

With respect to clouds, the first-order effect of the NZESM’s high-resolution ocean is to increase total
cloud cover to the east of New Zealand and to decrease it over the Tasman sea and the SPCZ. These cloud
changes are generally anti-correlated with surface temperature changes at mid-latitudes but the reverse is
seen further south. This change to a positive cloud-amount temperature correlation is attributed to the
location of the seasonal sea-ice edge south of ~ -60° S and its concomitant effect on stratocumulus cloud
amount in particular.

In the NZESM there is some deterioration in the ‘far field’ sea surface temperature in the Southern ocean
compared to observations; a region that already suffered from longstanding biases. Climate models are often
tuned [43, 44, 45] to minimise and balance biases and therefore, making a major change to the regional ocean
physics without further tuning, is likely to degrade model performance in some areas. Put another way, some of
the bias that the tuning was compensating for is no longer there in the NZESM.
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367 Future work using this nesting methodology on other similarly-related model pairs, as well as this same
ses  model pair in different regions of the Southern Ocean — and even elsewhere — would be of significant interest.
se0  Additionally, nesting of a high-resolution atmosphere within the global, coupled model would complement the
370 longstanding history of regional atmosphere modelling in New Zealand, e.g. [57].
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