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TMet Office Hadley Centre, Met Office, Exeter, UK, 2LOCEAN/IPSL, Sorbonne Universités (SU)-CNRS-IRD-MNHN, Paris,
France, 3NCAS, Department of Meteorology, University of Reading, Reading, UK, #NCAS, Department of Physics, University
of Oxford, Oxford, UK, European Centre for Medium-Range Weather Forecasts, Reading, UK

Abstract Preindustrial control simulations with the third Hadley Centre Global Environmental Model,
run in the Global Coupled configuration 3.1 of the Met Office Unified Model (HadGEM3-GC3.1) are presented
at two resolutions. These are N2160RCA025, which has a horizontal resolution of 60 km in the atmosphere
and 0.25° in the ocean, and N960RCA1, which has a horizontal resolution of 130 km in the atmosphere
and 1° in the ocean. The aim of this study is to document the climate variability in these simulations, make
comparisons against present-day observations (albeit under different forcing), and discuss differences
arising due to resolution. In terms of interannual variability in the leading modes of climate variability the
two resolutions behave generally very similarly. Notable differences are in the westward extent of El Nifio
and the pattern of Atlantic multidecadal variability, in which N2160RCA025 compares more favorably to
observations, and in the Antarctic Circumpolar Current, which is far too weak in N2160RCA025. In the North
Atlantic region, N2160RCA025 has a stronger and deeper Atlantic Meridional Overturning Circulation, which
compares well against observations, and reduced biases in temperature and salinity in the North Atlantic
subpolar gyre. These simulations are being provided to the sixth Coupled Model Intercomparison Project
(CMIP6) and provide a baseline against which further forced experiments may be assessed.

Plain Language Summary |In this paper, we present the latest computer models of the joint
atmosphere and ocean system. These models were developed at the U.K. Met Office Hadley Centre. They
are designed to simulate the climate of the past, present, and future and to be used in scientific analysis and
decision making. In this study, the are intended to simulate a continuous preindustrial state, to provide a
reference level for future experiments and analysis. We present two resolutions of the same model, where
the resolution is analogous to the number of pixels on, for example, a smartphone display. We find that
the model with greater resolution also simulates many aspects of the global climate better than the model
with lower resolution. These include El Nifio, sea surface temperature variability in the Atlantic Ocean, and
the depth of the AMOC in the North Atlantic. However, in other aspects, such as the strength of the major
current circling Antarctica, this version is worse.

1. Introduction

As part of the sixth coupled model intercomparison project (CMIP6, Eyring et al., 2016), geoscience institu-
tions across the world have been constructing and running coupled climate models to be submitted to a vast
online and free-to-access database. In order for institutes to participate in this project, they are required to run
a set of baseline simulations, denoted the Diagnostic, Evaluation and Characterization of Klima. These consist
of four experiments: a coupled control simulation with preindustrial forcings (piControl), an atmosphere-only
simulation with prescribed sea ice and sea surface temperatures (AMIP), a coupled control simulation with an
abruptincrease in carbon dioxide forcing (CO,) to four times preindustrial (abrupt4xC02), and a coupled sim-
ulation in which preindustrial forcing increases by 1% per year (1pctCO2). In addition, they must also complete
a simulation with historical forcings since 1850.

In this paper, we document the setup and performance of the piControl simulation with two resolutions of the
U.K. climate model for CMIP6 (described next) and discuss the potential effects of resolution. The piControl
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simulations provide both a baseline against which forced experiments can be assessed and insight into the
mechanisms of unforced variability (Eyring et al., 2016) —some modes of which we specifically analyze here.In
addition, we compare two versions of the model at different resolutions, as model resolution may impact the
representation of important processes. For example, the horizontal resolution of atmosphere and/or ocean
submodels in coupled climate models has been shown to be important for both the mean state of the North
Atlantic Ocean (Menary et al.,, 2015; Mignot et al., 2013) and the behavior of the Atlantic Meridional Overturn-
ing Circulation (AMOC), both in terms of internal decadal variability (Bryan et al., 2006; Hodson & Sutton, 2012)
and its response to climate change (Roberts et al., 2004). Related to the ocean resolution, higher-resolution
topography may be important in setting the pathways of deep water advection (Spence et al,, 2011) and
wave dynamics (Roussenov et al., 2008). At higher ocean resolution, eddy-induced mixing can begin to be
resolved rather than parameterized and improvements in sea surface temperature (SST) gradients allowed by
increased ocean resolution can lead directly to improved atmospheric responses (Minobe et al., 2008).

In the atmosphere, increased horizontal resolution is associated with increased ocean-to-land moisture trans-
port (Demory et al., 2014) and improved surface temperature biases in the major oceanic upwelling regions
(Gent et al., 2010). In addition, increased atmospheric resolution has been linked with improvements in the
North Atlantic storm tracks and North Atlantic Oscillation (NAO; Marti et al., 2010) although these may also
be linked to oceanic resolution (Scaife et al., 2011).

1.1. HadGEM3-GC3.1

The third Hadley Centre Global Environmental Model, run in the Global Coupled configuration 3.1 of the Met
Office Unified Model (HadGEM3-GC3.1), represents the latest climate model from the U.K. Met Office. The
development of the underlying physical climate model is documented in Williams et al. (2018). In that study,
the model was forced with external forcings appropriate for the year 2000 and the overall mean state of the
model described. Kuhlbrodt et al. (2018) describe the low-resolution version of this model as will be used for
the U.K. Earth System Model (constructed in collaboration with the U.K. academic community) within CMIP6.
That comparison mostly presents simulations again forced with year 2000 forcings. Here we present both the
high- and low-resolution versions of the model forced with the CMIP6-specified preindustrial forcings and
investigate aspects of the variability. In this analysis, when comparing with observations of the variability of
the present day/recent past, we acknowledge that there is additional uncertainty due to the implicit assump-
tion that the nature of variability has remained unchanged, which may not always be the case (Schér et al.,
2004). For each climate index that we present, the possible uncertainty arising from our use of present-day
observations is discussed.

The two resolutions of HadGEM3-GC3.1 are denoted N2160RCA025 and N960ORCA1 and couple the Unified
Model atmosphere model (Walters et al., 2017) and Nucleus for European Modelling of the Ocean ocean
model (Madec, 2008). In N2160RCA025, the atmospheric resolution is approximately 60 km and the ocean res-
olution is 0.25°, with coupling every hour, as detailed in Williams et al. (2018). In N960RCA1, the atmospheric
resolution is approximately 135 km and the ocean resolution is 1° (with refinement to 0.33° within 15° north
or south of the equator), with coupling every 3 hr, as detailed in Kuhlbrodt et al. (2018). The vertical resolution
in the atmosphere and ocean is the same in both setups, with 85 pressure levels in the atmosphere and 75
depth levels in the ocean. Both models use the JULES land surface (Walters et al., 2017) and CICE sea ice (Rid-
ley et al., 2018) models at their atmospheric and ocean resolutions, respectively. See Kuhlbrodt et al. (2018)
for a list of the associated ocean/sea ice parameter differences between the two resolutions. At the 1° ocean
resolution in N960ORCAT1, a parameterization for eddy-induced transports is required (Kuhlbrodt et al., 2018),
which uses a globally uniform coefficient. How to implement such a parameterization at 0.25° ocean resolu-
tion is under debate, and in N2160RCA025 such a parameterization is not used. In the atmosphere, there are
a limited set of parameter differences, as detailed in Kuhlbrodt et al. (2018, their Table 1).

1.2. Initialization and Run Length

In this analysis we use 500 model years of the N960ORCA1 piControl simulation and 300 years of the
N2160RCA025 piControl simulation. At the high resolution of N2160RCA025, the simulation runs at approxi-
mately 1.4 model years per real day using 4,320 cores. For comparison, N960ORCA1 completes approximately
2.3 years per day on 416 cores.

The N960RCAT and N2160RCA025 piControl runs differ in both their run length and in the prior spin-up
process. The spin-up integrations in both cases were run entirely in synchronously coupled mode (i.e., simply
a continuous run of the full coupled model from a given initial state). CMIP6 preindustrial forcings were used
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Table 1
Greenhouse Gases Applied in the Preindustrial Control Simulations

Greenhouse gas Concentration Mass mixing ratio (kg/kg)
co, 284.317 ppm? 43182x 1074
CH,4 808.25 ppbP 4.4640 x 10~/
N,O 273.02 ppb 4.1466 x 10~/
CFC-12 equivalent 16.51 ppt© 6.8996 x 10~"1
HFC-134a equivalent 19.15 ppt 6.7456 x 10~"1

Note. CFC = chlorofluorocarbon; HFC = hydrofluorocarbon.
appm: parts per million. P ppb: parts per billion. ppt: parts per trillion.

throughout the spin-up and piControl phases, except that only preliminary versions of some of the forcings
were available for the early stages of the spin-up runs. Since the sole purpose of the spin-up phase is to bring
the model acceptably close to an equilibrium, the details of the spin-up phase are not considered critical to
the behavior of the piControl which is the focus of this paper. At the designated end of the spin-up period
the run was simply continued, with this point being designated the start of the piControl run. Some global
measures of the disequilibrium of the piControl runs are discussed in section 2.

For N960ORCA1 the ocean initial conditions for the spin-up were the mean of the years 1950-1954 from the
EN4 ocean analysis (Good et al., 2013). N960ORCA1 was subsequently spun-up for 652 model years, and this
state was deemed the starting point of the piControl simulation.

For N2160RCA025 the initial conditions were taken from year 100 of a run with fixed present-day forcings,
preliminary to that reported in Williams et al. (2018). After 50 model years, a bug was found and fixed that had
the effect of cooling the global climate. Within a further 50 years, the surface air temperature had recovered
and was approaching its final, spun-up value (section 2). In total, the N2160RCA025 simulation was spun-up
for 353 model years, after which the model was deemed to be sufficiently equilibrated to designate the start
of the piControl (see discussion of piControl trends in section 2).

1.3. Preindustrial Forcings

The preindustrial CMIP6 forcings constitute interannually invariant forcings appropriate for the year 1850.
These are well-mixed greenhouse gases (including CO,), ozone, solar, tropospheric aerosol, and stratospheric
volcanic aerosol. In addition, the land surface is prescribed with land use tiles appropriate for 1850. These
forcings will be described in detail in a parallel publication, and so we only briefly summarize them next.

The greenhouse gases provided by CMIP6 (Meinshausen et al., 2017) include variations with latitude although
in our implementation they remain globally well mixed and are input as global, annual means. Instead of
setting all the individual chlorofluorocarbon and hydrofluorocarbon species separately, effective chlorofluo-
rocarbon and hydrofluorocarbon concentrations are used. The specific concentrations are shown in Table 1.
Ozone is prescribed as a three-dimensional field, where previously we had only prescribed it as a zonal mean
field (Williams et al., 2015). The solar forcing is constructed from time-averaged historical data for the period
1850-1873, which covers solar cycles 9 and 10 (as counted from the year 1755).

The climate model requires primary emissions of black carbon and organic carbon aerosol, as well as gas
phase emissions of sulfur dioxide (SO,), dimethylsulfide and monoterpene, which are oxidized to sulfate
aerosol. Black carbon, organic carbon, and SO, are included from both biomass and anthropogenic sources,
at values appropriate for the year 1850. These emissions are provided as external forcing files to the UKCA
GLOMAP-mode aerosol scheme (Mann et al., 2010).

For the stratospheric volcanic aerosol forcing, the piControl simulation uses the long-term mean from the his-
torical period 1850-2014, including the seasonal cycle. This time series was itself first constructed using a
combination of satellite products and model simulations. The climate model subsequently reads in the spec-
tral properties of these stratospheric aerosol directly into the radiation scheme, bypassing the aerosol scheme
used for tropospheric aerosol. The model is provided with aerosol extinction, absorption, and asymmetry
parameters in both the shortwave and longwave.

Finally, the climate model requires external specification of nine land surface types: urban, bare soil, lake, land
ice, and five plant functional types. The plant functional types are C3 and C4 grasses, needleleaf and broadleaf
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Table 2
Mean and Trends (per Century) in Global Mean Measures of Climate Equilbrium
N2160RCA025 N960ORCA1
Variable Unit Mean Trend Mean Trend
TOA? W/m? 0.314 —0.001 0.196 —0.002
SATP °C 14.96 0.11 14.76 0.03
OceTemp*© °C 3.962 0.074 4.007 0.035
OceSald PSU 34.7290 —0.0001 37.7220 0.0001

Note. Significant trends at 95% level in bold.
aTOA: Net radiative balance at top of atmosphere. PSAT: surface air temperature.
¢OceTemp: full depth ocean temperature. 90ceSal: full depth ocean salinity.

trees, and shrubs (Essery et al., 2003). These are not directly supplied by CMIP6 and so a conversion from crop
and pasture fraction (supplied by CMIP6) is undertaken.

In this paper, we aim to document the piControl simulations with two resolutions of HadGEM3-GC3.1. This
will provide a baseline against which historical, scenario, and other simulations with these models can be
compared. In order to do this, we show and describe a set of key climate phenomena. Further work will be
undertaken during CMIP6 to investigate each of these phenomena individually. It is important to begin to
understand this unforced variability as any response to external forcings in future experiments with these
models will either exist on top of or interact with this variability.

2. Key Measures of Climate Variability

Before investigating the interannual variability in some key climate phenomena, we provide a global context
with measures of the global energy/water balance of the simulated climate system (Table 2). The centennial
trends in net top of atmosphere (TOA) radiation in both resolutions are indistinguishable from zero. Both
resolutions show a positive mean TOA, which would be expected to equilibrate to zero only on a timescale of
many centuries, while surface temperature equilibrates fairly quickly (Geoffroy et al., 2013). Radiative forcing
from well-mixed greenhouse gases in 1850 has been estimated at several tenths of a W m~2 (relative to 1750),
although aerosol effects likely acted to reduce the total forcing (Eyring et al., 2016; Myrhe et al., 2013). The
positive TOA heat flux is reflected in warming trends in global ocean temperature/heat content, dominated by
a gradual warming of the deep ocean (not shown), while the surface air temperature is close to stable in both
simulations. The full depth ocean salinity is relatively stable, suggesting that the global freshwater processes
in the model are well equilibriated.

In the remainder of this section we introduce some key measures of the climate system, relevant for discus-
sions of interannual climate variability. These are the El Nifio—Southern Oscillation (ENSO; section 2.1), the
NAO (section 2.2), Tropical Intraseasonal Variability including the Madden-Julian Oscillation (MJO; section 2.3),
Atlantic Multidecadal Variability (AMV, sometimes also called the Atlantic Multidecadal Oscillation; section
2.4), stratospheric variability including the Quasi-Biennial Oscillation (QBO; section 2.5), the Antarctic Circum-
polar Current (ACC; section 2.6), the AMOC at 26.5°N (section 2.7), and the North Atlantic subpolar gyre (NA
SPG; section 2.8).

An uncertainty arises when comparing model preindustrial control integrations with observations that are
typically from a more recent period. This is a particular issue when the two model resolutions differ, and we
compare with observations to evaluate whether one solution is better than the other. In each of these cases
we have examined the difference between the preindustrial control (this paper) and the present-day control
(Williams et al., 2018) of the N2160RCA015 model. In each case we find that the difference due to the dif-
fering time periods is less than the difference between the two model resolutions with preindustrial forcing,
confirming that it makes sense to evaluate the piControl models against present-day observations.

2.1. ENSO

ENSO is the largest natural mode of interannual climate variability in the tropics; oscillations between warm
and cold phases occur on a 2- to 7-year timescale, and the effects are felt worldwide (Timmermann et al.,
2018). Here we present a selection of ENSO metrics giving an overview of model performance (Table 3). These
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Table 3

Selection of ENSO Performance Measures for N2160RCA025 (300 years), N96ORCAT (500 years)
and Observations

Metric Observations N2160RCA025 N960RCA1
M1 6gg7 at N32 0.79 0.76 (0.69-0.79) 0.79 (0.69-0.86)
M2 o7 at N4P 0.54 0.48 (0.43-0.51) 0.61(0.50-0.67)
M3 Timescale of SST at N3 721 55.4 (48.5-68.2) 51.8(32.0-67.0)
M4 Ratio of o2ante’ to ag‘s’;‘”g 1.6 13(1.2-14) 13(1.1-1.5)
M5 Gprecip at N4 235274 23(2.2-24) 1.9(1.6-2.1)
M6 SST at N3 25.7 25.9 (25.8-26.0) 25.4(25.3-25.5)
M7 7, at N4 (x —1,000) 34 34 (35-37) 42 (41-44)

Note. Values in brackets show the range determined from a 100-year moving window in
the respective model. Metric 1 (M1) and metric 2 (M2) are the standard deviation of the
monthly SST anomaly (Kelvin) for regions Nifio3 (90-150°W, 5°N-5°S) and Nifio4 (160°E to
150°W, 5°N to 5°S). M3 is the ratio of power (in percent) in the 3- to 7-year range relative
to 0-10 years for monthly Nino3 SST anomalies. M4 is a seasonality metric defined as the
ratio of November to January and March to May standard deviation of Nifio3 SST anomaly.
M5 is the standard deviation of precipitation anomalyies for Nifno4 (millimeter per day). M6
is the annual mean SST for Nifio3 (K), and M7 is the annual mean zonal wind stress for Nifo4
(=1,000 Nm~2). SST observations are HadISST (1911-2010 ; Rayner et al., 2003), precipita-
tion is GPCP v2.2 (1979-2013 ; Adler et al., 2003) and CMAP (in brackets, 1979-2015 ; Xie
& Arkin, 1997), and wind stress is the SOC climatology (Josey et al., 1998); CMAP = Climate
Prediction Centre Merged Analysis of Precipitation; HadISST = Hadley Centre Sea Ice and Sea
Surface Temperature.

aN3:Nifio3 region. ®N4: Nifo4 region. “Using GPCP. 4Using CMAP. ENSO = El Niflo - Southern
Oscillation; SST = sea surface temperature.

can be compared to Williams et al. (2018) and Kuhlbrodt et al. (2018) for recent HadGEM3 configurations and
Bellenger et al. (2014) for CMIP3 and CMIP5 models.

The amplitude of SST variability in the east Pacific (Metric 1, M1) is similar in both N2160RCA025 and
N960RCA1, with standard deviations (of monthly anomalies) of 0.76 and 0.79, respectively. This compares
with the observed value of 0.79 for HadISST1.1. Both models exhibit low-frequency variability, such that if a
100-year moving window is applied to N960ORCA1, the standard deviation varies from 0.69 to 0.86. As such,
observations lie within the model range. There may be a small upward trend in variability in the models, sug-
gesting a slow drift, but longer experiments would be needed to confirm this. In the central Pacific variability
is higher in N960RCA1 than in N2160RCA025 and observations (M2). It can be seen from the El Nifio spa-
tial pattern that variability extends too far west in N960ORCAT1, with the zero line occurring about 15° to the
west in N960ORCA1 compared to N2160RCA025 (Figure 1). This westward extension of the ENSO pattern is a
common feature in many lower-resolution climate models (Guilyardi, 2006; Roberts et al., 2018; Shaffrey et
al., 2009; Van Oldenborgh et al., 2005). Comparison with earlier versions of HadGEM3 at different resolutions
suggests that both the ocean and atmosphere resolution play a role, although the ocean appears to be the
more important. SST variability is also less well simulated in N960RCAT1 in the far east Pacific, where variabil-
ity is too low. Neither model is able to correctly reproduce the observed ENSO asymmetry in the east Pacific,
with both showing skewness for region Nifio3 close to zero.

A power spectrum analysis of east Pacific SST shows that, in agreement with observations, variability lies
within the 2- to 7-year timescale for both N960RCA1 and N2160RCA025 (Figure 2 and M3). Similar to the
present-day control, there is perhaps a little more power in the 2-to 3-year timescale than observed (Kuhlbrodt
et al, 2018). ENSO variability is closely phase locked to the annual cycle with variability at a maximum in
early boreal winter and a minimum in spring. Both models capture this seasonality (M4) although N960RCA1
extends the maximum variability through to late winter/early spring.

The variance of precipitation in the west Pacific (M5), which gives an indication of the impact of tropical Pacific
variability on the large-scale circulation, is slightly greaterin N2160RCA025 than in N960RCA1 and agrees well
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Figure 1. El Nifio December-February composites of events with a Nifio 3.4 sea surface temperature anomaly greater
than 0.8 K for sea surface temperature (K) and precipitation (mm/day) for N2160RCA025 (a, b), N960ORCA1 (c, d), the
HadISST1.1 data set (period 1911-2010, e), and the CMAP precipitation data set (1979-2015, f). Dashed lines mark zero
contour in panels a, ¢, and e. CMAP = Climate Prediction Centre Merged Analysis of Precipitation; HadISST = Hadley
Centre Sea Ice and Sea Surface Temperature.

with observations. The area of maximum precipitation in the west Pacific associated with El Nifo is shifted to
the west in N960RCAT1 (Figure 1d) compared to N2160RCA025 (Figure 1b), and the impact of the equatorial
cold bias (see below) is evident to the east of the dateline where the lower-resolution model appears less
well able to support convection. The main precipitation teleconnections are reproduced by both models but
are weaker than observed (Figure 1f). They also appear weaker than the present-day control experiments
(not shown).

Accurate representation of the mean zonal structure of the equatorial Pacific has proved challenging for both
CMIP3 and CMIP5 models (their Figure 6; Bellenger et al., 2014). Overall, N2160RCA025 reproduces the mag-
nitude of the SST and SST gradient well, while, in common with many climate models; N960ORCA1 shows an
equatorial cold bias (Figure 3a). Enhanced equatorial heat transport due to tropical instability waves likely
plays a key role and has been shown to be well represented by the ORCA025 ocean (Graham, 2014). Both
models are too warm in the upwelling/stratocumulus region in the far eastern Pacific, with the larger bias in
N960ORCA1. Ocean resolution appears to play a dominant role in these areas (Hewitt et al., 2016). Note that
for N960ORCA1 the cold and warm biases tend to cancel for the Nifio3 region (M6). The equatorial zonal mean
wind stress in N2160RCA025 agrees well with observations except to the west of the dateline where there are

20

&)

o

Figure 2. Nifo3 (90-150°W, 5°S to 5°N) sea surface temperature anomaly
power spectra (K2) for N2160RCA025 (blue, 300 years), N960ORCA1 (red, 500
years), and the HadISST observational data set (black 1911-2010).

L overly strong easterlies. In association with the model cold bias,

— HodISST N960ORCA1 has an easterly bias over much of the central and west Pacific
— N9B6ORCA1 .
— N21BORCA025 (Figure 3b, M7).

2.2. NAO

The NAO is a key mode of winter variability for the North Atlantic and sur-
rounding continents on seasonal to multidecadal timescales (e.g., Hurrell,
1995). In this analysis, the winter NAO index is defined as the leading prin-
cipal component of December to February mean sea level pressure (MSLP)
in the North Atlantic (90°W to 40°E, 20-90°N), with similar results (not
shown) found using the difference in MSLP anomalies for the closest grid
points to the Azores (37.7°N, 25.7°W) and Iceland (65°N, 22.8°W; Jones et
al., 1997). For comparison against real-world MSLP the twentieth Century

period (years)

Reanalysis is used (Compo et al., 2011) for the period 1871-2011, which
has good observational coverage and MSLP variability very similar to that
of the model (standard deviation of point based anomaly NAO index is 8
hPa in both the models and observations).
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a Annual SST (5S-5N) The N2160RCA025 and N960RCA1 winter seasonal mean NAO distribu-
30 ‘ ‘ ‘ tions are almost identical (also close to observations, not shown). How-
29 ever, N2160RCA025 shows signs of greater variability on multidecadal
A timescales than N960RCA1 (Figure 4). The aggregated mean variance
28 (Figure 4a) is the variance of multiyear mean values calculated from a time
27§ series for increasing rolling window periods. It is used as a measure of
how quickly values in a time series become independent of one another,
26 - T Nesomtar with truly independent values leading to variance inversely proportional
E T N216ORCA0ZS to the period length (cf. diagonal line in Figure 4a). The observed NAO
25? exhibits long-range dependence, with aggregated mean variance above
24F ‘ ‘ ‘ L3 the diagonal, up to about 50-year periods as found in other studies (e.g.,
150E 180 150W 120W 90w Stephenson et al., 2000). N2160RCA025 exhibits comparable variances to
longitude observations out to 10 years and long-range dependence out to 30 years.
b Annual zonal stress (5S-5N) In contrast, N960ORCA1 has variances on or below the diagonal through-
0'04: ‘ _ SO‘C ‘ out, suggesting a lack of long-range dependence. A similar method is
0.02L T Al used to assess the variability of the linear trend of the NAO on different

—— N2160RCA025

0.00f
-0.02f

-0.04F

.......

-0.06 L

: respectively: ‘
150E 180 150W " 120W 90w
longitude

Figure 3. Annual mean Pacific SST (a) averaged over 5°N to 5°S for
N2160RCA025 (blue), N960ORCA1 (red), and HadISST1.1 (period 1911-2010,
black). Annual mean Pacific wind stress (b) averaged over the same region
for N2160RCA025 (blue), N960ORCAT1 (red), and MERRA (1982-2001, black,
dashed; Rienecker et al., 2011) and Southampton Oceanography Centre
climatology (1980— 1993, black, solid; Josey et al., 1998) observations. SST =
sea surface temperature.

timescales, with N2160RCA025 generally having higher variability than
N960ORCA1 and again being closer to the observations, though with higher
variability for shorter periods (Figure 4b). N2160RCA025 exhibits higher
NAO trends than seen in N960ORCAT1 for the standardized empirical orthog-
onal function-based index and also for alternative absolute indices such
as a station-like definition for which 30-year maximum trends are 0.56,
0.58, and 0.37 hPa/year for observations, N2160RCA025 and N960ORCAT,

The spectral analysis of NAO variability (Figure 4c) shows that
N2160RCA025 has higher multidecadal variability than N960RCA1 and
maintains this for longer periods as seen in the observations. Recent stud-
ies have found that GCMs generally underestimate the observed NAO
low-frequency variability, including a comprehensive analysis of CMIP5
models (Bracegirdle et al., 2018a; Kim et al., 2018; Kravtsov, 2017); thus, it
is of interest that increased resolution may help models to better simulate
multidecadal NAO trends. This could be related to the improvements seen
in seasonal variability of Atlantic winter blocking, attributed to reduced
SST biases in the North Atlantic in high-resolution models (Scaife et al.,

2011). In addition, a 30-year mean smoothing of the NAO time series suggests that N2160RCA025 and obser-
vations have stronger negative NAO periods than N960RCA1 (Figure 4d), so perhaps the latter is lacking
the mechanisms needed to produce such strong negative events though neither model resolution properly
captures the observed distribution.

Despite this difference in decadal variability, the associated multiyear atmospheric teleconnection patterns
are very similar for the two model resolutions, for example, for 30-year mean NAO regression patterns with
geopotential height at 500 hPa, MSLP, surface air temperature, and precipitation (not shown). This is consistent
with recent work that found that CMIP5 models all have a fairly reasonable representation of the NAO pattern
in terms of spatial correlation, despite showing variations on how well the models simulate the associated
physical processes (Davini & Cagnazzo, 2014).

2.3. Tropical Intraseasonal Variability

Tropical intraseasonal variability is dominated by the MJO (Madden & Julian, 1971), which is characterized by
an eastward propagation of deep convection and associated wind structures moving along the equator with
an average phase speed of around 5 m/s with periods between 30 and 90 days. The eastward propagation
is more pronounced during Northern Hemisphere (NH) winter months, while there is a dominant northeast-
ward movement during Boreal summer months associated with the Asian summer monsoon (Zhang, 2005).
Tropical variability is also influenced by the equatorial waves, namely, the equatorial Rossby waves, Kelvin
waves, mixed Rossby-gravity waves, and the inertia-gravity waves (Wheeler & Kiladis, 1999).
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Figure 4. The variance of the multiyear mean of the wintertime NAO index (a) and linear trend (b) for increasing rolling
window periods, the spectral density of the NAO versus the period of variability (c), and the probability density function
of 30-year means of the wintertime mean NAO index (d) for N2160RCA025 (blue), N960ORCAT1 (red), and reanalysis (black
dashed line: a, b, d; black solid line: ¢; period 1871-2011). The dotted diagonal line in (a) represents the 1-1 log ratio;
points above this suggest long-range dependence, while points below this suggest long-term switching behavior. As a
measure of significance, dashed lines in (c) represent the spectrum of the associated red noise processes with their 95%
confidence spectrum shown by the dotted lines. NAO = North Atlantic Oscillation.
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Figure 5. The ratio between raw power spectrum of outgoing longwave radiation (OLR) and a background spectrum
(top row) from observations (1979-2013, a), N960ORCA1 (b), and N2160RCA025 (c). The differences in raw power
spectrum (bottom row) between the HadGEM3-GC3.1 model resolutions (d) and the differences between these two
model resolutions and observations (e, f). All values are log of OLR power. See Wheeler and Kiladis (1999) for details.
CPD = Cycles per day.

This section evaluates the tropical wavenumber-frequency spectra (Wheeler & Kiladis, 1999) in the two model
resolutions in comparison with the observed spectra (based on satellite observations). Figure 5 (top row)
shows the symmetric wave spectra expressed as the ratio of raw power of outgoing longwave radiation
(OLR) and a smoothed background spectra that highlights the major equatorial wave modes and their dis-
persion relationships compared to that of a shallow water model (represented as lines). Here OLR is used
as a proxy for cloud top height, which is influenced by the strength of convective activity. Both N960ORCA1
and N2160RCA025 produce much weaker variability at all scales than the observations, particularly for Kelvin
and MJO modes (wavenumbers 1-3 and periods 30-90 days). The bottom row shows the difference plots
which highlight the lack of wave power at the dominant equatorial wave modes and MJO. The difference
between N2160RCA025 and N960RCA1 (Figure 5d) suggests that there is an increased Kelvin wave power
and not much difference for any other wave properties. Both model versions produce a consistent lack of
inertia-gravity waves.

The MJO is known to be a difficult phenomenon to represent in global models (Jiang et al., 2015). The Uni-
fied Model is known to produce a relatively weak MJO propagation in most model intercomparison studies
(Kim et al.,, 2014). Much effort was put in to understand this model behavior, particularly the role of convective
entrainment (Klingaman & Woolnough, 2014; Walters, Boutle, et al., 2017) and air-sea interactions (DeMott
etal,, 2016) in the Unified Model. A description of the model components and the impact of various physics
changesin the development of HadGEM3-GC3.1 are provided in Williams et al. (2018). Due to the differencesin
the main features of Tropical Intraseasonal Variability with season, the propagation characteristics are exam-
ined separately for boreal winter and summer. Figure 6 (left column) shows the MJO propagation as lead-lag
correlation values of intraseasonal c