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Abstract

We report the results of two Earth System Model (ESM) configurations which differ in their ocean physics around New Zealand.
The first is a global low-resolution configuration of UKESM1.0 while the second model, NZESM has an eddy-permitting ocean
embedded around New Zealand. The nominal ocean resolution of the UKESM is 1 degree and that of the NZESM is 0.2
degrees. Near New Zealand, total cloud amount is negatively correlated with temperature. This relationship is reversed near
the seasonal sea ice edge where increased evaporation results from open ocean which was previously covered in sea ice. In the
simulations, the change to the cloud amount is dominated by changes to stratocumulus cloud and the resulting improvement to
shortwave cloud radiative effect - with respect to CERES-EBAF observations - is statistically significant at the 95% level across
the Southern Ocean, assuming a normally distributed control ensemble. The near-surface air temperature in the vicinity of the
nested ocean model is also improved, when compared to ERA5 reanalysis data. In general, clouds and their radiative effects
over the Southern Ocean are not well simulated by Earth System Models and the changes made here improve both near-surface
temperature near New Zealand and zonal mean shortwave cloud radiative effect across the Southern Ocean. Noting that the
development of climate models always involves an element of ‘tuning’, changing the regional ocean physics without doing any
further tuning (as is the case here), will tend to remove some compensating bias and therefore make the model-observation

agreement in some regions less good.
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Abstract

We report the results of two Earth System Model (ESM) configurations which dif-
fer in their ocean physics around New Zealand. The first is a global low-resolution con-
figuration of UKESM1.0 while the second model, NZESM has an eddy-permitting ocean
embedded around New Zealand. The nominal ocean resolution of the UKESM is 1°and
that of the NZESM is 0.2°.

Near New Zealand, total cloud amount is negatively correlated with temperature.
This relationship is reversed near the seasonal sea ice edge where increased evaporation
results from open ocean which was previously covered in sea ice.

In the simulations, the change to the cloud amount is dominated by changes to stra-
tocumulus cloud and the resulting improvement to shortwave cloud radiative effect - with
respect to CERES-EBAF observations - is statistically significant at the 95% level across
the Southern Ocean, assuming a normally distributed control ensemble. The near-surface
air temperature in the vicinity of the nested ocean model is also improved, when com-
pared to ERAD5 reanalysis data.

In general, clouds and their radiative effects over the Southern Ocean are not well
simulated by Earth System Models and the changes made here improve both near-surface
temperature near New Zealand and zonal mean shortwave cloud radiative effect across
the Southern Ocean. Noting that the development of climate models always involves an
element of ‘tuning’, changing the regional ocean physics without doing any further tun-
ing (as is the case here), will tend to remove some compensating bias and therefore make
the model-observation agreement in some regions less good.

Plain Language Summary

We compare two global climate models, one which has a high resolution ocean model
in the New Zealand region, and one that is about 1° everywhere

Near New Zealand, the total amount of cloud goes down when the temperature goes
up but this is reversed closer to the South Pole. This is because as the temperature goes
up near Antarctica, more evaporation from the sea surface happens because the sea sur-
face isn’t covered in ice any more.

Compared to a model where the ocean grid is the same everywhere, we find that
the air temperature is in better agreement with observations in this region. We also ob-
serve that changes to cloud reflectivity over the Southern Ocean are significantly improved
and this is mostly due to changes in low level, medium thickness clouds called stratocu-
mulus.

Because climate models are so complex - often involving hundreds of thousands of
lines of code - it is usually necessary to ‘tune’ some of the model parameters. This tends
to introduce errors which cancel each other out. In this case we have done no additional
tuning and so therefore some aspects of the climate are expected to get worse, and this
is indeed observed in some areas.

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. Eyring et al. (2016).
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The New Zealand Earth System Model - NZESM (Williams et al., 2016; Behrens
et al., 2020) - is a modified version of the low-resolution configuration of the United King-
dom Earth UKESMI1.0 (Sellar et al., 2020). The physical oceanography of the NZESM
is described in detail in Behrens et al. (2020), 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 no-
table biases. The Southern Ocean warm bias is arguably the most prominent one, how-
ever there are associated biases in cloud properties and - concomitantly - in their radia-
tive effects (Sallée et al., 2013; Kay et al., 2016; Bodas-Salcedo et al., 2016).

Several authors have documented Southern Ocean model bias, as well as the mech-
anisms that contribute to them (Hyder et al., 2018; Varma et al., 2020; Bodas-Salcedo
et al., 2012). For example, Hyder et al. (2018) demonstrated that Southern Ocean model-
observation mismatches can be interpreted as being due to shortwave radiation biases
in the clouds and surface radiation fields. Varma et al. (2020) study 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, Bodas-Salcedo et al. (2012) study the effect on surface radiation biases due
to cloud biases in cyclone systems, developing a new clustering method and showing that
the resulting biases are mostly due to the mid and low level clouds in the cold air sec-
tor of the cyclones.

The studies above consider atmosphere-only GCMs but ocean-only and coupled mod-
els have also been used to investigate this longstanding bias. For example, Hawcroft et
al. (2016) examine the HadGEM2-ES coupled model, results from which were submit-
ted to the 5th Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012). This
study discusses the origin of the model’s bias in detail and describes the effects of cor-
rections to the albedo over the Southern Ocean on - for example - atmospheric jets and
the ‘double ITCZ’ problem (e.g. see Tian & Dong, 2020, for a review).

From the perspective of ocean-only models, Tsujino et al. (2020) provide a detailed
overview of the basis and findings of the second phase of the Ocean Model Intercompar-
ison Project (OMIP-2). More specifically, Chassignet et al. (2020) examines the role of
horizontal grid resolution and finds that although some fields are consistently improved
as resolution increases - western boundary, equatorial and Antarctic circumpolar cur-
rents - some are degraded in some models, e.g. temperature and salinity profiles.

It is beyond the scope of this work to give a detailed review of our understanding
of the Southern Ocean biases present in coupled climate models; something that is per-
sistent 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 per-
sistent surface warm bias of the Southern Ocean (e.g. Yool et al. (2021) §3.1) and in a
large shortwave cloud radiative effect - SWCRE - bias in the same region (e.g. Varma
et al. (2020) §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.



103 2 Models and datasets
104 2.1 Model description of the NZESM

105 The atmospheric component of the models used here is the ‘Global Atmosphere Model,
106 Version 7.1°, or GA7.1 (Walters et al., 2019). It uses a semi-implicit semi-Lagrangian dy-

107 namical core (Wood et al., 2014), the SOCRATES radiation scheme, based on Edwards

108 and Slingo (1996), shallow and deep mass-flux-based convection - e.g. (Gregory & Rown-

109 tree, 1990) - and sub-gridscale boundary layer turbulence - e.g. Brown et al. (2008). The

110 NZESM simulates explicit tropospheric and stratospheric chemistry (Archibald et al.,

m 2020).

112 With particular reference to the subject matter of this manuscript, clouds in the

3 NZESM and UKESM are described by Wilson et al. (2008) and Wilson et al. (2008) and
114 their inclusion into the atmospheric component of the UKESM is described in Walters

115 et al. (2019). In this scheme, cloud condensate and cloud fraction are prognostic vari-

116 ables; that is, they are calculated ‘online’ within the equation system solved by the model
17 code. This improves on the previous ‘diagnostic’ scheme used in weather and climate fore-
118 casting codes used by members of the Unified Model Partnership (Brown et al., 2012)

119 by more realistically linking water vapour, condensate, and cloud fraction amounts.

120 The ocean model configuration - including a detailed description of the Southern

121 Ocean - used by the models is documented in Storkey et al. (2018) and Yool et al. (2021)
122 and is known as ‘Global Ocean Model, Version 6’, or GO6. Compared to the previous

123 iteration of the ‘GO’ family of models, GO6 shows multi-variable improvements in the

124 Southern Ocean region which are attributed to changes in ocean mixing parameter val-

125 ues. The coupling between the different model components is done via the OASIS cou-

126 pler, which is used in several CMIP6-standard models (Craig et al., 2017).

127 The physical basis model (coupled ocean-atmosphere-sea ice but without the full
128 biogeochemical complexity) of the UKESM is called HadGEM3-GC31-LL (Kuhlbrodt
120 et al., 2018). This model exists in two resolutions, N96ORCA1 (the parent resolution
130 of the NZESM) and N2160RCA025 and the former exhibits a smaller overall Southern

131 Ocean warm bias due to improved volumetric ACC transport and a higher fidelity an-
132 nual sea ice cycle.

133 The overall UKESM climatology is described in Sellar et al. (2019), detailed study
134 of the aerosol scheme in this family of coupled models is given in (Mulcahy et al., 2020).
135 Looking ahead, Varma et al. (2020) describe improvements to the Southern Ocean
136 cloud-albedo bias in an atmosphere-only configuration of GA7.1; the atmosphere com-
137 ponent of the UKESM. The cloud scheme improvements relate to shape of ice crystals

138 and may be included in a future configuration of the NZESM.

139 2.2 Eddies and resolution mismatches
140 The NZESM includes a two - way nested, high - resolution ocean version of the GO6
11 model in the New Zealand region whilst keeping all other aspects of the ocean model un-

142 changed. This nesting has been achieved using the Adaptive Grid Refinement In For-
143 tran — AGRIF — method (Debreu et al., 2008) and has increased the nominal ocean grid

144 resolution from 1° to 0.2°; thus achieving a 25 fold increase in areal mesh density. The
145 physical oceanography of the UKESM/NZESM model pair is described in (Behrens et

146 al., 2020) and the nested region is illustrated in Figure 1. This study uses the same two
147 simulations considered there but analyses them from an atmosphere - ocean - sea ice per-
148 spective.

149 Behrens et al. (2020) showed that sea surface temperatures - SSTs - in the region
150 surrounding New Zealand are improved with respect to observations because of the bet-
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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 12° isotherm is included to illustrate the increase in spatial ‘nois-
iness’ 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 in-
tervals of 1°C from 10°C to 16°C and are described by the legend. The 12°C contour is dashed
to assist comparison with (e). (g) 1.5m air temperature at 1.25°x1.875°. The 12°C isotherm is
included as in (e). (h) As for (g) but zoomed into the dashed area and including the streamlines
from (b). The 12° contour is dashed to assist comparison with (e). All sub-Figures on the same
horizontal level 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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ter 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 Australian Current are improved which in turn improve the SST; indeed as Behrens
et al. (2020) state:

‘...the air-sea fluzes of heat and moisture over the [Tasman Sea] can be consid-

ered a pacemaker for New Zealand’s weather and climate’.

Since this work and that of Behrens et al. (2020) use multi-decadal means, this im-
provement to the SST's in the absence of any changes to the atmospheric physics means
that near-surface air temperature comes into equilibrium with the sea surface and im-
proves its agreement with reanalysis data.

Even at a resolution of 0.2° the nested region resolution is still not high enough for
the model to be considered ‘eddy resolving’, it is high enough to be ‘eddy permitting’.
This distinction is described in detail in e.g. J. He et al. (2018). Although the nested
high-resolution ocean model is run around New Zealand, the coarser global-ocean model
is also run in the same 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 inter-
mediary.

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 partic-
ularly active eddy region south and west of Tasmania. (b) also shows circulation stream-
lines and these are also included in (d,fh) to aid interpretation. The 2°¢ row - sub-Figures
(c) and (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*h 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 be-
tween 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) in-
side and outside the nested region. This is even visible in the 1.5m air temperature, par-
ticularly around the northern reaches of the Antarctic Circumpolar Current at approx-
imately 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 out-
put to observational and reanalysis products of temperature, total cloud amount, stra-
tocumulus 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 con-
ditions from UK Met Office suite ID u-bb075 (Tang et al., 2019), which was itself run
from 1850. All spatial data considered here is regridded to the native atmosphere model
gridscale of 1.25°x1.875°. This is the so-called ‘N96’ model resolution Mulcahy et al. (2020).

The simulated 1.5m temperatures are compared to the 2m temperatures from the
state-of-the-art ERA5 reanalysis Hersbach et al. (2020).

For total and stratocumulus cloud amounts we use the output from the Interna-

tional Satellite Cloud Climatology Project, ISCCP (W. B. Rossow & Schiffer, 1999; W. Rossow

& Duenas, 2004), and for the shortwave cloud radiative effect, data from the Energy Bal-
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Figure 2. Near-surface annual mean air temperature (°C) for: (a) NZESM (b) NZESM -
UKESM; (¢) NZESM - ERA5 reanalysis; (d) UKESM - ERAS reanalysis. All data is for 1989-
2008.

anced and Filled product from the Clouds and the Earth’s Radiant Energy System project;
CERES - EBAF (Loeb et al., 2018) for the available period of 2000-2018. We concen-
trate on the shortwave radiation biases in the models since this is a particularly preva-

lent issue in present-day models. This is covered in some detail in Varma et al. (2020)

and references therein.

For sea ice edge and concentration data, we use the HadISST dataset of Rayner
et al. (2003).

3 Results
3.1 Temperature

Figure 2 shows annual mean 1.5m air temperature for the UKESM and NZESM
compared to ERAS reanalysis data (Hersbach et al., 2020) for the period 1989-2008. We
can compare the atmosphere data shown in Figure 2 with equivalent ocean data in Behrens
et al. (2020) - hereafter EB20. Figure 2(b) is analogous to Figure 9(a) in EB20 (refor-
matted here in Figure 3) and Figures 2(c-d) are analogous to Figures 8(a-b) in EB20 (re-
formatted here in Figure 4).

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 (Behrens et al., 2020; Behrens, 2020; Debreu et
al., 2008).

As noted above in section 2.2 there is less spatial variability - i.e. it is more homo-
geneous - in the atmosphere temperature field than in the equivalent ocean field in EB20.
This is because of the lower resolution of the atmosphere model compared to the high-
resolution nested ocean model.

The ocean data in EB20 uses the EN4 climatology (Good et al., 2013) for sea sur-
face temperature and therefore this serves as a useful counterpoint to previous analy-
ses with a difference ‘ground truth’ dataset. Overall, the agreement with the ERA5 re-
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analysis 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.

For example, in the south western Indian Ocean, the warm bias is exacerbated and
this is accompanied by an improvement in the cold bias seen in the south eastern por-
tion. We shall see in the next section however that these temperature effects are accom-
panied by significant improvements to clouds and radiation. This improvement-deterioration
pair is often encountered in climate model development 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 in-
deed has its own literature and the interested reader is referred elsewhere (Schmidt et
al., 2017; Hourdin et al., 2017; McNeall et al., 2020).

3.2 Total cloud amount

Before moving on to study clouds and radiation in more detail, it is instructive to
compare the total cloud amount from the models to the data from the widely-used In-
ternational Satellite Cloud Climatology Project, or ISCCP (W. B. Rossow & Schiffer,
1999; W. Rossow & Duenas, 2004). Since different satellites use different instruments
and retrieval algorithms it is important to compare like with like. To achieve this, we
use cloud amount output from the COSP simulator package in the models - e.g. Swales
et al. (2018).

Figure 5 shows the total cloud amount for the models and ISCCP. It also shows
the 15% contour of the September Antarctic sea ice amount. This will be discussed at
length below. The rationale of using 15% as a measure of extent is discussed in (Kwok
& Rothrock, 2009).

The difference between the simulated cloud amounts for the models (Figure 5(b))
is much smaller than the difference between the models and ISCCP itself. This is expected
since the atmospheric physics of the models is identical. We expect some differences be-
tween the models due to the temperature differences noted above, but a large-scale change
to the overall regional cloud amount would likely be spurious.

Overall, the cloud amount in this region does a reasonable job reproducing the spa-
tial distribution of total cloud, although too much of it. Note however that the satellite
swatch is clearly visible in the ISCCP data with values differing by ~10% either side of
it, for example, to the east of Madagascar.

Also, it is striking that the total cloud amount is negatively correlated with tem-
perature in the region surrounding New Zealand (Figure 2(b), Figure 5(c)) but it is pos-
itively correlated at higher latitudes; specifically near the seasonal sea ice edge at ~ -
60° S.

3.3 Morphological cloud types
3.3.1 Annual mean

We will examine the temperature-cloud relationship in detail below but for now
we will move on to partitioning the clouds into different bins defined by their cloud-top-
pressure and optical depth or ‘thickness’. We use 9 bins, as is frequently done in the lit-
erature, for example Mace et al. (2011).

Figure 6 shows the annual mean ISCCP cloud top height-optical depth bins for the
NZESM and shows that the dominant cloud type in the Australia-New Zealand sector
is stratocumulus - Sc for short - which occurs 14% of the time. The next most frequently
occurring type is altostratus; occurring just over half as much of the time as Sc.
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Figure 5. ISCCP total cloud amounts for (a) UKESM, (b) NZESM and (c) NZESM -
UKESM. In (c) only the contour at zero is marked. The blue inset box shows the extent ‘AGRIF’
region. This box is present throughout the figures in this work. The yellow contour in (c¢) shows
the 15% contour of the 20 year mean of September sea ice coverage from the HadISST dataset
(Rayner et al., 2003) and the inset shows the seasonal cycle itself, showing September as the

maximum.
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Figure 6. The nine ISCCP-D2 cloud types for the NZESM with their approximately-
analogous morphological types. The = and y ‘axes’ indicate increasing optical depth and de-
creasing cloud-top-pressure respectively. The fractional coverage of each cloud type is given in

the sub-figure titles.

However, when we examine the difference in these 9 types as simulated by the two
models, then we see that it is only the Sc cloud type which is substantially different be-
tween the two model runs. Indeed, in the region of interest, there are virtually no dif-
ferences greater than 1% and so we ignore these differences going forward and concen-
trate on Sc. Figure 7(a) shows the annual mean temperature differences for the mod-
els (as in 2(b)) and 2(b) shows the Sc differences.

Figure 7 shows that increased Sc amount is negatively correlated with tempera-
ture around the AGRIF region and that the sign of this correlation is reversed at higher
latitudes. This reversal of correlation from negative (Sc~-T) to positive (Sc~T) at higher
latitudes clearly correlates strongly with position of the sea ice edge (the yellow lines in
Figure 7). The NZESM is warmer at higher southern latitudes and this is relfected in
the southward movement of the sea ice edge. We examine this in detail below. We shall
refer to these correlations as the r~ and 7 regimes respectively going forward.

All the data considered thus far have been annual means over the 20 year period
of 1989-2008. We now move on to consider the seasonal cycle of the Sc amount with re-
spect to the air temperature and sea ice edge.

3.3.2 DJF

Figure 8 shows the December-January-February - DJF, austral summer - equiv-
alent of 7.

The r~ regime around the AGRIF region remains clear in Figure 8 but the mag-
nitude and extent of the temperature and Sc changes are reduced around the sea ice edge.
We can immediately attribute this to the reduced sea ice amount in DJF and therefore
the Sc amount clearly sensitive to the open ocean fraction. Note that the air temper-
ature difference in and around the AGRIF region is essentially the same as in the an-
nual mean case
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Figure 7. ISCCP-D2 percentage difference between the NZESM and UKESM. Only the Sc
cloud type is shown here since all other morphological types show negligible differences. The
yellow contours are the 15% contours for the annual mean sea ice concentration UKESM (dashed
lines) and the NZESM (solid lines).
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Figure 8. ISCCP-D2 percentage difference between the NZESM and UKESM, DJF.

—12—



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

(a) Near-surface air temperature difference, NZESM - UKESM, |JA (K)

SRR

B0°E 120°E 180° 120°W
(b) Stratocumulus amount difference, NZESM - UKESM, JJA (%)
- TR o : -
L'y |
o L T
AY -
w005 ej L = i 2 N
0 | : -
n0°5 = — — =4 e t
P —— - ~{ M4 Lo il
o Ve L] ] E <
s -y H \" ! ﬁ ~
50°5 I B i a . s -, =
":'_-""" | e | = _|; = | .
poes =5 . 3 o, 5 =
B0°E 120°E 180° 120°W
Figure 9. ISCCP-D2 percentage difference between the NZESM and UKESM, JJA.

It is somewhat counterintuitive that the position of the 15% sea ice concentration
contour is seemingly so static (see Figure 9 also). However this is something of an arte-
fact of the contour line chosen and the volume of ice throughout the year varies much
more noticeably.

3.3.3 JJA
Figure 9 shows the June-July-August - JJA, austral winter - equivalent of 7.

In contrast to Figure 8, the air temperature difference around the sea ice edge is

1%

-1%

2%

3%

larger in JJA cf. the annual mean and this has the effect of amplifying the Sc differences

seen in the annual mean. This is around the time when Antarctic sea ice is at its max-
imum and hence changes to the ice edge have a much more pronounced impact on the
air-sea fluxes of moisture and heat, thus affecting the cloud formation. We note again

that in the vicinity of the AGRIF region, the inter-model temperature difference is vir-
tually identical to the annual mean value.

In the next section, we move on to examine the effect of cloud amount changes to
the radiation budget over the Southern Ocean.

3.4 Shortwave cloud radiative effect - SWCRE

Shortwave cloud radiative effect—SWCRE—at the top of the atmosphere is defined

as the difference between clear sky and all sky fluxes. The former only includes situa-

tions when clouds are absent and so this definition allows the effects of clouds to be iso-

lated.

Figure 10 shows the SWCRE for the models compared to the CERES-EBAF dataset

(Clouds and the Earth’s Radiant Energy System - Energy Balanced and Filled) (Loeb
et al., 2018).
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Comparing Figure 10(b) and Figure 7(b) shows that increased Sc is associated with
reduced shortwave cloud radiative effect, and vice versa. This is because the UKESM
does not reflect as much shortwave radiation back to space as is observed. Therefore, in-
creasing the amount of Sc increases reflection and so reduces the shortwave cloud radia-
tive effect bias (Varma et al., 2020).

It is clear now that the change to the SWCRE is dominated by the Sc amount due
to the striking correlation between ISCCP total cloud amount (Figure 5(c)), Sc amount
(Figure 7(b)) and SWCRE (Figure 10(b)).

3.5 Zonal mean SWCRE against CERES observations

To examine the wider implications of these changes, we now take the zonal mean

of these quantities over the entire Southern Ocean, which we define as that from 60° south-

ward.

The results for the NZESM, UKESM and 16 member UKESM historical ensem-
ble spread (Tang et al., 2019) are shown in Figure 11. The solid lines are for the NZESM
results, the dashed lines for the UKESM run locally and the shaded regions are for a 16
member UKESM ensemble run at the UK Met Office.

For JJA, the agreement between the models and the observations is good but the
DJF agreement is poor, peaking at over 30 W - m~2 on a background - NZESM value
of ~ 7T0W - m~2 (Figure 10(a)).

It is particularly encouraging however that Figure 11 shows clearly that the bias
is reduced in DJF and that the NZESM lies outside the shaded 2 standard deviation lim-
its away from the ensemble mean. Therefore, assuming normally — i.e. Gaussian — dis-
tributed UKESM data, there is only a 5% chance that NZESM result is drawn from
the same distribution as the UKESM. This gives confidence that this improvement is not
due to natural variation, but rather to a statistically significant improvement in model
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Figure 11. SWCRE differences between models and CERES observations. The main figure
shows the NZESM, the UKESM and the UKESM ensemble mean in DJF, JJA and the annual
means. The shaded region around each dashed line uses the ensemble mean £ 2 standard devi-
ations (o) from the UKESM historical ensemble. The inset maps show the SWCRE difference

between the NZESM and CERES for the different meaning periods and using the same units.
The 60° latitude line is marked as a dashed circle.
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13(b) solid line box.

behaviour. This is brought about by improvements to the ocean physics in the NZESM
which are then communicated to the atmosphere via the OASIS coupler.

3.6 NZESM Temperature versus stratocumulus amount regimes

As noted above, temperature and Sc amount are not correlated in the same direc-
tion across the region of interest. This is evident for example in Figure 7 which shows
negative a negative correlation in and around the AGRIF region and a positive corre-
lation near the sea ice edge.

In this section, we zoom in to two regions to examine these correlations in more
detail for NZESM data and these are shown in Figure 12. South of ~ -60°S, there is sea-
sonal sea ice and the 15% contour of the simulated September maximum extent are shown
in Figure 12. We have already seen in Figure 7 that as the sea ice edge retreats south-
ward with increased temperature, this retreat is correlated with increased Sc amount and
decreased SW cloud radiative effect (Figure 10(b)).

This reversal of the correlation between surface temperature and cloud amount tells
us that there are different dominant physical mechanisms at play between these regions.
This is to be expected since the surface boundary conditions are fundamentally differ-
ent in each regime. In the negative correlation regime, the surface is entirely ice free all
year round, whereas in the positive correlation regime, not only does the sea ice amount
change throughout the year, but it is different between the two models. As mentioned
above, we label these regimes r* and r—, where in r*, Sc ~ T and in 7, Sc ~ —T.

The r~ regime, has been previously discussed in Kawai et al. (2017) who note a
general negative correlation between (ice free) SST and ‘low stratiform cloud cover’, LSC.
Their definition of LSC includes Sc, stratus and ‘sky-obscuring fog’ whereas here we only
consider Sc. However, we know from Figure 7 that the inter-model changes in cloud amount
is dominated by Sc and so we assume that the comparison with the findings of Kawai
et al. (2017) remain valid over open ocean in this study. The argument in Kawai et al.
(2017) is based on considerations of entrainment at the cloud top combined with a mod-
ified lower-tropospheric stability index (Klein & Hartmann, 1993).

On the other hand, Huang et al. (2019) (and reference therein) show a positive cor-
relation between Arctic sea ice decline and increased cloud cover - i.e. r* - due to in-
creased evaporation from the ocean surface as the sea ice retreat.

Figure 13(a) illustrates the r~ regime where the Sc amount decreases as temper-
ature increases. It shows model data and the range of the data from the case studies con-
sidered in Kawai et al. (2017). Values are scaled so that the Sc amount is zero at 0°C
in all cases. The cloud amounts found in the model data at lower temperatures are lower

—16—



(a) r~ regime (b) r* regime

j‘f 0 This study 30 S
© i ® QS o
° Kawai et al. range e ® e sl %000 %
N 28 PO e o J[®° o !
E -5 ® g «®"° %o ® e . ;
3 26 -t
=1 e .
E ~10 g % .0.‘ ., This study (<10%)
S = 24 —‘..' e This study (>10%)
E 2 i Y < 10% = 0.85% + 17
g -15 E22{ | ¥>10% = 0.04x + 24
— 1%
% g | B
E £20
(V2]
£ -20 g
3
2 18{ [
© ¢
5 2
v 25 16
5 7.5 10 125 15 175 20 225 0 20 40 60 80 100
1.5mT(°C) Open ocean fraction (%)

Figure 13. (a) Annual mean NZESM model data in the r~ regime showing the decrease in Sc
fraction as temperature increases. The regions considered are shown by the dashed box in Figure
12. The blue dots are the model data, the red line is a linear fit to the model and the yellow
shaded region shows the data from the case studies in Kawai et al. (2017). All data is scaled such
that Sc is zero at T = 0 and the z-axis is expanded to aid comparison with Figure 14. (b) Model
data in the 7 regime showing the increase in Sc fraction as the open ocean fraction increases
(i.e. as the temperature increases). The region considered is shown by the solid box in Figure
12). Note that the region encompassed by the entire map extends 5° further south than the other
maps in this work to allow the reader to better see the sub-region of interest for the scatter plot
data. Blue dots are the model data, the red line is a linear fit for low (<10%) open ocean fraction
and the yellow line is a linear fit for open ocean fractions above 10%. Note that the bottom of

the region considered is the same as the bottom of the map.
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that in Kawai et al. but this is expected since the latter include stratus and fog as well
as Sc.

Figure 13(b) shows Sc at the ice edge — Figure 12 solid box— and shows two quite
different behaviours above and below an open ocean fraction of ~ 10%. Below 10%, the
change in Sc amount increases sharply with a gradient of 0.85 whereas above 10% the
increase slows markedly and the gradient is reduced by a factor of ~ 20.

The sharp increase in Sc amount at low open ocean fractions explains the rever-
sal of the correlation between 1.5m temperature and Sc near the ice edge compared to
the in and around the AGRIF region. At these higher southern latitudes, the surface albedo
is suddenly reduced as the ice starts to melt. This enables evaporation from the now-
free ocean surface, thus promoting low cloud formation (Huang et al., 2019). This is the
reverse of the behaviour seen elsewhere where - to a first approximation - Sc amount in-
creases with increased southerly latitude (Figure 6(h)).

Finally we examine the r~ regime seasonally in Figure 14 which shows the DJF
and JJA model data against the same Kawai et al data and using the same axis limits
as Figure 13(a).

For the DJF data — red dots in Figure 14 — show a shift to warmer temperatures
as expected for austral summer and a reduced gradient compared to the annual mean
temperatures. This means that for a given increase in temperature there is a smaller re-
duction Sc amount for the summer months. The reverse is true for the JJA data and
the difference in gradients for the JJA and DJF data is approximately equal to the range
of gradients possible through the Kawai et al. (2017) data which is indicative of the re-
lationship between air temperature and Sc amount being well-captured by the models.

4 Conclusions

In this work we have studied the impact a regional nested ocean model, surround-
ing New Zealand, has on the ocean-atmosphere feedbacks. This is done by comparing
two historical simulations between 1989 - 2008 with (Behrens et al., 2020) and without
(Sellar et al., 2019, 2020) a nested, regional ocean model.

The atmospheric temperature response follows that reported in Behrens et al. (2020)
for ocean temperature but with less spatial variability; a result of the coarser gridscale
in the atmosphere model.

The change in the total cloud amount in the NZESM compared to the UKESM is
dominated by changes to stratocumulus and this is strongly negatively correlated with
shortwave cloud radiative effect, or SWCRE.

North of ~ -60°S, stratocumulus amount is negatively correlated with air temper-
ature and we refer to this as the r~ regime. This is the case both in the individual sim-
ulations as the temperature cools away from the equator — Figure 6 — and when the
two models are compared to each other. The gradient of this relationship in the simu-
lations is in close agreement with observations (Kawai et al., 2017) (Figure 13(a)).

The sign of this correlation is reversed near the sea ice edge — the r+ regime —
where a sharp increase in cloud amount is observed as the open ocean fraction increases
away from zero. At open ocean fractions above ~ 10%, the gradient decreases markedly,
indicating that sudden albedo and evaporation changes dominate the stratocumulus for-
mation processes as the ice starts to melt. This positive correlation has been reported
for the Arctic in the previous studies of M. He et al. (2019) and Huang et al. (2019).

Climate models are invariably ‘tuned’ (Schmidt et al., 2017; Hourdin et al., 2017;
McNeall et al., 2020). to minimise various biases. Therefore, making a major change to
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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. This is seen in this study in a deterioration in the SST at high south-
ern latitudes, albeit accompanied by radiative improvements.

In general, clouds and their radiative effects over the Southern Ocean are not well
simulated by Earth System Models — see e.g. (Varma et al., 2020; Kuma et al., 2020)
— and the changes made here significantly improve the agreement between the simu-
lated and observed shortwave cloud radiative effect, particularly in DJF (Figure 11). The
shortwave cloud radiative effect - SWCRE - is negatively correlated with stratocumu-
lus amount (Figure 7,10(b)) and so the general increase in stratocumulus over the South-
ern Ocean reduces the positive bias compared to CERES-EBAF observations. This im-
provement is significant between ~ -60° and -80°S for DJF and annual means where the
results lie more than 2 standard deviations from the UKESM historical ensemble mean
(Tang et al., 2019) and are hence statistically significant at the 95% level, assuming nor-
mally - that is Gaussian - distributed data.

Future work using this nesting methodology on other similarly-related model pairs,
as well as this same model pair in different regions of the Southern Ocean — and even
elsewhere — would be of significant interest.
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(a) Near-surface air temperature, NZESM - UKESM, all months (K)
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(a) Near-surface air temperature difference, NZESM - UKESM, |JA (K)
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Shortwave cloud radiative effect
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0 Shortwave cloud radiative effect with respect to CERES (W - m™?)
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Stratocumulus fraction (%) scaled to zero at 0°
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