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Abstract

This study undertakes a CMIP5 model selection specific to the Winter Rainfall Zone
(WRZ) of South Africa, seeking to reduce the range of future climate projections through
identifying a subset of models with increased realism and independence. In order to nav-
igate the subjectivity in identifying relevant circulation metrics to assess models against,
the ‘Day Zero’ drought is used as a characteristic episode. Here initially the extensive
literature produced subsequent to the drought has been drawn on to identify and eval-
uate relevant regional process metrics, before utilising the anomalous conditions during
the drought to validate various assessment methods. The dynamics subsequently iden-
tified as being most influential to rainfall supply in the WRZ include the South Atlantic
subtropical jet stream responsible for steering of mid-latitude storm systems, the South
Atlantic subtropical high, and the presence, or preferably absence, of precipitation block-
ing subsidence, and the prevalence of mid-latitude storm systems, critical for transport
and upliftment of moisture to the region. Models were subsequently assessed against
these metrics and scored following the technique of McSweeney et al. (2015). Unrealistic
models were removed from the ensemble while significantly biased models were also ex-
cluded as their absence did not significantly reduce the range of future projections. The
same scoring methods were then utilised to create a genealogy of models attaining simi-
lar results to that of Knutti, Masson & Gettelman (2013). A subset of 6 CMIP5 models
which are more independent and historically more realistic than that of the full ensem-
ble were subsequently identified. While the range of future temperature projections of
the final ensemble are somewhat constrained in comparison to the full ensemble, the
primary utility is argued to be the reduced number of models where a future researcher
may consider each model’s projected future climate pathway individually before select-
ing a model, or models, which best informs their use case, whilst being assured that
this model performs suitably well in the region and that the initial ensemble considered
adequately represents model uncertainty, while strong similarity between two or more
models within the ensemble will not be unduly biasing results.
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Part 1

Introduction and Literature Review

Introduction

The WRZ of South Africa is unique to the southern African region as it relies on different
regimes for moisture supply and experiences distinct climate modes than that of neighbour-
ing regions. The region can be typified by extreme gradients both spatially and across the
meteorological seasons. The spatial extent of the WRZ cannot be easily defined, whilst be-
ing the area where winter rainfall dominates is self-explanatory a large transition area exists;
north along the length of the Atlantic coast the influence of cold fronts diminishes, before the
Namib desert prevails, while to the east summer rainfalls, aided by the warm Agulhas current,
become increasingly prevalent contributing to an increasingly all-year round rainfall regime.
Inland, to the north-east, the Cape Fold Belt mountains serve to block winter storms from
accessing the continental plateau giving way to a convective summer rainfall regime (Reason,

2017).

The WRZ has experienced persistent droughts of varying magnitude over the past decades,
often resulting in water restrictions being imposed on the region. The most intense of which
occurred over the period 2015-2017 resulting in the most severe water shortage in 113 years
and the Western Cape being declared a disaster region (Botai et al., 2017). Thus, reliable and
actionable future climate projections are critical for future resource planning in the growing
Cape Town metropolis (Ziervogel et al., 2010). Distilling climate information to inform such
critical decisions is a complex task which needs to consider multiple lines of evidence across
differing scales and disciplines, with the ultimate goal being to provide robust and reliable
climate information with low uncertainties, that in an ideal circumstance is tailored to the
context of a specific decision maker (Jack et al., 2021).

At present climate models curated through the Coupled Model-Intercomparison Project (CMIP)
and utilised in the latest Intergovernmental Panel on Climate Change (IPCC) climate science
assessment reports, present the primary source of evidence for what future climate may look
like under various emission scenarios (Meehl et al., 2014). Here advances in computation along
with improved understanding of physical processes has resulted in increasingly realistic Global
Circulation Model’s (GCM) as well an increasing number of GCM’s within the CMIP ensem-
ble. Various methods of downscaling these GCM’s such as through Regional Climate Models
(RCM’s), curated through projects such as the Coordinated Regional Downscaling Experiment
(CORDEX), can provide increased spatial resolution. At very high spatial resolutions this
allows for explicit modelling of deep convection (Stratton et al., 2018) and regional moisture
transport characteristics and thus potentially more realistic regional climate responses. Alter-
natively statistical downscaling methods develop statistical relationships between circulation
and surface responses such as daily rainfall and can be used to improve the representation of
local responses in models. Applied to GCM output or to that of RCM output, can provide



additional sources of evidence for what future climate a region may experience. However, as
the models, methods and number of these projections has increased so too has the number of
projected future climate scenarios.

Thus, deciding which projections are most likely or robust has become an increasingly diffi-
cult task. Traditionally where strong agreement exists within the ensemble that projection
is considered to be more likely than those with little agreement. The validity of this ap-
proach is however dependant on whether the projections from within the ensemble can be
considered independent (Knutti et al., 2010). Alternatives to this approach of equally weight-
ing each model include; model selection studies where a sub-selection of better performing
models are selected, or model weighting studies where better performing models are given a
higher weighting. However, all model selection studies are constrained in the very nature of
assessing a model against an unknown future, thus relying entirely on historical performance.
McSweeney et al., (2015) present an approach where instead of considering which models per-
form best, the problem is considered as which models perform unrealistically or poorly and
do not change the range of future projections and can thus be removed. This therefore places
emphasis on models which have shown to realistically capture dynamics important to a region
and removes those that are unable to capture the relevant dynamics or indeed do capture the
relevant dynamics but display significantly more bias in so doing than other models within
the ensemble without providing additional information on what future climate may look like.
Instead, this approach relies on other models within the ensemble that project a similar future
climate pathway and do not display a significant unrealistic bias. This presents an opportu-
nity to reduce uncertainty and range of projections but also provides a platform for selection
of ensembles or single models without the risk of selecting an unrealistic or poorly performing
model. This would prove particularly useful for future hydrological or downscaling studies
where model selection can have a significant impact on results.

In any model selection study, selection of metrics against which to assess models presents
a significant challenge - with relating each metric directly to the region in question being
scope for a study in itself. This study explores this challenge in the context of the WRZ of
South Africa, where a lack of strong regional or global teleconnections, or other clear drivers
of regional climate variability are present (Wolski et al., 2020). This study takes a unique
approach to metric selection where metrics are considered using an episodic approach, drawing
on the storyline approach of Shepherd et al., (2018), where climate change is considered
utilising past significant events (episodes) rather than relying on semantic statistical points
of reference. The benefits of this are two-fold; firstly, identifying the driving dynamics behind
a past period of anomalous climate presents less of a challenge than identifying metrics as
a function of long-term climate change induced trends, where separating natural climate
variability from significant trends is a challenging task and often hampered by the relatively
short timespans of observational or reanalysis data available. Secondly, by considering a
known past event the significance of changing climate shifts from a future existential risk
to a present and continued threat to present day society, where psychologically these past
experienced episodes can be more easily related to by a reader than intangible statistical



quantifications of climate change. By considering climate change to be an already present
threat, rather than seeking to identifying what future climate risks a region may experience,
the problem is instead framed as what risks the region has experienced in the recent past, or
is presently experiencing, and to what extent future climate change may further exacerbate
these risks.

In this case Cape Town’s ‘Day Zero” drought, whose severity and increased likelihood has been
attributed to climate change (Otto et al., 2018; Sousa et al., 2018; Burls et al., 2019), is used
as the episodic reference point where through leveraging the literature produced subsequent
to the ‘Day Zero’ drought, relevant dynamics are identified by first constructing a storyline
describing the anomalous climatic conditions during the ‘Day Zero’ period and next by consid-
ering the ability of subsequently developed metrics to capture these anomalous conditions as a
benchmark against which to assess the metrics relevance to the WRZ region. Selected metrics
will then be used to score the realism of CMIP5 models, where a model that fails to capture
the dynamics that can result in a ‘Day Zero’ type drought in the WRZ would be considered
unfit for utilisation in future climate projections. The aim of this study is thus to first identify
a set of dynamics relevant to the WRZ before using these identified metrics to select a reduced
ensemble of CMIP5 models, that display increased realism when considered in the context of
large-scale climate dynamics relevant to the WRZ, while also ensuring model independence
within the ensemble is increased relative to that of the full CMIP5 ensemble.



Literature Review

The Winter Rainfall Zone

The WRZ is distinct from the rest of South Africa as it primarily receives winter rainfall,
where the average daily rainfall in winter months (JJA) is 167% greater than that of the
non-winter monthsl. Further-more, rainfall in the region is spatially diverse with steep topog-
raphy resulting in distinct climatic variation across the Cape Fold Belt Mountains. Rainfall
to the region is primarily supplied by eastbound extratropical cyclones. The sudden rise of
the Andes mountains over 2000 km to the west disrupts the otherwise continuous ‘roaring for-
ties and furious fifties” wind belts, giving genesis to a steady stream of extratropical cyclones
(Hoskins & Hodges, 2005). From here, a number of variables including a sufficient supply of
moisture across the Atlantic, favourable mid-latitudinal temperature gradients and suitable
stratospheric conditions determine whether these sub-tropical systems will traverse the At-
lantic and impact the Western Cape peninsula. Invariably, only a minority of extratropical
cyclones formed bring sufficient moisture for a rainfall event to occur in the Western Cape.
The frequency and intensity of extratropical cyclones impacting the WRZ is influenced by a
number of mechanisms.

Influences include shifts in the position and intensity of the South Atlantic High Pressure
as well as the presence of transient high pressure ridging activity (Burls et al., 2019), the
positioning of the subtropical jet stream, or overall positioning of the westerly wind belt
impacting the track and intensity of extratropical cyclones (Mahlalela, Blamey & Reason,
2019; Sousa et al., 2018). Sufficient supply of moisture particularly from tropical South
America (Reason, Jagadheesha & Tadross, 2003) and the presence of upstream atmospheric
river events (Blamey et al., 2018) further influence rainfall in the region. Increased low
level convergence west of the Cape peninsula can also serve to enhance rainfall in the region
(Reason, Jagadheesha & Tadross, 2003). Temporally-sporadic cut-off low events can also
result in extreme rainfall and flooding in the region (Favre et al., 2013). During the summer
when the westerly storm track is located further south, southerly flow, from transient coastal
low-pressure systems, bring moisture from the cold Benguela current to the region. On longer
seasonal time-scales influences from climate indices such as El Nino — Southern Oscillation
(ENSO) (Philippon et al., 2012) and Southern Annular Mode (SAM) (Reason & Rouault,
2005) have been observed, as well as relationships with South Atlantic sea surface temperatures
(Reason & Jagadheesha, 2005a) and Antarctic sea-ice anomalies (Reason et al., 2002).

The WRZ is distinct from the rest of Southern Africa in that it does not experience the same
strong ENSO teleconnections (Reason & Jagadheesha, 2005b). While some connections have
been linked between winter rainfall in the WRZ and South Atlantic sea surface temperature
(Reason, Jagadheesha & Tadross, 2003) and Southern Annular Mode (Reason & Rouault,
2005), the teleconnections remain relatively weak resulting in weak statistical correlations.
Wolski et al., (2018) utilize a Self-Organizing Map (SOM) based classification for rainfall over
Cape Town where the greatest explanatory power is related to atmospheric pressure. This is
consistent with the region being dominated by mid-latitude low pressure systems, with the
depth of these systems being the primary determinant of rainfall event intensity and duration.



This is contrasted to Johannesburg, located in the northern inland summer rainfall region,
where moisture availability has the greatest explanatory power. However, the study finds
that even the highest portions of variance explained by SOM node frequencies remains below
60% and can be as low as 8% of variance explained. Daron et al., (2019) utilize a climate
process chain technique to better conceptualize climate processes in South Africa, where rather
than the traditional reductionist approach of relating climate or weather to a single process,
a holistic view is taken where process chains are used to account for multiple cross scale
interactions focused on specific climate outcomes of societal importance. This technique is
used to relate SAM to Winter Rainfall in the Western Cape, shown in figure 1. Here an
example of a specific process chain is given as: “Negative SAM meaning a greater equatorward
extent of the circumpolar westerlies —Shifted meridional circulation —Equatorward shift
in the subtropical jet location over the South Atlantic —Increased moisture flux from the
subtropical Atlantic —Enhanced moisture supply to cold fronts moving towards South Africa
—Increased rainfall and a higher risk of wet winters in the Western Cape region with associated
heavy rainfall events.”

SSTs in Indian and

South Atlantic Vertical Convection
SSTs in the Ocean; Regional tropospheric and cloud
equatorial Pacific pressure fields winds formation
Walker circulation Atmospheric Regional Temperature and Seasonal
Rossby Wave moisture moisture over rainfall over
propagation advection southern Africa southern Africa
Outcome
Process
System state
@8 oriver

Figure 1: CPC (Climate Process Chain) linking circumpolar westerlies in the Antarctic to heavy
rainfall events in southwest southern Africa. Adapted from Daron, J., Burgin, L., Janes, T., Jones,
R.G. & Jack, C. 2019. Climate process chains: Examples from southern Africa. International
Journal of Climatology. 0(0). DOI: 10.1002/joc.6106.

Future Climate Projection Techniques and future WRZ Climate
Projections

Continued global record high temperatures, the proliferation of extreme weather events and
climate conscious movements, particularly from the youth (Sabherwal et al., 2021), has once
again brought climate change into the global consciousness. While the exponential growth of
clean energy and continued policy shifts from leading nations gives cause for hope, the question
remains whether the current rate of change is enough to avoid a climate disaster. Locally the
‘Day Zero’ drought spanning the period 2015-2017, where three consecutively dry winters
meant severe water rationing was required to ensure continued water supply to the Cape
Town metropolis, has served a stark reminder that the WRZ, like many subtropical regions
globally, is particularly vulnerable to changing climate. Thus, increasingly decision makers
need reliable and actionable future climate projections to better motivate for mitigation and
inform adaptation measures.



umulative Rainfal
|

Figure 2: Monthly precipitation (mm) from 27 CMIP5 models (grey) and NOAA 20th Century
Reanalysis (blue) utilising the nearest grid point to 34°S 18°E. top left: Historical ensemble
considering 1950-2005. Top right: rcp8.5 ensemble considering 2045-2100. Bottom: Rainfall

anomaly (rep8.5 — historical) considering the same periods, 33rd-67th percentile indicated by box

and 10th — 90th percentile indicated by whisker extent. Code Link

The Coupled Model Intercomparison Project (CMIP) forms the basis for future climate pro-
jections allowing different climate modelling groups to compare results under a common set
of anthropogenic greenhouse gas and other radiative forcing scenarios. Climate projections
from the 5th CMIP project (CMIP5) indicate a strong probability of continued increasing
temperatures under all emission pathways in the WRZ region, while late twenty-first century
projections under the high emission rcp8.5 scenario indicate an increased probability of severe
drying in the WRZ region (DEA, 2018, pg 110). This combined with the observed widening of
the tropical belts resulting in poleward migration of mid-latitude storms (Seidel et al., 2008),
consistent with 21st century Global Climate Model (GCM) simulations indicating poleward
migration of storm tracks and mid-latitude precipitation (Yin, 2005) highlights the risk to re-
gional water resources and hence the importance of understanding the implications of climate
change to the Western Cape.

At present, multi-model coupled Atmosphere-Ocean Global Circulation Model (AOGCM)
ensemble projections are considered the forefront in quantifying future climate change. The
climate change projections produced by the IPCC in the AR5 special report, which rely
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on the ensemble of GCM simulations curated through CMIP5, present the forefront of future
climate projections. The CMIP5 ensemble has now been superseded by CMIP6 where outputs
are being finalised and will be synthesized in the 2022 IPCC sixth assessment report. The
findings from the IPCC reports are however, intended only as a high level summary and do not
always provide suitable information at regional scales (Hewitson et al., 2017). As an example
the AR5, Adaptation and Vulnerability report does not specifically differentiate between the
WRZ and the rest of Southern Africa (IPCC AR5 I, 2014), while the AR6 regional fact
sheet differentiates west and east Southern Africa, where the WRZ would fall into the West
Southern Africa subregion (IPCC ARG I, 2021) Instead, decision makers need information at
regional and even local scales. Here, given the regions vulnerability to water scarcity, the
future climate projections and climate risk resources presently available to a water resource
manager in the WRZ are discussed.

Figure 2 considers the projections from the CMIP5 model ensemble for the period 2040-2060
for monthly rainfall over the WRZ region, a metric of particular relevance to water resource
planners. Here variations in model projections from wetting to extreme drying can be seen.
The multi-model ensemble mean indicates drying across all winter months, however the 10th
— 90th percentile ranges from little to no change to extreme drying in winter months. The
historical CMIP5 model results all broadly capture the seasonality of the region; however,
the model spread is very broad. Further, most models are seen to underestimate the start
of the rainy season in April, whilst model spread is largest in June and July when monthly
rainfall is at its peak. Some models fail to accurately capture the end of the rainy season in
September and two models are seen to overestimate the Autumn and early winter rainfall by a
large amount. However, these projections are for a large area, and when the spatial extent of
rainfall changes are considered further discrepancies exist, such as the GISS-E2-H-CC model
indicating wetting over the Southern tip of the country but overall drying in the south western
Domain (Mahlalela, Blamey & Reason, 2019). This may indicate these projections are highly
sensitive to the region selected and dynamics may not in all cases be well captured (Mahlalela,
Blamey & Reason, 2019).

CAPE TOWN INTNL. AIRPORT ( altitude 42m )
Total monthly rainfall RCP 8.5

@ (increase) @ (decrease) 10th to 90th percentile range 2050 - 207q

Total monthly rainfall RCP 8.5 (mm)

-40
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 8: Total monthly rainfall anomaly under the RCP8.5 scenario considering the period
2050-2070 against an 1980-2000 baseline. Figure available from: hitps:/cip.csag.uct.ac.za/
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Utilising this raw model output for decision making contexts without some form of ‘expert’
guidance is thus not a reasonable approach, nor is this raw data easily available to the public.
Nevertheless, making climate data easily available to the public is a key part of climate com-
munication. Climate Information Website’s seek to provide a bridge between climate science
and society (Hewitson et al., 2017), by providing post processed future climate projections
in easy-to-use public facing portals. One such example being the Climate Systems Analysis
Group Climate Information Portal (CIP) (https://cip.csag.uct.ac.za/). Figure 3 considers a
future projection of total monthly rainfall for a station in the Cape Town Metropolis, available
from this particular CIP.

Here an ensemble of 10 different CMIP5 models are statistically downscaled to a weather
station located at the Cape Town International Airport. The 10th to 90th percentile of the
ensemble projections is used to quantify potential future climate states, while black lines in-
dicate individual models which have purposefully not been named. This visualizations format
is intentionally chosen to provide the user with easily attainable and actionable information
whilst conveying realistic constraints in the skill and uncertainties of the projection. Here,
similar to the projections from the raw CMIP5 ensemble considered in Figure 2, increased
likelihood of drying is seen in all seasons and particularly so in the early winter period. How-
ever, this projection does indicate somewhat increased likelihoods of wetting or no change
than that of the raw CMIP5 output, whether this can be attributed to the influence of statis-
tical downscaling or the reduced ensemble of CMIP models is unclear. Thus, here a balance
between enough technical detail to fully capture the data available and simplifying the data
enough to be usable for an end user exists (Hewitson et al., 2017).

For decision makers with more resources available an integrated climate service approach
provides the most holistic approach to constructing the most likely future climate states.
Here through expert analysis climate-information can be synthesised to best suit the needs of
a particular decision maker (Hewitt, Mason & Walland, 2012). For instance, the statistical
downscaled outputs available from the CIP can be contrasted against dynamically downscaled
outputs available through the CORDEX project and the benefits of each method considered.
In the case of water resource management coupling these downscaled outputs to a streamflow
model can provide a more comprehensive picture, while drawing upon the wealth of literature
that already exists around the WRZ can be used to add further sources of evidence to support
a particular future scenario. These could include; considering the poleward migration of
extratropical cyclones and its implications for subtropical regions such as the WRZ (Sousa et
al., 2018), considering the shift in rainfall event intensity in the WRZ linked to Hadley Cell
expansion (Burls et al., 2019), considering the prevalence of drought in the early winter period
in recent years (Mahlalela, Blamey & Reason, 2019), understanding the role cut-off lows play
in extreme rainfall in the region (Abba Omar & Abiodun, 2020; Engelbrecht, Engelbrecht &
Dyson, 2013) as well as the role atmospheric river events play in transporting moisture to
the region (Blamey et al., 2018). Further, when considering the precise locations relevant
to the decision maker different dynamics could be relevant given the extreme spatial rainfall
gradients in the region (Wolski et al., 2020). Quantifying the future risk of extreme events,
such as drought, is always a challenge when considering future climate. However, through
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considering the role climate change played in increasing the likelihood of the ‘Day Zero’
drought (Otto et al., 2018) as a result of changing rainfall regimes, end users can better infer
societal consequences and make better informed decisions.

While the information available through an integrated climate service and a climate infor-
mation website is significantly different, both fundamentally rely on the CMIP ensemble for
providing a baseline quantification of future climate states. Here assessing the realism of these
CMIP models in a particular region will add value to both these use cases, through supporting
or opposing each model, and the projected scenarios thereof. A climate services group can
incorporate these findings into future research and focus downscaling efforts on these better
performing models while considering only the most realistic models can provide a more robust
outlook in the CIP without adding any further complications to the end user.

Uncertainties in Ensemble Projections

Knutti, (2010) considers the problem of GCM model assessments in a seminal editorial “The
End of Model Democracy” where the practice of utilizing ensemble model spreads with a ‘one
model one vote’ approach is questioned. Here the previously held argument that increasing
the number of independent models should inherently reduce the uncertainty, as is the case
in Bayesian statistics, is questioned. The present status-quo of utilizing the ensemble mean
to provide a best guess future climate projection is reliant on considering the error between
individual models and observation to be random and independent. Here, when considering a
set of independent time series with a random error the mean of the series will have an error
lower than that of an individual member such that as the ensemble size approaches infinite the
error approaches zero. While in the CMIP ensemble one model may perform better than the
ensemble in a single variable, no model performs better than the ensemble across all variables
due to the ‘cancellation of errors’ (Flato, 2011; D’Ercole et al., 2018). This same cancelling
out of extremes within the ensemble members also results in the ensemble mean having a lower
variance than that of observations, while individual models have a variance more similar to
reality and thus can better capture extreme climate events (Bishop & Abramowitz, 2013).
While, in most cases, considering the mean of the ensemble does result in reduce error when
considering historical runs against observed climatologies, whether this remains true in future
projections under differing emissions scenarios and where model spread is significantly larger
is an unknown. If models are instead considered to provide ‘replicate earths’ with discrete
trajectories for the Earth, rather than approximating reality, then the ensemble mean would
not be expected to converge to reality (Tebaldi & Sansé, 2009; Knutti, 2010; Bishop &
Abramowitz, 2013). Further the basis of considering the ensemble mean as a more reliable
projection is reliant on models being independent, however many share core components or
utilize the same parameterization of unresolved processes such as convection and as such rather
than a cancellation of errors an amplification of systemic bias from a particular model group
may be present (Knutti, 2010; Knutti, Masson & Gettelman, 2013; Munday & Washington,
2019).

Models within the CMIP5 ensemble are often generational which further reduces independence
within the ensemble. For example the Australian Research Council Centre of Excellence for
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Figure 4: ”(a) The model “family tree” from CMIP3 and CMIP5 (marked with asterisks) control
climate observations (ERA40/GPCP and NCEP/CMAP), shown as a dendrogram (a hierarchical
clustering of the pairwise distance matriz for temperature and precipitation fields) Some of the
models with obvious similarities in code or produced by the same institution are marked with the
same color. Models appearing in the same branch are close, and similarity is larger the more to the
left the branches separate, for a detailed description of the method see Masson €& Knutti, (2011))
(b) Same but based on the predicted change in temperature and precipitation fields for the end of
the 21st century in the RCP8.5 scenario relative to control.” Adapted from Knutti, R., Masson, D.
& Gettelman, A. 2013. Climate model genealogy: Generation CMIP5 and how we got there.
Geophysical Research Letters. 40(6):1194-1199. DOI: 10.1002/grl.50256

Climate System Science models ACCESS1-0 and ACCESS1-3 are different versions of the same
model and hence share significant components, while both ACCESS models are also based
on the HadGEM2 atmospheric dynamics core. Knutti, Masson & Gettelman, (2013) capture
this relationship between models through considering the linkage distances between models,
where model similarity is quantified by a Kullback-Leibler divergence, a distance metric that
utilizes the spatial field of monthly values in a control simulation without external forcing and
considers the seasonal cycle, the interannual variations, and spatial correlations. These linkage
differences are shown in figure 4, where clear groupings within modelling groups are shown.
Thus, clear difficulties in considering the mean ensemble projection occur in that groups that
have produced more than one model or have shared base code with other groups effectively
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have more ‘votes’ than a modelling group with a single-fully-independently-developed model
would have.

The tendency toward similar solutions across all modelling groups is also significant in that
while global climate models are primarily based on solving fundamental physical equations,
limitations imposed on resolution and radiative transfer computations by todays computing
power, mean that complex and multiscale processes such as cloud or ice formation need to
be solved through heuristic processes, known as parametrizations. These parameterizations
require delicate tuning to ensure that model results and observations match as closely as
possible. Hourdin et al., (2016) argue that due to the subjectivity in selecting what parameters
to tune the model against and the limited scope for testing different parameterizations, due
to the huge complexity of GCM’s, the tuning process is as much an art as it is a science. The
subjectivity of this tuning process is a primary reason why even models that share no base
coding’s cannot be considered to be entirely independent and arguably a reason as to why
some models are better suited for some applications than others. For example, a model that
has had its orographic drag specifically tuned2 may better capture relief induced subsidence
than a model that has not and thus would perhaps perform better in capturing the large-scale
subsidence across the South Atlantic induced by the Andes Mountain range. However, there
is a possibility that tuning to better fit a metric to observations may mean it will no longer be
physically consistent with the sensitivity of this particular metric to changing climate, where
this tuning is done in an unphysical manor (Eyring et al., 2019). Further tuning against one
particular metric may degrade performance against another.

Model Selection

This inherent lack of independence among models indicates that considering each models
output equally is suboptimal (Eyring et al., 2019). Evaluation of models against observations
to provide a weighting in favour of more realistic models and potentially reduced uncertainty
presents a clear way forward. However, here the problem of deciding an appropriate weighting
adds yet another layer of uncertainty to the final projection. Selecting a benchmark against
which to assess model realism is not a trivial task considering evaluation against the future
state they are projecting is an impossibility (Knutti et al., 2010) - the very nature of future
climate being uncertain. Instead, models can only be assessed against present day climate,
with the sensitivity of models to different future forcing scenarios being a key area where
no robust assessment of each model’s realism is possible. There is no definitive method of
assessing the realism of a model, whereby every assessment is conditional on the particular
variable, domains, statistics, and other assumptions made during the assessment.

Sanderson, Knutti & Caldwell, (2015a) analyse both model independence and performance
by considering inter-model distances between the principal components of a high dimensional
matrix constructed using key model diagnostics, where seasonal mean values from the gridded
historical model outputs are normalized and concatenated into a single high dimensional ma-
trix across the CMIP5 models, principal component analysis (PCA) to reduce the data series to
a small number of orthogonal components. Next multidimensional scaling is used to construct
a 2-dimensional space that exhibits the same interpoint distances as that of the components
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from the PCA analysis. Hereby using model error to assess both model independence and
skill. Through this analysis the CMIP5 ensemble can be resampled to models that are more
similar to observations and are more independent than the full ensemble. However, somewhat
paradoxically when the ensemble is weighted to maximise model independence and realism
is not accounted for, the error between the ensemble and historical observations is greater
than that of the full ensemble. This is as a result of a quasi-natural selection, where through
the sharing of code and knowledge across the climate community and some institutions pre-
senting more models than others, the climate community has already upweighted models that
historically perform best, therefore demonstrating that the present status quo of considering
each model equally is in fact an unconscious model selection. However, when the ensemble is
sub-selected to maximise both realism and independence the error between the ensemble and
historical observations can be significantly reduced. Nevertheless, whether past performance
can be used as an indication for future performance remains a key uncertainty.

McSweeney et al., (2015) outline an alternate approach where models are assessed against
present day climate and those which are deemed to be unrealistic or biased and within the
range of the remaining ensemble are removed, improving the realism of the ensemble while pre-
serving the maximum range of future climate projections, thus effectively applying a weighting
of either 1 or 0 (Overland et al., 2011). This approach is applied over the continental regions;
South-East Asia, Africa, and Europe, where the abilities of models to represent crucial dy-
namics for each region is considered. Models are subsequently classified as: being satisfactory,
having biases, having significant biases or being implausible. The models are then considered
relative to their influence on the range of projections. Using this solution ensures that sat-
isfactory models are favoured while those with significant biases are only considered if their
absence significantly affects the range of outcomes. Those deemed to perform sufficiently
poorly as to be implausible are not considered, Overland et al. (2011), refer to this type of
approach as “more of a model culling than a model selection”. Thus, the goal of reducing the
number of poorly performing models within an ensemble whilst still preserving a representa-
tive range of future climate projections is achieved. A key difference between this approach
to that of Sanderson, Knutti & Caldwell, (2015) is that the final ensemble is selected to max-
imise discrete future climate pathways, rather than maximise that of independent models, as
measured by past performance.

McSweeney et al., (2015) utilize an approach of continental scale model selection under the
premise that such an approach reduces the overhead of interfacing GCM’s and RCM’s for
modelling groups and the need for multiple selection studies. However, Overland et al. (2011),
highlight that the increased diversity at the regional scale makes elimination of models more
feasible and defendable. Further while, this large-scale approach utilized by McSweeney et al.
does consider the performance of models in capturing African temperature and precipitation
climatologies, an emphasis is placed on the performance of the models in simulating West
African monsoon and ENSO teleconnections dynamics, with the former having no directly
observed influence and the latter weak teleconnections in the WRZ. However, it is important
to remember that the quality of projections needs to be related to more than just mean climate
states as it is not clear to what extent models are tuned to represent previous mean climate
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states (Overland et al., 2011).

This type of model culling approach presents some clear benefits. In removing models that
are unrealistic, the range of model spread for a particular region can potentially be reduced.
Gershunov et al., (2019) assess the performance of CMIP5 models in simulating atmospheric
river events in western North America and find that by only considering models which ac-
curately capture the dynamics of present-day atmospheric river events the range of future
rainfall regime projections in the region can be constrained. When considered in the context
of dynamical downscaling projects, presenting a smaller ensemble to be downscaled by remov-
ing unrealistic models or removing worse performing models with similar projections to more
realistic models computational and human expense can be significantly reduced allowing for
resources to be focused on downscaling of models that are most realistic.

Model selection does however not guarantee constrained future projections. Kolusu et al.,
(2021) considered various common model selection techniques of CMIP5 models over eastern
Africa including, considering the ensemble mean or uniform weighting; a binary inclusion or
exclusion approach such as Gershunov et al., (2019); the approach of Sanderson, Knutti &
Caldwell, (2015) considering both independence and performance; as well as an approach of
excluding implausible models that lie on the extremities of predictions, utilised by Rowell,
(2019) and not dissimilar to the approach utilized by McSweeney et al. (2015). Here Kolusu
et al., (2021) find each method to have little influence on risk profiles in two case studies,
whereby sensitivity to model weighting is far exceeded by bias in correction methodologies
and only the most aggressive model weighting approach could influence decision making.
Here while the range of future climate projections could be somewhat reduced through model
selection no impact on the risk profiles in each case study could be made. Thus, in this case
the difficulty presented in quantifying the uncertainty of the new distribution outweighs the
benefit of narrowing the distribution from the full ensemble in the first place.

Assessment Metrics

While model selections are naturally constrained in having to assess models against past
rather than future performance, the metrics through which this is done and how selection of
different metrics may affect results is a significant source of uncertainty. Sanderson, Knutti &
Caldwell, (2015) consider the variables: precipitation, top of atmosphere long- and short-wave
radiation flux, surface temperature, zonal temperature and zonal humidity when constructing
their multidimensional matrix to score CMIP5 models. Here intermodal distances calculated
using only surface temperature are strongly correlated to that of the multivariate case, while
considering any of the metrics alone is seen to have little effect on the final ensemble selection.
Whether this remains true at a regional rather than global scale however is uncertain, but it
does highlight the interlinked nature of variables within the climate system. Further to what
extent model tuning against these parameters may have influenced results is unclear.

Santer et al., (2009) analyse the ability of CMIP3 models to capture water vapour in tropical
ocean basins and find no relationship between a model’s ability to capture annual mean
climatological values and their ability to capture the seasonal cycle or the amplitude or pattern
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of variability. Thus, arguing that at the least a model selection needs to consider seasonality as
considering only annual climatology is liable to more influence from model tuning techniques,
while capturing the seasonal cycle relies on the model accurately representing the underlying
physics.

Model selections are often considered on global or continental scales, while climate adaptation
decisions are made on regional scales (Hewitson et al., 2017), and thus metric assessments
should reflect this. A model which, for instance, captures tropical sea surface temperature
and cloud relationships accurately could not necessarily be expected to perform better in a
sub-tropical region (Knutti, 2010). In regions with strong relationships with singular climatic
drivers, such as sea surface temperature-cloud relationships in East Africa (Rowell, 2019) or
atmospheric river event frequency in western North America (Gershunov et al., 2019), iden-
tifying metrics with which to assess models is straight forward. However, in regions where
climate drivers are diverse selecting metrics presents a considerable task. Quagraine et al.,
(2020) use co-behaviour to navigate this uncertainty, where automatic feature detection tech-
niques are used to identify various co-behaviour modes across several GCM’s and the anomaly
in 700 hPa pressure, temperature and precipitation over southern Africa of each model under
various co-behaviour modes is assesses, allowing for the assessment of a model’s ability to rep-
resent the interactions between large-scale process and the impacts on the southern African
region.

Thus, given the above constraints to contemporary model selection efforts this work develops

a set of model evaluation metrics which are directly relevant to the unique WRZ of South
Africa.
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Part 11

Methodology, Data and Metric
Selection

Methodology

The methodology of this study is divided into 4 sections. Initially selection of metrics against
which to assess GCMs, this is discussed in the ‘Metric Selection’ section below while the
methods used in each specific metric assessment are discussed in the dedicated chapter ‘Metric
Evaluation’. After models have been scored against each metric each model is designated as
performing either ‘realistically’; ‘biased’, ‘significantly biased” or as ‘implausible’. Next each
model will be considered in context of its future projections as well as relative to sibling models
to identify models for exclusion. Sibling models will be identified using the same metrics as
the models are scored against. Finally, the projections from the final ensemble are contrasted
against the full ensemble. These four model selection steps are further discussed below:

1) Selection of metrics to assess models.

Metrics are selected through a literature review, where the ability of the selected metric to
capture changes in mean climate during the ‘Day Zero’ drought period is used as an ‘acid test’
to ensure the chosen metrics are directly relevant to WRZ climate. This is discussed further
in the dedicated ‘Metric Selection’ section.

2) Evaluate all models and categorize models as ‘implausible’, ‘significantly biased’, ‘biased’
or ‘realistic’.

Here each model’s performance is considered against each metric and scored as being realistic,
biased, significantly biased or implausible. These designations will be made relative to the
NOAA 20th Century Reanalysis dataset (NOAA 20CR) (Slivinski et al., 2019). NOAA 20CR
is used as the reference reanalysis primarily to the increased timespan available than that the
other reanalysis dataset, ERA5 (Hersbach et al., 2020), considered. Models that are the most
similar to the reanalysis being scored realistic and the least similar being deemed implausible.
Because there are no obvious thresholds for categories each category will be differentiated
relative to the worst scoring model. A number of different scoring techniques are considered
for each metric to ensure consistent scores are realized before a final scoring technique is
selected.

3) Designate ‘Model Family’ groupings and select only best performing models from these
groupings in order to increase model independence within the final ensemble.

Utilising the same techniques used to score models, the similarity between each model is cal-
culated and a pairwise matrices of model similarity is constructed. Ward’s minimum variance
clustering technique is then used to create a dendrogram of model similarity, where ‘sibling’
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groupings are designated, and worse performing siblings are eliminated.

4) Refer to each models’ future projections complete decision matrix to identify models for
further exclusion.

Figure 5 provides a schematic of the final selection process where, after scoring models and
designating sibling groupings, implausible models are removed before considering significantly
bias models that don’t add any further information to the range of projections than that
of better performing models are excluded. Finally models with a better performing sibling
present are excluded, where sibling models receive the same score the sibling model which
serves to increase the range of projections is selected.

Assess Model Performance And Designate Scores And Remove Significantly Biased Models Which Do Not Remove models with a better performing sibling, or
Sibling Groupings Increase The Range Of Projections As Well As Implausible where sibling’s receive the same score select the
Models ‘outlying’ sibling

Sibling Group A:
Model A1 -

Model A2 — SigHicantg
Biased

Sibling Group B:
Model B1 — Biased
Model B2 — Biased
Sibling Group C:
Model C1 — Biased
Model C2 — Realistie
Model C3 — Biased
Sibling Group D:
Model D1 —

Model B1

Model C2 Model C2

Model A1

Model D1
Model A2
Time Time

Sibling Group E: Model A2

Model E1 -

Figure 5: Schematic of the Model Selection Process described above. Where models B1,C2 and A2
are presented as the reduced ensemble, which retains a similar range to that of the initial 9 model
ensemble while excluding unrealistic models and increasing ensemble independence by including only
a single model from each sibling grouping.
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Data

Assessments will be made against the CMIP5 ensemble Historical runs which span the period
1850-2005. This ‘historical’ run is a core part of the CMIP5 experiment, where models are
forced by observed atmospheric composition changes, from both natural and anthropogenic
sources, and including land -cover changes. This experiment allows for evaluation of models
against observed climate variables over most of the industrial era (Taylor, Stouffer & Meehl,
2012). The intention across this study is to maximises the ensemble wherever possible, thus
the ensembles utilised across the three metric evaluations differ due to availability of different
variables across models within the CMIP5 ensemble. The largest possible ensemble within
each metric is preferred as any persistent bias from the CMIP5 ensemble in a specific metric
will be easier to identify in a larger ensemble. While performance of different models can
be contrasted against one another. Where performance in a single metric may be binary in
that some models capture the dynamic well while others do not or instead a steady decay
from better to worse performing models may exist. The final model selection only includes
models with the necessary variables available across all three metrics. The primary source
for the CMIP5 data is from the Earth System Grid Federation data nodes (https://esgf-
node.llnl.gov/projects/cmip5/), made available via the University of Cape Town’s Climate
Analysis Group (CSAG) storage and computing facilities. Limits on data availability are
diverse and can stem from data corruption temporary or otherwise on the ESFG nodes or the
local server, and in some cases modelling groups may choose not to preserve certain variables
due to storage limitations or model design. In this study models are assessed against the
NOAA 20th Century Reanalysis (NOAA 20CR) (Slivinski et al., 2019) over the period 1950-
2005. This time span is chosen to maximise the ensemble size as historical CMIP5 runs prior
to 1950 are not available across all models, while the longer 1950-2005 span of NOAA 20CR
is preferred over the shorter (1980-present) span available from ERA5 where shorter term
climate variations may have a larger impact. NOAA 20CR is used as a proxy of ‘real world’
conditions during this period. NOAA 20CR spans the period 1900-2015 and thus ERA5
reanalysis product (Hersbach et al., 2020) will be used for assessing anomalies during the
2015-2017 ‘Day Zero’ Drought against a 1980-2018 baseline climatology.
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Metric Selection

This initial step of selecting metrics presents a considerable task and is the primary source
of uncertainty within the study. Relating even a single metric and quantifying its influence
over the climatic conditions in the WRZ is scope for a study in itself. The WRZ presents a
particularly challenging region due to both its size and the extreme climate gradients within
the region. Further rainfall trends within the region are not homogenous. Wolski et al., (2020)
studied the spatio-temporal variability of rainfall trends within the Cape Town Region, defined
as the area 35°S -31°S and 18°E to 21°E, and highlighted this heterogeneity identifying three
subregions with distinct interannual and seasonal variability as well as longer term rainfall
trends. In this context it is important to highlight that the purpose of GCM’s is not to forecast
future climate at any given point (the WRZ is represented as a single grid point in some of
the lower resolution GCM’s), but rather to capture how global climate dynamics may shift in
a warmer future climate. Relating these shifts to the context of a particular region remains
an important but separate task.

The metrics against which the models are assessed should reflect this and rather than compar-
ing performance of historical climate simulations in the region directly to that of climatology,
a model that performs well in the region is instead defined as one that captures a broad
range of dynamics relevant to the region. These dynamics could include those outlined in
the climate process chain developed by Daron et al., (2019). Further a model that performs
well should capture the relationships between these dynamics and anomalous behaviour in
the region.

Shepherd et al., (2018) present storyline-based techniques as a means of navigating the ‘cas-
cades of uncertainty’ in the chaotic earth system, whereby relating dynamics directly to a
real-world event with societal impacts presents a means to reduce uncertainty by simplifying
process networks, whilst still maintaining grounding in robust physical aspects. A story line
is defined as ‘a physically self-consistent unfolding of past events, or of plausible future events
or pathways’ (Shepherd et al., 2018). In this case the ‘Day Zero Drought’ provides a con-
venient reference point as a significant recent event, while the wealth of literature developed
subsequent to the drought is used to define which global processes are most relevant to the

WRZ.

Among the literature covering the ‘Day Zero” drought the key themes across various studies
attribute the anomalous condition experienced during the period to: a weaker and poleward
displaced jet stream (Sousa et al., 2018; Mahlalela, Blamey & Reason, 2019); increased sub-
sidence and ‘blocking’ activity induced by the South Atlantic Subtropical High (Mahlalela,
Blamey & Reason, 2019; Burls et al., 2019); and reduced rainfall intensity from winter storm
systems (Burls et al., 2019). Thus, a storyline could follow as:
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“A multi-year period of reduced winter rainfall in the Western Cape region due to
southward displacement of extratropical cyclones and the South Atlantic Subtropical
High resulting in increased blocking frequencies in the region, reducing the intensity
and duration of rainfall events.”

Potential exists to expand this storyline however a key emphasis of the storyline approach is to
ensure all processes remain physically plausible. Further benefits of this storyline technique are
that instead of the traditional semantic approach of considering risk along arbitrary definitions,
the risk is directly related to real world experience in an episodic manor, helping people
better digest such information in a response known as availability bias (Shepherd et al., 2018;
Kahneman, 2011).

It is however important to ensure the metrics selected are important to the region as a whole
and not just during a drought period. Thus, the processes against which to assess models are
considered foremost from a synoptic point of view, where dynamics that are most critical to
rainfall events occurring in the WRZ are considered, before relating these to drought events.
The dynamics considered are the subtropical jet stream in the South Atlantic, responsible for
steering of mid-latitude storm systems, the South Atlantic subtropical high, and the presence,
or preferably absence, of precipitation blocking subsidence, and the prevalence of mid-latitude
storm systems, critical for transport and upliftment of moisture to the region. The ‘Day Zero’
drought is then used as an acid test, such that if the metric fails to capture a meaningful
anomaly in reanalysis models during the ‘Day Zero’ drought period, then the effectiveness of
this particular metric to the WRZ is questioned.

In the chapter ‘Metric Evaluation’ the key dynamics from this story line, namely the jet
stream, the high-pressure system, and cold fronts in the South Atlantic, will be discussed
before various methods to quantify these systems are considered and their response during
‘Day Zero’ contrasted. These methods are then used to quantify CMIP5 model performance
against that of reanalysis.
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Part 111

Metric Evaluation

South Atlantic Mid-Latitude Jet Stream

Introduction

The position of the jet stream has a strong influence on climate in the WRZ, where the sharp
seasonal temperature and precipitation gradient is a function of the seasonal north-south pro-
cession of the jet stream and associated wind belt. The South Atlantic presents a particularly
interesting midlatitude region, where a marked double character of the Southern Hemisphere
jet exists. Here the upper-level jet stream alternates between a more typical single jet centred
around 40°S and a less typical quasi-seasonal double jet structure with the subtropical jet
located around 30°S and a polar front jet situated around 60°S, this double jet structure be-
comes more pronounced as meridional temperature gradients increase through austral winter
(Gallego et al., 2005). The influence of the Andes is responsible for this duality where the in-
terruption of the westerly wind belt causes cyclogenesis to occur from relatively low latitudes
through to extreme high-latitudes in the Drake passage, resulting in this vacillation between
a one-jet and two-jet state (Spensberger & Spengler, 2020) Cold fronts, responsible for the
majority of rainfall in the WRZ, are embedded in the jet stream and thus more make landfall
at the relatively far north southern tip of Africa during the double structured phase of the
South Atlantic jet. Tennant and Reason (2005) find there is no obvious distinction in the
seasonal mean kinetic energy of the sub-tropical wind field between wet and dry years in the
WRZ, as well as in southwestern Western Australia where the bifurcation of the jet is a more
frequent occurrence. This transient nature of jet thus presents a challenge in identifying a
climatology in these regions and perhaps explains why automatic feature detection techniques
have been favoured in previous studies relating jet stream variability to WRZ climate.

The Southern Annual Mode (SAM) index is often used to describe the non-seasonal meridional
movement of the westerly wind belt in the Southern Hemisphere and is the leading mode of
variability in the extratropical Southern Hemisphere on weekly and centennial time scales (Lim
et al., 2016), whereby a positive (negative) SAM is characterized by a poleward (equatorward)
shift of the eddy driven jet and associated extratropical storm tracks (Kidson, 1988). A
robust trend in future climate projections is a shift toward a more positive SAM, with clear
implications for regions reliant on extratropical systems for moisture supply (Lim et al., 2016).
Reason & Rouault (2005) highlight the influence of SAM on the WRZ where 6 out of the past
8 driest winters (JJA) during the period 1948-2004 occurred during a positive SAM phase.
Further, using the method outlined by Marshall (2003), defining SAM by utilizing station-
based data to consider the pressure difference between 40S and 65S, Sousa et al. (2018) show
that indeed the positive SAM trend continued during the ‘Day Zero’ drought, and for the first
time in three decades, a positive SAM occurred in all three parts of the winter rainy season for
successive years in a row (Archer et al., 2019). Daron et al., (2019) feature SAM as a primary
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link in their WRZ climate process chain, where a negative SAM and associated, equatorward
shift in the subtropical jet stream enhances the risk of a wet winter and extreme rainfall over
the WRZ, while the converse would be expected during a positive SAM.

However, while a positive SAM is conducive to reduced rainfall in the WRZ, it does not
guarantee reduced rainfall, with SAM describing a hemispheric rather than regional process.
Instead, a long wave trough and associated anticyclonic anomaly occurring in neighbouring
ocean basins, alongside a persistent positive SAM, further exacerbated the drought condi-
tions during the 2015 -2017 period (Archer et al., 2019). While SAM was first defined using
station-based observations along the Antarctic coastline and isolated observations from the
few island atolls in the Southern Ocean (Marshall, 2003), a now more widely used technique
to define SAM within climate simulations is instead to consider the primary principal com-
ponent of Southern Hemisphere Sea level pressure. However, relating modes of variability
to physical process remains a complex task, where Wittman, Charlton & Polvani (2005) ob-
serve that across all numerical models, regardless of complexity, the north-south jet wobble
is captured as the first principal component, due to the nature of the north-south precession
being symmetrical across the jet’s maximum. While meridional displacement of the zonal
wind flow is strongly tied to the SAM phase, a similar link is not observed between SAM
and eddy kinetic energy (Spensberger et al., 2019), where a strengthening of the circumpolar
jet is associated with a poleward shift, as defined by the transformed Eulerian momentum
equation (Kidston et al., 2015). Further SAM is not homogenous across the Southern Hemi-
sphere during winter, seasonal variations in shape and structure of SAM exist and correlations
with SAM are not seasonally consistent. Kidson (1988) attribute this to zonal wavenumber
3 (kz-3) superposition while Ding et al. (2012) attribute this behaviour to a tropical Pacific
induced low-frequency Rossby wave influence. These low frequency planetry waves, known as
Rossby waves, can be used to quantify such variations in the circumpolar flow. Tennant and
Reason (2005) find anomalies in the circumpolar flow during wet winters in the WRZ appear
to resemble a wavenumber-1 anomaly, while dry winters are associated with a wavenumber-3
superposition.

Spensberger et al. (2019) argue that the Antarctic continent has a disproportionate influence
over SAM, where instead SAM is seen to be a measure of the degree of thermal decoupling
between the Antarctic continent and that of the Southern Ocean, and as such influence of
SAM onsub-tropical jet stream meridional movements has previously been overstated. Thus
given the complexity of midlatitude variability in the South Atlantic basin it is preferred
instead to opt for a more straight forward method considering the position and shape of the
South Atlantic Jet Stream on a daily basis, before developing a

climatology of the distribution of the jet across the South Atlantic. The aim here is to find a
relatively straight forward technique to score the performance of CMIP5 models in capturing
midlatitude dynamics, where the jet stream is the single most dominant feature in the region.
Here methods of comparing jet stream simulations of varying complexity are considered.
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Analysis
1-Dimensional Jet Analysis

A common geometric approach is to consider the jet stream as a maximum in the zonal wind
flow, where the latitude of maximum wind-speed after fitting a quadratic is used to denote
the jet latitude. Barnes and Povlani (2013) use this geometric technique alongside a principal
component analysis to study the projected changes in the structure of the jet stream under
increased CO2 emissions.

ACCESS1-0 Zonal Wind

500-250 hPa Pressure Weighted 850-700 hPa Pressure Weighted Lanczos Filter Applied

Figure 6: Illustration of the process of calculating the ‘I-dimensional’ jet stream metric using the

ACCESS1-0 model as an example. Left — 500-250 hPa pressure weighted average of daily mean

zonal wind. Middle — considering only the lower level 850-700 hPa levels. Right — After Lanczos

filter has been applied to the 850-700 hPa levels. Jet Latitude denoted by the solid line, FWHM

captured as the distance between the dashed lines and Speed as the mazimum zonal mean velocity,
15.9 m/s on this particular day. Code Link

The area 40W to 30E is considered to include the entire South Atlantic basin and Indian
Ocean sector directly to the east of the WRZ to capture the influence of where the Agulhas
current meets the Southern Ocean (Reason, 2017). The pressure weighted average of daily
mean zonal wind from 850mb-700 hPa is then calculated. A lower level is preferred as the
distinction between the lower eddy-driven jet and the higher thermally driven subtropical
jet is strongest. The eddy-driven jet being more easily related to synoptic weather events
and where the influence of the rapid ozone depletion and recovery that occurred during the
analysis time period is less evident, a particular concern as the CMIP models with interactive
chemistry do not necessarily share the same ozone forcing’s as non-chemistry models. Further
a known limitation of low-top CMIP5 models is a lack of stratospheric variability (Gerber
et al., 2012). A 10-day low-pass Lanczos filter is then applied to this using 41 weights.
This filtering approach is utilised in order to reduce noise associated with individual synoptic
events (Hamming, 1998; Lorenz & Hartmann, 2001; Barnes & Polvani, 2013). The effect of
this filtering is highlighted in figure 6. In order to quantify the daily latitude, velocity and
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width of the jet stream, the zonal average U-wind value is calculated, where the maximum
U-wind value represents the jet velocity. The latitude is then calculated by fitting a quadratic
to this maximum value and the two-neighbouring grid-points and considering the vertex of
this quadratic as the jet latitude. Jet width is then captured as the ‘Full Width Half Mean’
(FWHM) where the north and south extent of the jet are classified as the latitudes where jet
velocity is half that of maximum jet velocity, the distance between the northern and southern
extents then quantifying the width of the jet. The position of the FWHM is estimated through
linear interpolation between the nearest 2 grid points.

A summary of the results are included in Table 1. Distributions of the 10-day filtered jet
stream metrics are calculated using a Kernel Density Estimation method, where each value is
represented by a Gaussian curve centred at its value and at each grid point these values are
summed and the area under the resultant curve is normalised to 1. The bandwidth, which
determines the number of grid points much like the number of bins in a histogram, is calculated
using Scott’s rule (Scott, 1979) which is a function of the standard deviation, inter-quartile
range and number of independent data points. Function given in equation 1:

eql.bw = 1.059 x min (0, IQR x 1.34) x 21675

There are many different interpretations and implementation of this, however the influence is
minor provided the input data is continuous; for instance, considering jet latitude or width
without interpolation in lower resolution models yields perturbed results due to grid point
intervals being smaller than model resolution.

ACCESS1-0 Jet Analyses

=~ Model Latitude 60
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Figure 7: Jet latitude, width and velocity distributions, approximated using the kernel density
methods described above. Dark lines indicate the distributions of the ACESS1-0 model in this case,
while dashed lines are that of NOAA 20th Century Reanalysis. Lighter lines in the background are

that of the CMIP5 models.

Table 1 captures the key descriptors of these metrics. Winter anomaly considers the mean
difference between winter (JJA) values and climatology, whilst seasonal precipitation correla-
tion refers to the correlation between the seasonal mean of a metric and that of precipitation
anomaly in the WRZ.
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Table 1: Results from the Zonal Jet analysis Code Link
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In order to provide an absolute score to each model the integral of the area difference is
calculated by inspection. Figure 8 shows a visualization of this for the HadCM3 model where
this technique considers both differences in shape of the distribution as well as displacement.
Area differences have been calculated using 1000 inspection points where a limit is seen to be
approached after 100 inspection points. This approach was initially chosen to provide both
a quantitative score and visual representation of shifts in distribution, as seen in figure 8. In
practice a two-sampled Kolmogorov-Smirnov test yields similar results. Results from the area
differences have subsequently been normalized assigning each model a score from 1 to 0 where
0 is the most similar to reanalysis and 1 the least. The area difference scores are calculated
against the distributions of daily mean jet metrics considered on a season-by-season basis.
Figure 9 highlights the need for considering seasons separately where the seasonality of jet
width and latitude is captured as a shift in distribution rather than a simple transformation
of mean position. The method of disaggregating models into respective climatological seasons
to score against reanalysis is preferred as both seasonal and synoptic time-scale variability are
considered.

2-Dimensional Jet Analysis

While the double structure observed in the high-level Subtropical jet is less prominent in
the low-level eddy-driven jet, this feature does still persist and is subject to influence this
method of jet tracking, and perhaps explains why jet width rather than latitude is more
strongly correlated to WRZ rainfall anomalies. Thus, a second 2-Dimensional technique is
also considered, and the results compared.

Rather than considering zonal wind, here the daily mean wind speed is calculated, before the
same Lanczos-filter is applied to the 850-700hPa pressure weighted mean values. Influenced
by Sousa et al. (2018), where the jet position is simply considered as the area where seasonal
mean wind speed exceeds 20 m/s and the change in area during the 'Day Zero’ Drought is
contrasted against that of climatology. Sousa et al. (2018) utilize the subtropical jet for
this purpose, however a similar shift in the eddy-driven jet is also seen during the 2015-2017
winters and is preferred to remain consistent with the 1-dimensional analysis.
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Figure 8: Visualization of the area difference between the latitude distributions of HadCMS and that
of NOAA 20th Century Reanalysis Code Link
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Figure 9: Jet Latitude (a), Width (b) and Velocity (c¢) distributions decomposed into different
seasons, approrimated using the Kernel Density methods described above Code Link

Here the jet is initially defined as the area where seasonal mean wind speed exceeds the 90th
percentile of seasonal mean wind speeds, before a 2-dimensional field of the probability of the
seasonal mean jet occurring at each grid point is calculated. A further progression of this
method is to define the jet on a daily rather than seasonal timescale. This is computed by
defining the jet where the daily mean wind speed has exceeded the 90th percentile of daily
mean wind speed. Before computing the probability of the jet being defined at each grid point
on a season-by-season basis. Models are now ranked as a Root Mean Square Error (RMSE)
between the models’ probability field and that of Reanalysis. In order to calculate RMSE, the
CMIP model and Reanalysis must share a common grid thus each model has been re-gridded
to a 2x2 degree grid using a bilinear interpolation technique. The impact of this regridding is
believed to be relatively minor given the large scale of the mid-latitude jet structure.

Figure 10 shows the subsequent jet probability field using this metric. Again, due to the large
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Figure 10: NOAA 20th Century Reanalysis mean jet probability field. Contours indicate probability
of jet stream being defined over the grid point in a given day. Correlations between seasonal jet
probability and seasonal WRZ precipitation shaded, cross hatching indicates significance at p>0.05.
Units reflect probability of a jet stream being defined over a given grid point on a given day. Code
Link

scale of the mid-latitude jet structure RMSE is calculated across the full South Atlantic sector
as well as the Indian Ocean sector immediately to the east of the Western Cape [26S-60S,
40W-30E]. Similar to the 1-dimensional technique the RMSE of the jet probability field is
calculated for each season before combining these scores to form the final score. An area
weighted approach is utilised before the mean error across the region is calculated. The area
weighting approach is used to account for differences in the area represented by each grid
point as longitudinal distances between grid points reduces at higher latitudes.

— =

(a) Summer (b) Autumn (c) Winter (d) Spring

—0.135 -0.090 -0.045 0.000 0.045 0.090 0.135

Figure 11: NOAA 20th Century Reanalysis, seasonal jet distribution anomaly. Units reflect
anomaly of the probability of the jet stream being defined over a given grid point on a given day in a
season against the annual probability. Code Link

Figure 11 shows the seasonality of jet density in NOAA 20CR, where a clear increase in jet
density at the latitude of the WRZ is observed during winter and to a lesser extent during
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shoulder seasons. The double character of jet behaviour in the South Atlantic can also be
observed were in peak winter increased jet density is seen at 35 S as well as 65 S while
a deficit is observed at 40 S, this same behaviour is seen in Spring and to a lesser extent
Autumn (Gallego et al., 2005).
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Figure 12: As in figure 10. Figures are ordered as a function of final RMSE score with the best
scoring model top left and worst bottom right Code Link
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Day Zero Response

Here as outlined previously the ability of these quantifications to capture the anomalous
conditions during the ‘Day Zero’ drought is considered, where at a minimum, a reliable metric
would be expected to capture anomalous behaviour during the 2015-2017 period. Figure 13
shows the anomaly in jet behaviour in the extended winter (AMJJAS) period during ‘Day
Zero’drought captured by the 1-dimensional jet approximation.

NOAA Jet Latitude Day Zero Distri Shift » NOAA Jet Velocity Day Zero Distribution Shift NOAA Jet Width Day Zero Distribution Shift

(a) (b) (c)

Figure 13: Kernel Density Estimates of extended winter (AMJJAS) jet latitude, width and velocity
during the period 2015-2017 (red) contrasted against climatology (1980-2017) (black) Code Link

Here a poleward displacement in Jet Latitude is clearly seen during the ‘Day Zero’ period which
is expected and in line with the observed consecutive positive SAM events during these seasons,
illustrated by Sousa et al. (2018). A somewhat reduced range of Jet widths are also observed
while Jet velocity is seen to be increased. This poleward displacement and intensification of
jet streams has been an observed global trend in the late 20th century (Pena-Ortiz et al., 2013)
and is thus an expected result if the 'Day Zero’ drought was partly contributed to by climate
change (Otto et al., 2018). Figure 14 captures this prolonged intensification and poleward
displacement of the eddy-driven jet in the South Atlantic, however the 2015-2017 period is
still significant in that 3 of the 5 most southerly jet latitude years occur during this period,
while mean winter jet velocity was found to be elevated during the 'Day Zero’ period.
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Figure 14: Mean extended winter Jet latitude and width, blue line represents a linear regression
model fitted to the dataset, while light blue shading represents 95% confidence interval of this model
computed using a bootstrapping method. Code Link
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Figure 15 utilizes the 2-Dimension metric and captures similarly anomalous behaviour during
the ‘Day Zero’ period, with reduced jet activity observed north of 40°S and a marked increase
is seen at higher latitudes. Somewhat reduced jet activity is seen at extreme southern latitudes
at the longitude of the WRZ, possibly an indicator of a reduced double structured phase.

) 0.135
ERAS Day Zero Winter Anomaly

0.090
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- 0.000

- —0.045

—0.090
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Figure 15: ERAS jet distribution anomaly during the 2015-2017 period. Units reflect anomaly of
the probability of the jet stream being defined over a given grid point on a given day during the day
zero drought against a 1979-2019 baseline. Code Link
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Results

Both metrics are seen to capture the dynamics during the ‘Day Zero” drought successfully and
are included in the final results in figure 16.
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Figure 16: Area difference Scores and Rank across the different metrics, assessed against seasonal
distributions(1d) or probabilities(2d) Code Link

Strong agreements between 2-dimensional scores and that of 1-dimensional latitude and to a
lesser extent width exist, indicating that despite the known limitation of the 1-dimensional
metric defining only a single jet the 1-dimensional technique successfully differentiates between
models. 2-Dimensional scores are however preferred for the final results primarily due to this
method not requiring the added complexity of interfacing the latitude and width scores and
having to decide whether or not to include velocity in the final score. In reality, this choice
is of little consequence as scores being are very similar across the various metrics. Thus, the
final model section will be made using these ‘2-dimensional’ scores.
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South Atlantic Subtropical High

Introduction

The South Atlantic Subtropical High (SASH) is a semipermanent high-pressure system, also
known as the Saint Helena High due to its frequent position near the island nation at 25°
S 15° W. The system is largely responsible for the low rainfall and persistent SE’ly winds
experienced by the WRZ during austral summer months when the SASH is positioned further
east and presents a more consistent annular structure. In austral winter a zonally wider system
positioned further north and west (Hastenrath, 2012) ultimately allows for more moisture
bearing cold fronts to make landfall in the WRZ (Reboita et al., 2019). The non-seasonal
component of SASH variability also has a strong influence on WRZ climate. Burls et al., (2019)
attribute increased blocking patterns from SASH ridging events as the primary mechanism
behind the reduced rainfall during the ‘Day Zero” drought period.

Reboita et al., (2019) describe the drivers responsible for the genesis and variability of the
SASH as: subsidence from the southern edge of the Hadley Cell, sea air interactions, monsoon
driven subsidence from neighbouring continents as well as ENSO and SAM related telecon-
nections. Richter, Mechoso & Robertson, (2008) use an uncoupled numerical weather model
to study the sensitivity of the SASH to perturbations in prescribed orography, soil moisture
and sea surface temperatures. Removing South American topography highlights the role the
Andes Mountain range plays in blocking westerly flows into the Atlantic and inducing sub-
sidence, where in the absence of South American topography a single zonally homogenous
high pressure ridge forms over the South Atlantic and south Pacific oceans. This orograph-
ically induced subsidence is the dominant driver of subsidence across the subtropical ocean
basin. A possible concern in low resolution CMIP5 models is this disproportionate influence
of the relatively narrow mountain chain not being accurately captured by the low-resolution
models. While this orographically induced subsidence is responsible for the formation of the
SASH, tropical convection and equatorial SST is found to play a key role in modifying SASH
position. Richter, Mechoso & Robertson, (2008) find introducinga persistent warm bias in
the equatorial southern tropical Atlantic , a common systematic error in CMIP5 and other
coupled GCM’s (Toniazzo & Woolnough, 2014), results in an unrealistically zonally elon-
gated and westerly displaced SASH. Richter, Mechoso & Robertson (2008) find reducing soil
moisture over tropical Africa to desert like conditions resulted in increased zonal pressure
gradients across the SASH although the western bias continues to persist. Perturbations in
zonal sea surface temperatures are found to have little influence on modifying the SASH in
their simulations, however utilizing an uncoupled ocean-atmosphere model may have induced
this behaviour (Cabos et al., 2017; Reboita et al., 2019).

The seasonality of the SASH is driven in part by Northern Hemisphere tropical convection.
The increased intensity and wider SASH during Austral winter months is a result of increased
subsidence from tropical convection during the boreal summer Monsoon’s in tropical Africa
and India (Rodwell & Hoskins, 2001). While subsidence is the primary driver of the SASH,
a number of dynamics contribute to the anticyclonic rotation and position of the system.
The northern limb of the SASH is formed as a Kelvin wave response to heating over the
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African continent, while the cool Benguela current to the east acts to enhances the eastern
limb of the SASH (Peterson & Stramma, 1991). Upwelling of cool water by the northerly
flowing Benguela current along the southwestern African coast results in cool sea-surface
temperatures and subsidence of dry air. Equatorward flow is then further enhanced by strong
temperature gradients between the sea and warm Namib desert, while on the western side
of the South Atlantic the warm Brazilian current induces advection and further warming.
Increased convection along the Brazilian current during summer results in increased zonal
temperature gradients and a more annular SASH (Reboita et al., 2019). This annular structure
together with southward displacement, driven by seasonal Hadley cell oscillation, is responsible
for increased blocking frequencies in the southwestern Atlantic during summer contributing
to the dry and windy summer conditions in the WRZ.

He et al., (2017) find that increased tropospheric stability and changes in diabatic heating
under a future warmer climate will result in reduced SASH intensity while continued expansion
of the Hadley cell is expected to displace the SASH further south, consistent with more
summer like conditions (Sun, Cook & Vizy, 2017; Reboita et al., 2019). Sousa et al., (2018)
highlight how a poleward expansion of the Hadley Circulation Cell played a role in driving a
poleward shift in moisture corridors in the WRZ as well as how increased high-pressure ridging
occurring over the WRZ, contributed to the ‘Day Zero’ drought. Burls et al., (2019) find that
increased prevalence of post-frontal-high-pressure conditions have contributed to the increased
prevalence of drought in the WRZ, where ridging events enhanced by Hadley Circulation Cell
expansion act to suppress orographically induced rainfall in the region. Drought as a result
of increased ridging frequencies are not unique to the WRZ; a similar phenomenon occurred
during the similarly severe 2013-2014 drought in California and was dubbed the ‘ridiculously
resilient ridge’ (Swain et al., 2014). Increased GHG emissions have been linked to the increased
likelihood of both these events. Expansion of the Hadley Cell across the Southern Hemisphere
has been attributed as the primary mechanism behind increased ridging events in the WRZ
(Burls et al., 2019).

Thus, the dynamics of the SASH are multifaceted and sensitive to a number of perturbations.
Here the primary descriptors of SASH, namely central position, intensity, and extent, are
first quantified before the CMIP5 models and reanalysis are contrasted and compared with
literature. Scoring methods to rank the CMIP5 models are constructed using the SASH de-
scriptors. The ability of these descriptors to capture the 'Day Zero” drought is also considered
and the final scoring technique chosen as a function of this.

Analysis
1-Dimensional Analysis

Sun, Cook & Vizy, (2017) developed a climatology of the interannual variability of the South
Atlantic Subtropical High (SASH) by considering the latitude, longitude and intensity of max-
imum 850 hPa geopotential height across the meteorological seasons, utilizing a higher level
to lessen the influence of surface topography. Seasons where the position of the SASH is more
than 3 std-deviations from the mean position are considered as undefined. These are typically
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seasons with increased synoptic variability in the South Atlantic resulting in maximum geopo-
tential occurring over the African continent. The region from the equator to 60°S and 50°W
to 20° E is considered here. This method is applied to the 29 available CMIP5 models utiliz-
ing the historical experiment and NOAA 20th Century Reanalysis over the period 1950-2005.
ERAS5 reanalysis over the period 1980-2017 is also considered for reference. Positions of the
SASH are considered using seasonal mean geopotential rather than computing climatology as
a function of daily SASH centres, as the misinterpretation of transient anticyclones as SASH
centres can perturb results (Gilliland and Keim 2018a).
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Figure 17: Kernel density estimates of seasonal mean SASH centres (left) and mazximum pressure
(right) in NOAA 20th Century Reanalysis (1950-2005) Code Link

Of the 220 seasons considered, seasons where the SASH is considered undefined vary from
1-7 seasons across the CMIP5 models while 4 and 3 seasons are excluded from NOAA 20CR
and ERAb respectively. MIROC-ESM is however an exception where no variability in either
longitude or latitude of SASH is observed due to maximum geopotential occurring over the
African continent in all seasons, the model is thus excluded from further analysis.

Next, using the same technique used in that of the 1-dimensional jet stream analysis, a Kernel
Density estimation is constructed from these seasonal values before models are scored against
NOAA 20CR. Scores are calculated as a function of mean absolute error between the kernel
density estimations, on a season-by-season basis. . Figure 17 provides a visualization of
the kernel density estimates constructed for NOAA 20CR across the meteorological seasons.
Here the seasonality of the SASH in both the zonal and meridional is captured, where a
displacement to the south and east is seen in Summer contrasted to a more north and west
position during winter, shoulder seasons are seen to extend the furthest East and have a larger
range than that of winter or Summer. Median geopotential is seen to greatest in winter and
weakest in shoulder seasons.

Table 2 shows the results of the SASH tracking across the CMIP5 models. Of note is the
lack of evidence of a evidence of a systemic southern Bias. Instead, the best performing
CMIP5 models accurately capture the mean position of the SASH. ACCESS1-0 is seen to be
more similar to NOAA 20CR than that of ERA5, potentially due to the reduced variance of
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Table 2: Summary of results from SASH tracks. A positive Latitude Difference indicates a northern
displacement while a positive Longitude Difference indicates an eastern displacement Code Link

Latitude Longitude Pressure (gpm)

Model Mean |Difference |Std. |Range |[Mean |Difference |Std. |Range |Mean Difference |Std. |Range
IPSL-CM5A-LR -26.49 |0.52 2.2 |11.37 |-22.08 |-8.03 8.35 41.25 |1546.62 |-6.69 10.97 |54.59
MPI-ESM-MR -26.67 |0.33 2.75 |11.19 |-20.54 |-6.49 12.12 |46.88 |1558.66 |5.36 12.09 |59.88
MRI-ESM1 -24.14 |2.87 22 897 645 |20.5 15.09 |49.5 |1573.27 |19.96 13.62 [70.92
MIROC-ESM-CHEM |-26.19 |0.82 2.38 |11.16 |-19.14 |-5.09 9.71 |36.56 |1563.06 |9.75 9.77 |61.15
EC-EARTH -26.6 041 2.59 |10.09 |-20.46 |-6.42 11.73 |45.0 |1544.92 |-8.39 14.09 |62.0

HadGEM2-CC -26.21 0.8 2.23 |11.25 |-14.93 |-0.88 7.75 |39.38 |1548.54 |-4.77 8.81 |51.97
bce-csm1-1-m -26.04 |0.96 2.54 |12.34 |-19.78 |-5.73 11.33 |41.62 |1571.2 |17.89 8.12 |45.74
FGOALS-g2 -24.8 |2.21 2.16 18.37 |-21.9 |-7.85 6.51 [33.75 |1569.64 |16.33 9.02 144.8

ACCESS1-0 -26.58 |0.43 251 125 |-14.54 -0.49 7.52 |39.38 |1552.25 |-1.06 7.0 38.34
GFDL-CM3 -27.65 |-0.65 2.14 |10.0 |-22.14 |-8.09 7.71 |37.5 |1562.09 |8.78 11.87 |61.95
CanESM2 -26.06 |0.94 2.06 |8.37 |-22.38 |-8.33 8.55 |36.56 |1559.83 |6.53 8.67 45.45
IPSL-CM5B-LR -25.56 [1.44 2.14 19.47 |-19.7 |-5.65 8.87 41.25 |1540.18 |-13.13 8.12 40.91
MPI-ESM-LR -26.61 0.4 2.77 |11.19 |-22.14 |-8.09 10.97 41.25 |1556.29 |2.98 12.44 62.4

CMCC-CM -25.68 |1.33 2.95 |12.72 |-19.4 |-5.35 10.95 |45.75 |1550.53 |-2.78 9.26 |51.65
GFDL-ESM2G -26.84 |0.16 2.12 |10.11 |-21.32 |-7.27 8.25 |35.0 |1555.78 |2.47 11.24 |59.29
MIROC5 -27.43 |-0.43 247 |11.21 |-17.99 |-3.94 7.62 |33.75 |1564.33 [11.02 11.1  |54.7

MPI-ESM-P -26.67 |0.33 2.7 |11.19 |-21.37 |-7.32 11.41 41.25 |1555.34 |2.03 12.69 |66.58
CMCC-CMS -26.51 |0.49 2.72 |13.06 |-19.81 |-5.76 12.01 |41.25 |1557.42 |4.11 10.16 |61.29
CNRM-CM5 -26.57 |0.44 3.09 |14.01 |-16.14 |-2.09 10.7 |43.59 |1548.61 |-4.7 9.91 4341
IPSL-CM5A-MR -26.25 |0.75 2.84 |11.41 |-11.93 2.12 17.78 |62.5 |1561.53 |8.22 23.53 |78.16
ACCESS1-3 -26.94 |0.07 2.61 125 |-17.73 |-3.68 8.3 41.25 |1559.05 |5.74 745 |37.1

MRI-CGCM3 -23.93 |3.08 2.07 |7.85 |8.37 |22.42 14.01 |50.62 |1572.27 |18.96 14.33 [73.14
bce-csm1-1 -26.1 |0.91 2.09 |8.37 |-18.22 |-4.17 7.38 |36.56 |1565.8 [12.49 8.86 45.23
CMCC-CESM -26.23 |0.77 2.09 |11.13 |-23.6 |-9.55 13.11 [33.75 |1563.2 |9.89 10.73 |60.77
HadGEM2-AO -28.51 |-1.51 4.17 |21.25 |-13.41 |0.64 15.35 69.38 |1562.54 |9.23 14.51 |77.08
BNU-ESM -26.44 |0.57 2.17 |8.37 |-18.16 |-4.11 8.25 [36.56 |1570.44 [17.14 9.46 |51.7

NorESM1-M -28.55 |-1.54 1.92 [7.58 |-22.34 |-8.29 7.38 [35.0 |1574.38 |21.07 10.5 |55.15
HadCM3 -27.13 |-0.13 2.73 |125 |-19.88 |-5.83 7.49 [37.5 |1532.52 |-20.78 10.51 |58.26
GFDL-ESM2M -26.31 |0.69 25 [12.13 |-21.33 |-7.28 8.98 40.0 |1554.93 |1.62 10.46 |45.34
NOAA -27.0 |-0.0 1.69 |10.0 |-14.05 |-0.0 5.88 [26.0 [1553.31 |0.0 8.99 45.02
ERAS5 -26.37 |0.63 1.97 |9.25 |-15.39 |-1.34 6.26 |30.75 |1556.0 |2.69 9.24 45.56

NOAA 20CR compared to ERAS perhaps as a function of lower resolution in NOAA 20CR,
as well as ERA5 only considering 1980-2005 and thus not containing ‘pre-satellite era’ seasons
where reduced variance is captured by reanalysis due to fewer input data. Standard deviation
of SASH latitude and longitude is seen to be far larger in the CMIP5 models than in both
reanalysis models. A consistent western bias is seen across the CMIP5 models, with the
notable exception of both Meteorological Research Institute (MRI-ESM1 & MRI-CGCM3)
models where an extreme eastern bias is observed. A similar extreme eastern bias occurs in
some seasons in [IPSL-CM5A-MR.

Figure 18 provides a visualization of CMIP5 SASH positioning vs NOAA 20CR. A somewhat
increased spread of SASH centres is seen in the CMIP5 models with HadGEM2-AO being the
extreme example. Richter, Mechoso & Robertson, (2008) associate this deficiency in other
coupled ocean—atmosphere GCMs with the systematic overprediction of convection over the
tropical land surfaces.
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Figure 18: CMIP5 Seasonal SASH centers (red) compared to NOAA 20th Century Reanalysis
(blue). Figure is ordered from best to worst performing models as scored using the meridional
metric. Best top right to worst bottom left. Code Link


https://github.com/peterm790/MASTERS/blob/main/HIGH/SASH_1D.ipynb

2-Dimensional Analysis

To contrast against the results from the 1-dimensional analysis a second 2-dimensional tech-
nique is considered here. The same 850 hPa geopotential is considered, but rather than
defining SASH as the maximum geopotential, it is defined as the area defined by the contour
of 90th percentile geopotential height (gpm), in a similar fashion to that of the 2-Dimensional
Jet analyses and again inspired by Sousa et al., (2018) who use the extent of the 1020 hPa
mean sea-level pressure contour to visualize shifts in the SASH during the Dday Zero’ drought.
This 90th percentile extent is defined across each season over the period 1950 — 2005 and a
probability field of the SASH being defined over a given point is constructed for each sea-
son. Scoring is conducted using the same technique as that of the 2-dimensional jet analysis
where first models are regridded to a common 2x2 degree grid, using a bilinear interpolation
technique before the SASH extent probability field is constructed. This regridding is believed
to have little influence to final results given the large scale structure of the SASH. Models
are then scored as a function of RMSE as in the 2-Dimensional Jet Analysis, where an area
weighted approach is again utilised before calculating the mean RMSE across the region.

Figure 19 captures the seasonality in the SASH probability field for NOAA 20CR. Here a
reduced extent and more annular structure is evident in Summer whilst an increased extent
is evident in winter.

@

(a) Summer (b) Autumn
P IR
\ & €
(c) Winter (d) Spring
|

Figure 19: NOAA 20th Century Reanalysis 850 hPa Seasonal Mean Geopotential - 90th percentile
contour probability field. Code Link
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https://github.com/peterm790/MASTERS/blob/main/HIGH/SASH_2D_plots.ipynb

Figure 20 captures the anomaly between CMIP5 models and NOAA 20CR probability fields,
this time considering the probability field across all seasons. Models are ordered as a function
of final scores with best scoring top left and worst bottom right. ERA5 over the period 1980-
2005, included as a reference, has a somewhat northern bias compared to NOAA 20CR. The
best performing CMIP5 models, HadGEM2-CC and ACCESS1-0, display a similar northern
bias to ERA5. Notably these same 2 models also perform best in the 1-dimensional analysis.
The western bias, observed in the 1-dimensional analysis, is seen to some extent in all CMIP5
models.
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Figure 20: South Atlantic Subtropical High extent probability field anomaly contrasted against
NOAA 20th Century Reanalysis. Positive anomaly (blue) indicates increased SASH prevalence
while a negative anomaly (red) indicates reduced SASH prevalence. Code Link


https://github.com/peterm790/MASTERS/blob/main/HIGH/SASH_2D_plots.ipynb

Day Zero Response

Here the ability of these SASH metrics to capture the anomalous SASH behaviour during the
‘Day Zero’ drought is assessed, where CMIP5 models that could best identify future drought
risk in the WRZ region should, at a minimum, be able to capture the dynamics behind such
events.

Figure 21 captures the position and intensity of the SASH centres during the ‘Day Zero’ period,
as captured by ERAS reanalysis, here no clear or consistent anomaly is evident. Mahlalela,
Blamey & Reason, (2019) find a failure of early winter rainfall as key driver of drought during
the period and indeed the 2015 and 2017 Autumn, where rainfall is markedly reduced, has a
somewhat eastern bias. The Spring of 2015 and 2016 where rainfall is also reduced a northern
and western bias is seen contrary to what would be expected. The seasons where rainfall is
most reduced do appear to have reduced intensity compared to seasons with increased rainfall
however these reduced intensities are close to that of mean values.
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Figure 21: Kernel Density Estimation of seasonal SASH central location in ERAS5 reanalysis from
1980-2005. Scatter points indicate SASH centers during the ‘Day Zero’ drought, with years labelled
and the corresponding percentile of that season’s rainfall in parentheses. Code Link
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https://github.com/peterm790/MASTERS/blob/main/HIGH/ERA5_Day_Zero_heatmap.ipynb
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Figure 22: Extent of the 90th percentile gpm contour at 850hPa in ERAS Reanalysis. Climatology
(1980-2017) in Black compared to ‘Day Zero’ (2015-2017) in red. Code Link

Figure 22 instead considers the extent of the 90th percentile gpm contour during the ‘Day
Zero’ period, contrasted against climatology. Here a clearer picture of anomalous behaviour
during the period can be seen. Specifically, in Autumn and Winter, an increased extent in
the south and eastern sector is evident, the increased extent in this sector is likely driven by
the persistent ridging that occurred during the ‘Day Zero’ period. Thus the 2-dimensional
technique is preferred as it has the ability to account for the influence of transient ridges which
can be a dominant feature of drought in the WRZ.
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https://github.com/peterm790/MASTERS/blob/main/HIGH/ERA5_Day_Zero_contour.ipynb

Results

The final scores are included in figure 23. Models that perform well in capturing the meridional
position of the SASH also perform well in the zonal SASH position, However, pressure does not
correlate well to any of the other metrics. The models that perform best in the Meridional
and Zonal direction, HadGEM2-CC, ACCESS1-0 and bcc-csml-1, also perform well in the
2-dimension ‘contour’ scoring technique. The same is true for the worst performing scores.

Thus, the model selection will utilise theses 2-dimensional ‘contour’ scores.
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Figure 23: Results calculate as Mean Absolute Error between Kernel Density Estimation of SASH
centers. Results are normalized such that the worst performing models is scored 1 and a model
identical to that of NOAA20R scores zero. Net score is the sum of Meridional and Zonal Scores,

again this result is normalized. Code Link
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https://github.com/peterm790/MASTERS/blob/main/HIGH/Scores_Heatmap.ipynb

South Atlantic Cold Fronts

Introduction

Atmospheric fronts play a key role in weather and climate systems at mid-latitudes and
along with associated mid-latitude cyclones are a primary mechanism for meridional heat
and moisture transport. Cold fronts, embedded within mid-latitude cyclones or as a result
of atmospheric troughs, are the primary source of moisture for the WRZ. The upliftment of
warmer air ahead of the cold front, enhanced by the orography of the Western Cape, results
in rainfall over the region. The midlatitude jet stream is largely responsible for the steering
of eastbound midlatitude cyclones and associated cold fronts, while the presence of ridging

activity in the region may serve to suppress associated upliftment and reduce subsequent
rainfall (Odoulami, Wolski & New, 2021).

Lennard & Hegerl, (2015) use a station-based approach to classify synoptic types over the
WRZ and note an increasing trend in dry synoptic states during winter in the WRZ over the
period 1979-2009, while Odoulami, Wolski & New, (2021) find the ‘Day Zero’ drought was
typified by a reduction in the number of rain-bearing synoptic states as well as a reduction
in the amount of rainfall during wet synoptic states. Intuitively this could be associated
with a reduced number of fronts impacting the WRZ. Burls et al., (2019), study cold fronts
directly during the ‘Day Zero” period and instead find a reduction in rainfall associated with
cold fronts rather than a reduction in the absolute number of fronts, linking this reduced
rainfall to subsidence from increasing ridging activity as a result of Hadley cell expansion.
Mechanisms which strongly influence cold fronts have previously been considered in the jet
stream and SASH metrics, however here considering these transient fronts directly allows for
comparison of a model’s ability to capture dynamic systems while also including a metric
that does not consider a mean state and thus may be less susceptible to influence from model
tuning (Santer et al., 2009).

Scoring models against cold fronts directly rather than considering midlatitude cyclones is
preferred as whilst the two are typically associated the influence of a cold front can extend
thousands of kilometres from the centre of the cyclone and thus whether a cold front impacts
the WRZ is not necessarily predicated by the position of the associated cyclone. Thus, con-
sidering cold fronts directly can provide a more robust picture of WRZ dynamics. Automatic
identification of cold fronts is not a trivial task where manual identification by a weather
forecaster is still the preferred method of many national meteorological institutes. Automatic
detection does however provide many advantages particularly so in developing climatologys of
frontal passages from reanalysis and identifying future projected shifts from climate models
(Simmonds, Keay & Tristram Bye, 2012).

Selection of front tracking algorithms can have a significant influence on results (Schemm,
Rudeva & Simmonds, 2015). Broadly frontal detection techniques can be classified by either
considering thermal gradients, such as the thermal frontal parameter developed by Renard
& Clarke, (1965) which utilizes the first order derivative of wet bulb potential temperature,
potential temperature or equivalent potential temperature to define a front, or by considering

47



shifts in the wind field, such as that developed by Simmonds, Keay & Tristram Bye, (2012)
where a front is defined as a wind shift from the northwest to the southwest quadrant over a
6-hour period, along with a change in meridional wind speed that exceeds a given threshold.
Schemm, Rudeva & Simmonds, (2015) contrast these two techniques across various synoptic
situations and find both perform suitably well. The wind shift method is found to be better
suited for the detection of strongly elongated, meridionally orientated moving cold fronts,
which are typical of South Atlantic or Southern Ocean conditions and is thus utilised to
develop this metric.

Analysis

The method developed by Simmonds, Keay & Tristram Bye, (2012) and utilised by Burls et
al., (2019) to study changes in rainfall events associated with the passage of cold fronts during
the ‘Day Zero’ drought is adapted to score the performance of CMIP5 models in capturing cold
front dynamics in the South Atlantic region. Here 6-hourly synoptically sampled meridional
and zonal wind speeds from 16 CMIP5 models, with sufficiently high temporal resolution
data available, as well as ERA5 and NOAA 20CR reanalysis models, are considered and a
climatology of cold front activity in the South Atlantic region developed.

ERAS5 Front Tracking
1996-08-31718:00:00.000000000

Precipitation Rate (mm/hour) Native Front Tracking 2-Degree Regridded

0.00008 0.00024 0.00040 0.00056 0.00072 0.00088 5 10 15 20 25 30
mm/hour m/s

Figure 24: ERAS5 Frontal tracking. wind speed and direction with precipitation rate overlayed in
blue (left), and the frontal region indicated with cross hatching (middle), finally the frontal region
defined after the wind values have been regridded to a 2x2 grid (right) Code Link

A cold front is initially defined as a region were over a 6-hour period the wind has shifted from
the northwest to the southwest quadrant (a shift in a westerly wind from a negative to positive
meridional component), combined with a change in meridional wind speed exceeding 2 m/s.
This is sampled at 00z and 12z. Next, utilizing a segmentation technique grid points defined
as a front are linked with neighbouring grid points with an 8-point connectivity, achieved
utilizing the watershed segmentation algorithm, common in image processing and available
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https://github.com/peterm790/MASTERS/blob/main/FRONT/Demonstration.ipynb

through the scikit-image python library (Van der Walt et al., 2014). Finally, the length of
identified fronts is approximated as an ellipse and only fronts which exceed 500 km in length
are considered.

Simmonds, Keay & Tristram Bye, (2012) include further steps to improve visualization and
tracking of fronts by considering only easternmost grid points of each front before fitting
a resistant smoothing metric to longitude values to create a visually appealing frontal line.
Further through defining the ‘center of gravity’ of the front a cyclone tracking technique
adapted from Simmonds, Burke & Keay, (2008) is utilized to track frontal passages, where
only fronts that last for longer than a day are included in their final analyses. These final
steps however present significant challenges to implement across all the CMIP5 models while
tracking of individual fronts is not a priority and as such these steps have been omitted. Not
including a minimum time span for a front to be defined does appear to result in increased
activity over land areas, especially in higher resolution models, and as such models are only
assessed over an oceanic region defined by 60° south to 25° south latitude and 30° west to 10°
east longitude, indicated in figure 24.

Cold front identifying algorithms are known to be sensitive to the resolution of the model
considered and thus two separate scoring techniques are considered. First frontal zones are
defined in the model’s native resolution before calculating the average number of fronts defined
at each grid point for the meteorological seasons. This seasonal climatology is then regridded
to a common 2x2 degree grid to allow for scoring of models against reanalysis, utilising the
same RMSE area weighted approach as utilised in the 2-Dimensional SASH and jet stream
analyses. The second technique uses the same method however the 6-hourly wind component
fields are regridded to a common 2x2 degree grid before the frontal analysis takes place.
Figure 24 highlights the influence of interpolating ERA5 reanalysis to a lower resolution
before defining frontal zones, where reduced detail of fronts are captured and smaller frontal
zones are no longer defined, precipitation rate is included in figure 24 to highlight the role
cold fronts play in precipitation at subtropical latitudes.

Across the CMIP5 and reanalysis models the total number of fronts captured per season varies
greatly, such that without a normalization factor the ERAD reanalysis model scores worse than
all of the CMIP5 models, when computing fronts from both native and regridded data. ERA5
captures sgnificantly less frontal activity in the scoring region during the period 1981-2005
than that of NOAA 20CR. Thus, the seasonal climatologies are normalized by the maximum
number of fronts observed in all seasons. Considering instead the ratio of fronts observed in a
season to the maximum observed in all seasons in a model. While this normalization approach
no longer considers the ability of a model to capture the absolute number of fronts that occur
per season the ability of a model to capture the seasonality of cold front occurrences is still
preserved. The ability to accurately capture the absolute number of fronts is an important
metric to consider, but the sensitivity of the cold front algorithm to the level of detail captured
by the model is such that this is not easily captured.
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Figure 25: Normalized seasonal frontal climatology in NOAA 20th Century Reanalysis. (top left)
Summer, (top right) Autumn, (bottom left) winter, (bottom right) spring. Code Link

Figure 25 highlights the seasonality as captured by the NOAA 20CR model, where a zonal
translation of the belt of maximum frontal activity from Summer to Winter occurs, as well
as an expansion of the area of maximum activity during winter and shoulder seasons. A
final challenge is deciding on an appropriate baseline for scoring the models, previously the
maximum 1950-2005 period has been used as default. A complication experienced by all
reanalysis products over this time span is that upper air and satellite data only become
readily available after 1979 resulting in non-climatic discontinuities within the reanalysis. To
avoid this NOAA 20CR assimilates only near surface conventional observations that have
been available over the entire time span, these variables include surface pressure and marine
winds. The number of assimilated observations is however not continuous through time.
An increased number of observations would be expected to result in increased detail within
the reanalysis, this lack of observation data is particularly relevant for the remote scoring
region considered here. Secondly, NOAA 20CR is given two distinct designations 20CRv3si
and 20CRv3mo where the latter has prescribed SST and the former none, This change in
designation occurs from 1981 onwards (Slivinski et al., 2019). Figure 26 captures the influence
this has on the number of fronts captured by NOAA 20CR over the 1950-2005 period where a
significant increasing trend occurs before 1981, presumably associated with increasing number
of observations being assimilated, while inclusion of prescribed SST from 1981 onwards results
in similar interannual variability and trend as that of ERAH reanalysis.
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https://github.com/peterm790/MASTERS/blob/main/FRONT/Front_Plots.ipynb
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Figure 26: (a) NOAA 20CR pre and post ’‘satellite era’ data assimilation anomaly (b) Seasonal
mean number of fronts captured in the scoring region in NOAA 20CR (green) and ERAS reanalysis
(red). A normalization factor has been applied. Code Link

The final seasonal climatologies, as depicted in figure 25, are used to score the models using a
mean absolute error technique, as utilized in the previous ‘2-dimensional’” metrics. Figures 27
and 28 capture absolute error fields of annual mean frontal activity relative to NOAA 20CR.
Where figure 27 utilizes a 1950-2005 baseline, while Figure 28 considers the anomaly’s utilizing
a 1981-2005 baseline, both methods utilise the ‘native’ front detection approach, where little
difference is seen between native and regridded results. The persistent ‘under-reading’ bias
in the eastern section of the scoring region from NOAA 20CR utilising the longer 1950-2005
baseline is no longer evident when using the shorter 1980-2005 baseline, and as such more
varied bias within CMIP5 models are captured.
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https://github.com/peterm790/MASTERS/blob/main/FRONT/NOAA_old_new.ipynb
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Figure 27: Native annual mean front anomaly relative to NOAA20CR. Models ordered relative to
score, best top left worst bottom right Code Link


https://github.com/peterm790/MASTERS/blob/main/FRONT/Front_Plots.ipynb
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Figure 28: Native annual mean front anomaly relative to NOAA 20CR, utilizing a 1981-2005

baseline. Models ordered relative to score, best top left worst bottom right. Code Link


https://github.com/peterm790/MASTERS/blob/main/FRONT/Front_Plots.ipynb

Day Zero Response

Here the response of the cold front climatology developed using this method to the anomalous
conditions during the 'Day Zero’ period is considered. Figure 29 captures the distribution of
cold fronts to the immediate southwest of the WRZ, while scatter points indicate the number
of fronts during the ‘Day Zero’ period. The Spring 2016 is noteworthy as a significantly
reduced number of fronts is captured. However, while this was the driest spring during the
period the most significant rainfall anomalies were experienced during Autumn where the
number of fronts captured is near the median in all years. Remaining seasons are located
near the median although no seasons experienced above median number of fronts during the

period.
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Figure 29: Kernel Density Estimate of the number of fronts passing 84 S 17 E across the
meteorological seasons. Scatter points indicate the number of fronts that occurred during the
2015-2017 meteorological seasons. Code Link

Figure 30 captures the spatial anomaly in the number of fronts captured during the ‘Day
Zero’ period. Here, particularly in Autumn and Winter a positive anomaly south of 40°S and
negative anomaly north of 40°S is evident. However, this pattern is not homogenous across
space indicating the potential bias considering only a single grid point or small region, such as
in figure 29, may introduce. Thus, in the absence of other co-dependent factors, the reduced
rainfall experienced during the ‘Day Zero’ drought cannot be linked to cold fronts incidence
alone, however considering the spatial distribution of cold fronts across the South Atlantic can
provide a clearer picture than considering the number of cold fronts at a singular region.
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Figure 30: Anomaly in the number of cold fronts captured per season during the 2015-2017 ‘Day
Zero’ period against a 1979-2019 baseline. Code Link

Figure 30 captures the spatial anomaly in the number of fronts captured during the ‘Day
Zero’ period, here particularly so in Autumn and Winter a positive anomaly at southern of
40 degrees south and negative anomaly north of 40 degrees south is evident. This pattern is
however not homogenous across space indicating the potential bias considering only a single
grid point or small region, such as in figure 31a, may introduce. Thus, in the absence of other
co-dependent factors, the reduced rainfall experienced during the 'Day Zero’ drought cannot
be linked to cold fronts incidence alone, however considering the spatial distribution of cold
fronts across the South Atlantic can provide a clearer picture than considering the number of
cold fronts at a singular region.

Results

The final scores are included in figure 31. Here strong agreement exists between the ‘2 Degree’
and ‘native’ methods. The native method is preferred as the resolution of a climate model can
impose direct limitations on its usefulness to a particular region, thus considering a metric
which may be directly influenced by this is preferred. While the same three models, IPSL-
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CM5A-LR, CNRM-CM5 and BNU-ESM, perform worst regardless of the method or whether
a 1950-2005 or 1981-2005 period is considered, the choice of period does significantly influence
the remaining models. Here the shorter 1981-2005 period is preferred in part due to the
improved score of ERAD reanalysis and the increased spread in scores across the CMIP models.
Excluding the pre-prescribed SST years from NOAA 20CR is seen to be more beneficial than
considering a longer time span. Thus, the final model selection will utilise the scores from the
‘Native 1981’ technique.

Cold Front Scores
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Figure 31: Results from the scoring technique described above. Results are normalized such that the
worst performing models is scored 1 and a model identical to that of NOAA20R scores zero. Code
Link
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Part IV

Model Independence, Selection and
Projection Implications

Model Independence

In order to ensure the final ensemble increases both model realism and model independence it is
necessary to first quantify the similarity between models to identify ‘sibling” model groupings.
Projects such as the Earth system Documentation Project (ES-DOC) provide a platform to
better understand the particular composition of various climate models, such as the institute
leading the project as well as the underlying atmospheric, ocean and sea-ice models that
make up the model and the various physics scheme used therein (Greenslade et al., 2014),
however comparing various models remains difficult as the fundamental architecture of the
models varies greatly and as such comparison on a like-for-like basis of physics schemes is
not possible. Further while naming conventions tend to outline model groupings this is not a
given and as such it is preferred to have a more objective method to group the models.

Table 3: Pairwise Distances Between CMIP5 Models, as calculated utilising the final Jet, SASH
and Cold Front assessment techniques described above. Code Link

ACCESS1-0 |ACCESS1-3 [BNU-ESM_|CNRM-CM5 [ERAS |GFDL-CM3 [GFDL-ESM2G |GFDL-ESM2M_[IPSL-CM5A-LR IPSL-CM5A-MR_|MIROC-ESM-CHEM |MIROCS5 |MRI-CGCM3 |MRI-ESM1_|NOAA Jbcc-csm1-1_|bec-csmi-1-m
0 93 023 898 922 [1.51 426 455 403 568 091 396 671 706 077 |1512
962 0 213 088 146 [1.605 303 339 32 381 324 533 778 811 241 [1.603 456
664 758 0 532 6 872 865 762 a4 893 323 469 358 408 7 551 421
682 812 602 0 598 [1.008 644 508 713 077 714 03 426 458 668 [1.413 617
884 063 874 72 0 |1.605 387 416 332 494 968 33 802 849 818 [1.237 303

364 406 009 897 501 [0.0 372 507 31 055 017 811 627 623 518 [1.042 451
318 162 065 667 33 [1.417 0 605 49 285 226 062 [ 055 504_[1.699 595
274 127 84T 454 282 [1.484 573 0 18 028 964 006 046 417 |1.561 452
563 403 906 1 586 [2.549 518 487 186 a4 916 949 949 564_[2.289 389
392 147 056 208 409 [2.12 312 322 7 0 84 678 617 606 293 [2.247 217
687 803 264 574 655 [1.816 952 882 208 499 353 303 309 658 [1.579 389
068 104 484 931 076 [1.696 929 913 339 426 79 0 332 37 044 [2.298 217
771 831 963 888 98_[1.941 297 393 0 0 a5 957 0 336 158 [2.33 287

798 854 998 904 015 [1.92 331 424 968 954 24 981 33 0 187 [2.333 289
976 102 851 668 772 [1572 494 48 19 269 862 221 92 961 0 288 288
285 309 676 468 1106 [1.843 602 575 1949 191 774 463 955 981 .0 374
co-csmi-1-m 204 215 488 585 1164 [1.431 496 441 1904 102 532 298 895 907 1378 0

Knutti, Masson & Gettelman, (2013) create a genealogy of CMIP5 and CMIP3 models by
considering root mean square error of monthly mean and annual climatologies of precipitation
and temperature fields from the unperturbed pre-industrial control runs of the CMIP5 and
CMIP3 models. Before utilising a hierarchical clustering to create model family trees. Here
a similar approach is utilised to create sibling groupings of the models considered, but in-
stead of utilising temperature and precipitation fields to define the pairwise distance between
models the previously defined metrics are utilised. Where rather than scoring models against
only NOAA 20CR each model is scored against the next and the results of the ‘JET2D’,
‘SASH Contour’ and ‘Front 1981 native’ assessments are normalized and summed to create
the pairwise matrix seen in table 3.

Finally, the dendrogram shown in figure 32, is constructed from these pairwise distances
utilising the Ward’s minimum variance clustering technique. To further validate these results
the colour coding’s from the results of Knutti, Masson & Gettelman, (2013) are transposed
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Figure 32: Dendrogram showing hierarchical clustering of the pairwise distances shown in Figure
32. Color coding of labels have been transposed from Knutti, Masson & Gettelman, (2013): Climate
model genealogy: Generation CMIPS and how we got there - replicated in this paper in Figure 1a.
Code Link

on to the labels of figure 32. Here model clustering’s are seen to be largely confined to models
from the same institution, with the exception of MIROC5 and MIROC-ESM-CHEM, where
MIROCS5 is considered distinct model from its MIROC-ESM counterpart despite coming from
the same institution. Largely similar groupings to those identified by Knutti, Masson &
Gettelman, (2013) are identified, including that of the MIROC exception. The final sibling
groupings are indicated on figure 33.
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Final Ensemble Selection

The results from the chosen Jet Stream, Subtropical High and Cold Front assessment metrics
have been transposed on to the final results in Figure 33, while dark lines indicate divisions
between sibling groupings. Here the results have been normalized such that ERA5 reanalysis
represents a ‘perfect’ score of 0 whilst the worst performing model in this ensemble receives
a score of 1. This differs subtly to the scores in the previous metric sections where NOAA
20th Century was used as both the ‘reference’ model and ‘perfect’” model where now NOAA
20th Century remains the ‘reference’ model but instead ‘ERA5’ is used as the ‘perfect” model
against which to normalize scores. In practice this helps increase the range of scores within
the CMIP5 models.

Model Scores

BNU-ESM -

CNRM-CMS5 -

IPSL-CM5A-MR

IPSL-CM5A-LR

0.36 0.32 0.32 0.42

Model

bce-csm1-1-m

bcc-csml-1

-0.4

ACCESS1-3

ACCESS1-0

ERAS

MRI-ESM1

MRI-CGCM3

Figure 33: Final Model Scores from the Metric Evaluations. Here the results have been normalized
so the model least similar to NOAA 20th Century reanalysis scores 1 while the most similar model,
which in all cases is ERAS5 reanalysis scores 0. Thus utilising ERAS as reference for a perfectly
realistic model. Results are colour coded whereby: green corresponds to realistic, yellow - bias, red -
significantly bias and purple - implausible. Code Link
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Here the intention is to select only a single model from each sibling grouping to increase model
independence. Divisions between scoring categories are entirely subjective and such it was
decided to simply proceed with four categories of equal size such that a score of: 1-0.75 corre-
sponds to implausible; 0.75-0.5 corresponds to significantly bias; 0.5-0.25 corresponds to bias
and 0.25-0 corresponds to realistic. Where a score of 1 indicates the worst performing CMIP5
model and 0 a suitably realistic model. Models that score implausible are not considered
further, while models scored significantly bias are considered in the context of their future
projections and only included in the final ensemble if the model’s absence would significantly
reduce the range of future possible climates. Models that score either bias or realistic are
included in the final ensemble unless a sibling model performs better. Where sibling models
receive the same scores, they are considered in context of future projections and the model
that would increase the range of future projections is selected, in a similar fashion to the
selection matrix of a significantly bias model.

Following this decision matrix an initial ensemble of MIROC-ESM-CHEM, BNU-ESM, CNRM-
CM5 and ACCESS1-0 can be selected as these models score either realistic or bias and receive
a better score than their sibling models, whilst the sibling groupings of ‘bce-csml-17 and
‘beee-csml-1-m’ and ‘GFDL-ESM2M’, ‘GFDL-ESM2G’ and ‘GFDL-CM3’ are considered in
context of their future projections as each model receives the same score as its sibling model.
Figure 34 considers the projections of these two sibling groupings against that of the initially
selected ensemble. Here ‘GFDL-CM3’ is seen to project significantly more severe temperature
increases than that of the initial ensemble and as such is included, and its sibling models ex-
cluded. ‘bee-csml-1-m’ projects a similar temperature trend to that of its sibling however it
projects a less severe drying trend than that of its sibling model as well as the initial ensemble
and is thus selected and its sibling excluded.

ipitation Rate (34 5 18 €] s Surface Temperature (3¢ 5 18 €|

u‘ ﬂ j\q Considered Ensemble ‘ ¢
)‘ f;‘I\ ) 1‘“" “Fﬁ N s P~y
LG T

........

|(\ \“L *‘Q‘"Mwﬂ

=

(a) pr (b) tas

Figure 34: Projected rainfall (a) and temperature (b) at [34 S 18 E] under the rcp85 emissions
scenario of the initial ensemble of [ MIROC-ESM-CHEM, BNU-ESM, CNRM-CM5 and
ACCESS1-0] and that of the sibling groupings of ‘bec-csm1-1" and ‘beec-csm1-1-m’] — coloured in
green corresponding to the realistic scores of these models - and [‘GFDL-ESM2M’, ‘GFDL-ESM2G’
and ‘GFDL-CMS3] — coloured in yellow corresponding to the bias scores of these models. (a) - Code
Link (b) - Code Link

Figure 35 considers MIROC5 which is scored as significantly bias. Here the projections of
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MIROCS5 are within the range of the already selected ensemble and as such it is not considered
in the final ensemble.

1es

(a) pr (b) tas

Figure 35: Projected rainfall (a) and temperature (b) at [34 S 18 E] under the rcp85 emissions
scenario of the initial ensemble of [ MIROC-ESM-CHEM, BNU-ESM, CNRM-CM5, ACCESS1-0,
‘bec-csm1-1-m” and ‘GFDL-CM3’] and MIROCS — coloured in red corresponding to the significantly

bias score of this model. MIROCS is the only model to score as significantly bias without a better
performing sibling and as such is only included in the final ensemble is its absence would
significantly reduce the range of future projections. (a) - Code Link (b) - Code Link

Thus, the final ensemble consists of MIROC-ESM-CHEM, BNU-ESM, CNRM-CM5, ACCESS1-
0, ‘bee-csm1-1-m’ and ‘GFDL-CM3’, hereby reducing the ensemble to six models from the 15
models considered in all three metric evaluations.
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Future Climate Projection Implications

Figure 36 shows the implications this selection has on future temperature and precipitation
projections in the WRZ. Here the range of future surface temperature projections in the WRZ
is seen to be significantly reduced by the model selection with the upper limit of projections
reduced. Precipitation projections remain similar to that of the considered ensemble with
data availability being the primary driver of reducing the range of precipitation projections
from that of the full ensemble.
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Figure 36: Projected rainfall (a) and temperature (b) at [34 S 18 E] under the rcp85 emissions
scenario of the final ensemble of [ MIROC-ESM-CHEM, BNU-ESM, CNRM-CM5, ACCESS1-0,
‘bec-csm1-1-m’ and ‘GFDL-CM3’] in green against the ensemble of 15 models considered in light
blue and the maxzimum ensemble of 40 models with precipitation and surface temperature variable

available in purple. Red highlights the result of excluding reliance on sub-daily resolution data from

the model selection. (a) - Code Link (b) - Code Link

The sub-daily temporal resolution data required for the cold front analysis is the primary
driver behind the reduced considered ensemble size where excluding this metric can increase
the considered ensemble size from 15 to 26 models and help increase the range of projections, as
indicated in figure 36. Excluding the cold front metric from the selection process does however
degrade the genealogy distinctions somewhat making distinction between model families less
clear, presumably due to the reduced number of metrics. Thus, finding a third metric which
could serve as a proxy for mid-latitude dynamics without reliance on sub-daily resolution data
could improve results. Further while the ensemble size does increase when excluding the ‘Cold
Front’ scores and thus reliance on sub-daily temporal resolution data the range of precipitation
projections of the considered ensemble remains lower than that of the full ensemble.

Figure 36 highlights the drying trends projected by the final ensemble in the WRZ region,
consistent with recent drying trends in Southern Hemisphere subtropical regions (Burls et
al., 2019). Figure 37 captures how this projected decrease in precipitation and temperature
increase is accompanied by an increased probability of prolonged drought. This is calculated
by considering 12-month Specific Precipitation Index (SPI-12), calculated utilising a 1950-
2005 baseline, following a similar method to that described by Kam et al., (2021) where a
drought period is defined as starting when SPI drops below -0.8 and ending when SPI-12 is
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greater than 0.2. A long-term drought is then defined as a drought period exceeding 2 years.
Finally, the probability of long term drought occurring during the periods 1985-2005 and
2040-2060 is calculated for each model. Here the reduced final ensemble projects increased
likelihood of long-term drought under the rcp8.5 emissions scenario, compared to that of the
full ensemble.
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Figure 87: Probability of a 2-year drought occurring in a given year in the WRZ. Code Link

Figure 38 captures projected change in jet stream and SASH positioning in the final selected
ensemble as capture by the previously described metrics developed for model scoring. Sub
daily resolution rcp85 data was not available for a number of the models and as such a Cold
Front anomaly has not been included. Here similar regime changes can be seen across all
models with a distinct southward migration of the mid-latitude jet stream. The SASH is seen
to be defined less frequently in the central South Atlantic suggesting a shift to a more tran-
sient nature, MIROC-ESM-CHEM indicates increased SASH prevalence in the western South
Atlantic while GFDL-CM3 indicates a notable southward migration of the SASH. MIROC-
ESM-CHEM and GFDL-CM3 which indicate the most distinct shift in SASH capture the
largest reduction in precipitation, 103 mm/year and 83 mm/year respectively
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Part V
Conclusion

The 2015-2017 ‘Day Zero’ drought in South Africa’s WRZ highlighted the need for robust
and reliable future climate projections for future water supply and agricultural planning in
the region. The large uncertainties within these future climate projections are however a
significant impediment to decision making. This study has investigated the potential to sub-
sample a multi-model ensemble of climate projections with the aim to reduce uncertainty as
well as identify a realistic subset of plausible future climate pathways in the region. A model
selection of this nature requires evaluation of model realism with respect to relevant regional
climate dynamics, as well as consideration of model independence within the ensemble, such
that the final reduced ensemble is subject to less influence from unrealistic models whilst
ensuring model-based uncertainties are sufficiently sampled.

Models are assessed against synoptic scale circulation features and associated statistics, rather
than simulated rainfall in the region, in order to assess the physical realism of the model
rather than the realism of regional rainfall which will be subject to model parameterization.
To navigate the subjectivity in selecting metrics to assess models against, the ‘Day Zero’
drought has been used as an episodic reference where relevant metrics should be able to
capture the anomalous conditions during this event, consistent with the amplification of this
event as a result of climate change. The extensive literature produced subsequent to the ‘Day
Zero’ drought has been leveraged to identify metrics which capture relevant regional climate
features.

Three regional climate features were selected: the South Atlantic Jet Stream, the South
Atlantic Subtropical High and South Atlantic Cold Fronts. These are the primary dynamics
behind moisture supply to the WRZ region, and anomalies therein are crucial to the ‘Day
Zero’ drought. Various methods of quantifying these features have been developed and the
ability of each method to capture the anomalous conditions during the ‘Day Zero’ period were
compared and contrasted before selecting a final method for scoring of CMIP5 models against
NOAA20CR and ERA5 reanalysis. Multiple methods were tested in order to ensure that
the metrics are robust and not overly sensitive to the method formulation. Importantly, in
most cases, the different methods used to evaluate each metric produced very similar results.
This means that, while the optimal method was chosen in each case, the metrics are not very
sensitive to particular details of each method and thus are likely to be robust.

Following the method described by McSweeney et al., (2015) each model was assigned a score
of ‘realistic’, ‘biased’, ‘significant-biased’ or ‘unrealistic’ as a function of the performance
across the three metrics. Unrealistic models were subsequently removed from the ensemble
while significantly biased models were also excluded as their absence did not significantly
reduce the range of future projections. These same metrics were then used to create a ge-
nealogy of models, demonstrating that even utilising only three simple metrics it is possible
to identify models developed by the same institutions, here attaining the same grouping as
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in Knutti, Masson & Gettelman (2013). This process highlights the importance of model
selection in the first case, whereby considering each model within the ensemble equally is
an unconscious weighting towards institutions that have developed more models (Sanderson,
Knutti & Caldwell, 2015a). The model groupings identified were then utilised to select only
the best performing model from each grouping, further reducing ensemble size whilst increas-
ing independence within the ensemble. An important result is that performance with respect
to the different metrics was consistent across models, with models designated as unrealistic
or significantly biased performing poorly across all metrics, while the best performing models
are consistent across all metrics. This suggests that the evaluation metrics are not spurious
and are indeed evaluating the fundamental realism of the models effectively and can therefore
be considered robust.

Thus, after considering 16 CMIP5 models across all metrics, a set of 6 CMIP5 models, namely:
"MIROC-ESM-CHEM’, 'BNU-ESM’, "CNRM-CM5’, "ACCESS1-0’, "GFDL-CM3’ and "bcc-
csml-1-m’ are selected. These models are shown to all perform suitably well in capturing the
dynamics that may result in prolonged drought in the WRZ, while all performing better than
their sibling models, therefore presenting an ensemble of more independent and historically
more realistic models than that of the full ensemble. Further, this final ensemble has been
selected to ensure the range of temperature and precipitation projections is similar to that
of a larger ensemble of suitably well performing models. Despite the emphasis on ensuring
a wide range of future climate scenarios are preserved, eliminating poorly performing models
has significantly reduced the range of projected future climate outcomes. The most extreme
temperature projection within the final ensemble projects temperature anomalies, under the
RCP8.5 scenario, of a 3.5 °C increase by 2080 from a 1980-2005 baseline compared to +4.5
°C from the full ensemble.

A key challenge in implementing the South Atlantic cold front method was the availability of
high temporal resolution fields. Not all models in the ensemble have archived data for all fields
and this resulted in an artificial subsampling of the ensemble to models with sub-daily temporal
resolution wind fields available. As a result, projections of absolute precipitation are somewhat
reduced in range with the worst-case anomaly half that of the full ensemble — however data
availability has contributed significantly to this reduction. Conversely, probability of a 2-year
drought is seen to be increased in the final ensemble compared to that of the full ensemble.
While these constrained future projections may be a welcome consequence of eliminating
unrealistic models, the primary utility of the final ensemble is instead in the reduced size
of the ensemble, where with only 6 models presented, a future researcher may consider each
model’s projected future climate pathway individually before selecting a model, or models,
which best informs their use case, whilst being assured that this model performs suitably well
in the region. This is of particular value for impacts modellers looking to consider multiple
models who can issue a subset of future climate scenarios that are sufficiently independent
and yet still represents model uncertainty, while strong similarity between two or more models
within the ensemble will not be unduly biasing results.

This study has thus demonstrated the use of relevant, robust, regional model realism metrics
in successfully sub-sampling the CMIP5 ensemble in such a way that unrealistic models can
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be removed while model independence can still be maximised. The resulting sub-sampling has
particular value for further downstream analysis, while to some extent reducing uncertainties
of future projections. The use of model realism metrics to sub-sample multi-model ensemble
will always have some degree of subjectivity. Here the selection of realism metrics, though
still subjective, is strongly guided through literature. Thresholds for discriminating between
model scoring categories are also somewhat arbitrary and subjective and could be chosen
differently which would ultimately affect the final ensemble sub-selection. However, if these
subjective choices are made transparently and multiple measures and metrics are used and
compared, the results may be openly evaluated by others.

Further work could consider different regional circulation features, or different approaches to
evaluate realism; perhaps considering historical trend or the prevalence of extreme events.
For example, considering the ability of models to reproduce historical trends in jet stream or
SASH statistics could add further rigour to the assessment. Assessing to what extent different
assessment metrics would impact the final sub-selection would be of interest, assessing whether
a similar ensemble and range of projections is preserved or not. stream or SASH statistics,
could add further rigour to the assessment. Considering to what extent different assessment
metrics would impact the final sub-selection would be of interest, assessing whether a similar
ensemble and range of projections is preserved or not.
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