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Abstract

Rainfall over north-western Australia has been increasing since the 1950s. Recent re-
search has focused on explaining the trend in terms of large scale modes of variability,
however little research has focused on explaining the trend in terms of processes that cause
rainfall. K-means clustering is applied to daily rainfall from observations to classify daily
rainfall patterns into regimes, demonstrating their link to known synoptic structures and
using them to explain the increasing trend in rainfall in the region. After removing tropical
cyclones and assigning them to two regimes based on their location, six other regimes are
identified. Aside from the two tropical cyclone regimes, the six regimes fall into three other
groups: two regimes are associated with localised thunderstorms, two with monsoon lows
and two with mid-latitude interactions. The increase in rainfall is dominated by an increase
in frequency of tropical cyclones, monsoon lows and mid-latitude interactions at the expense
of days with isolated storms, while changes to rainfall intensity associated with these regimes

is less important.

The representation of observed rainfall regimes in CMIP5 models is analysed by devel-
oping and applying three regime assignment methods to the daily rainfall in the historical
period from eight models. When considered together, the three methods allow the models to
be ranked according to their ability to replicate the spatial pattern, intensity and frequency
of the observed regimes. Models replicate most of the observed regime spatial patterns, but
regimes associated with heavy rainfall produce a maximum intensity that is too high, and
many models produce too little rainfall over inland parts of the study region. In addition,
some models fail to replicate the synoptic patterns responsible for heavy rainfall in the re-
gion. The frequency and intensity of tropical cyclone-like vortices is also underestimated

across most models.

The model ranking is employed to understand projections of rainfall under the RCP8.5
emissions scenario in CMIP5 models. The eight models used in this work produce differing
projections of future rainfall, which does not depend on the model ranking. However, in most
cases, changes to the frequency and spatial pattern of rainfall regimes rather than intensity
are the main driver of a model’s tendency toward wetter or drier conditions. Models are
consistent in predicting an increase in intensity of heavy rainfall events, although for most
models this is a smaller contributor to the projected trend than frequency changes. Changes
to TC frequency and intensity tend to also be relatively minor contributors to the projected

trend in each model.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Changes to rainfall in NWA

Annual precipitation over much of north-western Australia (NWA) has been increasing
since the 1950s (Smith, 2004), in contrast with the rest of the continent which has a de-
creasing trend. Much of the trend in north-western Australia is associated with a statistically
significant increase in precipitation over the summer months (Taschetto and England, 2009;
Frederiksen and Grainger, 2015), which is when the majority of rainfall in the region is con-
centrated (Suppiah, 1992). Recent research has aimed to determine the factors influencing
the trend in rainfall in this region, although few studies agree on the mechanisms affecting
rainfall in NWA. A modelling study by Wardle and Smith (2004) suggested that changes
to the land-sea temperature contrast is driving an overall increase in the strength of the
monsoon, leading to higher rainfall. Taschetto and England (2009) note that the increasing
trend over northern Australia in the summer months is due to enhanced vertical motion in
the upper atmosphere, indicating a tendency toward deeper convection. In inland areas they
also show that an increase in very heavy rainfall events is partly responsible for the increase
in the mean. A study by Rotstayn et al. (2007) used a low-resolution version of the Mk3
CSIRO atmospheric general circulation model (GCM) to demonstrate that the increase in
rainfall over the Australian continent is linked to increasing aerosol haze over south-east Asia.
However, a later study by Shi et al. (2007) showed that the El Nino-Southern Oscillation
(ENSO) relationship in the GCM extends too far west and produces an unrealistic relation-
ship between northern Australian rainfall and SSTs in the Indian Ocean. As a result, the

aerosol impact is exacerbated in the model by this unrealistic relationship. Shi et al. (2007)
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also showed that the observed rainfall trend may be projected onto two modes of variability:
firstly, anomalously low MSLP close to the coast causes an increase in moist air moving
over the continent, leading to increased rainfall. Secondly, anomalously high MSLP over the
continent causes diminished rainfall east of 130°E, but enhanced rainfall to the west. The
sum of the patterns associated with these two modes explains the observed trend well. Feng
et al. (2013) describe the anomalous MSLP over NWA as being influenced by anomalously
high pressure over the southern Indian Ocean, mainly driven by enhanced SST gradient in

the Southern Ocean.
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Figure 1.1: Difference in mean annual rainfall over the Australian continent for 1980-2009
vs. 1950-1979. The larger box indicates the study region used throughout this thesis. The
numbered boxes indicate regions of interest: 1: Pilbara, 2: Kimberley, 3: Top End.

A study by Evans et al. (2014) showed no significant change in the length of the mon-
soon season in Darwin since 1979, with the observed trend explained by an increase in
the number of active monsoon days at the expense of suppressed days. In contrast, Catto
et al. (2012) found that changes in the atmospheric flow regimes over Darwin identified
by Pope et al. (2009) have resulted in a lengthening of the wet season, and that changes
in frequency of the wettest regimes are the greatest contributor. Emori and Brown (2005)
decomposed the trend in modelled rainfall over the globe into dynamic and thermodynamic
components, which represent changes in frequency and intensity of rainfall respectively. Over

most tropical and subtropical regions where there is an upward trend in precipitation (includ-
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ing north-western Australia), the changes are explained by an increase in the thermodynamic
(intensity) component of rainfall. Smith et al. (2008) decomposed the total rainfall into
rainy season length and average intensity, and arrived at a similar result. For many stations
in north-western Australia, the average intensity of rainfall is increasing, with no significant

trend in the duration of the wet season.

Overall, research to date provides contrasting evidence on how rainfall is changing in
northern Australia. One aim of the work presented in Chapter 2 is to clarify how changes to

frequency and intensity of rainfall affect the overall rainfall trend.

1.2 Mechanisms of rainfall in NWA

A number of mechanisms are responsible for rainfall in NWA. Even within the rainy sea-
son, rainfall is highly variable, with the summer monsoon season characterised by periods
of active convection followed by suppressed or "break” periods, associated with changes to
the flow associated with the monsoon trough, e.g. Davidson et al. (1983), Holland (1986).
Generally, periods of active convection are associated with deep westerly winds over north-
ern Australia, while break periods tend to have an easterly, less humid flow, e.g. (Davidson
et al., 1983), (Murphy et al., 2016). Aside from changes to flow associated with the monsoon
trough, other structured synoptic systems are responsible for producing rainfall over NWA.
Warm cored synoptic systems such as tropical cyclones (TCs) and monsoon lows are some
of the mechanisms responsible for rainfall in the region (Reeder and Smith, 1998). TCs are
responsible for up to about 10% of the total rainfall in some parts of the region over land
(Jiang and Zipser, 2010), although for some stations in NWA up to 40% of rainfall comes
from TCs (Ng et al., 2015). In addition, up to half of extreme rainfall along the Pilbara
coast is caused by TCs (Lavender and Abbs, 2013). TC frequency is strongly correlated
with ENSO during the pre-monsoonal build-up (November-December), however the corre-
lation is far weaker during the monsoon peak (Ramsay et al., 2008). There is conflicting
evidence about whether TCs might contribute to the rainfall trend in NWA. Kuleshov et al.
(2010) found no significant trend in total TC numbers in the Australian region from 1981
to 2006, nor a significant change in the number of intense TCs. In addition, Ren and Leslie

(2015) found no significant trend in the number of TCs over the previous 50 years, although
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Lavender and Abbs (2013) suggested that changes to TC numbers in the period 1989-2009
may partially explain the observed increasing trend in rainfall over NWA. Ng et al. (2015)
suggested that there has been an increase in the fraction of rainfall from TCs from 1970-2007
at coastal stations, although the trend is not significant along the entire coast. In contrast,
Dowdy (2014) found a significant decreasing trend in TC numbers over the Australian region
once the effect of ENSO is removed from the data. The present work aims to resolve the
discrepancy in changes to NWA TC frequency and intensity reported in the literature, and

to determine if the rainfall trend is related to TCs.

Monsoon depressions are also responsible for rainfall in NWA, and together with TCs
are special cases of a broader class of synoptic system characterised by coherent potential
vorticity (PV) maxima (Berry et al., 2012). The structure of rainfall-producing monsoon
depressions in northern Australia is similar to that of Indian monsoon lows, characterised by
the PV maximum occurring at around 500 hPa and a warm core existing in the mid to upper
levels (Hurley and Boos, 2015). Overall, coherent PV maxima may account for up to 50%
of the climatological rainfall in north-western Australia (Berry et al., 2012), and almost all
of the extreme rainfall (Hoang et al., 2016). Hurley and Boos (2015) suggested that up to
80% of rainfall occurs within 1000 km of a monsoon low. Coherent PV maxima may also
display connections to mid-latitude weather. Wetter conditions over inland parts of NWA
tend to be concurrent with negative geopotential height anomalies south of Tasmania (Berry
et al., 2011). CMIP5 models also show a link between mid-latitude wave trains and certain

phases of the Madden-Julian oscillation (Ackerley et al., 2015).

Mid-latitude Rossby waves also have an influence on the monsoon in northern Australia,
initiating up to two-thirds of monsoon bursts in the region (Narsey et al., 2017). During
the austral summer, cyclogenesis in the southern Indian Ocean can lead to north-eastward
propagation of mid-latitude Rossby waves (Davidson et al., 2007). A trough associated
with these waves produces a front-like feature, ahead of which low-level specific humidity
increases. As this feature moves towards northern Australia, causing changes to circulation
and moisture flux convergence (Narsey et al., 2017). The increased humidity raises CAPE,

and thus induces widespread convection (Berry and Reeder, 2016).




Chapter 1. Introduction

The heat low that typically forms over NWA also regulates rainfall. Changes in low-
level convergence around the heat low lead to a rainfall pattern characterised by a peak in
rainfall rate during the afternoon near the coast, and an overnight peak in inland regions
(Berry et al., 2011). Even in the absence of structured synoptic systems, convection also
contributes to rainfall in north-western Australia even in the absence of strong synoptic sys-
tems. Convection can be isolated or organised into mesoscale convective systems (MCSs)
such as squall lines (Reeder and Smith, 1998). MCSs may further organise into superclusters

covering large areas (Mapes and Houze, 1992).

While tropical convection, coherent PV maxima and mid-latitude waves have been identi-
fied over the region and are known to contribute to the climatological rainfall, the proportions
of these contributions have not been quantified. Moreover, the characteristic rainfall patterns

resulting from these systems have not yet been determined.

1.3 Model representation of rainfall in Australia

To understand how rainfall is expected to change with rising CO, emissions, it is a require-
ment that general circulation models (GCMs) accurately simulate the mechanisms leading
to rainfall in NWA. There has been some focus on how CMIP5 models represent rainfall in
the region. The multi-model ensemble for the 5th IPCC assessment report (using all CMIP5
models) shows a large positive bias in mean rainfall over the Maritime Continent, extending
to ocean regions just north of the Australian continent (Flato et al., 2014). There is also
a slight positive bias over northern and central parts of the Australian continent, although
there is large variability between models on the magnitude and sign of the bias. Moise et al.
(2015) suggest that CMIP5 models generally overestimate precipitation in inland areas of
Australia, although the study region in this thesis only partially covers the sub-regions de-
fined in their study. Krakauer and Fekete (2014) investigated global changes in precipitation
over the 20th century in GPCC observations and a multi-model ensemble (MME), and find
that over much of the globe including NWA, the sign of the observed trend is captured, but
the magnitude is underestimated. Frederiksen and Grainger (2015) focused specifically on
NWA due to the statistical significance of the observed rainfall trend, and use an analysis

of covariance method on a smaller MME to show that models do capture the leading ex-
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ternal modes of variability. However, despite multi-model means capturing observed climate
and trends well, there is significant variability between individual models in their ability to
simulate the observed climate (Jourdain et al., 2013), with the spread being largest between
models from different institutions (Kumar et al., 2013). Models particularly have difficulty
reproducing the seasonal cycle in monsoonal and subtropical regions. In central Australia,
some models display a summer rainfall peak that is too intense, while others cause the peak
to occur either too early or too late (Pascale et al., 2015). The seasonal distribution may
also be poorly captured, with the monsoon onset in some models occurring too early and

the monsoon retreat occurring too late (Jourdain et al., 2013).

Since there is a large spread in the ability of models to reproduce the observed climate,
some models will tend to perform better than others in various locations. Globally, the pat-
tern correlation of precipitation between observations and the GFDL and MIROC models has
the highest statistical significance (Kumar et al., 2013). However, when smaller regions are
considered and different metrics are used to assess model performance, other models may
replicate the observed climate more closely. Over Australia, Moise et al. (2015) considered
HadGEM2-ES and ACCESS1-0 to simulate an overall climate that is closest to observations
in inland areas (referred to as "rangelands” in their study) based on a score combining sur-
face temperature, precipitation and sea-level pressure. Grainger et al. (2014) utilised modes
of variability in the 500 hPa geopotential height over the Southern Hemisphere to rank the
models, while Jourdain et al. (2013) ranked the models by considering both their ability to
replicate the monsoon rainfall rates in India and northern Australia, and how well the rainfall
rates are coupled to ENSO. The use of different metrics across the literature results in differ-
ent models being ranked highly. Thus the approach used for evaluating model performance
and choosing the best models for future predictions should depend on the variables being

tested.

In terms of future predictions, models tend to produce an increase in global mean pre-
cipitation less than that predicted by the Clausius-Clayperon alone (scaling of precipitation
with increased humidity due to temperature increase), implying a weakening of circulation
over the tropics (Held and Soden, 2006). However, in northern Australia there is significant

variability among models in terms of future predictions of precipitation. A global study by
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Knutti and Sedlacek (2013) using the RCP8.5 scenario for all CMIP5 models showed in-
creased precipitation over northern Australia in the summer period by the end of the 21st
century, although the trend is not robust. Christensen et al. (2014) summarises changes to
Australian monsoon rainfall as small with substantial uncertainties, with little agreement in
seasonality across models. Brown et al. (2016) also found little agreement across CMIP5
models, but find that spatial shifts in the circulation over northern Australia determines
whether a particular model induces drying or wetting in a future climate. However, by using
a subset of the best performing models, there is some consistency in the projected trend un-
der the RCP8.5 scenario. Out of the ten best models determined by Jourdain et al. (2013),
seven show significant wetting over northern Australia. In addition, Frederiksen and Grainger
(2015) used the 11 best models from Grainger et al. (2014) to find wetting is due to en-
hanced north-westerly flow over northern Australia in the RCP8.5 scenario. Any trends in
rainfall in the best ranked models are not statistically significant under the RCP4.5 scenario.
Another aim of this research is to determine how typical rainfall regimes and their synoptic

patterns are changing to explain the trend in the models.

1.4 Tropical cyclones in climate models

Tropical cyclones (TCs) are an important feature of the northern Australian climate.
Most general circulation models have insufficient resolution to resolve the structure of TCs,
however even coarse resolution models are able to produce TC-like vortices (TCLVs) (e.g.
Manabe et al. (1970), Vitart et al. (1997)). TCLVs in GCMs are detected using a num-
ber of criteria including enhanced vorticity, wind and temperature fields consistent with a
warm-cored structure and minimum wind speed (Bengtsson et al., 1995; Nguyen and Walsh,
2001). However, the observed wind speed threshold used to define a TC requires a tight
pressure gradient that a coarse resolution GCM is unlikely to be able to produce (Walsh
et al., 2004). The wind speed threshold for detecting a TCLV in a model must therefore
depend on model resolution. The maximum wind speed threshold to define a TCLV has
been found to be approximately linear with grid size (Walsh et al., 2007), with a horizontal
resolution of approximately 60 km or better ideal for detecting TCs with the wind speed most
closely resembling that of observed TCs (Murakami and Sugi, 2010). Most CMIP5 models

have resolutions lower than this, therefore most TCLV detections require a resolution, and
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therefore model, dependent threshold.

To simulate the number and strength of TCs in the present climate, recent studies
have performed downscaled simulations of TCLVs. Earlier downscaled simulations show that
model TCLV numbers depend strongly on the type of downscaling and model used (Lavender
and Walsh, 2011), and thus there is some uncertainty in the ability of models to simulate
current TC numbers. Studies have also projected TC activity in a future climate. Globally,
there is expected to be a reduction in TC frequency, which is more robust in Southern
Hemisphere basins, although there is likely to be an increase in rainfall intensity from each
storm (Knutson et al., 2010). Knutson et al. (2015) found a statistically significant decline in
the number of TCs in the South Indian Ocean region under the RCP4.5 emissions pathway,
although near NWA the change in the number of storms is slightly smaller. They also find
an increase in the frequency of high intensity (category 4-5) storms, however the increase
is not statistically significant. Utsumi et al. (2016) suggested that TC genesis will decline
greatly in the South Indian Ocean region in a future climate, although the contribution to
rainfall per TC is expected to increase. Lavender and Walsh (2011) also noted that the
number of TC days in the Australian region is expected to decrease by the end of the 21st
century by using a downscaled model, and agreed that the frequency of the highest intensity
storms is expected to increase slightly. Murakami and Sugi (2010) noted that changes to
the number of TCs are not strongly resolution dependent, and therefore even low resolution
ensembles may produce a reasonable estimate of changes to the number of TCs in a future
climate. Conversely, downscaled simulations by Emanuel (2013) suggested that the number
of TCs globally will increase in a high-emissions future scenario, with significant increases over
parts of the South Indian Ocean, including near NWA. He also suggested that downscaled
simulations may produce a differing result to low-resolution simulations. One aim of the

present work is to determine how TCLVs contribute to simulated changes in rainfall in NWA.

1.5 Research aims

This work focuses specifically over NWA due to the statistically significant increase in
rainfall since the 1950s. While research has found that NWA rainfall has increased, and
some synoptic systems responsible for rainfall have been identified, the connection between

rainfall, the systems responsible for rainfall and the rainfall trend has not been established.
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Investigations using CMIP5 models have shown differences in future projections of rainfall
over NWA, which depend on changes in overall circulation patterns. However, these changes
may also depend on changes to specific rainfall patterns and synoptic systems, which has
not yet been established. To this end, it is also important to determine how well CMIP5
models replicate observed rainfall and synoptic patterns in the historical period.

The aims of this research are:

1. To determine the regimes and associated synoptic patterns responsible for rainfall over

north-western Australia.

2. To attribute the observed rainfall trend over north-western Australia to changes in the

observed rainfall regimes.

3. To determine how well climate models are able to replicate the observed rainfall

regimes.

4. To determine how rainfall changes over north-western Australia in a future climate

relate to changes in rainfall regimes.
The specific questions to address these aims are:
1. What are the patterns of typical daily rainfall over north-western Australia?
2. What are the synoptic patterns responsible for these rainfall patterns?
3. How do tropical cyclones contribute to the observed rainfall in NWA?
4. Which patterns have been changing in frequency and/or intensity?
5. How have changes to frequency and/or intensity affected the observed rainfall trend?
6. Which patterns are responsible for extreme rainfall?

7. How can we assign daily rainfall patterns in CMIP5 models to observed weather sys-

tems?

8. How well do CMIP5 models capture the observed rainfall patterns and weather systems

over NWA?

9. How might rainfall over NWA change in a future climate in terms of frequency and/or

intensity of rainfall and associated synoptic systems?
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Chapter 1. Introduction

Research question 1 will be addressed by performing K-means clustering on gridded
daily rainfall data for the period 1950-2010 from the Australian Water Availability Project
(AWAP). The region chosen for this work is from 115-137°E and 10-28°S and is outlined in
Figure 1.1. This region is chosen as it encompasses the majority of the AWAP is based on
rain gauge observations which are only available over land and are sparse in inland parts of
the study region, however it is chosen for its long record over spatial completeness in order
to address questions 2 to 5. Question 2 will be addressed by calculating composites of low
and mid level wind fields, specific humidity, K-index and potential vorticity for each pattern

from ERA-Interim reanalysis data from 1979-2010.

Research question 6 will be addressed by comparing regimes determined in a single
CMIP5 model, ACCESS1-0, to observed regimes determined from the Climate Prediction
Center (CPC)-morphing (CMORPH) dataset. CMORPH data are available at 0.25 x 0.25
degree resolution from 1998-2016 and are based on satellite measurements, and are therefore
spatially complete. Daily rainfall in ACCESS1-0 are assigned regimes using three methods:
projecting model rainfall to observed regimes, independent clustering of model rainfall and
combining model and observed rainfall into one dataset before clustering. The three meth-
ods provide different details about the spatial pattern, frequency and intensity of the model
regimes which makes assessment of multiple CMIP5 models possible in order to answer ques-
tion 7. Research question 8 is answered by using daily rainfall from the RCP8.5 scenario the
same CMIP5 models, and using the first two regime assignment methods to indicate changes

to frequency and intensity of the regimes in each model.

1.6 Thesis outline

Chapter 2 describes rainfall regimes in the observations and attributes rainfall changes to
changes in the frequency and intensity of individual regimes. Much of the work in Chapter 2
forms the basis of Clark et al. (2018). K-means clustering is applied to daily gridded rainfall
data spanning 60 years. The synoptic systems associated with the resulting rainfall regimes
are determined and characterised, and the trend in rainfall is attributed to changes in the
frequency and intensity of the individual regimes using a decomposition technique. A brief

analysis of how extreme rainfall events are caused by specific regimes is undertaken.
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In Chapter 3, three regime assignment methods are developed for the purpose of com-
paring rainfall regimes in CMIP5 models to the observations. We test the methods on the
historical run in ACCESS1-0, and thoroughly analyse the ability of this model to replicate
the observed rainfall regimes in the region. Biases relative to the observed climatological
mean are considered in addition to changes to the frequency, intensity, spatial patterns and

synoptic patterns of the regimes in ACCESS1-0 relative to the observations.

Chapter 4 utilises the three regime assignment methods to assess the performance in
the region of seven other CMIP5 models. Metrics for comparing models are developed to
provide a quantitative measure of the model performance in simulating the regime spatial
patterns and frequency in replicating the overall observed climate. The ability of each model
to reproduce the observed regimes with the correct frequency, intensity and low level winds

is considered with the aim of informing future predictions.

In Chapter 5, NWA rainfall in the late 21st century under the RCP8.5 scenario is con-
sidered. Changes to mean rainfall and to rainfall regimes are determined using a similar
decomposition technique to that used in Chapter 2. Changes to spatial patterns are also
considered. Finally, Chapter 6 summarises the key findings of this thesis and suggests avenues

for further research.
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Chapter 2. Observed rainfall over north-western Australia

Chapter 2

Observed rainfall over north-western

Australia

As discussed in Chapter 1, rainfall has been increasing over north-western Australia
(NWA) since the 1950s, especially over the summer months (Smith, 2004; Taschetto and
England, 2009; Frederiksen and Grainger, 2015). Recent studies have aimed to explain the
increase in the region by considering mechanisms such as changes in overall circulation.
These include changes to the land-sea temperature contrast (Wardle and Smith, 2004), and
anomalously low mean sea level pressure (MSLP) over NWA (Shi et al., 2007) which may be
linked to stronger high pressure systems over the southern Indian Ocean (Feng et al., 2013).
Changes to the wet season length are also considered, with contrasting evidence regarding
changes to the wet season length (e.g. Catto et al. (2012), Evans et al. (2014)). The key
aim of this chapter is to explain the observed trend in rainfall in terms of typical rainfall

patterns and synoptic regimes that cause rainfall in the region.

Mechanisms that cause rainfall in northern Australia have been documented. In the study
region for this thesis, tropical cyclones (TCs) are responsible for around 10% of rainfall on
average, but this fraction greatly increases in the Pilbara region (Lavender and Abbs, 2013).
Coherent potential vorticity (PV) maxima, which include monsoon depressions and TCs,
also contribute greatly to the total rainfall in the region (Berry et al., 2012), as does tropical
convection which may be organised (Reeder and Smith, 1998; Mapes and Houze, 1992).
Mid-latitude Rossby waves can also initiate rainfall in inland areas, and are a key influence

on initiating active phases of the monsoon (Narsey et al., 2017). While mechanisms causing
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rainfall over NWA have been identified, there is a need to quantify how they contribute to

rainfall in the study region.

K-means clustering has been used in many previous studies to classify datasets into typi-
cal patterns. Raut et al. (2014) used K-means clustering on daily rainfall over south-western
Australia to determine five typical rainfall patterns, and constructed composites of wind,
mean sea level pressure and geopotential height fields to characterise the rainfall regimes
in that region. A similar approach is taken in this chapter, with clustering performed on
daily rainfall data in the region shown in Figure 1.1, and composites of important variables

constructed for each resulting regime.

Section 2.1 discusses the data and methods used to determine the observed rainfall
regimes, including how the influence of TCs is removed from the rainfall record to determine
how other synoptic patterns initiate rainfall in NWA. In Section 2.2 we show how the regime
patterns change between different choices of the number of clusters, before settling on a
specific number and describing the spatial patterns in more detail. The synoptic patterns for
the rainfall regimes are discussed in detail in Section 2.3. Changes to overall mean rainfall
are attributed to changes in the frequency and intensity of individual regimes in Section 2.4.
A brief overview of a similar analysis without TC separation is presented in Section 2.5, and
extreme rainfall events in the region are linked to the regimes in Section 2.6. Finally, the

results are discussed and summarised in Sections 2.7.

2.1 Methods

2.1.1 Choice of dataset

To determine the rainfall regimes over north-western Australia, firstly we need to inves-
tigate the patterns of rainfall typical of the region. Daily rainfall patterns may come from a
range of datasets, which have different advantages and disadvantages. The Australian Water
Availability Project (AWAP) (Jones et al., 2009) dataset contains gridded daily rainfall from
1900-2010 over the entire Australian land area at 0.05 x 0.05 degree resolution, and is based
on ground measurements. The high spatial resolution of the data is desirable for the precise

determination of regimes, and the long period of coverage allows the entire increasing trend
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to be examined. However, the ground-based nature of this dataset may cause problems
as the study region contains areas with few observing stations. The sparse nature of the
observing network may have a large effect on the validity of the dataset, especially when
stations are added or removed from the observation network, and thus rainfall data in re-
mote inland locations must be interpreted with care (King et al., 2013). A diamond-shaped
region over north-western Australia centred around 22°S and 125°E appears to receive no
rainfall over the entire 60 year period, producing a region of zero rainfall trend visible in Fig-

ure 1.1. This region contains no rain gauges, thus the data over NWA is spatially incomplete.

The Climate Prediction Centre (CPC) morphing (CMORPH) dataset provides daily rain-
fall from 1998-2016 using microwave satellite observations (Joyce et al., 2004). In this thesis,
the raw data with no adjustment to gauge observations is used. As a result the data are
available over all regions from 60°S to 60°N including over the ocean. This avoids the
problem of using the land as an arbitrary boundary when considering synoptic systems, as
well as allowing complete coverage of the entire land area in the study region. However, the
data is of lower resolution (0.25 degrees) and covers a much shorter period which makes

examination of long term trends since the 1950s impossible.

As the desired outcome is to create links between rainfall patterns and the rainfall trend,
a longer record is of greater importance than a spatially complete record for the purposes of
the work in this chapter. Thus for determining the observed rainfall regimes, AWAP has been
chosen for the analysis throughout this chapter. As the upward rainfall trend has existed
since 1950, this will be the starting point for the analysis giving 61 full years of daily rainfall
data. Rainfall regimes in either dataset are mostly similar in spatial pattern, with some
differences which may be the result of the missing data in AWAP. The differences between

regimes determined from each dataset are discussed further in Chapter 3.

2.1.2 Considering tropical cyclones

There are a range of synoptic systems that generate rainfall over north-western Australia
(see Section 1.2). Tropical cyclones (TCs) are one such type of system which is responsible
for over 20% of climatological rainfall in some parts of north-western Australia, especially

near the Pilbara region (Jiang and Zipser, 2010). It is possible that the spatial rainfall pat-
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terns created by TCs may resemble patterns created by systems other than TCs. As a result,
the synoptic patterns associated with the rainfall regimes may consist of a combination of
TC and non-TC characteristics. To separate the effects of these types of synoptic patterns,

it is desirable to remove the influence of TCs from the rainfall record before finding regimes.

To this end, any day on which a TC is present anywhere in the study region is removed
from the rainfall record used for clustering. This simple method may exclude days where the
TC is far offshore, and thus unlikely to have an influence on rainfall over the land. While
a more refined method may exclude TCs on basis of proximity to the coast, this may cause
TCs to be included in the wind and PV composites produced later. As the aim is to be
certain there are no TC days in the record, rather than inspect the TC days themselves in
any great detail, the simple method is sufficient for the purposes of this study. TC tracks
were taken from the International Best Track Archive for Climate Stewardship (IBTrACS)
(Knapp et al., 2010) and are available at 6 hour resolution. The dates of any TC that occurs
in the study region are taken, and the corresponding days in the AWAP rainfall record are
separated, and sorted into two " TC regimes”: a west and east regime depending on whether
the cyclone is west or east of 126°E (a line dividing the study region in half). The cyclone
regimes shown in Figure 2.2 are calculated as the mean of all rainy days in each TC regime.
These are not regimes in the sense outlined in Subsection 2.1.3, however they can be used

to assess how various synoptic patterns contribute to the total rainfall.

2.1.3 K-means clustering

Following the separation of tropical cyclone days, the daily rainfall observations are further
refined by removing dry days. This allows us to separate days with low precipitation from
those which are effectively dry. A dry day was defined as per Raut et al. (2014), as a day
on which the spatial average is less than 0.1 mm. The remaining daily rainfall observations
are clustered using a K-means clustering algorithm. The algorithm partitions a set of vectors
(the gridded rainfall data) into k subsets or clusters, where similar vectors will be placed
in the same cluster as their Euclidean distance will be small. The mean of all vectors in
a cluster produces a centroid, thus showing the average rainfall pattern for a regime. The

number of clusters must be chosen with care: too many clusters tend to produce patterns
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that are similar in spatial distribution, and may represent the same type rainfall event with
different intensity or a slightly different position. Too few clusters will not capture all of the
typical rainfall patterns that occur in the region. Once the regimes are identified from the

clustering, the seasonal distribution and synoptic patterns can be identified from the regimes.

2.1.4 Composites

Composites of various atmospheric variables are constructed to illustrate the synoptic
patterns associated with each regime. The variables presented here are the wind at 900
hPa and 700 hPa, potential vorticity (PV) at 315 K, specific humidity at 900 hPa, 200 hPa
meridional wind and K-index!. The K-index is defined by George (1960) as a measure of

air-mass thunderstorm potential, and is defined by:

K = (Tgs0 — Ts00) + Ta.850 — (T700 — Ta,700) (2.1)

where the number in the subscript of each term denotes the pressure level and the subscript
d denotes a dew point temperature. George (1960) defines an air mass thunderstorm as one
"developing in areas of weak winds without apparent frontal or cyclonic influence”. As will be
discussed later, some of the regimes identified do involve cyclonic or frontal influence. The
aim of using the K-index in this instance is to differentiate between regimes that do not have
such an influence. Values of the K-index less than 20 are said to indicate no potential for

thunderstorms, whereas values above 35 may result in " numerous, scattered thunderstorms”.

The composites are produced from the ERA-Interim reanalysis dataset (Dee et al., 2011),
available at 0.75 x 0.75 degree resolution. The composite is calculated as the mean of a
variable (e.g. wind) over all days in each regime. Dry days are composited separately and
labelled as belonging to cluster 0. As the ERA-Interim dataset begins in 1979, only slightly
more than half of the study period is covered, and thus the composites are an average of
only all days in the regime that occur during or after 1979. Overall, each regime contains at

least 200 days, and some regimes contain more than 500.

The 500 hPa wind and 315 K PV composites for 2 days prior (day -2) and 2 days following

(day 2) a regime day are also calculated. As a given regime may persist for a number of

'The K in K-index has no relation to the K in K-means clustering.
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days, the day -2 composites only include the days which are 2 days prior to the first day in a
series of a particular regime. Similarly, the day 2 composites are calculated from the second
day following a series of a particular regime. This prevents the composites from including
days from the regime itself. For example, in a 7 day period, the corresponding sequence of
regimes may be:

1,2,4,4,4,2,3 (2.2)

For the composite for regime 4, day -2 will only include 2 days prior to the first day in regime
4 (that is, the first day in this sequence), and not 2 days prior to the second or third day in
regime 4. Similarly, day 2 only includes the data 2 days after the last day in the sequence
(ie. the last day the sequence, corresponding to regime 3.) As a result, the lag composites

give an overview of the conditions leading up to and following a rainfall regime.

2.1.5 Decomposition

To link the clusters to rainfall changes, the total rainfall changes are decomposed into a
change associated with a change in the frequency and a change associated with a change in

the intensity of each cluster according to the expression:

N

Py— P =) [(fai— f1i)Pri+ (Poi — Pri) fri + (Poi — Pri)(fai — f1a)]  (2.3)
i=1

where f; represents the frequency of regime i and P; represents its precipitation. The subscript
i denotes the regime number, and N the number of clusters. The subscripts 1 and 2 represent
the time periods 1950-1979 and 1980-2009 respectively, and overbars indicate time averages
over these periods. The first term in the sum represents the change in precipitation associated
with changes in the regime frequency, the second represents changes associated with changes
in the regime intensity and the third is the cross term representing changes in precipitation
due to changes in both frequency and intensity. This third term is usually small enough to
ignore for small changes, and this is true in the case of this analysis. The size of the terms
for each regime will identify which regimes contribute to the change in rainfall, as well as
identify whether those contributions are due to changes in intensity or frequency (or both)

of those contributing regimes.
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2.1.6 Extreme rainfall analysis

To examine extreme rainfall, the threshold at which a rainfall occurrence can be consid-
ered extreme needs to be identified. It is standard practice to use a ranking system, where
the top 5% or 1% (ie. 95th or 99th percentile) of occurrences is examined, however the
definition of an occurrence must also be determined. An extreme occurrence is defined here
as the 99.9th percentile of all non-zero points in the record of all wet days (defined in Section
2.1.3). An extreme day is defined as any day containing at least one extreme point within
the study region, hence an extreme day may contain multiple points. Once the threshold is
determined and extreme days determined, the trend in the number of days per year since
1950 is examined. The regime associated with each extreme day is also determined. As-
signment of extreme days to regimes is done in two ways: first the regime each extreme
fell into is determined, and the average number of extreme days in each regime per year is
calculated. Second, the probability of a given regime producing an extreme day is calculated.
The two distributions will be different as each regime contains a different number of days,
and therefore a regime that does not occur often could be more likely to produce an extreme
day than a common regime, even though they have the same number of extreme days per

year.

2.2 Rainfall regimes

2.2.1 Choosing the number of regimes

Figure 2.1 shows the non-cyclone rainfall regimes produced from clustering. Each number
represents the number of clusters set in the algorithm. The 4-cluster case produces a regime
with light rainfall, and 3 regimes with heavier rainfall in different locations. As we progress
to 5 clusters, one of the heavier rainfall clusters splits into a less heavy and a more heavy
regime, with the more heavy regime similar in intensity to the other 2 heavy regimes. The
less heavy regime is still higher in intensity than the light rainfall regime. When examining
the 6-cluster case, a new heavy regime emerges in the western part of the study region, while

the remaining regimes remain similar in shape.

The 7-cluster case produces another regime with a rainfall maximum in the northernmost

part of the continent. As this looks similar to other regimes in this area, only distinguishing
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Figure 2.1: The rainfall patterns produced in AWAP from setting the number of clusters as
4 through to 8. Units are in mm day™.

itself by its intensity, this additional regime provides negligible additional information about
the spatial nature of the rainfall regimes. Finally, the 8-cluster case appears to have split the
inland regime into a heavier, further inland regime and a lighter regime in the far eastern end
of the study region. This additional regime is also unlikely to provide extra information about
the nature of rainfall in the region, thus this case also does not add much extra information

relative to the previous cases.

As described in the methodology, the ideal number of regimes may be found by deter-
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mining the largest number of regimes that look as different from each other as possible.
Based on this criterion, the 6-cluster case will be used to describe the rainfall regimes and

their synoptics over north-western Australia.

2.2.2 The regimes in more detail
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Figure 2.2: Centroids of the clusters corresponding to the rainfall patterns, plus the two TC
regimes. Units are in mm day™!.

The six cluster case outlined in the previous subsection, plus the two TC regimes calcu-
lated as per Subsection 2.1.2 make up the eight rainfall regimes shown in Figure 2.2. The
first regime, to be referred to as the Light regime, represents 65% of all rainy days and
is thus the most frequently occurring regime. The regime is characterised in the average
map by light (< 5 mm day™) rainfall over far northern Australia and less than 1 mm day™!
over much of the rest of the region. However, typical days in this regime tend to consist of
isolated patches of moderate (> 10 mm day™) rainfall which change location from day to
day. These patterns usually correspond to the formation of isolated thunderstorms, which
is a far more likely mechanism for rainfall in this region rather than widespread light rain
as the map would suggest. Figure 2.3 shows the probability density function (PDF) of the
fraction of the study region covered with rainfall greater than 1 mm in each regime. There is
a sharp peak at approximately 0.05 for the Light regime, highlighting the isolated nature of

the rainfall on most days in this regime. The map is an average of many (more than 5000)
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such days, thus spreading the rainfall over a wider area in the average.
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Figure 2.3: Probability density function of fraction of land area of region covered by rainfall
under each rainfall regime.

The second regime, called the Moderate regime, occurs on 20% of all rainy days and has
a spatial pattern characterised by larger totals (up to 15 mm), but the shape of the pattern
is similar to the Light regime. Days in this regime tend to consist of slightly more widespread
(though patchy) rainfall, though less widespread than in the remaining regimes, as may be
seen in the PDF in Figure 2.3. This regime also consists of thunderstorms, although these
are more widespread than the Light regime, and may lead to localised heavy totals. These

may lead to extreme rainfall, which will be discussed in Section 2.6.

The PDFs of regimes 3-8 are similar, and thus Figure 2.3 shows their merged distribution
for simplicity. The peak is broad, with a maximum at approximately 0.4, which demonstrates
the widespread nature of rainfall in these regimes. The third, fourth and fifth regimes show
strong rainfall maxima (up to 40 mm day™!), and lie close to the coast in the Kimberley
region, over the Top End and in the Pilbara regions respectively. These regimes are thus
called the Kimberley, Top End and Pilbara regimes respectively. The sixth regime has a
rainfall peak slightly lighter than the preceding three regimes, although is unique in showing

a rainfall maximum far inland. The regime is therefore called the Inland regime.
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The west cyclone regime shows coastal rainfall along a long stretch of the Pilbara and
Kimberley, although it is less than what might be expected from a TC (less than 30 mm
day!). TCs rarely make landfall at the same location, thus the average map for the west
cyclone regime shown in Figure 2.2 may be regarded as an average across multiple landfalling
locations, similar to the light regime being regarded as an average of numerous thunderstorms
in different locations. The east cyclone regime may have also had a similar occurrence, al-
though the rainfall maximum is higher in this regime. The rainfall pattern appears highly
similar to the Top End regime, although the maximum is slightly higher (30-40 mm day™!)

and occurs closer to the coast as would be expected when TCs make landfall.

Table 2.1 summarises the percentages of rainy days that each regime constitutes, and
the contribution of each regime to the total rainfall of the region. Regimes 3-8 constitute
less than 4% of rainy days each, and together comprise only around 14% of all rainy days.
However, these regimes contribute around 45% of the total rainfall of the region. 12.2%
of the total occurs when there is a TC in the region, despite accounting for less than 4%
of rainy days. Taking the Light and Moderate regimes together, slightly more than half of
the climatological rainfall arises from local scattered (or isolated) thunderstorms, with the

remaining half arising from regimes producing widespread rainfall.

The seasonal frequency of the occurrence of all regimes is shown in Figure 2.4. The
prominence of the wetter regimes over the austral summer is expected, as the majority of
climatological rainfall occurs during this time. The prominence of dry days in the austral
winter is also expected for the same reason. The light regime is more evenly distributed

throughout the year, although there is a maximum in the austral spring corresponding with

Table 2.1: Summary of the proportion of rainy days and the contribution of each regime to
the spatial average rainfall.

Regime Proportion of rainy days | Contribution to rainfall
Light (1) 65.1% 27.1%
Moderate (2) 20.9% 27.9%
Kimberley (3) 2.9% 10.2%
Top End (4) 3.6% 8.8%
Pilbara (5) 1.5% 4.7%
Inland (6) 2.2% 8.1%
West cyclone 2.2% 7.5%
East Cyclone 1.6% 4.7%
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the pre-monsoonal build-up. This suggests that either isolated thunderstorms are able to
form during winter under the right conditions, or rainfall could occasionally move along

southern parts from mid-latitude cold fronts.
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Figure 2.4: Distribution of the percentage of days in each regime occuring in each season.

It might be thought that the regimes presented thus far could be interpreted as movement
of a single synoptic system between locations, causing heavy rainfall at different locations.
For example, a synoptic system over the Top End causing heavy rainfall could readily move
to the Kimberley, and thus be in a new regime. To test this idea and understand how regimes
transition between each other, Figures 2.5 and 2.6 show the probability of transition to any
regime after 2 and 3 days respectively, given any day in that particular regime. The figures
show that after 2 days, a dry day will normally continue to be dry, followed by transitioning
to the light regime. This is expected as most of the dry days are in winter, where there

are lengthy periods without rain. Many dry days also occur in spring during the " build-up”
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season, where it is possible that dry days and Light regime days may alternate in some way.
The Light and Moderate regimes are most likely to transition within themselves after 2 or
3 days, indicating these regimes are typical of the majority of days over the build-up and
summer monsoon season. Regimes 3-8 are also most likely to transition to the moderate
or light regimes within 2-3 days, or to themselves. Transitions between regimes 3-8 are
relatively unusual and random, thus indicating that the majority of heavy rainfall regimes
may be initiated by synoptic systems that are relatively short lived, or move offshore rapidly.

The synoptic patterns will be discussed in the next section.
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Figure 2.5: Probability of transitioning to another cluster after 2 days given a day in one
cluster. The horizontal axis of each panel is numbered according to those given in Figure
2.2.
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Figure 2.6: Probability of transitioning to another cluster after 3 days given a day in one

cluster.

2.3 Synoptic patterns

Composites of the 900 hPa and 700 hPa wind for each regime are presented in Figures

2.7 and 2.10.

In addition, composites of the 900 hPa specific humidity and K-index are

presented in Figure 2.8. These composites together will build an understanding of the state

of the atmosphere in each regime.

The dry days regime is characterised by low-level dry (less than 8 g kg™') south-easterly

1 across much of the Australian continent. As the atmosphere is dry,

winds up to 12 m s
the K-index is less than 20 over the entire continent, indicating the lack of potential for
convection resulting in dry conditions. The Light regime shows slightly weaker (up to 8 m

s1) winds in the region that tend more easterly. The low-level humidity in the region is

higher than for dry days (up to 12 g kg*) and the K-index is between 20 and 25 over much
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Regime 0: Dry days Regime 1: Light Regime 2: Moderate
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o L

Figure 2.7: 900hPa wind composites for each regime. Shading indicates wind speed (m s1).

of the study region, indicating the likelihood of isolated thunderstorm activity. As this regime
peaks in frequency in the austral spring and autumn, these conditions are thus typical of the
pre-monsoon " build-up” period and the end of the monsoon due to the composite being

weighted to days in this time of year.

The Moderate regime composites show very light winds (less than 4 m s71) and high spe-
cific humidity (greater than 14 g kg™!) over the study region. The high humidity results in a
K-index greater than 30 over much of northern and north-western Australia, corresponding
to a high likelihood of scattered thunderstorms explaining the larger average totals in the
rainfall pattern in this regime. The Moderate regime peaks in frequency in summer; thus the
Dry, Light and Moderate regimes are consistent with a gradual weakening of the easterlies

over northern Australia in the lead-up to the monsoon.
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The composites for all other regimes show low-level cyclonic winds with onshore winds
near the rainfall maxima, with almost all regimes except the Pilbara regime having specific
humidity greater than 14 g kg™! at the rainfall peak. The widespread rainfall in these regimes
is likely to contain embedded thunderstorms, as evidenced by the high K-indices for these
regimes. The composites for the TC regimes show winds which are much lower than what

1in the composite). The reason is twofold:

would be expected for a TC (under 12 m s
firstly, the composite is an average of multiple TCs centred in different locations, and thus
the maximum winds are smeared over a larger area and tend to cancel out. Secondly, the

ERA-Interim data may be unable to resolve the strong winds concentrated at the centre.

Light Moderate

o

Kimberley Top End Pilbara

~— s

Inland West Cyclone East Cyclone

]
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Figure 2.8: 900 hPa specific humidity composites for each regime (units g kg!)
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Figure 2.9: Composites of K-index (measure of instability) for each regime (dimensionless).
A definition of K-index is provided in Section 2.1.4.

The 900hPa wind composites suggest that for all of the heavier regimes, there is a mon-
soon low present near the rainfall peak. As a result, the heavier rainfall regimes could be
interpreted as the same type of synoptic system, although in different locations. However,
the 700 hPa wind composites (Figure 2.10) and the 500 hPa wind and 315 K potential
vorticity lag composites (Figure 2.11) highlight some differences in the heavier clusters. The
Dry and Light regimes both show an anticyclone over NWA, and are highly similar to each
other. The Moderate regime is also similar to the first two, although the anticyclone is fur-

ther south. The Kimberley, Top End and the two cyclone regimes show cyclonic flow close to
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Figure 2.10: 700hPa wind composites for each regime (units m s!)

the rainfall peaks, similar to Figure 2.10. However, the Pilbara and Inland regimes show ev-

idence of a westerly trough, with strong (up to 10 m s™!) north-westerlies at the rainfall peak.

Figure 2.11 shows the lag composites of 500 hPa wind and 315K PV for regimes 3 to
8. These are shown to indicate the difference in the mid to upper level structure of regimes
which cause heavier rainfall. The Kimberley and Top End regimes show an isolated, weak
PV anomaly which strengthens over the area of maximum rainfall at day 0 before moving
southward and weakening, with weakening occurring more rapidly in the Top End regime.
Such weakening explains the lack of transitions between these two regimes outlined in Sec-
tion 2.2, as the day 2 composite does not suggest a rainfall peak in a location corresponding

to any other heavy regime. The composites for the Pilbara and Inland regimes show further
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evidence of a mid-latitude trough over north-western Australia. The trough moves in an
eastward direction and amplifies on day 0, initiating rainfall ahead of the trough. The two
regimes are differentiated by the different zonal location of the amplified trough. Since the
trough weakens and moves south in the Pilbara regime, it usually does not transition to the
Inland regime, and as the dynamics of these two regimes are different from the monsoon
low and TC type regimes, they are unlikely to transition between each other and explain the
probabilities in Figure 2.5. The west TC regime lag composite shows a coherent PV anomaly
strengthen in a similar fashion to the Kimberley regime, although stronger and offshore. The
east TC regime also looks similar to the Top End regime, although the anomaly moves in a

westerly direction and offshore.

Figure 2.12 shows the 200hPa meridional wind composites for regimes 3 to 8. For regimes
5 and 6 (Pilbara and Inland regimes), there is a clear propagating wave signal, showing these
regimes are indicative of amplified mid-latitude Rossby waves. The remaining regimes show
a significant pattern in the meridional wind, although this is not propagating, suggesting the
existence of an upper level anticyclone over the continent.

Overall the eight regimes can be classified into four groups based on their synoptic pat-
tern: a thunderstorm group (Light and Moderate), a monsoon low group (Top End and
Kimberley), a midlatitude wave group (Pilbara and Inland) and the TC group. These groups
are not the same as what would emerge from choosing three clusters rather than six when
the clustering was carried out - note that the middle pattern in the 3 cluster case in Figure
2.1 shows a pattern that produces widespread rainfall from the Kimberley across to inland
areas. Based on the synoptic patterns identified in this section, the composites for the three
cluster case will produce a combination between a monsoon low and mid-latitude interaction.
Choosing 6 clusters in this chapter allows the synoptic patterns responsible for the rainfall

to be determined more clearly.

In the next section, the trend in mean rainfall will be decomposed into changes in fre-
quency and intensity of rainfall associated with these synoptic patterns, to explain the trend

in terms of changes to the identified rainfall regimes.

31



Chapter 2. Observed rainfall over north-western Australia

Day-2 Day0 Day2

Kimberley

Top End

Pilbara

Inland

West Cyclone

East Cyclone {77~ " |
) = {41-“"“\‘- o e

-' =S F AR et

-06 -05 -04 -03 -02 -0.1 0

Figure 2.11: 315K PV (shading, units PVU) and 500hPa wind (vectors) lag composites for
regime 3 to 8.

2.4 Decomposition

The previous two sections defined the rainfall regimes in terms of rainfall spatial pattern

and synoptic structure. In this section, changes to the regimes between the periods 1950-
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Figure 2.12: 200hPa meridional wind composites for regimes 3 (top row) to 8 (bottom row).

Units are m s

1979 and 1980-2009 are analysed using the decomposition method outlined in Section 2.1.
The method decomposes the change in mean rainfall between the two periods into changes
in frequency and intensity of individual regimes. Figure 2.13 shows the results, and displays
the frequency and intensity terms of the decomposition for each regime. The cross terms
are small relative to each of the other terms and may safely be omitted. The size and sign
of the frequency terms (left) relative to the intensity (right) terms suggest that most of the
rainfall change between the two periods is due to changes in frequency rather than changes
in intensity. By far, the largest single term in the decomposition is the frequency term for

the west cyclone regime, which contributes an additional 24.4 mm per year to the rainfall
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total in the second study period. However, the frequency terms of the remaining regimes
are also significant and positive, except the Light and Moderate regimes. These terms add
to a total contribution of 25.7 mm per year of additional rainfall. Thus, while an increase in
the frequency of the West Cyclone regime contributes most strongly to the positive rainfall
trend, changes in the frequency of many of the other regimes also contribute to the rainfall
trend. There is also a minor positive contribution from the Light (6.4 mm year!) and Mod-
erate (6.9 mm year'!) intensity terms. There is a negative contribution (9.7 mm year?) for
frequency in the Light regime, meaning changes in frequency contribute negatively to the
overall rainfall trend. This implies there is a decrease in the number of days in the Light

regime, compensating for the increase in frequency of the remaining regimes.
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Figure 2.13: Decomposition of mean rainfall into changes in frequency and intensity of each
regime. Left panel shows the frequency terms, right panel shows the intensity terms. Cross
terms are omitted.

Changes in the absolute number of days in each regime between the two periods is
summarised in Figure 2.14. There is an increase in the number of the days in regimes 3-8,
with the largest increase in West Cyclone regime days, a similar result to the decomposition.
This increase in frequency of the heavy regimes comes overwhelmingly at the expense of
days in the light regime, rather than resulting in a much larger number of wet days. As the
synoptic structures associated with the heavier regimes are most likely to occur in summer,

they are unlikely to replace dry days as these do not occur regularly in summer. Thus they are
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more likely to replace days in either the Light or Moderate regime, with the former being the
case as shown here. The results reiterate that changes in the frequency of regimes associated

with structured synoptic systems are the main driver of the observed rainfall trend.
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Figure 2.14: Difference in number of days in each regime between 1980-2009 and 1950-1979.

2.5 Sensitivity to TC separation

The removal of TCs prior to clustering highlighted that rainfall over parts of the study
region may be influenced by TCs and other synoptic systems. To illustrate the necessity of
first removing TCs from the record, the rainfall patterns produced from clustering the AWAP
rainfall without separating TCs is given in Figure 2.15. All of the rainfall patterns look very
similar to those in Figure 2.2, although there is a noticeable slight increase in intensity of
the Top End and Pilbara regimes. The inclusion of TCs therefore has negligible bearing on
the spatial rainfall patterns for each regime. The frequency and contribution to total rainfall
of each regime has changed slightly with the heavier regimes, which is expected as the TC

regimes must be absorbed into the remaining regimes.

The main issue resolved by removing TCs from the record is the interpretation of the PV
fields. Figure 2.16 shows the PV lag composite for the Pilbara regime without TC separation.
At day -2, there is an isolated PV minimum to the north of the Pilbara which is not present
in Figure 2.11. As the difference in the members in the cluster can only be attributed to the
presence of TCs, the PV minimum must correspond to a TC in the region. The composite

then shows an interaction between the TC and a mid-latitude wave at day O before being
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absorbed and moving south-west at day 2.
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Figure 2.15: The rainfall regimes that would happen if cyclone days were left in the data
set. Units are mm dayL.

If cyclone days were not separated from the rainfall record, the progression shown in
Figure 2.16 would appear to be reasonable, as it appears to show a strong monsoon low
interacting with a mid-latitude trough. However, after TC separation, the spatial rainfall
pattern for the Pilbara regime is unchanged (although marginally less intense), but the PV
composite no longer contains a TC. Thus, the PV composite in Figure 2.16 can be considered
to be an average of both TC days and mid-latitude interaction days, both of which result in

a similar spatial rainfall pattern.
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Figure 2.16: 315K PV and 500 hPa wind for the Pilbara regime without cyclone removal.
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The decomposition of changes in the rainfall regimes without TCs in Figure 2.17 suggests
that the main contribution to the rainfall trend is changes in the frequency of the Kimberley
and Pilbara regimes. Based on the location of TCs in the West Cyclone regime, many of
the TCs are absorbed into these two regimes. Thus, failing to remove TCs will result in
the rainfall trend being falsely attributed to a strong increase in the Kimberley and Pilbara
regimes. Separation of TCs is therefore important to accurately determine the synoptic
systems responsible for rainfall in NWA, and to accurately attribute changes in rainfall to

changes in the synoptic systems.
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Figure 2.17: The decomposition of the regimes without removing cyclones.

2.6 Extreme rainfall

Contributions of each rainfall regime to the climatological mean and overall rainfall trend
have been established in previous sections. This section discusses the how each regime con-
tributes to extreme rainfall in NWA. As discussed in Section 2.1.6, an extreme day is defined
as any day that contains at least one point above the 99.9th percentile of all rainy grid points,
determined to be 107.2 mm day™. Figure 2.18 shows the number of days per year that are
considered extreme. Similar to the overall trend in rainfall, the number of extreme days
per year is generally increasing over the 60 year period. There is a significant decrease from

the mid 1980s to the early 1990s, followed by a sharp increase and return to the general trend.
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Figure 2.18: Number of extreme days per year from 1950-2010. The dashed line represents
the 5 year moving mean.

The contribution of each regime to extreme rainfall will now be considered. Here we
determine the total number of extreme days that fall into each regime, as well as the prob-
ability that a given day in the regime is extreme. The number of days per year that are
considered extreme as a function of regime are shown in the left panel of Figure 2.19. Any
of the regimes are capable of producing extreme rainfall, with the moderate, Kimberley, Top
End, and West Cyclone regimes producing a similar number of extreme rainfall events per
year. A slightly surprising result is that the light and moderate regimes also contain days
that can be considered extreme. It is possible that thunderstorms occurring in these regimes
produce isolated heavy falls which are above the threshold for extreme rainfall, albeit only
over a small number of grid points. These heavy falls are likely to cause localised flooding,
thus they are rightfully counted as extreme rainfall. Of the heavier regimes, the Pilbara
and inland regimes cause relatively fewer extreme events per year, due in part to their lower

frequency.
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Figure 2.19: Left panel: number of days per year that are extreme in each regime. Right
panel: probability that a day in a given regime is extreme. The numbering of the regimes is
the same as that given in Figure 2.2.

The right panel of Figure 2.19 shows the probability of a day being extreme, calculated by
dividing the number of extreme days in a regime by the total number of days in that regime.
Tropical cyclone regimes have a more than 50% chance of producing extreme rainfall when
they occur. The remaining heavy rainfall regimes have a slightly lesser chance of causing
extreme rainfall, with the Kimberley regime being most likely to cause an extreme event.
The remaining heavy regimes have a similar likelihood to each other of initiating an extreme
event. As the Pilbara and inland regimes are less frequent than the other regimes (see Table
2.1), they constitute a smaller number of extreme days, although the likelihood of a day in
these regimes causing an extreme event is similar to the Kimberley and Top End regimes.
The increased frequency of regimes more likely to produce extreme rainfall can therefore

explain the increasing trend in extreme days.

Figure 2.20 shows the spatial distribution of the extreme rainfall for each regime. For
the heavy regimes, the typical location of the extreme rainfall points corresponds very closely
to the location of maximum rainfall, although for most regimes the frequency of extreme
events tends to decrease rapidly with distance from the coast, with the exception of the
Inland regime. The decrease in extreme rainfall with distance inland is strongest for the
Kimberley regime, suggesting the local topography may trigger convection on the western
(windward) side resulting in a higher likelihood of extreme rainfall here. The Moderate regime
also tends to produce extreme rainfall only along the coast, and especially at the coast of

the Top End. The Light regime almost exclusively produces extreme events at two isolated
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Figure 2.20: Spatial distribution of extreme points by regime. Shading indicates the fraction
of extreme days in that regime that have an extreme point at that grid point.

points: on the coast in the far west of the study region, and in the far north-eastern corner
of the region. It is possible that these heavy rainfall events are the result of monsoon lows or
TCs that are only just outside the study region, rather than a tendency for extreme rainfall
from thunderstorms to only occur in this region. Extreme rainfall caused by the Light regime
is therefore likely to be overestimated, however based on the distribution for the Moderate

regime, thunderstorms still occasionally produce extreme rainfall in that regime.

2.7 Discussion and conclusions

In this chapter, daily rainfall over NWA is classified into eight regimes which are charac-
terised by observed synoptic patterns. The regimes can be divided into 4 groups: thunder-
storms, monsoon lows, TCs and mid-latitude interactions. The monsoon lows often appear
to be similar to the coherent PV anomalies described by Berry et al. (2012), highlighting
the importance of these structures in the north Australian monsoon. The Pilbara and inland
regimes constitute less than 4% of wet days, but they deliver much of the climatological
rainfall to many inland desert regions of Australia. Regimes causing heavier rainfall (all ex-
cept the Light and Moderate regimes) contribute almost half of the climatological rainfall of
the region, despite only constituting 14% of wet days in the region, while the remaining half

is caused by isolated or scattered thunderstorms not forced by a structured synoptic system.

Changes in the frequency of the heavy rainfall regimes (which includes TCs) account
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for approximately 70% of the increase (Figure 2.13) in rainfall in 1980-2009 as compared
to 1950-1979. This means that there is an increase in the frequency of formation of the
weather systems that cause the heavy rainfall patterns. As these heavy regimes are already
infrequent, small changes in the number of systems each year can cause a large change in
rainfall in the region. The sharp increase in the frequency of TC days found in this study is is
partially in disagreement with Ren and Leslie (2015), who suggested that there is no strong
trend in the number of TCs, however it does support their conclusion that warming in the
NWA TC basin has resulted in more favourable conditions for TC formation. The increase in
frequency of TCs also disagrees with Lavender and Abbs (2013), who also did not observe a
significant trend in TC number over NWA, however an increase in the frequency of monsoon
lows associated with the Kimberley and Top End regimes does agree with Lavender and Abbs
(2013). Although the results in this chapter show a strong increase in the frequency of TC
days over north-western Australia, it is important to note that the TC track data includes
tracks prior to the satellite era (before 1970). The trend in TC days, especially West Cy-
clone days may therefore be exaggerated, and could partially explain the difference in TC
trend between this study and others (for example, Lavender and Abbs (2013) use TC tracks
from 1970-2009 to avoid the pre-satellite era). The exaggeration of the trend in TCs should
not affect the trend in other synoptic regimes responsible for rainfall in the region. The
fact that the positive contribution from frequency changes for the monsoon low regimes is

present regardless of TC separation highlights the robustness of the change in their frequency.

A trend associated with an increase in frequency of synoptic systems associated with
heavy rainfall rules out a simple, direct effect of increases in SST on atmospheric moisture
only, since such a simple effect would result in an increase in rainfall intensity with the
frequency of these systems remaining the same. However, additional atmospheric moisture
may explain the positive contribution of intensity for the Light and Moderate regimes. The
result that frequency changes matter more than intensity changes disagrees with Emori and
Brown (2005), who determined from examination of pointwise PDFs of model rainfall that
frequency changes had no major effect on the rainfall trend. Emori and Brown (2005) used
a small number of models in the Program for Climate Model Diagnosis and Intercomparison
(PCMDI). The pattern for overall precipitation change in their study did not capture the

observed positive trend in rainfall over NWA (see Figure 1.1), which suggests model biases
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are a factor in their study.

The increase in the number of heavy rainfall days must be explained by a mechanism that
creates more favourable conditions for the formation of the synoptic structures associated
with these regimes. Sea surface temperatures are likely to still play an important role, since
changes can affect the location and frequency of development of these structures. Future
research should therefore focus on modelling and statistical studies aiming to determine
the mechanisms responsible for regulating the frequency of these structures. The ability of

CMIP5 models to replicate these mechanisms will be discussed in the next chapter.
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Chapter 3

Modelled rainfall over north-western
Australia: Evaluating ACCESS1-0

against observations

3.1 Introduction

Chapter 2 identified typical rainfall regimes over north-western Australia and their asso-
ciated synoptic patterns, and described the observed rainfall trend in north-western Australia
in terms of the changes to the frequency and intensity of these regimes. The next two
chapters aim to determine how these rainfall regimes, and their associated flow patterns, are
represented in the Coupled Model Intercomparison Project phase 5 (CMIP5) models with
the ultimate aim of informing how the regimes will change in a future climate. Over the
Australian region, there is generally a tendency for CMIP5 models to produce too much rain
over northern Australia (Moise et al., 2015). As discussed in Chapter 1, the CMIP5 ensem-
ble mean is able to capture the overall pattern of the observed global precipitation trend,
however there is much variation among models in terms of regional trends (Kumar et al.,
2013). Models generally have large variation in replicating observed precipitation over the
Australian continent (Flato et al., 2014; Christensen et al., 2014). To eliminate some of the
variation, some studies have selected subsets of CMIP5 models that replicate the observed
climate well. Grainger et al. (2014) rank models based on their ability to replicate modes
of variability in the 500 hPa geopotential height, while Jourdain et al. (2013) use rainfall

rates in the Indian and Australian monsoon, and their coupling to ENSO as a basis for model
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ranking. Moise et al. (2015) use a ranking based on temperature, rainfall and MSLP fields,
and find that ACCESS1-0 performs best when the entire Australian region is considered,
although other models perform better in other parts of Australia. Thus, ranking measures

depend strongly on the metric, the region and the purpose of the ranking.

We now wish to use the regime-based approach developed in Chapter 2 to evaluate the
ability of CMIP5 models to reproduce the observed rainfall patterns and synoptic patterns
over north-western Australia. However, assigning regimes in models requires care, since
defining model regimes based on observed regimes may not necessarily be the most accurate
representation of how rainfall regimes behave in the model. However, directly clustering
model data may result in regimes that are differently defined to the observations, making
the comparison to observations less straightforward. Thus, it is desirable to develop a num-
ber of regime assignment methods that will take into account how the models change the
frequency, intensity and spatial pattern of the rainfall regimes. This chapter will outline and
test three regime assignment methods on one CMIP5 model, ACCESS1-0 (Bi et al., 2013),
to both assess the ability of this model to reproduce the observed rainfall regimes with the
correct spatial pattern, intensity and frequency, as well as identify a methodology that can
be used to assess a larger set of models in Chapter 4. ACCESS1-0 was chosen to test these

methods as it is one of the main Australian CMIP5 models.

Section 3.2 outlines the rainfall and TC track data in both observations and ACCESS1-0
that will be used in this chapter and the following chapters. The three regime assignment
methods used to determine the model regimes will also be described in detail in this sec-
tion. Section 3.3 describes the rainfall regimes determined from CMORPH observations and
compares them to the regimes in AWAP from the last chapter. From this chapter onwards,
the regimes determined from CMORPH are used as the observed regimes. Section 3.4 de-
scribes the climatological mean in ACCESS1-0, before applying the three regime assignment
methods to rainfall in the model, providing detail on the spatial pattern, frequency and in-
tensity of the regimes compared to the observations. An overall evaluation of the ability of
ACCESS1-0 to replicate rainfall over north-western Australia, as well as a discussion on the
merits of using each regime assignment method for a multi-model analysis is presented in

Section 3.5.
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3.2 Methodology

3.2.1 Rainfall regimes in CMORPH

In Section 2.1.1, the merits of using the AWAP and CMORPH datasets were briefly
discussed. So far, the observed rainfall regimes were based on the AWAP dataset because
of the much longer period the data covers, thus allowing the rainfall trend to be attributed
to changes in the rainfall regimes. However, the region of missing data over inland parts
of NWA in the AWAP dataset is problematic when comparing observations to model data.
In addition, AWAP data are only available over land areas. For comparison to model data,
it is more important for the observation dataset to be spatially complete than to have a
long record. Thus, to allow model biases to be calculated and assessed more rigorously over
the entire study region including over the ocean, the CMORPH dataset will be used in this
chapter and following chapters for almost all analyses. However, differences in the trend in
rainfall in the models relative to observations will continue to be evaluated against AWAP
as the length of CMORPH is too short to discern the trend in rainfall. The CMORPH data
are available from 1998-2016, and at 0.25 degree resolution. The rainfall regimes produced
by the CMORPH dataset are first determined and compared to AWAP before being used for

model evaluation.

Clustering on CMORPH data is carried out in the same manner as for the AWAP data
(Section 2.1.3). As before, TC days and dry days (spatial mean <0.1mm) are removed from
the data before clustering. CMORPH data are available over both ocean and land regions,
however the data over the ocean is masked out for the clustering to make the results compa-
rable to the AWAP analysis. Ocean data is added back into the resulting regimes following
clustering. As is discussed later (Section 3.3), the spatial completeness of the data results
in seven clusters (rather than six as in Chapter 2) being an appropriate choice for clustering
the CMORPH data. Since the regimes in Chapter 2 were determined from AWAP data using
the period 1950-2010, there is an overlap in periods between 1998-2010. Thus, each day
in this period will be associated with a cluster in both CMORPH and AWAP. This allows
a comparison between the two datasets to highlight the similarities and differences between
the two sets of regimes derived from them. The frequency and contribution to rainfall of

each regime is also determined. Finally, the composites of the 500 hPa wind and 315K PV
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are calculated to illustrate the synoptic systems associated with the regimes. The synoptic

fields are calculated from ERA-Interim data as in Chapter 2.

3.2.2 ACCESS1-0 and observation data

The Australian Community Climate and Earth System Simulator version 1.0 (ACCESS1-
0) (Bi et al., 2013) has been chosen to test a set of methods to determine whether CMIP5
models are able to replicate the observed rainfall regimes. The historical run (forcing due to
observed changes in greenhouse gases) for this model has a horizontal grid spacing of 1.875
x 1.875 degrees in the horizontal. For determining the regimes, daily rainfall from the model
years 1970-1999 was re-gridded to a 2.0 x 2.0 degree spacing for comparison to other CMIP5
models in Chapter 4. The period was chosen due to availability of tracks of TC-like vortices
(described later in this section). The CMORPH regimes described in Section 3.3 are also
re-gridded to a spacing of 2.0 x 2.0 degrees wherever they are compared to ACCESS1-0 and
other CMIP5 models.

3.2.3 Dry day and cyclone removal

As shown in Chapter 2, tropical cyclones (TCs) are an important feature in the clima-
tology of NWA rainfall. Even coarse resolution GCMs are able to produce TC-like vortices
(TCLVs) (Manabe et al., 1970), and thus they must be accounted for when considering
rainfall regimes in the CMIP5 models. TCLVs are detected and tracked using the CSIRO
Direct Detection (CDD) scheme (Nguyen and Walsh, 2001; Walsh et al., 2004) for model
years 1970-1999, and days on which a TCLV is inside the study region are separated from
the rainfall data as was done for observations in Section 2.1.2. Prior to using any of the
three analysis methods described below, the TC days were separated into either a western or
eastern TC regime based on the location of the storm centre, and thus the rainfall patterns
are calculated independently of any of the methods outlined in the next section. The TC
regimes will be presented with the rainfall patterns from all three methods, but the regimes
are covered in more detail for Method Il when the synoptic patterns in the model are de-

scribed.

The cyclone detection scheme is based on a number of vorticity, temperature and wind
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speed thresholds, the latter of which are resolution and model dependent (Nguyen and Walsh,
2001; Walsh et al., 2004). The criteria ensure that vortices that are tracked are warm-cored,

closed lows with similar structural characteristics to a TC, and are as follows:
1. Vorticity must be greater than 107 s,

2. There must be a closed sea level pressure minimum within 250 km of the vorticity

maximum.

3. The sum of the tropospheric temperature anomalies at 700 hPa, 500 hPa and 300 hPa

relative to the environment must be greater than zero.
4. The wind speed around the centre must be greater at 850 hPa than at 300 hPa.
5. The temperature anomaly at the centre must be greater at 300 hPa than at 850 hPa.

6. The wind speed at the outer core must be greater than a model-dependent threshold

(for ACCESS1-0: 8.5 m s1).

Once a TCLV fulfils all criteria for at least 24 hours, criteria 3, 4 and 5 are relaxed. These
criteria characterise a storm as warm cored, and will no longer be true if a TC undergoes
extratropical transition. A storm undergoing such a transition usually does not signify the
end of a TC track. For the purposes of this work, a TCLV that transitions into a cold-cored

system is viewed as having TC influence, and is therefore still removed from the rainfall data.

Following TC separation, dry days (defined as having a spatial mean <0.1 mm as per
Section 2.1.3) were removed from the model rainfall data. The frequency of dry days is also

compared to the observations.

3.2.4 Clustering methods

To determine the rainfall regimes in the model to compare them to the observations,
three regime assignment methods are proposed. All three methods use daily, non-TC rainfall
in ACCESS1-0. Regime assignment is carried out based on land data only, and ocean data

is added back into the regimes following regime assignment.
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Method I: Projection

The first regime assignment method, referred to as the projection method, projects each
day in the model to the observed CMORPH regimes. The Euclidean distance from a given
day in the model to each of the observed regimes is calculated, with the day assigned to the
regime associated with the smallest distance. Once all wet, non-TC days in the model are
assigned to a regime, the model regimes are determined by taking the mean of all model
days in each regime. This method is relatively simple and produces spatial patterns similar
to the observations, since model regimes determined using this method are centred around
the observed regimes. Since the regime spatial patterns by design do not vary significantly
from those of the observations, this method allows the frequency and intensity of the model
regimes to be calculated in a straightforward manner, and allows direct comparison to the
frequency and intensity of the observed regimes. However, this method is unable to deter-
mine if the model produces rainfall spatial patterns that vary from those observed. Changes
to frequency and intensity in the models determined from this method should be used in
conjunction with changes in regime spatial patterns to evaluate the models. The following

two methods are able to take spatial pattern differences into account.

Method Il: Direct clustering

The second assignment method clusters the model rainfall independently from the obser-
vations, and allows a set of model regimes to be determined. Ideally, the model should be able
to reproduce all of the observed regimes without producing regimes not in the observations.
Thus, we use seven clusters as was the case for clustering the CMORPH observations. As
described in Sections 3.2.1 and 3.3, we choose seven clusters (plus the two cyclone regimes)
for clustering in the observations from this chapter onward. If the most sensible number of
clusters in the model is anything other than seven, this implies the model is either unable
to produce some observed regimes (if less than 7), or produces regimes which are not in the
observations (if more than 7). Choosing a different number of clusters for each model would
make comparison to the observations difficult, especially for a large number of models as will
be evaluated in Chapter 4. Thus seven clusters will be used in all model clustering. Using
seven clusters allows the model regimes to be compared to the observed regimes in a 1:1

fashion.
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The non-TC model regimes are mapped to the observed regimes by calculating a measure
of similarity between each model regime and each observed regime. One measure of simi-
larity is the Euclidean distance - the closer one spatial pattern is to another, the smaller the
Euclidean distance. Thus, if a set of model regimes are arranged such that they are matched
to an observed regime with a similar spatial pattern, the Euclidean distance between each
pair must be small. Therefore the best pairing of a set of model regimes to observed regimes
will have a small sum of Euclidean distances over all of the possible pairs. The best match

is assumed to correspond to the smallest sum of the distances.

For illustrative purposes, Table 3.1 gives a set of 4 regimes, which are not based on any
results. Each row represents one set of regimes (observations, for example) and each column
a second set (model, for example). The table shows, for example, that the Euclidean distance
from observed regime 1 to model regime 2 is 30. The sets of regimes may be paired to one
another in many ways. One possible permutation of matching the regimes could be along
the diagonal from top left. The sum of the distances would therefore be the sum along the
diagonal, in this case 240. A new permutation could be along the diagonal from top right
to bottom left, which gives a new total of 350. This higher total, indicating the matching
is more distant than the previous example, is considered to be a poorer arrangement. By
trialling every possible permutation, the arrangement highlighted in blue is found to produce
the lowest possible sum of 180, and this is considered to be the optimum arrangement of
model regimes to observed regimes in this example. The same approach can be repeated
for other measures of similarity, such as pattern correlation which is also trialled below in
Section 3.4.3. Mapping with pattern correlation can be carried out in the same way by cal-
culating the correlation between each model and observed regime rather than the distance;
however since a higher pattern correlation implies a more similar pattern, the sum of pattern

Table 3.1: Example of Euclidean distance mapping using two sets of 4 regimes. The high-
lighted cells show the optimal arrangement for matching the regimes.

Model
1 2 3 4
1 40 30 100 60
2 50 30 90 40
3 80 100 70 40
Obs 4 130 170 70 100
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correlations is maximised rather than minimised.

Following mapping, the frequency and contribution to the total rainfall of each regime is
also assessed. The model regimes determined by this method are used as a basis for deter-
mining the synoptic regimes associated with the model. Composites of wind at the 850 hPa
and 500 hPa levels, as well as specific humidity at 850 hPa and meridional wind at 250 hPa
are calculated for comparison with the observed regimes, and are calculated as an average

across all days in a given regime, the same approach as used in Section 2.1.4.

Method I1l: Combining model and observed data

The third assignment method takes an equal number of days from CMORPH and
ACCESS1-0, and carries out the cluster analysis for both sets of days together. We choose
daily rainfall from 1981-1999 in ACCESS1-0 to ensure that the atmospheric forcing is as
close to the period in CMORPH observations as possible. Although the model and observed
days are tagged before clustering, the algorithm is blind to these tags and therefore makes
no distinction between a model day and an observed day. The clustering will only produce
patterns based on the closeness of the daily rainfall patterns based on Euclidean distance. If
the model produces rainfall patterns that do not resemble the observed regimes, the centroids
of the resulting clusters will appear different to the observed regimes. If the model produces
incorrect regimes, or produces regimes at the incorrect frequency, this can be determined by
examining the fraction of model days in each cluster from this method. To demonstrate the
level of perturbation from the observed regimes caused by the model days, seven clusters are
used. As a point of comparison, any regime that consists of more than two-thirds observed
days (thus a ratio of 2:1) is considered to be a regime the model fails to replicate. A regime
that consists of a ratio of 2:1 in favour of model days is considered to be a regime that is
incorrectly produced by the model. While this ratio is arbitrary, it is a useful start for model
comparison as it is simple to compare the number of missed regimes or incorrect regimes
across models.

The three regime assignment methods are assessed for their applicability to a larger
number of models, with the aim of ranking them (in Chapter 4) for their suitability for

making predictions of the regimes in a future climate in Chapter 5.
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3.3 CMORPH rainfall regimes: comparisons to AWAP

3.3.1 Spatial patterns

The spatial patterns for rainfall regimes in CMORPH are identified for comparison to
those from AWAP, and as a reference for model evaluation. Clustering over land regions
only was carried out for CMORPH data using the same method outlined in Section 2.1. The
6-cluster case (the number of clusters used in Section 2.2) plus the two cyclone regimes
is shown in Figure 3.1. When the spatial patterns are compared to Figure 2.2, we note
that all of the regimes identified in the previous chapter emerge from the clustering with
the exception of the Pilbara and Moderate regimes. Two different patterns emerge - one
additional pattern is centred between the maxima for the Kimberley and Top End regimes,
and the second is centred between the coastal Top End and the maximum for the Inland
regime. These are described in more detail below. Since two regimes that exist in AWAP are
not present in CMORPH, the number of clusters is increased in order to determine whether
more regimes present in AWAP will emerge from the clustering of CMORPH rainfall data.

The number of clusters is now increased from 6 to 7.

0.5 1 2 5 10 15 20 25 30 40 50

Figure 3.1: Rainfall regimes derived from CMORPH data - the 6 cluster case. Regimes 7
and 8 are TC regimes.

The 7-cluster case is shown in Figure 3.2. An additional regime that is identified in
Section 2.2 emerges from the clustering here. There is a Light and Moderate regime present
as regimes 1 and 2. Additionally, there is a Kimberley, Top End and Inland regime as clusters

3, 5 and 7 respectively. The TC regime patterns look similar in spatial pattern to those from
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AWAP, which is expected as there is a relatively large number of cyclone days in each of
those regimes (more than 200 each). There are two regimes present in the set of CMORPH
regimes that are not present in the AWAP data. Regime 4 in CMORPH shows a maximum
in rainfall located on the west coast of the Top End, extending toward the Kimberley region.
This regime can be interpreted as being located geographically between the Kimberley and
Top End regimes found in AWAP. This will be referred to as the Kimberley-Top End (KTE)
regime. Regime 6 is characterised by a rainfall peak inland of the Top End, but further north
than the Inland regime, and thus will be referred to as the Inland Top End (ITE) regime.
The 7-cluster arrangement produces the highest number of clusters similar to AWAP, and
thus this number (plus 2 cyclone regimes) is chosen as the optimal number of clusters for

the CMORPH dataset.

Figure 3.2: Rainfall regimes derived from CMORPH data - the 7 cluster case which will be
used throughout the remainder of this thesis. Regimes 8 and 9 are TC regimes. Units are in
mm day™!.

The absence of the Pilbara regime in the CMORPH regimes suggests the regime is not
present in the period 1998-2016. However, the location of the Inland type regime (Regime
7 in Figure 3.2) is slightly further west than in AWAP, and covers the area where there is
missing data in AWAP. Thus, it is possible that CMORPH regime 7 is comprised of a combi-
nation of AWAP Pilbara and Inland regime days, and the presence of two regimes in AWAP
rather than one in CMORPH is the result of the region of missing data in inland parts of the
region. The combining of the two regimes is highlighted in the next subsection where days

in each CMORPH regime are mapped to their equivalents in AWAP.

With the exception of the Pilbara regime, all of the regimes identified from AWAP are
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present in CMORPH. Since there is no missing data regions over land, the CMORPH 7-
cluster case is used from this point forward as the the reference observed regimes to which
model patterns are compared. Changes to the mean of each cluster can affect the regime
assignment of some days in the data, which can in turn affect the frequency and contribution

to total rainfall. These changes will be discussed next.

3.3.2 Mapping to AWAP

Figure 3.3 shows how each day in each of the CMORPH regime is represented in the
AWAP regimes. Each panel calculates the proportion of the assignment of each day in a
CMORPH regime to each of the AWAP regimes, and presents it as a probability that a given
day in a CMORPH regime is in each of the AWAP regimes. Regimes 0 (dry) to 2 map very
closely to their equivalents in AWAP with a little crossover between the Light and Moderate
regimes. The close mapping is expected as these have a high frequency of occurrence, and

have a different average intensity compared to the other regimes.

However, the mapping is less clear when the heavy regimes (regimes causing heavier
rainfall from monsoon lows, mid-latitude waves or TCs, in CMORPH these are regimes 3 to
7) are considered. Since the CMORPH regimes have slightly different spatial patterns and
intensities to those AWAP, a given daily rainfall pattern which is only slightly closer to one
regime may cross to the other with the change in spatial pattern. This threshold change also
explains the significant change in frequency for each regime shown in Table 3.2. The heavy
regimes are infrequent compared to the Moderate regime, so even if a small percentage of
days from the Moderate regime in AWAP move to the heavy regimes in CMORPH, there
will be a large contribution to the mapping from the Moderate regime. This explains the
large contributions from the AWAP Moderate (2) regime noted for CMORPH regimes 3 to
7 in Figure 3.3.

The Pilbara regime (regime 5) in AWAP is captured by Regimes 2, 3 and 7 in CMORPH.
Both Regimes 3 and 7 in CMORPH are located close to the missing data region in AWAP. It
is therefore possible that when AWAP produces two separate regimes near the missing data
region, CMORPH only produces one and shares some days with its Kimberley type regime.

It is likely that the AWAP clustering artificially separates the Pilbara and Inland regimes due
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to the existence of the missing data region.

3.3.3 Frequency and contribution to total rainfall

The frequencies and contribution to total rainfall for each CMORPH regime are given
in Table 3.2. The spatial patterns for most of the regimes are similar to the patterns for
the AWAP regimes, however the frequency and contribution to total rainfall is different to
the AWAP regimes. Regimes 1 and 2 (equivalent to Light and Moderate) make up 64.3%
of rainy days and contribute only 31.2% of the total rainfall, compared to 86% and 55% in
AWAP respectively. The regimes derived from CMORPH produce heavy regimes (3 to 7)
and TCs significantly more frequently than those using AWAP. The higher frequency of the
heavier regimes may be the result of using a more recent time period, as heavier regimes are
found to increase in frequency over time as per the result in Section 2.4. The lower rainfall
maxima for some of the heavy regimes in CMORPH as discussed earlier may also contribute

to the changes here.

To further illustrate the differences in frequency between regimes in CMORPH and AWAP,
the frequency relative to all days rather than rainy days is presented in Table 3.3. Regimes 3
to 7 in CMORPH and 3 to 6 in AWAP are grouped into "heavy” regimes in order to give a
general overview of differences in frequency where the number of regimes is not equal. The
frequency of dry days changes little, however the frequency of light and moderate days is
much lower in CMORPH, compensated by a large increase in the frequency of heavy rainfall

Table 3.2: Summary of the proportion of rainy days and the contribution of each regime to
the spatial average rainfall for the CMORPH regimes

Regime description Proportion of rainy Contribution to
days rainfall
Light (1) 51.5% 15.6%
Moderate (2) 12.8% 15.8%
Kimberley (3) 3.9% 10.4%
Kimberley/TE (KTE) (4) 3.7% 9.2%
Coastal Top End (5) 7.5% 10.0%
Inland Top End (ITE) (6) 4.5% 10.1%
Inland (7) 5% 9.1%
West cyclone 6.5% 11.6%
East Cyclone 4.6% 8.0%
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Figure 3.3: Probability of daily rainfall occuring in an AWAP regime given a certain CMORPH
regime.

regimes and TCs. The differences could be due to the difference in time period used between
AWAP and CMORPH, since the increasing trend over time means that CMORPH will have a
higher mean over the region than the period for AWAP. These differences must therefore be
taken into account when comparing the frequency of regimes in the models to the observed
frequency. The difference in the observation methods used to produce each dataset could

also contribute to the differences in frequency.

Table 3.3: Comparison of the fractions of dry, light, moderate, heavy and TC days between
AWAP and CMORPH.

Regime group

AWAP frequency

CMORPH frequency

Dry

Light

Moderate

Heavy (non TCs)
TGCs

37.3%
40.8%
13.1%
6.4%
2.4%

35.4%
33.2%
8.3%
15.9%
7.2%

3.3.4 Synoptic patterns

Composites of the 900 hPa wind fields for each regime in CMORPH are shown in Fig-
ure 3.4. When compared to Figure 2.7, the wind fields show little difference to those of
the AWAP-based regimes, with the dry regime and Regimes 1 and 2 all closely resembling
their counterparts (Light and Moderate for Regimes 1 and 2). The remaining heavy rainfall

regimes, including the TC regimes, all show a closed low near the rainfall maximum in the
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same manner as the composites when using AWAP. Regimes 5 and 7 have generally lower
wind speeds than the equivalent Top End and Inland regimes from AWAP, however the shape
of the circulation is preserved. The new regimes, 4 and 6, both show cyclonic circulation
slightly west of the rainfall maximum resulting in moist onshore flow, which is a similar ar-

rangement to the other heavy regimes.

2: Moderate

8: West cyclones

—~ =
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\

______

10 ms-1

Figure 3.4: 900 hPa wind composites for the CMORPH regimes. Shading indicates wind
1

speed in m s,

The 850 hPa specific humidity composites for each regime are shown in Figure 3.5. A
different level was chosen here compared to the 900 hPa level chosen in the last chapter
as we are comparing low-level flow in models to observations later in this chapter, and the
models to be evaluated do not provide output at 900 hPa. The patterns and values for

specific regimes are very similar for the heavy regimes for both CMORPH- and AWAP-based
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regimes despite the slight difference in levels, with regions above 14 g kg present in the
locations where the rainfall is occurring. The humidity is slightly lower for Regime 7, which
is a similar result to the Pilbara regime in AWAP. As we progress from dry days to the Mod-
erate regime, the humidity gradually increases over northern Australia from around 6 g kg™
to around 10-12 g kgt. Overall, the intensity of the rainfall regimes is linked to the low-level

humidity, similarly to the regimes based on AWAP.

Dry days :Li 2: Moderate

3: Kimberley 4: Kimberley/Top End 5: Top End

L 1

6: Inland Top End 7: Inland 8: West cyclones

P

9: East cyclones

I —— | [
4 6 8 10 12 14

Figure 3.5: 850 hPa specific humidity composites for the CMORPH regimes. Units are g

kg,
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Figure 3.6 shows the 500 hPa wind and 315K PV composites for CMORPH Regimes
3-9. Regimes 3 to 6 are associated with isolated PV anomalies centred over the region of
maximum rainfall, although the signal is weaker than their equivalent patterns based on
AWAP. It is likely that the weak signal is due to the much smaller sample of days in each
regime rather than the average strength of the PV anomaly being weaker. The anomaly may
be in a slightly different position on each day, which when averaged tends to blur out the
actual strength of the anomaly, especially in smaller sample sizes. Regime 4 shows transport
and slight strengthening of an isolated PV anomaly on the day of rainfall, and can therefore
be characterised by a monsoon low highly similar to the AWAP-based Kimberley and Top
End regimes. Regime 6 shows little evidence of an isolated PV anomaly, although the region
of higher PV tends to extend westward at day +2, suggesting westward movement of a
relatively weak disturbance. The CMORPH Inland regime (Regime 7) is able to capture the
mid-latitude waves highlighted in Section 2.3, but the amplitude of the waves is weaker than
for the AWAP regimes. The two TC regimes consist of isolated PV anomalies, similarly to

the TC regimes in AWAP and what is expected for TCs.

Figure 3.7 shows the 250 hPa wind composites for Regimes 6 and 7. The wave pattern
present in the AWAP Pilbara and Inland regimes is present in Regime 7, highlighting that this
regime is also characterised by the influence of mid-latitude Rossby waves. Regime 6 has no
such pattern, showing that the rain associated with this regime is unlikely to be influenced

by mid-latitude interactions, and can be classified as another monsoon low-type system.

Overall, the CMORPH regimes strongly resemble the AWAP regimes in terms of spatial
and synoptic patterns. Two additional regimes emerge, neither of which are associated with a
new type of synoptic system. While the Pilbara regime does not emerge from the clustering,
many of its days are absorbed into the new Inland-type regime (Regime 7). Since all of the
major synoptic systems are represented by the CMORPH regimes, they may be adequately

used as a real-world basis to which the CMIP5 models may be compared.

3.4 Rainfall regimes in ACCESS1-0

In this section, we begin to evaluate rainfall regimes in ACCESS1-0. Firstly, we determine

how ACCESS1-0 simulates the mean rainfall over NWA before applying the three regime
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Figure 3.6: PV and 500hPa wind lag composites for CMORPH regimes 3-9. Composites
indicate progression of systems 2 days prior, on and 2 days following a day in each regime.
Shading units are in PVU.
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Figure 3.7: 250 hPa meridional wind composites for Regimes 6 and 7 in CMORPH. Units

are m S_l.

assignment methods to the model rainfall data. This section illustrates how each of the
methods provides different information about the frequency, intensity and spatial patterns of
model rainfall regimes, and provides an assessment of the ability of ACCESS1-0 to simulate

the observed regimes.

3.4.1 Assessing the climatology in ACCESS1-0

The climatological rainfall in ACCESS1-0 is compared against the mean in the CMORPH
observations to determine the nature of any precipitation biases. A secondary aim is to de-
termine the biases over the neighbouring ocean regions, thus the choice of CMORPH rather
than AWAP for this purpose. The mean rainfall is therefore taken over a much shorter and
later period (1998-2016) than for AWAP (1950-2010). On the other hand, annual rainfall
from 1970-1999 in the historical period are used to produce the mean in ACCESS1-0. Due
to the observed increase in rainfall, the mean in CMORPH is likely to be higher than an
observed mean from 1970-1999, however the observed change in rainfall over most of the
study region from AWAP is approximately 20-30% inland, and closer to 10% near the coast
(not shown), and thus biases in the model of more than 20%, especially near the coast, can

be considered to be significant.

Figure 3.8 shows that there is a strong negative bias of more than 20% relative to the
observations over most land areas within a few hundred kilometres of the coast; while the
inland SE of the study region and ocean areas north of about 12°N show positive biases of
over 20%, although the inland regions have small absolute changes due to the low mean (left
panel of Figure 3.8. Negative biases exceed 600 mm, or 60% in small parts of the Kimberley

region. From the positive bias over the ocean and negative over land, it is possible that
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processes associated with the monsoon are unable to produce rainfall sufficiently southward.

Changes to rainfall regimes could help understand how the bias in models occurs, so we will

discuss these changes in the next section.

20S

30S

-100 -60 -40 -20 -10 10 20 40 60 100

Figure 3.8: (left) Bias in annual mean rainfall in ACCESS1-0 historical run vs. CMORPH.
Units are in mm year!. (right) As before, but expressed as a percentage of the annual mean
in CMORPH. The box indicates the study region.

The seasonal distribution of rainfall over the land in the study region in ACCESS1-0
and in CMORPH shown in Figure 3.9. By comparing the two curves, we can determine the
timing of biases in rainfall. The maximum rainfall in the model occurs a month later and
is less than that of the observations. From October to December, rainfall in the model is
significantly below that observed, in most months less than half of that observed. Thus,
much of the negative bias in rainfall over land can be attributed to a reduction in spring
and early summer rainfall. Austral winter rainfall is slightly higher in the model than in the

observations, although still far lower than other months.

3.4.2 Method I: Projecting model rainfall onto observed regimes

In the previous subsection, we showed that there are significant biases in the representa-
tion of mean rainfall in ACCESS1-0. We decompose the model rainfall into regimes, starting
with the projection method in this section, with the aim of explaining these biases in terms

of changes to the regimes.
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Figure 3.9: Monthly mean rainfall over the land (mm month™') within the study region in
CMORPH (solid black line) and ACCESS1-0 (dashed blue line).

Spatial patterns and their frequency

Method |, also referred to as the projection method, determines rainfall regimes based on
the mean of the closest (by Euclidean distance) model daily data to the observed regimes.
Figure 3.10 shows the model regimes found when projecting model days onto the observed
rainfall regimes in this way. The patterns are very similar in shape to the observed regimes
as presented in Figure 3.2, and thus the regimes determined using this method may have
the same number labels as for the observed regimes. Regime 2 has lost some of the detail in
the spatial pattern along the coast, which is expected in lower resolution data. In addition,
the maximum rainfall in most of the heavy regimes is more intense than in the observations.
The maximum rainfall appears to be slightly shifted onto the coast or offshore, in the case
of Regimes 3, 4 and 5 (compare Figure 3.10 to Figure 3.2). While this may initially appear
to be an artefact of the low resolution in the model clustering, it fits with the bias in mean
rainfall shown in Figure 3.8, as an offshore shift of the regimes associated in coastal rainfall
agrees with the negative bias in the climatological mean. The similarity in the shape of the

model rainfall pattern relative to CMORPH is an expected result, as this method forces the
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model regimes to fit the observations. Of course, it is possible that the model produces
regimes that do not match the observations. Therefore, this method is unable to identify
whether model regimes have differing spatial patterns from the observations. Instead, the

main information from this method is in the frequency with which each regime occurs.

Table 3.4 shows the frequency and contribution to total rainfall by the observed and
model regimes. Relative to the observations, ACCESS1-0 rains more frequently, with 71.9%
of all days being wet days, compared to 64.6% in CMORPH observations. The higher fraction
of wet days in ACCESS1-0 is represented most strongly by a large fraction of light rainfall
days (Regime 1) and a low fraction of heavy rainfall days. In ACCESS1-0, 52.1% of wet days
fall into Regime 1, which contributes 29% of rainfall in the region, compared to 33.2% and
15.5% for the observations respectively. In contrast, ACCESS1-0 produces almost all of the
heavy rainfall regimes far too infrequently, with regime 3 most poorly represented at slightly
more than one-quarter of the observed frequency. Regime 5 is well represented in terms
of frequency, but as previously mentioned the rainfall maximum has been shifted offshore
and is more intense than observed. The maximum intensity of each of the heavy regimes is
generally higher in the model than the observations, with Regimes 3 and 4 having maximum
intensities of over 50 mm day™!, as compared to around 40 mm day! in CMORPH. The
maximum rainfall in the model for Regimes 6 and 7 are lower than observed, which when
combined with the lower frequency, mostly explains the negative rainfall bias in inland areas.
As the intensity of some of the heavy regimes in the model is higher than in the observations,
their contribution to the total relative to their frequency is higher. For example, despite the
Top End regime occurring at a similar frequency in the model compared to the observations,

the contribution to the total from this regime is far higher than observed at 22%.

In summary, the projection method (method 1) has shown that heavy regimes in the model
occur too infrequently with rainfall that is too intense, and that the light regime occurs too
frequently. However, the main drawback of the projection method is its assumption that the
regimes in the model resemble the observed regimes. It is possible that the actual rainfall
regimes produced by the model have spatial patterns which differ from the observed regimes.
Method Il, which is covered in the next section, produces model regimes independently of

the observations, and therefore allows model regimes to differ from the observations more
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10

Figure 3.10: ACCESS1-0 rainfall regimes based on projecting model days onto observed
regimes (Method ). The numbering for the regimes is the same as for the CMORPH regimes,
due to the similarity of the spatial patterns.

Table 3.4: Frequency of days in each regime and the contribution of each regime to the total
rainfall in CMORPH and ACCESS1-0.

% of rainy days % Contribution to rainfall Max. intensity (mm)

Regime CMORPH ACCESS1-0 CMORPH ACCESS1-0 CMORPH ACCESS1-0
Wet days 64.6 71.9 - - - -

1 33.2 52.1 15.5 29.3 4.7 2.62

2 8.3 4.2 15.7 9.8 18.4 15.5

3 25 0.8 10.4 4.1 39.3 58.5

4 2.4 1.3 9.2 8.0 40.5 53.6

5 49 5.9 9.9 17.6 26.5 42.7

6 2.9 1.1 10.0 4.3 24.2 19.7

7 3.2 1.9 9 5.9 155 11.6
West TCs 4.2 2.5 11.5 8.9 21.3 314
East TCs 3.0 2.0 7.9 11.4 28.8 46.0
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readily. The circulation patterns for the regimes developed from the projection method are

discussed next.

Synoptic structures of projected regimes

The winds at 850 hPa for each regime determined from the projection method are pre-
sented in Figure 3.11. Since these composites are derived from regimes that are forced to
look like the observations, they are not necessarily the synoptic patterns that ACCESS1-0
typically produces. However, these composites can be used to interpret the type of synoptic
systems that would be present if the model did produce the correct rainfall spatial patterns.
The 850 hPa wind is used to investigate low-level flow here, since 900 hPa wind (as was

used in Chapter 2 and Section 3.3) is not an output in the version of ACCESS1-0 used here.

Dry days 1: Light 2: Moderate

6: Inland Top End 7: Inland 10 m s-1

Figure 3.11: 850 hPa wind composites for the non-cyclone regimes in ACCESS1-0 derived
from projecting to observed rainfall regimes (Method I). The cyclone regimes are equivalent
in both Methods | and Il, and are discussed in detail in Section 3.4.3.

The composites for dry days and Regimes 1 and 2 all appear similar to the CMORPH
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low-level wind composites in Figure 3.4, with south-easterly winds over northern Australia in
dry days, which tend more easterly and weaken in the transition through to Regimes 1 and
2. Regimes 3 to 6 all show cyclonic circulation near the regions of maximum rainfall in the
same way as Regimes 3-6 in the observations, which suggests that the model produces rainfall

in these regimes from monsoon lows in the same way as their counterparts in the observations.

Regime 7 in ACCESS1-0 only shows relatively weak circulation at 850 hPa. However,
the regime producing inland rainfall in both CMORPH and AWAP is characterised by mid-
latitude wave interactions, which are best identified by upper level wind patterns. Since
both Regimes 6 and 7 in ACCESS1-0 are characterised by inland rainfall, meridional wind
composites at 250 hPa are calculated and shown for these two regimes in Figure 3.12. The

composite for Regime 7 (right) shows a mid-latitude wave pattern similar to the observa-

1 1

tions, although the magnitude of the winds is lower (max 4 m s compared to 10 m s
in Figure 3.7) and the wave pattern is shifted significantly eastward. However, the general

mid-latitude wave pattern is replicated in the model.

When the model does produce rainfall patterns in the region that are the same as obser-
vations, it does so with the correct synoptic patterns. However, the regimes defined using
this method are not necessarily those the model produces naturally. The spatial patterns
of regimes produced by the model can differ from the observations. The differences cannot
be determined using the projection method, thus independent clustering shown in the next

section allows these differences to be determined.

Regime 6 Regime 7

L] e

| @

[—— |
-1086420246810

Figure 3.12: 250 hPa meridional wind composites for Regimes 6 and 7 in ACCESS1-0 derived
from the projecting method (method ).

66



Chapter 3. Modelled rainfall over north-western Australia: Evaluating ACCESS1-0 against
observations

3.4.3 Method II: Independent clustering of model rainfall
Mapping the model clusters to the observed regimes

In this section, the regimes derived solely by clustering the model results are presented.
As the clustering algorithm produces rainfall patterns in a random order, there is a need
to objectively match the model rainfall patterns to the observed patterns. The matching
involves calculating some measure of similarity from each model regime to each observed
regime, and summing over all seven regimes for every possible arrangement of model to
observed regimes. The measures of similarity used here are the Euclidean distance, where

the sum across regimes is minimised, and the pattern correlation, where the sum is maximised.

A hypothetical example of this method was shown in Section 3.2.4. The matrix detailing
the actual Euclidean distance between each ACCESS1-0 regime and each CMORPH regime
is shown in Table 3.5. Note that the ACCESS1-0 regimes did not emerge from clustering in
this order - the labels have been re-arranged for clarity. The cells containing blue shading
show the mapping arrangement which gives the smallest possible sum of distances, and can
be interpreted as the closest possible match between the model and observed regimes. The
regimes in ACCESS1-0 are arranged according to this mapping, and are presented in Figure

3.13. The patterns themselves is discussed later in this section.

The Euclidean distance metric depends on both the spatial pattern and intensity of rain-
fall. As a result, it is possible that a model regime with a similar spatial pattern but a
large intensity may have a larger distance from an observed regime than another which may
have an incorrect spatial pattern. Pattern correlation may be used as another method of

matching the model regimes to the observed regimes, which only takes into consideration

Table 3.5: The Euclidean distance between each CMORPH and ACCESS1-0 regime.

ACCESS1-0

1 2 3 4 5 6 7

2.5 41.2 74.7 120.0 | 1344 | 30.1 91.2
32.7 35.6 54.0 98.0 119.9 | 28.1 88.5
84.7 76.1 37.6 93.3 127.4 | 68.8 111.0
88.7 72.5 76.4 68.2 105.3 | 71.2 107.8
51.1 33.1 73.8 95.8 96.5 443 73.5
61.7 60.0 69.7 96.7 1248 | 35.4 102.0
41.2 51.3 65.6 112.3 | 1322 | 31.1 97.3

CMORPH

~N OO AW N
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spatial pattern and not intensity. However, by considering only spatial pattern, there is a
chance that regimes producing light and moderate rainfall, as well as regimes with a maxi-
mum over the Top End, may be incorrectly matched since their spatial patterns are similar
to each other. Table 3.6 shows the pattern correlation matrix from matching ACCESS1-0
to CMORPH regimes. The ACCESS1-0 regimes along the horizontal axis are labelled in the
same order they are labelled in Table 3.5 and Figure 3.13, with the blue text showing the
optimum arrangement based on maximising the sum of the pattern correlations. Only one of
the matches is the same as those produced from the Euclidean distance metric. Following the
first row, the first (Light) regime in CMORPH is mapped to Regime 7 in ACCESS1-0, which
has a very different and more intense spatial pattern than the least intense model regime.
The first regime in ACCESS1-0 (taken as the "light” regime following the Euclidean distance
method) is mapped to the seventh (inland) regime in CMORPH, which has a very different
intensity and spatial pattern. These are examples of how the pattern correlation method does
not reasonably map the model regimes to the observed patterns, so the Euclidean distance
is preferred as an optimisation metric for mapping model regimes to the observations. The

patterns resulting from the Euclidean distance mapping are covered in more detail next.

The rainfall regimes in ACCESS1-0

Figure 3.13 shows the 7 rainfall regimes produced directly from ACCESS1-0 daily rain-
fall data, plus the two TC regimes derived from separating TC days from the data. The
regimes have been ordered according to the mapping described earlier in this section, such

that Regime 1 in ACCESS is equivalent to Regime 1 in CMORPH, and so on. By comparing

Table 3.6: The pattern correlation between each CMORPH and ACCESS1-0 regime. blue
text shows the optimum mapping according to maximising the sum of the pattern correlation.

ACCESS1-0

1 2 3 4 5 6 7

0.038 | 0.440 | 0.062 | 0.367 | 0.683 | 0.634 | 0.560
-0.115 | 0.383 | 0.489 | 0.685 | 0.346 | 0.277 | 0.610
-0.136 | 0.205 | 0.533 | 0.599 | 0.118 | 0.109 | 0.410
-0.313 | 0.462 | 0.719 | 0.746 | 0.402 | 0.301 | 0.637
-0.285 | 0.404 | 0.406 | 0.387 | 0.773 | 0.660 | 0.548
-0.530 | 0.301 | 0.857 | 0.523 | 0.121 | 0.072 | 0.276
0312 | 0.275 | 0.121 | -0.133 | -0.195 | -0.197 | -0.159

CMORPH

~N OO WN -
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this figure to Figure 3.2, we can see that the rainfall patterns associated with the observed
Regimes 1, 4, 5 and the two cyclone regimes are replicated well in ACCESS1-0, since the
spatial patterns generally match the observations; although in Regime 4 the maximum has

shifted slightly offshore and is more intense than in the observations.

Compared to CMORPH, Regimes 2 and 3 have their maxima shifted offshore, with the
latter regime having a less intense maximum compared to the observations. Regime 6 in
ACCESS1-0 is significantly lighter than in the observations, and has an intensity more remi-
niscent of a Moderate type regime, however the location of the maximum is the same as the
observed Regime 6. The regime corresponding to the observed Inland case is missing alto-
gether, replaced by a regime with a large maximum offshore resembling CMORPH Regime
5 slightly. This regime is mapped to the observed regime with inland rainfall (Regime 7)
because the other model regimes are a relatively good match to their respective observed
regimes. Viewing along columns in Table 3.5, almost every model regime is mapped to the
closest observed regime, except Regime 7 which is closer to CMORPH Regime 5 (Top End
like). However, another model regime is already closer to the Top End regime, so it has been
mapped to that space already, and thus Regime 7 is forced to map to the Kimberley regime
as a leftover regime. Overall, the rainfall in most of the rainfall regimes in ACCESS1-0 is

too heavy, and the maxima have been pushed offshore.

The rainfall spatial pattern of the regimes here, and in Figure 3.10, both suggest that
ACCESS1-0 has difficulty replicating rainfall within a few hundred kilometres of the NWA
coast, thus explaining the shape of the bias plot in Figure 3.8. As most heavy regimes are
biased towards producing rainfall offshore rather than over land, there is less rainfall onshore
resulting in the negative bias over inland coastal regions, and the positive bias offshore.
ACCESS1-0 produces an inland regime (7) from the projection method, but fails to do so
using the direct clustering method. The low frequency for Regime 7 in the projection method
suggests that inland rainfall is produces at a low enough frequency that it does not emerge
from direct clustering, instead being replaced by a second coastal maximum. The lack of an
inland-type regime here suggests that the mid-latitude waves responsible for rainfall in this

regime are not a significant driver of rainfall in ACCESS1-0.
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The spatial pattern of the TC regimes appears as expected, with the rainfall maxima
occurring over the western and eastern halves of the study region as expected. However, the
intensity of the eastern TC regime is higher than the observed intensity, which is a similar

result to the intensity biases noted in the other non-TC heavy regimes.

The presence of regimes that do not resemble the observations, or regimes that are
missing in the model, will result in the sum of the distances over all matches being larger.
Conversely, the closer the model regimes are to the observed regimes, the smaller the dis-
tance between them for the matched regimes, and the smaller the sum of the distances. As
a result, the sum of the distances over all matches can be used as a metric to determine
the closeness of model regimes to observed regimes. This metric can be used as a point of
comparison to other models. While this simple measure is not able to detail specific differ-
ences between the model and observed regimes, it is able to provide a relative measure of a

model’s overall performance in reproducing the observed rainfall patterns.

Frequency and intensity of ACCESS1-0 regimes relative to CMORPH

A comparison of the frequency of each of the regimes in both the CMORPH observations
and ACCESS1-0 is presented in Figure 3.14. The figure presents the frequency relative to all
days, as opposed to rainy days which has been previously presented in Chapter 2. Despite
the differences in the spatial pattern of some of the regimes relative to the observations, the
difference in the frequency of the model regimes compared to observations show a similar

result to Method I. The model clustering method still results in ACCESS1-0 producing the

~=
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Figure 3.13: ACCESS1-0 rainfall regimes derived independently from the observations
(method I1).
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light regime far too frequently, and almost all heavy regimes too infrequently, while Regime
5 has a frequency less than half of its equivalent in the observations. Only Regime 6 is more
frequent than the observations, but this regime is far lighter and more closely resembles a
Moderate regime based on its intensity, which may explain its higher frequency since lighter
rainfall occurs more frequently than heavy rainfall. The two TC regimes are also at a lower
frequency than observed TCs, although the difference in frequency is much smaller than
for most of the other heavy regimes. Thus, based on the CSIRO Direct Detection scheme
used to determine the TC tracks, ACCESS1-0 is able to reproduce TCs in the region with

approximately the correct frequency.

For Regimes 2 to 5 and the TC regimes where the spatial patterns in ACCESS1-0 re-
semble those in CMORPH, the maximum intensity (defined as the maximum point in the
regime centroid) for the regime centroid is much higher than that observed. These regimes
generally consist of maxima which lie closer to the coast than in the observations, which
explains the positive rainfall bias offshore in the climatological mean. Regime 6 consists of
a much lower maximum than the equivalent in ACCESS1-0, suggesting the model has some
difficulty in producing rainfall in inland areas. Regime 7, which has an isolated maximum of
69 mm day™!, is the most intense regime in ACCESS1-0, although only produces this heavy

rainfall in the corner of the region.

Generally, ACCESS1-0 produces heavy rainfall in coastal areas too infrequently with an
intensity that is too high, compensated by an increase in the frequency and slight reduction
of peak intensity of the Light regime. The synoptic structures associated with the remaining

regimes will be assessed next.

Synoptic structures of the regimes in ACCESS1-0

The winds at 850 hPa and 500 hPa for each ACCESS1-0 regime are presented in Figures
3.15 and 3.16. The 850 hPa wind is used to investigate low-level flow since 900hPa wind (as
was used in Chapter 2) is not an output in the GCM version used here. The wind fields of the
dry and Light (1) regimes appear similar in spatial pattern to the observed regimes shown
in Figures 3.4 and 3.6. However, for the remaining regimes, some notable differences occur

between ACCESS1-0 and the observed wind fields, although these differences are consistent
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Figure 3.14: (left) Frequency of each regime in both CMORPH and ACCESS1-0, calcluated
relative to all calendar days. (right) Maximum rainfall for the centroid of each regime. The
model regimes are numbered according to the mapping described in this section. Frequency
in this plot is calculated relative to all calendar days.

with the differences in the model rainfall patterns relative to the AWAP observations. Look-
ing at the 850 hPa wind composites, Regimes 2 and 7, which produce moderate rainfall and
a sharp maximum in the corner of the Top End respectively, both show converging winds just
north of the continent in a zonally oriented trough, consistent with offshore rainfall. Regimes
3, 4 and 5 are characterised a strong low pressure system in slightly different locations for
each regime, which results in the heavy rainfall observed over northern Australia, consistent
with the monsoon lows in the observations. However, the low centres are located further
from the regions of maximum rainfall than in the observations. For instance, Regime 3 in
CMORPH has a low centre almost directly on the coast, while the centre in ACCESS1-0
is located approximately 5°further west. In addition, the winds north of the continent for
Regime 5 are stronger than any observed regime (up to 14 m s!). Regime 6 shows no
significant sign of a closed circulation causing rainfall, possibly as the rainfall in this regime
is lower than other heavy regimes and is more likely to resemble the Moderate regime. The
two TC regimes show circulation associated with the presence of the TCLVs, as expected

since wind fields are used to identify the TCLVs in the first place.

To further characterise the regimes determined using Method Il, 500 hPa wind compos-
ites for each regime are calculated and shown in Figure 3.16. Regimes 1, 2 and 6 show
anticyclones near the regions of high rainfall, suggesting the systems responsible for rainfall

in these regimes are shallow. Regime 3 has little signal aside from some weak onshore flow
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Regime 1 Regime 2

Regime 3 Regime 4 Regime 5

2 4 6 8 10 12

Figure 3.15: 850 hPa wind for each ACCESS1-0 regime (Method Il). Shading indicates wind
speed (m s!).

over the region of maximum rainfall, suggesting the flow for this regime is also shallower
than that observed. In contrast, Regimes 4 and 5 both have strong cyclonic circulation
resembling that of monsoon lows, indicating these are relatively deeper systems. The East
Cyclone regime shows a strong cyclonic circulation typical of TCLVs, however the West Cy-
clone regime shows a weak cyclonic circulation. No composite in Figure 3.16 shows evidence
of mid-latitude waves, as opposed to the observations in Figures 2.11 and 3.6.

To further highlight the lack of mid-latitude waves in the Method Il regimes in ACCESS1-
0, Figure 3.17 shows the 250 hPa meridional wind composites for Regimes 3 to 7 (regimes
causing heavy rainfall). Dry days and Regimes 1 and 2 are omitted, since these correspond

to relatively lighter rainfall and have little forcing at lower levels (see Figures 3.15 and 3.16).
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Figure 3.16: 500hPa wind for each ACCESS1-0 regime. Shading indicates wind speed (m
s1)

For Regimes 3 to 5, there is a weak northerly component over the western coast of Australia,
and a weak southerly component over a broad region covering much of eastern Australia,
which is consistent with an anticyclone over northern Australia rather than a mid-latitude
wave pattern. Regimes 6 and 7 show very little pattern in the meridional wind composites,

indicating that no regime produces a mid-latitude wave pattern.

Since most heavy rainfall maxima in the ACCESS1-0 regimes lie on the coast, and given
that it is inland regimes with maxima further south that are usually influenced by the mid-
latitudes, none of the model regimes produced by this method have maxima that are suffi-

ciently far south or inland to be influenced by the mid-latitudes. An inland regime is produced
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in Method |, however the frequency is much lower than in the observations. The presence
of an inland regime in Method |, but not Method Il suggests that mid-latitude waves cause

rainfall in NWA so infrequently that it is not determined from the clustering.

Regime 3 Regime 4 Regime 5
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Figure 3.17: 250 hPa meridional wind for ACCESS1-0 Regimes 3 to 7 (Method II). Units

are m S_l.

The 850 hPa specific humidity composites for each regime are presented in Figure 3.18.
Similarly to the observed regimes in AWAP, specific humidity over northern Australia grad-
ually increases from around 6 g kg to over 10 g kg' as we progress from dry days to
Regimes 1 (light rainfall) then 2 (moderate rainfall). Regimes 3 to 5 also have high specific
humidity close to the location of maximum rainfall, locally above 12 g kg!. Regime 6 has
a region of specific humidity above 12 g kg™! which is disconnected from the humid air over
the Maritime Continent, while Regime 7 has the humid air ending further north than most
of the other heavy regimes. The humid air is therefore generally in the correct location for
rainfall to occur, and is consistent with observations, however the values are generally lower
than those observed, with maxima for heavy regimes between 12-14 g kg™! rather than above
14 g kgt

Overall, the composites show that the Inland regime is missing from the model according
to this method, and a regime corresponding to a monsoon trough causing heavy rainfall
just offshore of the Top End has replaced it. Thus, all of the basic types synoptic systems
responsible for rainfall in the region that were determined in Chapter 2 are captured by the
model, with the exception of mid-latitude interactions. The model regimes which exhibit

heavy rainfall do so with the correct circulation, although humidity in the lower troposphere
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Figure 3.18: 850 hPa specific humidity for each ACCESS1-0 regime (Method Il). Units are
g kg™t

is usually underestimated. However, low-level convergence lines may erroneously produce
rainfall offshore, thus moving the rainfall maximum northward toward the coast in some
regimes. Thus, the model produces some rainfall from synoptic structures which are not

identified in the composites associated with the observations.

The direct clustering method is able to determine and characterise rainfall regimes in the

models without influence from the observations. Differences in spatial pattern, frequency,
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intensity and synoptic patterns can be discussed in detail. Method Il combines model and
observed data into a single dataset for clustering, which summarises changes to regime spatial

pattern and frequency in a concise manner, and is discussed in the next section.

3.4.4 Method lll: Clustering model and observations together

This subsection presents and discusses the outcome from clustering model and observed
data in a single analysis. TCs are removed prior to analysis, and are not included in this
method since they are discussed in the previous method. Data from an equal number of
observed (CMORPH) and model days are combined into a single dataset, before removal of
dry days and clustering. The regimes produced from the 7 cluster case are shown in Figure
3.19. The regimes have been mapped to the CMORPH-only regimes using the same distance
metric as outlined in Section 3.2.4 for Method Il. As these regimes are at least partially based
on the observed regimes, these are more likely to match the observations. By comparing
Figure 3.19 to Figure 3.2, we note that the rainfall patterns are similar, and thus this method
reproduces the basic patterns well with the exception of the Inland regime, which has already

been noted in Section 3.4.3.

If there are differences in the location or intensity of the model regimes relative to those
observed, the resulting clusters from this method will be different from the observations. As
these patterns may be considered a hybrid of the observed and model patterns, the patterns
themselves are difficult to interpret without information on the relative fraction of model and
observed days in each regime. However, by considering this fraction of observed and model

days in each regime, model performance can be evaluated in a relatively simple way.

Table 3.7 provides the percentage of cases in each regime that originated from model
data. The percentage of observed cases is simply the remaining percentage to 100%. From
this table, Regimes 3, 6 and 7 from this method are strongly biased toward containing obser-
vations, indicating that the model does not reproduce these regimes very well. These regimes
strongly resemble the Kimberley, Inland TE and Moderate regimes respectively, despite the
Moderate regime being mapped to the Inland regime in the observations. The addition of
model data prevents the Inland regime from emerging from the observed data. The low

fraction of model days in these regimes add evidence to the hypothesis that ACCESS1-0
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Figure 3.19: Combined model and observed clusters from Method Ill. Units are mm day.

does not move rainfall sufficiently inland to reproduce the Moderate and Inland TE regimes.
Conversely, Regime 5 is strongly populated by model cases. The rainfall pattern in Regime 5
strongly resembles the erroneous heavy TE regime produced in Method Il, which biases this
regime toward heavier rainfall totals relative to the observations, especially given the large
fraction of model days in this regime. The remaining clusters may be within the 2:1 ratio set
as the threshold for a regime to be model or observation based, however there is still some
bias toward model or observed days depending on the regime. As the Light regime has a
very large overall population of days, the 40:60 ratio of observed to model days suggests the
Light regime is produced far too often in the model, which agrees with the results from the
previous two methods.

By determining the fraction of model (and by inference, observed) days in each regime
from this method, it is possible to identify regimes in the model which do not exist in the
observations. Thus, this method is effective as an additional tool to assess the ability of the
Table 3.7: Percentage of model days in each regime from the combined clustering method

(Method II1). The percentage of observed days in each cluster is equal to the remainder to
100%.

Regime % model days | Regime % model days
1 60.0 5 74.7
2 61.1 6 12.4
3 16.5 7 33.9
4 57.4 Total 53.1
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models to replicate the observed regimes.

3.5 Discussion

3.5.1 Overall assessment of ACCESS1-0

This chapter has investigated the suitability of CMORPH for reproducing the observed
rainfall regimes relative to AWAP, before comparing the CMORPH regimes with ACCESS1-0.
Since CMORPH daily data fills in the regions for which AWAP has missing data, there have
been minor changes to the regimes in CMORPH relative to those discussed in Chapter 2.
There has also been an increase from 6 to 7 regimes when changing from AWAP to CMORPH
observed data. The Pilbara regime in the AWAP based analysis has been eliminated and the
cases belonging to it shared among remaining regimes, while two new regimes emerge: one
with a rainfall maximum centred between that of the Kimberley and Top End regimes, and

one centred in inland parts of the Top End.

Firstly, the ability of ACCESS1-0 to reproduce the annual mean rainfall is assessed. The
model tends to underestimate precipitation over much of the land area of NWA and overes-
timate precipitation over the ocean. The strongest negative biases exist over the Kimberley
and inland parts of the Top End within a few hundred kilometres of the coast. This is a
result of the model tending to under-represent the frequency of heavy rainfall regimes, move
the rainfall maximum offshore, and overestimate its intensity, a result consistent across all

three regime assignment methods.

Both Methods | and Il used to identify model regimes find that the model overestimates
the number of rainy days as well as the number of days in regime 1 (light rainfall), and
underestimates the number of heavy regime days significantly. In addition, the contribution
of regime 1 to the total rainfall is greatly overestimated. These results agree with the general
tendency of climate models to produce too much light rain in tropical regions (e.g. Stephens

et al. (2010)).

The synoptic patterns associated with the heavy regimes in both Methods | and Il (Fig-

ures 3.11, 3.15 and 3.16) mostly consist of monsoon lows, and thus their low frequency
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suggests ACCESS1-0 has a bias toward producing fewer of these systems. Some of these
systems are identified as TCLVs and are described as a separate system in this work, with
their frequency only marginally lower than the observed frequency of TCs. This is somewhat
surprising given the low model resolution, but it is a result of how rainfall is produced by the
TC-like systems identified by the CDD method outlined in Section 3.2. Despite the lower
frequency, the model is able to reproduce the basic structure of monsoon lows and TCLVs,
with the wind speeds around the low centres slightly higher than in the ERA-Interim reanal-
ysis, and the rainfall maxima located further from the low centre. The composite for regime
7 in Method | indicates that the model is able to produce rainfall in NWA from mid-latitude
waves, but at a much lower frequency than observed. The low frequency explains why the
regime does not emerge from clustering in Method Il or I, and suggests the model does not

produce a significant amount of rainfall in NWA from these systems.

The rainfall maxima in the regimes derived from Method Il are generally located close to
the coast or offshore, in contrast to the observed regimes where rainfall maxima are located
slightly inland. The maxima are also much higher than those observed, partially explaining
the offshore positive bias in the climatological mean rainfall. The negative bias over land
areas can be explained by the shift of rainfall toward the coast, and the lower frequency of

regimes causing heavy rainfall in the region.

From independent clustering (Method I1), ACCESS1-0 is able to produce most of the
rainfall regimes from the observations aside from those producing inland rainfall, and with
the right circulation. However, there are slight biases in the location of the rainfall maxima,
and more significant biases in the frequency of individual regimes, especially in regime 3.
The bias in the model must therefore be explained by a mechanism that prevents rainfall
from monsoon lows from moving further south, since regime 3, which has the strongest
negative bias in frequency, is located further south than regimes 4 and 5. Future work in

model improvement should aim to solve this bias in the historical period in the model.

3.5.2 Assessment and summary of the regime assighment methods

The three regime assignment methods are assessed for their applicability to a multi-model

comparison to be covered in the next chapter. The projection method (Method I) produces
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regimes that have the same spatial pattern as the observations, thus allowing differences in
frequency and intensity of each regime to be determined and interpreted in a straightforward
manner. However, the assumption that the model regimes have spatial patterns equivalent
to the observations has been shown to be false for ACCESS1-0, and is therefore potentially
false for other models. Projection of model data onto observed regimes does not account for
any differences in the spatial pattern of the regimes, and thus cannot be used to determine
if differences exist. However, it provides the simplest comparison of differences in frequency
and intensity of each regime, which will aid in determining this aspect of how the models
differ from the observations and each other. Frequency and intensity comparisons deter-
mined using this method can be used to rank each model's ability to replicate the frequency
of observed regimes, and thus partly explain climatological rainfall biases in each model. In
addition, by fixing the rainfall spatial patterns of the regimes, the synoptic patterns in each
model can be compared easily. Differences in the wind fields relative to observations can
therefore only be explained by differences in the physical reasons for the model initiating

rainfall, and not by differences in the rainfall spatial pattern.

Direct clustering (Method I1) has the advantage of producing regimes directly from model
rainfall, and thus it is possible to closely examine whether the typical rainfall regimes in the
model differ in spatial pattern to the observations. In the case of ACCESS1-0, some of the
spatial patterns and their intensity deviate from the observations, notably regime 7 which
is characterised by a rainfall peak in the corner of the study region rather than an inland
maximum. The location of the maximum is similar to that of regime 5, thus the two regimes
can be considered to be similar. It is possible that a choice of using fewer clusters (for
example, six) with this method could produce a set of regimes that are less similar to each
other. However, choosing a new number of clusters for each model makes comparison across
models difficult. If the model fails to produce certain regimes, or produces regimes that
are not observed, the spatial patterns that emerge from the 7 cluster case are still likely to
be different to the observed patterns. The differences can be quantified using the sum of

distances from the mapping in this method.

The distance sum can be used as a metric by which to rank the ability of models in

replicating the observed rainfall. However, it is more difficult to compare the frequency,

81



Chapter 3. Modelled rainfall over north-western Australia: Evaluating ACCESS1-0 against
observations

intensity and synoptic patterns of individual regimes to the observations since we will likely
be making a comparison between differing rainfall patterns. As an example from Section
3.4.3, it is difficult to compare the frequency of regime 7 in ACCESS1-0 to the observations
since the rainfall patterns (compare Figure 3.4 to Figure 3.2) are entirely different. Thus,
Method Il adds information about the spatial pattern of rainfall regimes rather than their

frequency.

Method Il provides similar information to Method Il, since differences in the spatial pat-
tern of the model regimes will be reflected in biases in the fraction of model days in a given
regime. Bias in a Method Il regime toward model cases may be interpreted as either over-
representation of an observed regime in the model, or the spatial pattern being transformed
into a pattern not occurring in the observations. The simple fraction measure in Method 11l
is unable to distinguish between these two possibilities. However, any bias in a regime toward
either observation or model days can be regarded as a shortcoming in the model, regardless
of its cause. Thus, the fractions can be used as a concise way of showing differences in both
frequency and spatial pattern in each model. Fractions that are significantly different from
an equal mix of model and observed days imply a shortcoming in the model, thus the mean
of the difference of fractions from 50:50 can be used to rank the closeness of model patterns

and frequency to the observations.

The next chapter will assess the ability of a selection of other CMIP5 models in replicating
the observed rainfall regimes. Information from all 3 methods will be used to determine how
well a number of models are able to reproduce the observed rainfall regimes with the correct
frequency, intensity and synoptic patterns. The ability of each model will be taken into

account when investigating the future climate in Chapter 5.

3.6 Conclusion

This chapter outlined and tested the approaches to be used to compare the ability of a
number of CMIP5 models to reproduce the observed rainfall regimes. The approaches were
tested on a single CMIP5 model, ACCESS1-0, before further application to other models in
the next chapter. Observed regimes were derived from CMORPH data rather than AWAP

(Chapter 2) in order to use a spatially complete dataset. The change in observation dataset
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resulted in two new regimes characterised by the presence of monsoon lows, and only one
regime characterised by mid-latitude waves. Thus, a caveat to these results is that the choice
of dataset can influence the rainfall spatial patterns of the regimes, although the same syn-
optic patterns are present in the regimes derived from both observed rainfall datasets used

in this thesis.

Three regime assignment methods were developed: the projection method (Method I)
assigns daily model rainfall a regime based on the minimum Euclidean distance to an ob-
served regime. This method forces the model regimes to have the same spatial pattern as
the observations, and therefore allows direct comparison of frequency and synoptic patterns.
However, the method does not allow the possibility of the model to produce spatial patterns
that differ from the observations. The direct clustering method (Method II) clusters model
rainfall with no input from observations, allowing the typical rainfall patterns in the model to
be determined. These may be different from observations, and depend on the model; thus
the difference between the model and observed patterns can be used to rank the models.
Method Il clusters both model and observed data in one dataset, which concisely shows the

differences in spatial pattern and frequency of model and observed regimes.

The ACCESS1-0 model is able to reproduce most of the observed rainfall spatial patterns
over NWA with the correct flow pattern, however there are significant differences in the
frequency and intensity of regimes responsible for heavier rainfall. In particular, the model
does not simulate the frequency of rainfall over the Kimberley region well, or in the southern
part of the study region. Differences in the frequency of the heavy regimes combined with
offshore rainfall maxima led to significant dry biases over land areas, and wet biases to the
north of the continent. The next chapter will use the regime assignment methods to rank
the performance of ACCESS1-0 against a number of other CMIP5 models, with the aim of

using the best performing models to understand projections of a future climate in the region.
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Chapter 4

Modelled rainfall over north western
Australia: Comparing CMIP5

models to observations

4.1 Introduction

In the previous chapter, three analysis methods to determine the rainfall regimes in cli-
mate models were developed and tested on a single model, ACCESS1-0. The work presented
in this chapter uses these methods to assess the ability of a larger number of models in the
Coupled Model Intercomparison Project phase 5 (CMIP5) to replicate the observed rainfall
regimes. Together, the three methods build an understanding of the spatial patterns, fre-
quency and intensity of the regimes produced by each model, with the aim of ranking them
according to their ability to simulate the observed rainfall regimes before investigating rainfall
regimes in a future climate in Chapter 5. In Chapter 2, the importance of considering TCs as
a separate synoptic system over NWA was established, thus the model ranking will consider
how TC-like vortices (TCLVs) are represented in the models. While TCLVs are produced by
the models, tracks are only available for a set of 20 CMIP5 models and thus a subset of these
with sufficient resolution over the study region are considered. Model ranking has been car-
ried out in previous studies using a variety of metrics such as ability to reproduce geopotential
height patterns Grainger et al. (2014) or MSLP patterns, Moise et al. (2015). The criteria

used to rank the models varies, thus rankings for specific models will also vary across studies.
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Section 4.2 outlines the data used in this chapter and gives an overview of the methods
used. The methods used to determine the rainfall regimes are the same as those outlined in
Section 3.2.4, however the results are used slightly differently as the aim of this chapter is
to compare models rather than detail the regimes of individual models. Section 4.3 shows
the results of the multi-model comparison by first discussing biases in the mean rainfall in
each model, before applying the three regime assignment methods developed in Chapter 3
to a number of models. The synoptic patterns of model regimes are discussed in Subsection
4.3.2 to allow a fair comparison of the synoptic situation across models for a given rainfall
pattern. An overall quantitative ranking of the models is presented in Section 4.4, while the

final section summarises the key findings of this chapter.

4.2 Data and methods

4.2.1 Data

Daily precipitation was taken from the historical runs (using observed greenhouse gas
concentrations) for eight CMIP5 models summarised in Table 4.1, to determine the rainfall
regimes in each model and assess their similarity to the observations. Tracks for tropical
cyclone-like vortices are available for a subset of 18 models. We consider only a subset of
eight models for which TCLV tracks are available due to the resolution of the models. Due
to the relatively small size of the study region, models with a native resolution coarser than
2.0 x 2.0 degrees were considered too coarse to resolve the relatively localised nature of
the rainfall regimes, and therefore they were not considered in this study. For consistency
between models and comparing models to observations, the daily rainfall from each model
was re-gridded to 2.0 x 2.0 degree resolution. The model years 1970-1999 were chosen as
in Chapter 3 due to availability of TCLV track data. The model data are compared to the
observed regimes calculated from CMORPH daily rainfall, presented in Section 3.3. The
observed regime spatial patterns are also regridded to 2.0 x 2.0 degrees to allow the pro-
jection and clustering methods outlined in the next section to be utilised, and to allow fair
comparison of intensity between observations and models. For each model, a single model
realisation was used, with rlilpl chosen for all models except CCSM4, where r6ilpl was
used since the TCLV tracks are only available for this particular realisation. The two ACCESS

models share parameterisation schemes for convection and cloud microphysics, while most
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other models have reasonably independent convection schemes.

TC-like vortices (TCLVs) are detected and tracked using the CSIRO Direct Detection
(CDD) scheme, outlined in Section 3.2.3. The wind speed threshold to classify a TCLV
varies across the models considered in this chapter due to the differing native resolution of
each model, with specific thresholds detailed in the second last column of Table 4.1. Similar
to previous chapters, any day in which a TCLV is present in the region is defined as a TC
day, and is separated into a TC regime based on the geographical location of its centre.
Following TC removal, dry days are removed from the rainfall data in each model using the
same threshold of 0.1 mm outlined in Section 2.1.3. Since TC days are separated prior to
any regime assignment, the spatial pattern, frequency and rainfall intensity of TC regimes
in the models are the same across the first two methods. Characteristics of the TC regimes
are covered in more detail at the end of Method Il. There is no need to define TC regimes
in Method Il (combining model and observed data) since any TC regime in this method
would be a simple weighted average of the observed and model TC regimes, and differences

in frequency and intensity are best compared directly.

Wind field composites associated with the observed regimes are calculated from the ERA-
Interim reanalysis dataset as per previous chapters, available from 1979-2016 which covers

all of the years that CMORPH covers.

Table 4.1: Summary of the eight CMIP5 models chosen in this chapter.

Model Institution Resolution (lat x TCLV wind speed Reference
lon) threshold (m s)
ACCESS1-0 CSIRO-BOM, Australia 19x1.2 8.5 (Bi et al., 2013)
ACCESS1-3 CSIRO-BOM, Australia 19x1.2 8.5 (Bi et al., 2013)
bcc-csm1-1-m BCC, CMA, China 1.1x1.1 10 (Xin et al., 2013)
CCSM4 NCAR, USA 1.2x0.9 10 (Gent et al., 2011)
CNRM-CM5 CNRM-CERFACS, 14x14 10 (Voldoire et al.,
France 2013)
CSIRO-Mk3-6-0 CSIRO-QCCCE, 19x1.9 9 (Rotstayn et al.,
Australia 2010)
MIROC5 JAMSTEC, Japan 14x14 10 (Watanabe et al.,
2010)
MRI-CGCM3 MRI, Japan 11x11 10 (Yukimoto et al.,
2012)

86




Chapter 4. Modelled rainfall over north western Australia: Comparing CMIP5 models to
observations

4.2.2 Model assessment methods

The degree to which the models replicate rainfall over north-western Australia is assessed
in multiple ways. A quantitative ranking is applied to the models in each method, and the
sum of the ranks over the methods is used to produce an overall ranking. The metrics used
for each ranking are outlined below, and summarised in Table 4.2. First, we assess how well
the models replicate the observed rainfall distribution and the change in rainfall over Aus-
tralia. Biases in the annual mean rainfall are calculated as a percentage difference between
the mean in each model for the period 1970-1999 and the mean in CMORPH (1998-2016).
We use CMORPH to determine mean rainfall despite its shorter period relative to AWAP to

determine rainfall biases over the ocean in addition to those over land.

The model-simulated rainfall trend is determined using the difference in annual rainfall
between the 25 year periods 1975-1999 and 1950-1974, similar to that in Figure 1.1 but
with a shorter time span as the historical runs end in the year 2005. The rainfall trend is
calculated at the model’s native resolution. A metric for to the observed annual mean rainfall
is calculated as follows: first, we take the absolute value of the percentage bias in rainfall
over the region for each model, before taking the spatial average. This value for each model
is ranked against the other models to produce a ranking of mean rainfall bias. Taking the
absolute value avoids ranking a model well if there are positive and negative biases within
the region that may average out to zero, and instead ranks a model better when a greater
amount of the region is close to zero bias. A similar metric using the absolute changes in
rainfall rather than the percentage change yields a very similar ranking for each model and

does not change the overall rank.

Biases in the mean flow over the wet season (October to March) are also determined by
calculating the mean of the 850 hPa wind fields for the period 1970-1999 in each model,
corresponding to the same period for which the model rainfall is clustered. The mean flow in
the observations is calculated from ERA-Interim data from 1979-2008. This period is chosen
to maximise overlap of years between the CMIP5 and observations, while using the same

time period length.

Secondly, the ability of the models to replicate the observed rainfall regimes is assessed.
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In order to replicate the observed rainfall regimes accurately, the models must correctly
produce the correct number of rainfall regimes in the correct location, with the correct fre-
quency and intensity of rainfall. To assess the ability of the models to fulfil these criteria,
the three methods developed in Chapter 3 are used to determine the ability of the models in
producing the correct regimes. All three methods rely on separating dry and TC days in a
similar fashion to that described in Sections 2.1.2 and 2.1.3 before any clustering method is
applied. Following regime assignment using each method, the models are ranked according
to a metric specific to the method being used. The metrics used for each method are sum-
marised in Table 4.2. The synoptic patterns associated with the regimes in each model are
also determined, however a ranking is only applied to wind fields determined from regimes in
Method | to allow comparison of circulation between model and observed regimes that have

the same rainfall pattern.

As described in Section 3.2.4, Method | (projection) projects the wet, non-TC days from
each model onto the observed CMORPH rainfall regimes. To rank the models using this
method, the absolute differences in frequency of regimes between each model and the ob-
servations for dry days, light, moderate, and grouped heavy regimes (same arrangement as
in Figure 4.6) are calculated and summed. The sum of the differences is an indication of
how well the models replicate the frequency of the observed regimes. This metric is more
strongly influenced by high frequency regimes that vary greatly among models such as dry
and Light days, however when combined with the metric from Method Ill, the overall ranking
will include low frequency, high intensity regimes. The ability of the models to replicate the
circulation patterns will also be ranked. The pattern correlation between the 850 hPa wind
composite for each model regime and the composite for the equivalent observed regime is
calculated. The ranking measure used for the 850 wind is the sum of the pattern correlations
over all regimes in each model. The correlation for each regime is calculated as the mean
of the correlation for the zonal component and that for the meridional component. The 850
hPa wind was chosen as differences between regimes and models are best characterised at
this level, rather than at higher levels where it is more difficult to characterise differences in

flow between regimes (see Appendix A).

The direct clustering method (Method Il) calculates clusters from the model rainfall inde-
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pendently from the observations, and allows a set of model regimes to be determined. Ideally,
the model should be able to reproduce the observed regimes without producing regimes that
are not observed. Thus, the same number of clusters used for clustering the CMORPH data
(7) was used for each model. The non-TC model regimes are then mapped to the observed
regimes in a 1:1 fashion, by finding the sum of the Euclidean distances over all regimes,
for every possible permutation of model regimes to observed regimes (see Section 3.2.4 for
more details). The permutation corresponding to the minimum sum is taken to be the best
match of the model regimes to the CMORPH regimes. The minimum sum itself is taken as a
metric with which to compare and rank all the models. If a model produces incorrect rainfall
regimes or regimes with a significantly different intensity to the observations, its distance

sum will be larger than a model producing regimes that are closer to the observations.

As described in Section 3.2.4, Method Ill (combined clustering) takes an equal number
of days from CMORPH and one model, and calculates clusters for a dataset containing both
model and observed days. Following clustering, the relative fractions of model days in each
cluster (regime) are calculated. To determine significance of the model bias in regimes, un-
certainty in the fraction of observed regimes was calculated by randomly halving the observed
data and determining the fraction of the first half of the data in each regime, repeating 10000
times and producing a normal distribution of fractions. A threshold of 2 standard deviations
of these distributions was used as the uncertainty bound for the observed fractions. If the
fraction of model days is above the uncertainty bound, the regime can be considered to be
a regime the model overproduces. Conversely, a model can be regarded to fail to produce a
regime if the fraction is below the uncertainty bound. The model fractions can also be used
to develop a simple ranking. In this case, the magnitude of differences between the model
fraction and 0.5 (ie. 50/50 split) are summed across all regimes for each model. This is
another metric for assessing frequency of regimes and spatial pattern. This metric is more
strongly influenced by infrequent (heavy) regimes, since the model fraction is sensitive to
smaller changes in frequency in the model as the total number of days in each regime is

small relative to the entire period.

Each of the metrics provides an individual ranking for each model. An overall ranking

is determined by summing the number ranks across each method. The main objective of
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Table 4.2: Summary of the ranking methods used for each method in order to produce an
overall ranking for the models.

Method Calculated metric for ranking

Overall mean Spatial average of the magnitude of percentage change from
observations

Projection method (I) Size of total frequency differences from observations, based on
dry, light, moderate and summed heavy regimes (see Figure
4.6)

Synoptic patterns from | Sum of pattern correlation between model and observed 850

projection method (1) hPa wind composites across all regimes

Direct clustering (I1) Euclidean distance sum over all regimes

Combined clustering (I11) | Total deviation from 50:50 model:observations over all regimes

Overall rank Sum number ranks from all methods with equal weighting

using these ranks is to provide a general overview of the ability of each model to replicate

the observed climate in the study region.

4.3 Results

4.3.1 Climatological rainfall biases
Biases in annual mean precipitation

To provide a general overview of the ability of each model to replicate the observed rain-
fall patterns over the Australian region, the percentage difference between the annual mean
rainfall in each model and the observed mean from CMORPH is calculated and presented in
Figure 4.1. The model rainfall is calculated from 1970-2000, whereas the observed rainfall
is calculated from 1998-2016. Using 1998-2016 to calculate the observed mean will cause a
higher mean than for 1970-2000 as noted previously, however the magnitude of the percent-
age change in observed rainfall over this period (approximately 20%) is lower than that of

the percentage biases in most models.

Almost all individual models analysed here show location-dependent annual rainfall bi-
ases over north-western Australia. CCSM4 and MIROCS on average are far too wet, in many
locations more than doubling the observed rainfall. On the other hand, the ACCESS mod-
els show dry biases over most land-based areas of the region, with wet biases offshore. Of
the remaining models, there are dry biases located over the Kimberley and inland Top End

locations, with wet biases offshore and in central Australia (south-east corner of the study
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Figure 4.1: Percentage bias of yearly average rainfall relative to the mean in CMORPH. The
box indicates the study region.

region). Overall, the biases are smallest for the MRl model, although almost all models
tend to be drier over the Kimberley and Top End regions over land - these regions either
display negative biases or, in the case of the wetter models, a weaker positive bias relative
to surrounding regions. Almost all models produce positive biases over central Australia,

agreeing with previous studies, e.g. Moise et al. (2015).

The ranking of each model based on the the magnitude of the percentage change across
the study region is shown in Table 4.3. MRI-CGCM3 and the two ACCESS models are the
best ranking models based on magnitude of biases. The biases are relatively weak for MRI-
CGCMS3, and are much larger for bcc-csm1-1-m, MIROC5 and CCSM4 due to the presence
of regions of very strong positive bias within the study region. These ranks, and those of

following sections are taken into account for the final ranking at the end of this chapter.
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Table 4.3: Mean of magnitude of percentage error in annual rainfall for each model, and
associated ranking.

Model Mean mag. Rank Model Mean mag. Rank
% diff % diff
MRI-CGCM3 22.1 1 CNRM-CM5 36.5 5
ACCESS1-3 26.8 2 bcc-csm1-1-m 47.0 6
ACCESS1-0 27.2 3 MIROC5 94.8 7
CSIRO-Mk3-6-0 34.7 4 CCSMm4 96.5 8

Biases in the seasonal rainfall distribution

Examining the seasonal distribution of rainfall in the models further identifies biases in
the mean rainfall in each model. The monthly distribution of rainfall averaged over the study
region for each model is presented in Figure 4.2. As described in Section 3.4.1, ACCESS1-0
has a rainfall maximum later in the wet season, and produces too little rainfall in the build-up
during the austral spring. ACCESS1-3 and MRI-CGCM3 show a similar pattern, although
MRI-CGCM3 has a higher peak rainfall during the wet season, partially compensating for the
dry bias in spring and resulting in a weaker overall bias in rainfall. For most of the remaining
models, the wettest months are far wetter than the observations. Aside from MIROC5 and
CSIRO-Mk3-6-0 which have peak rainfall in December, the other models peak in the same
month as the observations. Most of the models produce too much rainfall during the spring
build-up, with MIROC5 and CCSM4 producing approximately double the observed monthly

rainfall from October to December.

Overall, the seasonal distribution for CNRM-CM5 and bcc-csm1-1-m appear to most
closely resemble the observations. While most models are able to produce the correct timing
of maximum rainfall, many produce too much rainfall early in the wet season. The next
section will determine how well the rainfall regimes are reproduced by the models using the

three regime assignment methods from the last chapter.

Model rainfall trends

The trend in rainfall for each of the models is shown in Figure 4.3, with the observed trend
in AWAP shown for reference. Similar to Figure 1.1, the trend is presented as a difference

in annual rainfall between two periods. In this case the periods 1950-1974 and 1975-1999
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Figure 4.2: Distribution of mean monthly rainfall in the observations (solid black line) and
in each of the CMIP5 models considered in this chapter (coloured lines).

are chosen instead of the 30 year periods used previously since many historical model runs
end around 2005, and thus there is little overlap with the period used in CMORPH. Note
that the trend plot in AWAP across the southern part of the study region contains some
circle-shaped artifacts due to sparse coverage of measuring stations. Most of the models
show an increase in rainfall in some part of the study region, although the pattern over
the entire Australian continent varies by model. The study region was originally chosen
due to the observations indicating increased rainfall inside the box, and generally decreasing
rainfall outside. This pattern is replicated more closely by ACCESS1-0 and MRI-CGCM3
compared to other models. The remaining models either produce drying in some areas of
the study region that have not occurred in the observations (CSIRO-Mk3-6-0, CCSM4), or

produce wetting in eastern Australia that has not occurred (MIROC5). Most models produce

93



Chapter 4. Modelled rainfall over north western Australia: Comparing CMIP5 models to
observations

some wetting within the study region, however the pattern is not consistent among models,
indicating that few are able to reproduce the observed rainfall trend. This agrees with Moise

et al. (2015).

AWAP ACCESS1-0 ACCESS1-3

T
CSIRO-Mk3-6-0

Figure 4.3: Change in annual precipitation (mm) between the periods 1975-1999 and 1950-
1974 for AWAP observations and the historical run of the nine CMIP5 models considered in
this chapter. The box indicates the study region. Note the periods used are different from
those used in Figure 1.1.

Biases in the mean winds

In order to indicate biases in how the models represent flow during the austral summer

monsoon season, the mean flow across all days from October to March in a 30 year period is
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calculated in the ERA-Interim reanalysis and in the eight models considered in this chapter.
The anomaly between the model and ERA-Interim winds at 850 hPa is shown in Figure 4.4 to
show differences in the low level flow. The general shape of the flow pattern at low levels is
replicated well in all models (see Appendix A), although there are some biases in the strength
of winds and location of convergence. The two ACCESS models show stronger easterlies
over northern Australia and weaker westerlies over the Maritime Continent, suggesting an
overall northward bias of the monsoon. bcc-csm1-1-m, CNRM-CM5, CCSM4 and MIROC5
all show anomalously strong westerlies over the Maritime Continent, with weaker easterlies
over the Australian continent in the latter two models. This is consistent with enhanced
convergence over the continent, resulting in the positive bias in climatological rainfall shown
in Figure 4.1. CSIRO-Mk3-6-0 shows enhanced north-westerlies over the eastern part of
the study region, but enhanced south-easterlies in the south-western part, which may partly
explain the enhanced (reduced) rainfall in the eastern (south-western) part of the study
region. There is relatively little bias in MRI-CGCM3.

Differences in the flow can partly explain the climatological rainfall biases evident in
the models. The differences in mean flow are likely to be the result of differences in the
frequency, spatial pattern and synoptic structure of model rainfall regimes. These model
regimes are determined from the three regime assignment methods discussed in Section

4.2.2, and presented in the next three sections.

4.3.2 Method I: Projecting model days onto observed regimes

This subsection describes projecting the wet days from each model onto the observed
rainfall regimes from CMORPH, and produces model regimes from the days that are closest
to the observed regimes. In Chapter 3, we determined that the projection method produces
regimes that do not significantly differ from the observed regimes, although there are minor
changes in intensity. Figure 4.5 shows the projected spatial patterns for Regimes 3 and
7 for all models as an example. The spatial patterns for the other regimes are shown in
Appendix A. The spatial patterns for the regimes in each model look highly similar to the
observations, although the maximum intensity for Regime 3 in bcc-csm1-1-m and MIROCbH
is slightly higher than observed. When compared to the differences among models in the
independently determined regimes discussed later and presented in Figures 4.11 to 4.13, the

patterns can be regarded to be equivalent to the observations.
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Figure 4.4: 850 hPa wind errors relative to ERA-Interim for each model averaged from
October to March. Blue shading indicates weaker wind speeds in the models, while red

shading indicates higher wind speeds. Units are in m st

Figure 4.6a and b show the frequency of the regimes in each model after projecting wet
days to the observed regimes shown in Figure 3.2. From Figure 4.6a, we see that most mod-
els underestimate the number of dry days, or produce rainfall too often. The two ACCESS
models produce a number of dry days similar to the observations, while CSIRO-Mk3-6-0
and MRI-CGCM3 produce too few wet days. In contrast, all remaining models produce too
many wet days, with bcc-csm1-1-m having almost 90% of days as wet days in the region.
In contrast, all models with the exception of the CSIRO and MRI models produce too many
Light regime days. Representation of the Moderate regime varies across models, with three

models underestimating the number of days in this regime (ACCESS1-0, ACCESS1-3 and
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1 2 5 10 15 20 25 30 40 50 75

Figure 4.5: Spatial patterns for Regimes 3 (top) and 7 (bottom) from the projection method
(Method I). The first panel shows the spatial pattern for Regime 3 or 7 in CMORPH, and the
subsequent panels show each model. Labelling is as follows: a) ACCESS1-0, b) ACCESS1-3,
c) bcc-csml-1-m, d) CSIRO-Mk3-6-0, e) CCSM4, f) CNRM-CMS5, g) MIROC5, h) MRI-
CGCM3. Note the change in colour scale relative to figures in Chapter 3. Units are in mm
day.

bcc-csm1-1-m), and two overestimating the number of days (CCSM4, CNRM-CM5).

Figure 4.6b shows that representation of the heavy rainfall regimes varies greatly among
models, with a number of models producing approximately the correct fraction of heavy
rainfall days, such as bcc-csm1-1-m, CSIRO and MRI. However, when this is broken down
to the fraction of each regime as shown in Figure 4.6b, the models that produce the cor-
rect frequency of heavy regimes generally may produce differing frequencies of each specific
regime. For instance, bcc-csm1-1-m greatly overestimates the fraction of Top End (Regime
5) and Inland (Regime 7) days. In addition, the frequency of the Kimberley regime is un-
derestimated in almost all models except CCSM4 and MIROCS, which produce too much
rainfall generally as discussed previously. Most models also underestimate the fraction of

TCs, with only bcc-csm1-1-m and MIROC5 producing more TC days than the observations.
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Figure 4.6: Frequency of the regimes in each model after projecting the wet days in each
model to the observations. The top panel (a) shows the frequency of dry, light and moderate
days, and the sum of all other (heavy) regimes. The bottom panel (b) breaks down the
frequency of each regime responsible for heavier daily rainfall. All frequencies are calculated
relative to all days.
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Overall, no model is able to reproduce both the total frequency of all heavy regimes and
the frequency of each individual heavy regime. The differences in frequency will be further
discussed in more detail in the next section, after the differences between the model and

observed spatial patterns have been determined.
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Figure 4.7: Maximum intensity of Regimes 3 to 7 (heavy, non-TC regimes) in each model
produced using the projection method (Method I).

The maximum intensity of Regimes 3 to 7 is shown in Figure 4.7. The maximum in-
tensity is defined here as the rainfall amount corresponding to the maximum point in the
regime. Across models, the maximum intensity in Regimes 3 and 4 tend to be overesti-
mated, with maxima above 40 mm day!. Conversely, the maximum of Regime 7 tends to
be slightly underestimated, with maxima between 10-15 mm day™!. From this method, the
ACCESS models, bcc-csm1-1-m and MIROCS produce the greatest intensity biases relative
to other models. These biases become far more evident when the intensity of independently

determined regimes from Method Il are considered later in this chapter.
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Synoptic patterns

The synoptic patterns associated with the projected regimes are determined by calculat-
ing composites of 850 and 500 hPa wind fields for each regime. The synoptic patterns shown
here can be viewed as those that force the model to produce the observed rainfall patterns,
which may not necessarily be those the model typically produces. A selection of fields for
Regimes 1, 3 and 7 are presented in this chapter for brevity. The full set of wind fields for
each model are provided in Appendix A.

CMORPH ACCESS1-3

Figure 4.8: 850hPa wind composites for Regime 1 derived from the projection method in all

models considered in this chapter. Shading indicates wind speed in m s,

Figure 4.8 shows the 850 hPa wind composite for Regime 1, corresponding to the Light

regime. In the composites for the CMORPH and AWAP (see Section 2.3) observations, the
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low-level winds over northern Australia are easterly, typical of the build-up to the monsoon.
All models are able to replicate the observed low-level wind fields, with only minor deviations
in wind strength. The wind fields are also replicated well for dry days (see Appendix A),
showing the models are able to replicate the general atmospheric flow as most days of the
year are in either the dry or light regime. However, when heavy rainfall regimes are consid-

ered, significant model biases emerge.

CMORPH ACCESS1-0 ACCESS1-3

Figure 4.9: 850 hPa wind composites for Regime 3 derived from the projection method in

all models. Shading indicates wind speed in m s1.

Figure 4.9 shows the 850 hPa wind composite for Regime 3, corresponding to a rainfall
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maximum located in the Kimberley region in the observations. In both CMORPH and AWAP,
the regime is characterised by a closed circulation corresponding to a monsoon low located
near the region of maximum rainfall. The two ACCESS models similarly show a closed low
near the rainfall maximum, and thus reproduce the synoptic conditions well. However, in
ACCESS1-3 the rainfall is erroneously associated with a wave-like pattern at 500 hPa (see
Appendix A). An elongated low centre is present in MRI-CGCM3, with winds surrounding
the low much stronger than the observations. The low centre in CCSM4 and MIROCS5 is
broad with winds that are far weaker than those observed. CNRM-CM5 shows an elongated
monsoon trough with winds that are far too strong. CSIRO-Mk3-6-0 and bcc-csm1l-1-m
show virtually no signal. In the cases of other projected heavy regimes (4-6) that are the
result of a monsoon low, the biases in each model are similar to that for Regime 3, where
bcc-csm1-1-m and CSIRO-Mk3-6-0 show little signal, and CNRM-CMb shows a strong mon-
soon trough rather than a closed low. The majority of models therefore produce the rainfall

patterns associated with this regime without the correct flow pattern.

CMORPH ACCESS1-0 ACCESS1-3
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Figure 4.10: 250 hPa meridional wind composites for Regime 7 in all models and the obser-

vations. Units are m s1.

Regime 7 corresponds to a rainfall maximum located inland as shown in Figure 4.5, and is
caused by the equatorward refraction of mid-latitude Rossby waves as discussed in Chapters

2 and 3. Mid-latitude Rossby waves are best characterised by calculating composites of 250
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hPa meridional wind. These composites are calculated and presented in Figure 4.10. Only
MRI-CGCM3 is able to replicate the observed wave-like pattern with a similar strength to the
observations. CNRM-CM5 is also able to replicate the wave pattern, although the winds are
weaker than those observed. ACCESS1-0 is able to produce a weak wave pattern, however
the trough is positioned further east than observed. CCSM4 produces a similar pattern,
but the trough is too far west. CSIRO-Mk3-6-0 incorrectly associates the rainfall with a
broad ridge rather than a narrow trough. The remaining models show virtually no sign of a
wave pattern in the Australian region, suggesting the rainfall in this regime is produced by

convective activity that is not forced by a structured synoptic system.

To show the similarity of each model's synoptic patterns to the observations, the pattern
correlation between the 850hPa wind composite for each model regime and the ERA-Interim
equivalent is calculated, and averaged across all regimes in each model. A higher mean
pattern correlation for a given model suggests the wind patterns for all regimes are generally
better captured by the model. The pattern correlation was chosen for assessing the closeness
of the model wind composites to the observations rather than the Euclidean distance in order
to avoid penalty toward a model that reproduces the correct spatial pattern with wind speeds
that are too strong or weak. The mean pattern correlation for each model is provided in

Table 4.4.

When averaged over multiple regimes as presented in the table, the mean pattern corre-
lation falls within a relatively narrow range. As discussed previously, MRI-CGCM3 produces
wind speeds in heavy regimes that are too high, however the shape and location of the
systems responsible for rainfall are correct. Two of the models which provide little signal in
the heavy regimes, MIROC5 and CSIRO-Mk3-6-0, rank poorly. Despite what appears to be

the correct shape of the monsoon low at 850 hPa, the ACCESS models perform relatively

Table 4.4: Mean pattern correlation across all regimes for the 850 hPa wind fields.

Model Mean Rank Model Mean Rank
pattern corr. pattern corr.
MRI-CGCM3 0.815 1 bcc-csml-1-m 0.711 5
CCSM4 0.795 2 ACCESS1-0 0.689 6
ACCESS1-3 0.745 3 CSIRO-Mk3-6- 0.669 7
0
CNRM-CM5 0.724 4 MIROC5 0.646 8
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poorly, possibly due to the location of the low centre being too far west in the heavy regimes.

The regime frequency, intensity and synoptic patterns show errors relative to the ob-
servations, despite daily rainfall being constrained to have a spatial pattern similar to the
observed regimes. The next section determines how rainfall regimes emerge in the models in-
dependently of observations, and ranks models according to the similarity of the independent

regimes to the observed regimes.

4.3.3 Method IlI: Independent clustering of model rainfall
Rainfall spatial patterns

As described in the previous chapter, the main drawback of Method | is its inability
to determine if regimes have different spatial patterns relative to the observations. This
section describes a ranking using direct clustering (Method Il) from the previous chapter
to determine changes to regime spatial patterns in the models relative to the observations.
Firstly, daily, non-TC rainfall from each of the models is clustered, then matched to observed
regimes using the minimum Euclidean distance method outlined in Chapter 3. The minimum
Euclidean distance method determines the sum of Euclidean distances across all regimes for
every possible permutation of model to observed regimes, and the permutation correspond-
ing to the minimum sum is taken as the best possible match of model to observed regimes.
In Section 3.4.3, we show that this method results in the possibility of a model producing
regimes that are different to the observations. This is further highlighted in Figures 4.11
to 4.13, which present the spatial patterns for each regime in each model. The panels are

arranged by regime rather than by model to show how each regime varies across models.

Regime 1, corresponding to light rainfall in the observations, is replicated well in the sense
that all models produce a light regime, although bcc-csm1-1-m and MIROCS extend light
rainfall much further inland than the observations, and CCSM4 produces light rainfall along
the south of the study region in addition to the north, but almost no rainfall in between.
Regime 2, which corresponds to moderate rainfall, tends to have a maximum located just
north of the Top End in almost all models except MIROCS, rather than onshore in the obser-
vations. MIROCS5 places a large maximum in rainfall near the Pilbara for Regime 2, although

Regime 5 for this model shows a pattern and intensity very similar to the observed Regime
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2. The land-based maximum for Regime 3 is poorly replicated by ACCESS1-0 and CCSM4.
The remaining models reproduce the pattern for Regime 3 well, although the maximum is
too intense in most cases, especially in MIROC5. For Regimes 4 and 5, the position of the
rainfall maximum is replicated relatively well by most models, however the rainfall maximum
is too intense and located slightly offshore, which partially explains the positive mean rainfall
biases north of the continent in most models. A Pilbara maximum does not exist in the
CMORPH regimes, so the mapping has placed the Pilbara type model regime in Regime 2

rather than Regime 5 to minimise a relatively large distance sum, as is discussed later.

The spatial pattern for Regime 6 is replicated well by all models except ACCESS1-3 and
CNRM-CM5, although ACCESS1-0 and bcc-csm1-1-m produce maximum intensities that
are too low and too high respectively. The two ACCESS models fail to produce an inland
maximum in the spatial pattern for Regime 7, with the maxima located close to the Top End
coast. Most other models produce rainfall maxima for Regime 7 at approximately the correct
intensity, but the location of the maximum varies greatly. bcc-csm1-1-m, CSIRO-Mk3-6-0,
MIROC5 and MRI-CGCM3 all produce the peak too far west, resembling the Pilbara regime
determined from AWAP (see Figure 2.2).
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Figure 4.11: Spatial rainfall patterns for Regimes 1 (top) to 3 (bottom) produced by the
CMIP5 models in Method |l after matching. The first panel shows the regime in the obser-
vations, while the panels labelled a-i indicate the pattern assigned to the particular regime
in each of the models. Labelling is as follows: a) ACCESS1-0, b) ACCESS1-3, ¢) bcc-csml-
1-m, d) CSIRO-Mk3-6-0, ) CCSM4, f) CNRM-CMS5, g) MIROC5, h) MRI-CGCM3. Units
are mm day™!. Note the change in colour scale relative to figures in Chapters 2 and 3.
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Figure 4.12: Spatial rainfall patterns for Regimes 4 (top), to 6 (bottom) produced by the
CMIP5 models in Method Il after matching. The first panel shows the regime in the obser-
vations, while the panels labelled a-i indicate the pattern assigned to the particular regime
in each of the models. Labelling is as follows: a) ACCESS1-0, b) ACCESS1-3, c) bcc-csml-
1-m, d) CSIRO-Mk3-6-0, ) CCSM4, f) CNRM-CM5, g) MIROC5, h) MRI-CGCM3. Units
are mm day™!. Note the change in colour scale relative to figures in Chapter 3.
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Figure 4.13: Spatial rainfall patterns for Regime 7 produced by the CMIP5 models in Method
Il after matching. The first panel shows the regime in the observations, while the panels
labelled a-i indicate the pattern assigned to the particular regime in each of the models.
Labelling is as follows: a) ACCESS1-0, b) ACCESS1-3, c) bcc-csm1-1-m, d) CSIRO-Mk3-6-
0, e) CCSM4, f) CNRM-CM5, g) MIROC5, h) MRI-CGCM3. Units are mm day!. Note the
change in colour scale relative to figures in Chapter 3.

Independent clustering highlights differences in the model rainfall regimes relative to the
observed regimes. Most models are able to replicate the spatial patterns of Regimes 1, 4
and 5 well with intensities that are generally too high, while patterns in models assigned to
Regimes 6 and 7 vary most from the observations. As described in Section 3.4.3, differences
in the spatial patterns between the model and observed regimes result in a higher Euclidean
distance between them. The sum over all regimes gives a measure of how similar the model
regimes are to the observed regimes. The distance sum is thus used as a ranking measure

next.

Distance sums

The sum of the Euclidean distances across all matched regimes is used as a metric to
determine how well the observed regimes are replicated in each model. An example of how
distances are calculated and minimised for ACCESS1-0 was shown in Section 3.4.3. A smaller
sum means that regimes are closer to the observations, since once the model regimes are
matched to the observed regimes, a model regime's deviation in spatial pattern and intensity
from an observed regime will manifest as an increase in the distance for that regime. Summed
over all 7 regimes, greater deviation over multiple regimes will increase the distance sum,
and as a result the size of the distance sum can be used as a measure to show how much the

spatial patterns of a particular model's set of regimes have deviated from the observations.
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The distance sums are shown in Table 4.5.

CNRM-CM5, CCSM4 and MRI-CGCM3 are the three models with the smallest sums, and
thus the rainfall spatial patterns are most likely to resemble the observations. However, al-
though the rainfall patterns are most closely resembling observations than other models, there
are still some biases in the regimes. CCSM4 (model e in Figures 4.11 to 4.13) reproduces all
observed spatial patterns well with the exception of Regime 3 (maximum over Kimberley),
which has a maximum further south-west and less intense than observed. CNRM-CM5 has
a similar problem to ACCESS1-0 where rainfall maxima for the coastal heavy regimes tend
to be located offshore (see model f in the top panel in Figures 4.11 to 4.13), thus produc-
ing a similar bias pattern in the climatological rainfall to the ACCESS models. In addition,
CNRM-CM5 produces a spatial pattern similar to the Pilbara regime in AWAP instead of
the spatial pattern associated with CMORPH Regime 6. However, the maximum intensity
of the regimes are much closer to the observations, so the distance of each regime (and
therefore their sum) is lower. MRI-CGCM3 (see model h) in top panel of Figures 4.11 to
4.13) again has a similar problem with moving the rainfall maxima slightly offshore, but the
onshore biases in the climatological rainfall are much weaker resulting in the lowest distance

sum of the models presented here.

The full set of regimes in MRI-CGCM3 is shown in Figure 4.14. When the regimes in this
model are compared to the observed regimes (see Figure 3.2), they have an average intensity
closer to the observations than many of the other models, highlighting that this model is
able to reproduce the rainfall regimes most accurately. bcc-csml-1-m and MIROCS have
the highest scores, and thus have the poorest representation of the observed regimes. bcc-
csml-1-m tends to produce rainfall maxima that are far more intense than the observations

(model c in top and middle panels of Figures 4.11 to 4.13), and the location of the maxima

Table 4.5: Distance sum for the best arrangement of model regimes to observed regimes, by
model.

Model Sum Model Sum
MRI-CGCM3 223.5 CSIRO-Mk3-6-0 387.8
CCSM4 240.5 MIROC5 448.6
CNRM-CM5 309.0 ACCESS1-3 490.2
ACCESS1-0 373.2 bcc-csm1-1-m 616.7
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0.5 1 2 5 10 15 20 25 30 40 50

Figure 4.14: Rainfall regimes in MRI-CGCM3, with the final two regimes the west and east
cyclone regimes respectively. These are the same patterns as for model h) in the previous
regime plots, and are presented here to highlight the similarity to the observed regimes in
Figure 3.2. Units are mm day™.

differ from the observations slightly. Although some models may appear to reproduce some
regimes with the correct frequency when investigated with Method |, this method shows that
the spatial patterns that some models are producing are different to the observations, thus

these models are unable to replicate the observed rainfall regimes accurately.

Robustness of independently determined regimes

To investigate the robustness of the rainfall regimes produced by each model, cluster
analysis is performed on subsamples of model rainfall, and the resulting clusters are com-
pared to the regimes produced by the whole dataset. A set of 30 subsamples are produced
by sampling half of the wet days in each model randomly, and a set of 30 subsampled sets
of regimes are produced by separately clustering each subsample. The Euclidean distance of
the resulting clusters to each model’s original regimes is calculated, and averaged over the
30 sets of subsamples to provide a measure of variability in the model regimes. The mean

distance over the subsamples in each model is summarised in Table 4.6.

The mean distance sum of the model subsamples to the original model regimes is always
smaller than the distance between the model regimes and the observations, although since
the scores are non-zero, there is some difference between the subsamples and the original
clusters. However, these differences are likely to be minor. For example, a distance sum

of around 200 occurs between the MRI-CGCM3 regimes and the observed regimes, and the
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Table 4.6: Average Euclidean distance sums across the 30 subsamples for each model.

Model Min distance to Mean distance across Standard deviation of
obs subsamples distances
ACCESS1-0 373.2 145.3 63.7
ACCESS1-3 490.2 282.1 88.3
bcc-csm1l-1-m 616.7 347.4 78.4
CNRM-CM5 309.0 179.5 54 .4
CCSM4 240.5 129.9 28.9
CSIRO-Mk3-6-0 387.8 195.8 71.1
MIROC5 448.6 236.0 97.5
MRI-CGCM3 223.5 168.8 72.2

spatial patterns in these two cases appear similar. Thus, the models for which the subsample
mean is less than 200 can be assumed to have subsamples with similar spatial patterns to
the original model regimes. The main exceptions to this are ACCESS1-3, bcc-csm1-1-m
and MIROC5, with subsamples that deviate more from the original clusters. Inspection of
subsamples in ACCESS1-3 (not shown) suggest some differences in the spatial pattern and
formation of Moderate and Inland type regimes, resulting in large distances. Most of the
subsamples in bcc-csm1-1-m and MIROCS generally deviate greatly in terms of intensity but

not spatial pattern, which explains the large distance in those models.

Some of the original regimes in both the models and observations have intense rainfall,
but are infrequent. A subsample of half the model rainfall contains only 15 years of data,
thus with infrequent regimes some difference in the spatial patterns is likely to occur. The
subsampling method shown here is likely to show a higher level of uncertainty in the model
spatial patterns than the original model regimes, since it is only possible to use half of the
data for subsampling rather than the entire set. However, since the subsamples generally
show distances that are low enough to be considered similar to the original model regimes,

the spatial patterns produced in Method Il are relatively robust.

Frequency and intensity of independently determined regimes

The frequency of each model regime after mapping is shown in Figure 4.15. Since the
spatial patterns of individual regimes may differ from the observations, it is not always pos-
sible to directly compare their frequencies. However, it is possible and useful to examine
the frequency of the dry and light regimes in isolation, and by considering TC regimes and

other heavy regimes respectively as groups of regimes. The percentage of dry days for each
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model show that every model has a greater percentage of wet days than the observations,
although CSIRO-Mk3-6-0 and MRI-CGCM3 are closer to the percentage of dry days in the
observations compared to the other models. Despite the large number of wet days, most
models overestimate the percentage of days in the Light regime, agreeing with the result
of overestimation of the Light regime in Method |, which is expected given most climate
models are known to initiate drizzle too often, e.g. Stephens et al. (2010). The number of
TC days varies between models, with MRI-CGCM3 and CSIRO-Mk3-6-0 producing close to
the correct number of TCs in the region, while CNRM-CM5 and CCSM4 are among those
which underestimate the number of TCs. Conversely, MIROC5 strongly overestimates the
number of TCs. As TCs are shown to be an important driver of the overall rainfall trend
(see Section 2.4), the ability of a model to replicate the correct TC frequency is important,
and thus this must be taken into account when assessing the models. A breakdown of the

frequency and intensity of separate TC regimes is covered in more detail later in this section.
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Figure 4.15: The percentage frequency of a number of regimes in observations and each
CMIP5 model. The "heavy” regimes bar shows the frequency of all wet regimes excluding
the Light regime and TCs.

With the exception of CCSM4 and MIROCS5, the models underestimate the frequency of

the heavy regimes. Here it is assumed that Regimes 3-7 in each model are heavy regimes,
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which is true for most (though not always all) regimes in every model, despite some of the
maxima being located on the coast or offshore. In most cases, the heavy regimes in the models
are associated with either a surface low or upper level trough. Although these structures
may not necessarily be the same as observed structures, their frequency of formation or
lack thereof adds insight to the nature of the models’ ability to replicate rainfall over NWA.
Most CMIP5 models are unable to produce heavy rainfall regimes at the same frequency as
the observations, leading to a negative bias in rainfall onshore in many cases. The higher

frequency in CCSM4 and MIROCS leads to the strong positive rainfall biases observed in

Figure 4.1.
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Figure 4.16: Intensity of Regimes 3 to 7 (heavy regimes) in each model's independently
determined regimes.

Figure 4.16 shows the maximum intensity of Regimes 3 to 7 (considered the heavy
regimes) and the TC regimes in each model, calculated as the value of the point of maximum
intensity for each regime in each model. As previously discussed, most models do not
reproduce every spatial pattern, although most are able to reproduce Regimes 4 and 5.

Aside from CCSM4 and MRI-CGCM3, each model produces at least one regime with an
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intensity above 60 mm day™!, compared with the observed typical rainfall of around 30-40
mm dayl. bcc-csml-1-m produces mean maxima for Regimes 5 and 4 that are greater
than 100 mm day? and 120 mm day™!, the latter of which is above the threshold for an
extreme day presented in Section 2.6. The ACCESS models and CNRM-CM5 overestimate
the intensity of TC rainfall, while the remaining models predict an intensity that is too low.
No model significantly underestimates the maximum intensity of all heavy regimes, but some
models tend to underestimate the intensity of inland based regimes such as 6 and 7, and
TC rainfall intensity is usually underestimated. The high intensity maxima of the regimes
combined with the low frequency shows that models may be more sensitive to changes in

the frequency of these regimes than the real-world climate.

Synoptic patterns of independently determined regimes

Composites of the 850 hPa wind and 250 hPa meridional wind fields for each regime
are calculated for each model. Some independently determined regimes are very similar to
the observations, and thus similar to those determined from the projection method. The
fields for Regimes 4 and 7 are presented in this chapter for brevity, and for comparison to
the future rainfall regimes presented in the next chapter. The full set of wind fields for each

model are provided in the Appendix A.

Figure 4.17 shows the 850 hPa wind composites for Regime 4, corresponding to a rainfall
maximum between the Kimberley and Top End regions in the CMORPH observations. In
the observations (both CMORPH and AWAP), the regime is characterised by cyclonic flow
directly over the region of maximum rainfall. Among the models, there are different biases in
the synoptic systems responsible for the rainfall. The two ACCESS models and MRI-CGCM3
produce a closed cyclonic circulation corresponding to a monsoon low similar to the obser-
vations, although the wind speeds are much stronger with a maximum above 10 m st in
both ACCESS models, compared to around 6 m s in the observations. MIROC5 also shows
a cyclonic circulation, although the centre is located too far west and the wind strength
is too weak. CNRM-CMDb5 produces a convergence line over the region corresponding to a
monsoon trough, with wind speeds on either side being far too strong (<12 m s). CCSM4

shows a similar monsoon trough pattern, but the wind speeds are too weak over land. The

remaining models (bcc-csm1-1-m, CSIRO-Mk3-6-0) show almost no sign of any structured
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CMORPH ACCESS1-0 ACCESS1-3

Figure 4.17: 850hPa wind composites for Regime 4 from direct clustering (Method Il) in all models
considered in this chapter. Shading indicates wind speed in m s!

synoptic system near the rainfall maximum. There is also a lack of structure in the 500 hPa
composites for these models (see Appendix A). Each model also presents similar problems in
replicating the observed synoptic patterns for Regimes 3 and 5, where CNRM-CM5 produces
a strengthened monsoon trough, the ACCESS models produce realistic circulation similar to
the observations, CCSM4 and MIROC5 produce weak circulation systems and bcc-csm1-1-m
and CSIRO-Mk3-6-0 show very little evidence of structured synoptic systems. The biases
for this regime are overall similar to that described for Regime 3 in Section 4.3.2, indicating

that models produce similar biases for similar regimes relative to the observations.

Figure 4.18 shows the 250 hPa meridional wind composites for Regime 7, which corre-

sponds to an Inland regime in the observations. The observed rainfall pattern in Regime 7
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Figure 4.18: 250hPa meridional wind composite for Regime 7 in all models. Units are m st
is the result of the presence and equatorward refraction of mid-latitude Rossby waves. Only
CNRM-CM5 and MRI-CGCM3 are able to replicate the observed wave-like pattern, although
MRI-CGCM3 has shifted the pattern slightly westward due to the location of the rainfall
maximum (see Figure 4.13). The ACCESS models do not produce a wave like pattern for
Regime 7 from this method, since their rainfall spatial patterns for this regime are close to
the northern coast and not inland as in the observations. The remaining models produce
rainfall patterns either like the Inland or Pilbara regime, however the composites do not have
a wave-like pattern, which highlights the difficulty of the models to replicate the synoptic

patterns responsible for rainfall in this part of the study region.

Description of TC regimes

In Chapter 2, TCs were shown to provide a significant component of the observed cli-
matological rainfall over NWA, and found to be a significant driver of the overall rainfall
trend. The spatial patterns, frequency and intensity of TCLVs in the models are now shown
here. The spatial patterns of TCs are shown in the middle and bottom panel of Figure
4.19. For the West Cyclone regime, observed spatial patterns are relatively well replicated by
the two ACCESS models, CNRM-CM5 and MRI-CGCM3, although in ACCESS1-0, offshore
maximum intensities are higher than that observed. The same models also reproduce the

general spatial pattern of the East Cyclone regime well, with the rainfall maximum occurring

116




Chapter 4. Modelled rainfall over north western Australia: Comparing CMIP5 models to
observations

just offshore of the Top End. The maximum rainfall intensity in ACCESS1-0 is again too
high relative to observations, while MRI-CGCM3 has a maximum intensity point lower than
that observed. For both cyclone regimes, The other models produce mean rainfall that is
too light compared to the observations, with no strong onshore spatial pattern relating to

TC rainfall.

1 2 5 10 15 20 25 30 40 50 75

Figure 4.19: Spatial rainfall patterns for the two cyclone regimes produced by the CMIP5
models. The first panel shows the regime in the observations, while the panels a-i indicate
the pattern according to each model. Middle set of patterns correspond to the West Cyclone
regime, bottom is the East Cyclone regime. Labelling is as follows: a) ACCESS1-0, b)
ACCESS1-3, ¢) bec-csm1-1-m, d) CSIRO-Mk3-6-0, e) CCSM4, f) CNRM-CM5, g) MIROCS,
h) MRI-CGCM3. Note the change in colour scale relative to figures in Chapter 3.

Figure 4.20 shows the frequency of each TC regime in each model, relative to all days.
In observations, there are slightly more TC days in the eastern half of the study region
(East Cyclone regime). As discussed earlier in the section, MRI-CGCM3, bcc-csml-1-m
and CSIRO-Mk3-6-0 produce approximately the correct frequency of TCs, however they
both underestimate the number of TCs in the western half of the study region. Conversely,

ACCESS1-3, CCSM4 and CNRM-CMS5 produce too many TC days in the western half of the
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region, and too few in the eastern half. ACCESS1-0 produces only slightly too few TC days

(as per Section 3.4.3), while MIROC5 produces far too many TC days.
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Figure 4.20: Percentage frequency of the two TC regimes in observations (far left) and each
CMIP5 model considered in this study.

The 850 hPa wind fields for the East Cyclone regime in each model is given in Figure
4.21. The biases in each model for the TC regimes are the same as those for Regimes 3 to
5 in both the projection and direct clustering methods, with the ACCESS models and MRI-
CGCM3 showing closed circulations for both TC regimes, and CNRM-CMb5 showing stronger
winds on the northern and southern side compared to the western and eastern sides. The
remaining four models show almost no sign of a closed circulation, despite being defined as
such by the CDD algorithm. One potential explanation for this is that individual vortices
in these models tend to be relatively small and asymmetric. A system centred just to the
north of a given point will produce strong easterlies, while a different system located to the
south will produce strong westerlies. Thus the mean of multiple such systems centred in
different locations tends to wash out to the mean flow, leaving little signal in the composites

presented here.
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Figure 4.21: 850hPa wind composites for the East Cyclone regime in each model.

Overall, the rainfall pattern and associated synoptic pattern are replicated well by the
ACCESS models, MRI-CGCM3 and CNRM-CM5. Of these, ACCESS1-3 and CNRM-CM5
produce too many TC days in the western half of the region, thus the distribution of storms
is different to that observed. The remaining models poorly reproduce observed rainfall and

synoptic patterns of TCs, possibly to large variation in tracks of relatively small storms.

4.3.4 Method Ill - Joint clustering of model and observed days

This section assesses the models using Method 1ll, described in Section 3.2.4 and tested
in Section 3.4.4. For each model, a dataset containing an equal number of CMORPH and
model days is built before dry days and TCs are separated, and the remaining days are clus-
tered. Method Ill may alter the spatial patterns of the observed regimes due to the presence

of model data. Similarly to Method Il, the resulting regimes have spatial patterns that do not
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necessarily appear the same as the observations. However, due to the presence of observed
data the regimes produced from this method are closer to the observed regimes than those
produced from Method Il, since the spatial patterns produced will lie somewhere between
purely model patterns and purely observed patterns rather than purely model patterns as in

Method II.

The two parts of Figure 4.22 show the regimes for each model. The patterns are grouped
by regime number rather than by model, similar to that done for Method Il. Similar to the
other methods, a light regime is produced with a spatial pattern that is very similar to obser-
vations with only slight variation in spatial pattern. Regimes 3, 4, 5 and 6 are all produced
with a very similar spatial pattern to the observations, however the intensity is much higher
for some models. For Regime 3, the intensity is too high for the combined regimes from
MIROC5, CSIRO-Mk3-6-0 and bcc-csm1-1-m, while the combined Regime 5 in the ACCESS
models are too intense. The representation of Regime 2 in this method is poor in MIROC5H
and bcc-csm1-1-m where a sharp maximum occurs in the Pilbara, a similar result to the direct
clustering (Method I1). For Regime 7, the patterns are more similar to the observations for
the ACCESS models, but are poorer for bcc-csm1-1-m and CSIRO-Mk3-6-0 with the rainfall
maximum located further north-eastward along the coast. However, generally the presence
of the observed days in the clustering produces a set of regimes which are closer in spatial

pattern to the observations compared to the independent clustering discussed earlier.

For each model, each regime contains various fractions of model and observed days. A
summary of the fraction of model days (the observed days make up the remainder) is given
in Figure 4.23. As detailed in Chapter 3, regimes from this method that contain a large
fraction of model days do not occur in the observations. Hence, the fraction of model days
can still be used as a measure of the closeness of the model regimes to the observations, and
can be used to assess performance between models. The error bars in the figure indicate a
95% confidence interval obtained by randomly halving the wet days in the observations and
determining the fraction of days in one half of the split. Comparing the model fraction to
this uncertainty bound allows the deviation from an even split between model and observed
data for a given regime to be more clearly determined. Some regimes occur more frequently

than others, so a regime with a low frequency of occurrence will have greater uncertainty in
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Figure 4.22a: As for Figure 4.11, but for Method Ill (combined clustering) and Regimes 1
to 4.
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Figure 4.22b: As for Figure 4.11, but for Method 1l and for Regimes 5 to 7.

frequency than one with a high frequency. Therefore, a separate uncertainty bound for each

observed regime allows changes in frequency to be better determined.

Figure 4.23 shows that no model is able to replicate all of the observed rainfall regimes
at a frequency within the confidence interval of the observations. Generally, the frequency of
Regimes 1 (light rainfall), 4 (rainfall maximum located between the Kimberley and Top End
regions) and 5 (rainfall maximum over the Top End) are overestimated in the models. Note

that Regime 1 is far more frequent in both observations and models, therefore a relatively
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Figure 4.23: Fraction of model days in each regime, plotted for each model. The grey bars
show a 95% confidence interval for the ideal fraction (0.5) of model days.

large change in frequency between the model and observations will have a much smaller effect
on the model fraction than for the heavier, less frequent regimes. This is taken into account
with the smaller confidence interval for this regime. The overestimation of model days in
Regime 1 is consistent with the overestimated frequency of this regime found in Sections
4.3.2 and 4.3.3. Since the dataset for clustering contains an equal number of both model and
observed days, and models are found to overestimate the frequency of light rainfall, Regime
1 from this method must contain more model days than observed days, and therefore the
model fraction is greater than 0.5. Regime 6 is generally underestimated in frequency by the
models, which explains the similarity of all of the spatial patterns to the observed Regime
6, since this regime is heavily populated by observed days. The remaining heavy regimes (3

and 7) are overestimated in frequency by some models, but underestimated by others.

When specific models are considered, most models produce some regimes too frequently
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and others too infrequently. All regimes from MIROC5 and CCSM4 contain more model
than observed days, a result of both these models generally producing rainfall too frequently
which agrees with the results in Figure 4.15. In MIROCS5, Regime 2 consists of a rainfall peak
over the Pilbara rather than the typical Moderate regime pattern, and Regimes 3 and 4 are
too intense relative to observations. The significant difference in pattern and intensity im-
plies that the regime is heavily populated by model days, which is confirmed by the fractions
given for MIROC5 in Figure 4.23. The two ACCESS models produce Regimes 3, 6 and 7
too infrequently and the others too frequently, with no regime containing model days within
the uncertainty bound. The CSIRO model is the only one that produces Regime 1 (light)
at the correct frequency with this method (agrees with the results in Section 4.3.3), but the
remaining regimes also vary in their frequency. CNRM-CMb5 and MRI-CGCM3 produce some
heavier regimes which are within the uncertainty bounds of the observations. The remaining
regimes from these models are not far outside the uncertainty bounds, which suggest these

are the models most able to replicate regimes at the correct frequency.

The mean across regimes of the magnitude of differences between each model fraction
from this method and 0.5 can be used as a general overview of the ability of each model to
determine regimes with the correct frequency. The larger the difference between the model
fraction and 0.5, the greater the difference in frequency between the rainfall pattern in the
model and observations, or in the case of fractions greater than 0.5, the greater the deviation
in spatial pattern in this method. Thus, a smaller mean means that the model fractions are
closer to 0.5, and therefore the model is able to reproduce the spatial patterns and frequency
of the regimes more accurately. The difference means for each model are presented in Table
4.7. The models with fractions closest to 0.5 are MRI-CGCM3 and CNRM-CMb, which
both have regimes that are either within the uncertainty bounds in Figure 4.23, or not
very distant from them. The ACCESS models and MIROC5 are similarly poorly ranked for
different reasons - the ACCESS models produce Regimes 3 and 6 at a frequency that is too
low, while MIROC5 produces regimes that are too intense, resulting in significant deviation
from the observed frequency. The fractions here are considered in the final model ranking,

which is discussed in the next section.
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Table 4.7: Sum of differences across regimes between model fractions and the ideal fraction
of 0.5.

Model Difference mean Model Difference mean
MRI-CGCM3 0.072 bcc-csml-1-m 0.164
CNRM-CM5 0.110 ACCESS1-0 0.200
CCSM4 0.134 MIROCH 0.207
CSIRO-Mk3-6-0 0.150 ACCESS1-3 0.209

4.4 Discussion: Overall model ranking

A subset of CMIP5 models were assessed for their ability to replicate the observed rain-
fall regimes and the climatological mean in NW Australia. Almost all models are able to
replicate some of the observed rainfall regimes, although many models produced regimes
that are not observed. All models produced a Light regime and a range of heavier regimes.
However, all models have biases in the climatological mean rainfall, with many producing
too much rainfall over ocean regions north of the continent, and too little rainfall over land
within 500km of the coast. Some models produce too much rainfall over the entire study
region. Almost all models overestimate the frequency of wet days in the region, of which
the greatest bias is in the frequency of days in the Light regime. Thus, most models fail to

produce the synoptic systems responsible for heavy rainfall in the region.

There is significant difference between models in their ability to replicate the pattern,
frequency and intensity of the observed regimes. From Method Il (direct clustering), the
three models with the smallest sum were CCSM4, MRI-CGCM3 and CNRM-CM5. By in-
specting the regimes produced in Method Il, we see these three models appear to replicate
most of the observed regimes well, although there is some difficulty around the Kimberley
and western Top End regions which is a common problem among all models. The maps
obtained from Method Ill also show relatively little difference in the spatial pattern relative
to the observations. However, CCSM4 produces far too much rainfall due to producing too
many wet days, resulting in the frequency of all regimes being higher than the observations.
CNRM-CM5 produces a frequency of the heavy regimes to be similar to the observations
as evidenced from Figure 4.23, although fails to replicate the spatial pattern of Regime 6,
and produces too many days in the Light regime. MRI-CGCM3 has the weakest bias in
the climatological rainfall, and reproduces almost all regimes with frequencies closest to the

observations. There is slightly too few heavy regime days, however the difference is small
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relative to the other models.

The model ranks for each method based on the metrics described in Section 4.2.2 are
presented in Table 4.8. An overall ranking is calculated by summing the ranks based on
each individual metric. Using this method, MRI-CGCM3 is the highest ranked model as the
climatological mean, regime spatial patterns, wind fields and frequency are all close to the
observations relative to the other models, although the seasonal distribution of rainfall is
shifted a month later than observed. CNRM-CMJ5 is also highly ranked with the frequencies
of its regimes being close to those observed, although rainfall toward the end of the rainy
season is slightly higher than observed. CSIRO-Mk3-6-0 is ranked third for a similar reason
despite falling outside the top 3 from Method Il and producing rainfall too early in the sea-
son. Upon inspection of the regimes from Method Il, all of the coastal regimes are replicated
well including Regime 3, which some other models fail to produce with the correct spatial
pattern. Method Ill shows that Regime 4 is produced far too frequently, however for this
model other regimes are reproduced within the uncertainty bound of the observations. The
two ACCESS models are ranked 5th and 6th respectively, with their close rankings likely to

be linked to the similar convection and cloud microphysics schemes used in those models.

The poorest performing models from this ranking include MIROC5 and bcc-csml-1-
m. Both models perform poorly since they produce some heavy regimes with too high an
intensity, resulting in a larger distance sum in Method Il, and a fraction of heavy regimes that
is too high in Method Ill. Both models also produce a rainfall maximum over the Pilbara
instead of a Moderate-type regime, and reproduce the wind patterns associated with the

heavy regimes poorly.

4.5 Conclusion

A set of eight CMIP5 models are assessed for their ability to replicate the observed mean
rainfall and observed rainfall regimes over NWA using three methods: projection, indepen-
dent clustering and combining model and observed data. Each assessment method allows
comparison between models and observations, and an overall ranking for these models is de-
termined by considering measures of frequency, intensity and spatial pattern of model rainfall

regimes. When considering the mean rainfall, models tend to show positive biases to north
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Table 4.8: Table summarising ranks of models based on multiple criteria: capturing mean rainfall,
capturing frequency from Method |, distances from Method Il, deviations of fractions in Method
"

Model Ranking
Yearly mean | Method | - | Method | - | Method Il | Method Il - | Overall
Frequency Winds - Distance | Model frac-
sum tion sum

ACCESS1-0 3 4 6 4 6 5
ACCESS1-3 2 6 3 7 8 6
bcec-csml-1-m 6 8 5 8 5 7
CCSM4 8 7 2 2 3 4
CNRM-CM5 5 3 4 3 2 2
CSIRO-Mk3-6-0 4 1 7 5 4 3
MIROC5 7 5 8 6 7 8
MRI-CGCM3 1 2 1 1 1 1

of the Australian coastline and in inland areas of the study region, the strength of which
vary by model. Models also struggle to replicate the observed rainfall trend over the entirety
of the NWA study region, although most do show an increase somewhere within the study
region. Most, but not all, of the observed regime spatial patterns are replicated, although
generally the models have the most difficulty in replicating regimes responsible for inland

rainfall.

Most models produce light rainfall too often, agreeing with previous studies. Regimes re-
sponsible for heavy rainfall in coastal areas are too infrequent and too intense in the majority
of models. The frequency of TCs is mostly either replicated well or slightly underestimated,
with a small number of models either strongly underestimating or overestimating the fre-
quency of TC days. In addition, the majority of models do not reproduce the synoptic
patterns responsible for the heavy regimes, although when compared to other models, the
ACCESS models perform best at reproducing monsoon lows and MRI-CGCM3 performs best

at reproducing mid-latitude waves.

By considering ranking measures that consider each model’s ability to replicate the ob-
served mean climate and frequency, intensity and synoptic patterns of observed regimes, an
overall ranking for the models is determined. The models ranked as the top 3 are MRI-
CGCM3, CNRM-CM5 and CSIRO-Mk3-6-0, which reproduce the observed mean rainfall and
observed regimes with frequencies relatively close to the observations. The ranking is a
general guide for informing changes to rainfall regimes in a future climate, which will be

investigated in the next chapter.
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Chapter 5

Future projections of rainfall regimes

over north-western Australia

5.1 Introduction

In Chapters 4, the ability of each model to simulate the observed climate over NWA was
determined by ranking their ability to replicate the observed frequency, intensity and spatial
pattern of the regimes over the region. The ranking is used to inform future projections of
rainfall over north-western Australia, which is the focus of this chapter. This chapter will fo-
cus solely on the RCP8.5 emissions scenario, the highest emissions scenario in CMIP5 which
considers unabated emissions beyond 2100. Under the RCP8.5 emissions scenario, CMIP5
models tend to have high agreement on changes to precipitation in mid to high latitude
regions, and little agreement in parts of northern Australia (Knutti and Sedlacek, 2013).
However, taking subsets of the best performing models can increase the level of agreement
in rainfall changes. Jourdain et al. (2013) take a subset of 10 best performing CMIP5 models
over the Indo-Australian monsoon region based on ability to replicate ENSO and monsoon
characteristics. They find that 7 models show significant wetting across northern Australia by
the end of the 21st century under the RCP8.5 emissions scenario. Frederiksen and Grainger
(2015) use a similar multi-model ensemble employing high-ranking models (based on ability
to reproduce the variability in the 500 hPa geopotential height field as per Grainger et al.
(2014)) to arrive at a similar conclusion, and find that enhanced north-westerly winds over
the summer period are the main driver of this trend. Experiments in CMIP5 models also

suggest that TC numbers in the South Indian Ocean are likely to decrease in a future climate
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(Knutson et al., 2015; Utsumi et al., 2016), although the trend map produced by Knutson

et al. (2015) suggests the change is smaller near the NWA coast.

In chapter 4, the ability of a subset of CMIP5 models to replicate the rainfall regimes
over NWA was established. The subset was selected based on availability of TCLV data
and resolution. The selected models were able to replicate most, but not all of the spatial
patterns associated with the observed regimes, although there are significant biases in the

frequency and intensity of the model regimes.

The aim of this chapter is to explain the projected trend in rainfall over NW Australia in
terms of the rainfall regimes identified in the previous chapters. This chapter focuses solely
on the RCP8.5 scenario to highlight changes to the regimes in the case of unabated carbon
emissions. Changes to the mean rainfall under the RCP8.5 scenario are described for each
model, before applying the projection and independent clustering methods outlined in the
previous two chapters to define the rainfall regimes. Changes to frequency and intensity of
each rainfall regime are described, with the aim of using these changes to explain the trend

in mean rainfall in each model.

Section 5.2 will outline the data used to consider the RCP8.5 future climate scenario in
each model, and the approaches used to determine rainfall regimes in a future climate. In
Section 5.3, changes to the climatological mean rainfall are described. Section 5.4 projects
the daily rainfall in the RCP8.5 scenario onto each model's independently determined regimes,
and decomposes the change in rainfall into changes in frequency and intensity of each regime.
Section 5.4.5 describes changes to the synoptic patterns in some important regimes. Section
5.5 describes changes to the spatial patterns when RCP8.5 daily rainfall is clustered inde-
pendently of the observations, while the final section summarises the main findings of this

chapter.
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5.2 Data and methods

5.2.1 Data

Daily precipitation was taken from the same eight CMIP5 models used in the previous
chapter, however in this case the model runs corresponding to the years 2070-2099 in the
RCP8.5 emissions scenario were used. Details of each model’s resolution is provided in Table
4.1. Precipitation data are regridded to 2.0 x 2.0 degree resolution in the same way as in
Chapter 4. Tracks of tropical cyclone-like vortices (TCLVs) were again detected using the
same method outlined in Section 3.2.3, and removed from the data using the same cyclone
removal method outlined in Section 2.1.2, where any day in which a TCLV centre is located
within the study region is considered to be a TC day and thus separated from the data. Prior
to any regime assignment, dry days (defined as a spatial average <0.1 mm day™!) are also

removed from the data.

5.2.2 Future regime determination

Changes to the rainfall for each model under a future climate are assessed in multiple
ways. Firstly, changes to mean rainfall and winds in a future climate relative to the model’s
own current climate are determined. Changes to mean rainfall are calculated as a percentage
difference in the annual mean between 2070-2099 and 1970-1999 in each model’s historical
run. The mean of the 850 hPa winds during the monsoon season (October to March) are
also calculated for each model, and the difference in wind speed and direction calculated to

indicate changes to the overall flow in a future climate.

Secondly, the rainfall regimes in the future climate are determined and compared to those
in the historical period in each model. Two of the three regime assignment methods out-
lined in Section 3.2.4 are used to classify future rainfall in the models into regimes. The first
approach is the projection method (Method 1 in Chapter 3), where rainy days in each model
(spatial average >0.1 mm as in previous sections) are projected onto existing regimes. Prior
to this chapter, this method involved determining the Euclidean distance between a particular
(historical) model day and each of the observed regimes, and placing the day into the regime

for which the Euclidean distance is smallest (ie. the "closest” regime). The same approach
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is used in this case, except that the daily rainfall from the RCP8.5 run is projected onto the
independently determined regimes produced in the model's historical run using Method Il in
Chapter 4. This method assumes that the spatial patterns produced by rainfall regimes in
the future climate will be the same as those in the model’s historical period. The advantage
of this method is that the fixed definition of the regimes allows changes to the frequency and
intensity of each regime to be calculated and interpreted easily. In addition, changes to the
synoptic patterns can be determined easily as there is no influence from changes in rainfall
spatial patterns. However, the fixed rainfall patterns result in the inability of this method to
determine if there are changes in the spatial pattern of regimes. To determine changes in
the regime spatial patterns, daily rainfall in the RCP8.5 scenario is also clustered directly, as

will be discussed later in this section.

The change in rainfall between the RCP8.5 scenario from 2070-2099 and the historical
run (1970-1999) is then decomposed into changes in frequency and intensity contributions

from each regime. This is a similar approach to that described in Section 2.1.5, using the

expression:
N
Py = Pr= [(foq = fra)Pri + (Poi = Pri) fri+ (Poi = PLi)(foi — fii)] - (5.1)
=1

where f; represents the frequency of regime i and P, represents its precipitation. In Section
2.1.5, the subscripts 1 and 2 represented the periods 1950-1979 and 1980-2009 respectively.
Here they represent the periods 1970-1999 and 2070-2099 in the historical and RCP8.5 model
runs respectively. As per Section 2.1.5, the three terms in the sum represent contributions to
the trend due to changes in frequency, intensity and the cross terms respectively. The cross
terms may be neglected for small changes - which is true for all models considered in this
chapter. Since regimes from different models have different spatial patterns, it is difficult
to directly compare terms for specific regimes between models. However, regimes labelled
1 and 2 always correspond to patterns closely resembling the observed Light and Moderate
regimes, thus regimes 3 to 7 are combined into a single "heavy" regime group to compare
between models. Individual regimes are investigated to explain the spatial pattern of the

mean rainfall trend in each model.
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Changes to synoptic patterns in the RCP8.5 scenario are also examined by calculating
composites of the 850 hPa wind fields for each regime at each model's native resolution.
Anomalies are calculated relative to the composites of each regime from Method Il in in
Chapters 3 and 4. We choose the result from Method Il since the aim of this chapter is
to indicate changes in the rainfall regimes and synoptic patterns within each model, rather

than compare the synoptic patterns to observation-derived patterns as per Method I.

Daily rainfall in the RCP8.5 scenario is also clustered directly to produce rainfall regimes
independent of the historical period, which is the same approach as Method Il outlined in
Section 3.2.4. This method takes into account any changes to the spatial patterns associ-
ated with the regimes, since it is possible that differing spatial patterns may become more
dominant in a future climate. The future regimes are matched to the their counterparts in
the historical period (Method Il) by finding the arrangement that minimises the sum of the
Euclidean distances across each pair. This is the same approach taken to match historical
model regimes from Methods Il and Il to observations. A detailed example of the matching
method is given in Section 3.4.3. In Section 4.3.3, the minimised distance score was inter-
preted as the general closeness of model regimes to the observations, and was used to rank
the ability of models to replicate the observed regimes. In this case, the minimised distance
sum is interpreted as the amount of change that will occur to the spatial patterns for the

model regimes, so no ranking is needed here.

5.3 Trends in mean climate under RCP8.5

5.3.1 Trend in the mean rainfall

Changes in yearly mean rainfall in 2070-2099 under the RCP8.5 emissions scenario rela-
tive to 1970-1999 in the historical period are presented in Figure 5.1 for each model. The
maps are ordered from most drying to most wetting, based on the percentage change aver-
aged across the region. The maps show significant variability in the trend in rainfall amongst
the models, with ACCESS1.3 and CSIRO-Mk-3-6-0 showing very strong drying of more than
50% over large areas of NWA. ACCESS1.0 shows drying over the ocean, but negligible
change over land. In contrast, CNRM-CM5, CCSM4 and MIROC5 show a wetting trend

over the region, with wetting centred over the Kimberley region in the former two models.
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MIROCS displays more significant wetting over inland areas. bcc-csm1l-1-m shows drying
in the far west of the study region, but no significant trend elsewhere. MRI-CGCM3 shows

slight wetting in the far south-east of the study region, but little trend elsewhere.
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Figure 5.1: Percentage change in rainfall in each model for the years 2070-2099 in the RCP8.5
scenario, relative to 1970-1999 in the historical run. The models are ordered from most drying
(top left) to most wetting (bottom right), incrementing left to right.

There is no consistency in rainfall trend across the top three ranked models from Chapter
4 (CNRM-CM5, CSIRO-Mk3-6-0 and MRI-CGCM3), since the three models show significant
wetting, drying and little trend respectively. Thus, the choice of high ranking models does
not provide consistency in future rainfall predictions over NWA. The variation between high
ranking models here agrees with Brown et al. (2016), but is in contrast to Jourdain et al.
(2013) and Frederiksen and Grainger (2015), although the ranking used in Chapter 4 is
focused on NWA rainfall regimes only, and does not include relationships to ENSO or other

large-scale modes of variability.

5.3.2 Trend in the mean flow

To illustrate the changes to the mean low-level winds in the CMIP5 models considered
in this study, the mean flow at 850 hPa from October to March is calculated in each model.
The difference relative to each model's October to March mean flow in the historical period

is shown in Figure 5.2. bcc-csm1-1-m shows stronger westerlies over the Maritime Continent,
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and weaker easterlies over northern Australia. This appears to be consistent with a south-
ward shift of the monsoon trough, despite there being minimal change to mean rainfall in this
model. CCSM4 shows a similar pattern with slightly stronger westerlies to the north of the
Australian continent and weaker easterlies over land, but the pattern is consistent with the
enhanced rainfall shown in Figure 5.1. In contrast, ACCESS1-3 and CSIRO-Mk3-6-0 show
strengthened south-easterlies over northern Australia. This is consistent with a northward
shift of the monsoon trough, and in these cases they can explain the sharp reduction in mean

rainfall in these models.

CSIRO-Mk3-6-0 ACCESS1-3 ACCESS1-0

VL

bcc-csm1-1-m

R .x,pi

Figure 5.2: Difference in the mean 850 hPa wind fields in each model for October to March,
between the RCP8.5 scenario 2070-2099 and the historical period 1970-1999 in each model. Blue
shading indicates weaker wind speeds, while red shading indicates stronger wind speeds. Vectors

indicate the direction of the change. Shading units are m s1.

MIROC5 shows reduced westerlies over the Maritime Continent and enhanced easterlies

over north-eastern Australia. The wind trend pattern also appears to explain little of the
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rainfall trend in the region. The remaining models (ACCESS1-0, CNRM-CM5, MRI-CGCM3)

show little discernible pattern in the trend in the 850 hPa wind fields.

In summary, the projected changes to the mean winds over the region vary significantly
across models, and do not necessarily explain the trend in rainfall. Changes to the rainfall
regimes in the models will now be discussed with the aim of explaining the changes in mean

rainfall in each model.

5.4 Projecting RCP8.5 days to the historical model regimes

5.4.1 Spatial patterns of projected future rainfall regimes

For each model, daily rainfall from the RCP8.5 scenario for the years 2070-2099 are
projected onto the historical regimes determined from direct clustering. Projecting wet days
from the RCP8.5 scenario onto the historical model regimes results in spatial patterns that
appear highly similar in shape to each model’s own historical regimes. As discussed in Section
3.4.2, assigning regimes using this method forces each future rainfall regime to be similar to
the existing regimes. To highlight the similarity of the shapes as well as changes to intensity,
the difference between the rainfall pattern in the RCP8.5 scenario and the historical period
is calculated for each regime and each model. The differences for regimes 3 to 7 and for the
TC regimes are shown in both parts of Figure 5.3. The models have been ordered from top
to bottom such that more drying models are placed toward the top (based on spatial mean

of the difference pattern), gradually changing to the most wetting models at the bottom.
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Figure 5.3a: Change in rainfall (mm day™) for regimes 3 to 7 and the two TC regimes

under the RCP8.5 scenario relative to the historical period. The historical regimes are those
from the independent clustering method (Method Il). The three subfigures together present
models in order of most drying to most wetting. The models in this subfigure range from

the most drying (top) to the third most drying (bottom).
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Figure 5.3b: Change in rainfall (mm day™) for regimes 3 to 7 and the two TC regimes
under the RCP8.5 scenario relative to the historical period. The historical regimes are those
from the independent clustering method (Method Il). The three subfigures together present
models in order of most drying to most wetting. The models in this subfigure range from
the two models with little trend (top and middle) to third most wetting (bottom).
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Figure 5.3c: Change in rainfall (mm day!) for regimes 3 to 7 and the two TC regimes
under the RCP8.5 scenario relative to the historical period. The historical regimes are those
from the independent clustering method (Method Il). The three subfigures together present
models in order of most drying to most wetting. The models in this subfigure are the two
most wetting models.
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In some cases, the changes are strongly positive near each regime's area of maximum
rainfall. The location of the strongly positive differences shows that the overall spatial pat-
tern of the regime does not change significantly (see Appendix B for the RCP8.5 regime
maps), although the intensity of the regimes increases. In some regimes, there are negative
differences located close to positive differences - this is indicative of minor changes to the
location of maximum rainfall. More significant changes to location would result in transitions
between regimes - this is not the case as is discussed in the next section. For most other
cases, the changes in rainfall are small, with no model showing a significant decrease in the

change in rainfall in any regime.

As we move from drying to wetting models, there is little difference in the trend in rainfall
intensity in most regimes, except for the two most wetting models (CCSM4, MIROC5) that
show relatively little change in intensity across all heavy regimes. However, CNRM-CM5 is
also a significantly wetting model and does produce intensity increases for Regime 4 and
parts affected by TCs. Therefore, changes to intensity tend to depend little on the wetting
or drying nature of the models. The influence of intensity changes is covered in more detail

later in this section, and in Section 5.4.3.

5.4.2 Frequency and intensity of projected future rainfall regimes

Changes in the frequency of regimes in the RCP8.5 scenario relative to the historical
period for each model are shown in Figure 5.4. The regimes have patterns similar to the
historical model patterns, although not necessarily the observed regimes since the rainfall is
projected to the independently determined regimes from Method Il in the previous chapter.
Because each model may produce regimes with spatial patterns that do not resemble the
observations, it is inaccurate to attach the same name labels to the model regimes as to the
observations. Instead, in a similar way to that shown in Section 4.3.3, the frequencies of
all non-cyclone heavy regimes (Regimes 3 to 7) are first grouped together to illustrate their
changes. The models have been ordered such that more drying models are placed toward
the left of the figure (based on spatial mean of the difference pattern), and more wetting

models are placed toward the right.

ACCESS1.3 and the CSIRO model are the two models with the largest increase in the

139



Chapter 5. Future projections of rainfall regimes over north-western Australia

15 1 1 1 1 1

10 - -

% of all days
|
|

-5 4 —
=10 - —
15 —— T T T T T T

(=]

e 2 ¢ £ 2

(] — - - 7o <t
X [ 9] - Q

= [95] 7] £ [O] Q 8 %
: w ow a O = &

C Q O 8 X [ = Q
o o o & o = = o
w << <C 38 = (@]

(&)

mmmmm Dry Days mmmsm Heavy
e Light === Cyclones

Figure 5.4: Difference in frequency of dry days, light, TC and all heavy regimes in the
RCP8.5 scenario (2070-2099) relative to the historical period (1970-1999) in each model.
The models are ordered from most drying (left) to most wetting (right).

frequency of dry days. This is consistent with the strong reduction in annual rainfall in Figure
5.1. The reasons for the decrease in wet days are similar for these two models - decreases in
the frequency of heavy regimes are most prominent, however for ACCESS1.3 a reduction in

the frequency of light days is a larger contributor than for CSIRO-Mk3-6-0.

Most of the remaining models show a less significant increase in the fraction of dry days,
thus a reduction in the frequency of wet days. Generally, as we step towards more wetting
models, the change in the fraction of dry days becomes smaller and eventually opposite in
sign, although CNRM-CM5 shows an increase in dry days despite being a strongly wetting

model.

The changes in frequency of groups of regimes vary greatly across the four models that
show either wetting or little change in the climatological mean under a future climate. MRI-
CGCM3 shows a decrease in the frequency of dry days, however there is also a slightly
lower rate of heavy rain regime days which is compensated by an increase in light regime
days. These competing factors could partly explain the lack of trend observed in Figure 5.1.

MIROCS, one of the most strongly wetting models over land, shows a slight decrease in
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the number of dry days and a compensating increase in the number of heavy rainfall days,
although a decrease in TC frequency is present. CNRM-CMb5 is the other significantly wet-
ting model and shows a counter intuitive increase in dry days, however there is a sharp drop
in light days and an increase in heavy rainfall days. CCSM4 also shows a similar pattern,
although there is little change in dry days overall. Half of the models in this study project a
decrease in the frequency of TC days, while others show almost no change in TC frequency.
No model projects a significant increase in TC frequency, which agrees with previous studies

(e.g. Lavender and Walsh (2011)).

Figure 5.5 shows the change in frequency of individual heavy regimes, including TCs.
The changes to frequency of individual regimes are generally small and similar in sign across
heavy regimes in each model, indicating there is relatively little preference for changes to the
frequency of individual regimes over others. As noted above, the sum of frequency changes
across heavy regimes is more significant, indicating that the consideration of heavy regimes

as a group gives an adequate overview of general rainfall changes in the region.
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Figure 5.5: As for Figure 5.4, but broken down into individual heavy and TC regimes. Note
the change in scale relative to the previous figure.

The difference in the projected changes to frequency across models suggests the mecha-

nisms causing changes in rainfall vary greatly among models. In Section 4.3.2, it was found
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that some models often fail to reproduce the circulation patterns responsible for rainfall in
the region, and the biases vary across models. The differences in their representation, in
addition to other biases in replicating other modes of variability, could lead to differences
in future predictions. Since different regimes have different intensities, their contribution
to the predicted change in rainfall in each model can be more easily highlighted using a

decomposition of mean rainfall, shown in the next section.
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Figure 5.6: (left) Difference in maximum rainfall (mm day™!) between the RCP8.5 projected
regimes in each model and their respective historical regimes, for regimes 3 to 7. (right) As
for the left panel, but presented as a percentage difference.

Figure 5.6 shows the difference in maximum intensity (value of the point of maximum
intensity in the regime) between the RCP8.5 projected regimes and the regimes in the his-
torical period. The change in maximum is different to the changes shown in Figure 5.3,
since minor changes in the spatial pattern of regimes result in large changes away from the
maximum, while Figure 5.6 calculates the difference in the maximum point only. Almost all
models show an increase in the average maximum intensity across all heavy regimes, with the
greatest magnitude of increase occurring in the two models with the strongest drying trend,
ACCESS1-3 and CSIRO-Mk3-6-0. MRI-CGCMS3 also shows a large percentage increase in
intensity, which is partly exacerbated by the relatively low intensity of that model’s historical
heavy regimes (see Section 4.3.3). Conversely, CNRM-CM5 and MIROC5 show relatively

little change to the maximum intensity of regimes of less than 5 mm day™ in most cases.
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bcc-csm1-1-m shows large changes to absolute maximum intensity of Regimes 3, 4 (both
decreasing) and 5 (increasing) which manifest as percentage changes of under 20%, due to
the very large absolute intensity of the historical regimes. Changes to rainfall intensity in TCs
varies greatly across models, with CSIRO-Mk3-6-0 producing a large percentage decrease in
rainfall, however this model does not produce realistic TC circulation or rainfall patterns. Of
the models that do produce realistic rainfall patterns (ACCESS models, CNRM-CM5 and

MRI-CGCM3), there are increases in rainfall intensity in line with other heavy regimes.

The contribution of heavy regimes to changes in rainfall is difficult to ascertain by con-
sidering differences only, thus a decomposition method is needed to determine how frequency
and intensity differences each contribute to the overall trend. The decomposition is presented

and discussed in the next section.

5.4.3 Decomposition of rainfall regimes

In the previous section we investigate direct changes in the frequency of groups of rainfall
regimes. To determine how the changes in frequency affect the rainfall trend, we decompose
the rainfall trend into changes in frequency and intensity of the regime groups. This method
is the same as that used in Section 2.4 to study observed trends. The terms in the decom-
position are shown in Figure 5.7. The models are arranged from the most drying on the left
to the most wetting on the right. The size of the terms will be different to the frequency
and intensity changes in the last section since each term incorporates both frequency and
intensity of each regime.

In Section 2.4, the most dominant terms driving the observed rainfall increase were the
frequency terms for regimes responsible for heavy rainfall. Similarly, for projected changes in
rainfall by the end of the 21st century, the most dominant terms overall are the frequency
terms for the heavy regimes, although the sign and magnitude vary greatly across models.
Despite the changes in frequency of the light regime changing significantly in some models
(see Figure 5.4), they are a much smaller contributor to the overall trend due to the low
intensity of rainfall in this regime. On the other hand, the high intensity of the heavy regimes

results in a large contribution to the rainfall trend from relatively small changes in frequency.

The frequency terms for the heavy regimes are strongly negative for the most drying
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Figure 5.7: Decomposition terms for the contributions to the change in the mean annual rainfall from
each regime in each model. Left panel (a) shows changes associated with changes in frequency, right
panel (b) shows changes associated with changes in intensity. The models are arranged from most
drying (left) to most wetting (right) in each panel.

models, ranging up to strongly positive for the most wetting models. Since no other regime
shows a pattern this significant in either the frequency or intensity terms, this shows that
the tendency of a model to be drying or wetting over NWA is strongly dependent on changes
to the frequency of the heavy rainfall regimes. These are already infrequent regimes, con-
sisting of less than 30% of all days in all models, and less than 10% in some models. Due
to their high intensity, small changes in frequency can lead to large changes in mean rain-
fall. However, the rainfall trend is far less dependent on the frequency of TCs, since the
terms are generally smaller than for the remaining heavy regimes except for thee ACCESS
models and CSIRO-Mk3-6-0 where the frequency terms are of a similar order of magnitude
as other heavy regimes (compare to Figure 5.8). The reduced effect of TCs on the rainfall
trend in a future climate is in contrast to Chapter 2, where TC frequency was found to be
important to the observed rainfall trend. According to the models, changes to rainfall in a
future climate depend on changes to the frequency of formation of synoptic systems such

as monsoon lows and mid-latitude interactions which are responsible for rainfall in the region.

The right panel of Figure 5.7 shows the second part of the decomposition, corresponding
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to contributions from changes in intensity. These intensity terms in the decomposition are
much smaller in magnitude than the frequency terms generally, and there is little if any pat-
tern that can explain the difference in the wetting or drying tendency between models. All
models show positive intensity terms for the heavy regimes. Thus, all models are showing an
increase in intensity of rainfall from structured synoptic systems. CSIRO-Mk3-6-0 shows a
negligible increase, while CCSM4 shows the largest increase in the intensity of these regimes.
The changes to the intensity of the light and moderate regimes varies among models, al-
though there is a slight tendency for drying models to reduce intensity of the Light regime

in a future climate.

Overall, changes to rainfall intensity are not the main drivers of the rainfall trend in any
of the models, however there is some consistency in models about how intensity changes in
a future climate. The most dominant driver of the projected trend in mean rainfall in all
CMIP5 models analysed here tends to be changes in frequency of regimes responsible for
heavy rainfall. Changes to TCLV frequency and intensity tend to be much smaller contrib-
utors than non-TC regimes. Each model has a different spatial pattern for the projected
trend, for example, CNRM-CM5 produces wetting closer to the coast than MIROC5. The

difference in these spatial patterns is explained in terms of the decomposition terms next.

5.4.4 Using decomposition to explain trend spatial patterns

Changes to the mean rainfall in each model under the RCP8.5 scenario have been dis-
cussed, however Figure 5.1 shows that some models may show different amounts of wetting
or drying in different parts of the study region. We show in Section 5.4.3 that changes to
mean rainfall in the models are primarily due to changes in the frequency of the heavy rainfall
regimes. In Figure 5.7, the terms for all heavy regimes were combined into a single term
for each model. The decomposition terms for each individual regime will now be presented
separately, with the aim of explaining each model’'s spatial pattern of the trend in mean
rainfall in Figure 5.1. The decomposition terms for the heavy regimes are shown in Figure

5.38.

Generally, the intensity terms in each model for individual heavy regimes are small and
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Figure 5.8: Breakdown of heavy regime terms from Figure 5.7. Left panel (a) shows the frequency
terms of the decomposition, right banel (b) shows the intensity terms. Note the change in scale
compared to Figure 5.7.

positive, and thus do not explain any part of the spatial pattern in the rainfall trend in
each model (see Figure 5.1). The strong negative trend in the rainfall in CSIRO-Mk3-6-0
can be explained by a decrease in frequency of all heavy regimes, as well as the Moderate
regime. The broad negative trend in ACCESS1-3 can be explained by a sharp decrease in
the frequency of TCs, as well as a reduction in Regimes 6 and 7 which, in this model, both
have rainfall maxima in the Top End (for regime 7, see patterns in Figure 4.11). Over
land, ACCESS1-0 and MRI-CGCM3 have no strong trend in the climatological rainfall, and
thus frequency and intensity changes are generally small or cancel out. bcc-csm1-1-m shows
greater drying in the far west of the study region, which may be explained by a decrease

in the frequency of Regime 7, which corresponds to a rainfall peak in the Pilbara in this model.

The three wetting models (CNRM-CM5, CCSM4 and MIROC5) have different wetting
patterns, which are related to changes to specific heavy regimes. CNRM-CMb5 shows wetting
in the Pilbara and Kimberley regions, which can be explained by increases in the frequency
of Regime 3 (Kimberley-type in pattern). CCSM4 shows significant wetting in a large region
extending from the Kimberley to inland parts of the Top End, which is explained by the sharp

increase in frequency in Regimes 4 and 6 which have maxima in those regions. MIROC5
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shows wetting further inland, explained by the increase in frequency of Regimes 6 and 7
(both centred inland). Thus, changes to frequency of individual heavy regimes explain the

spatial patterns in the rainfall trend in the future climate scenario.

5.4.5 Changes to circulation patterns

To determine how the circulation patterns associated with the rainfall regimes are chang-
ing under the RCP8.5 scenario, composites of 850 hPa wind are calculated for each model.
This level is chosen as this most easily characterises the flow associated with most of the
regimes. The anomaly relative to the historical period for Regimes 1 and 4 are shown in
Figures 5.9 and 5.10. These two regimes are shown as examples of flow under a light regime
and a monsoon low-type regime respectively. Composites for the other regimes are provided

in Appendix B.

Regime 1, corresponding to the Light regime, is characterised in both observations and
the historical period in all models by easterly winds over northern Australia peaking at around
6-8 m s! (see Figure 4.8). The anomaly plots in Figure 5.9 show very little change (less
than 1 m s) over northern Australia in the two ACCESS models, CNRM-CM5, MIROC5
and MRI-CGCM3. Some weakening of the easterlies is present in bcc-csm1-1-m and CSIRO-
Mk3-6-0, and is more widespread in CCSM4.

Regime 4 corresponds to a rainfall maximum located between the Kimberley and Top
End regions. In the observations, this regime is associated with a monsoon low located near
the region of maximum rainfall. As described in Section 4.3.2, the ACCESS models are able
to replicate the observed wind field more closely than the other models, with 850 hPa wind

speeds around the closed low as high as 10 m st

These two models indicate a strength-
ening of the flow (indicated by red shading in Figure 5.10) on the northern flank of the
low, but a weakening on the southern flank. MRI-CGCM3 indicates weakening of the west-
erly flow over Indonesia, but strengthening over northern Australia. Comparing the RCP8.5
composite to the historical composite for this regime in MRI-CGCM3, the region of low pres-
sure more closely resembles a monsoon low in RCP8.5 than the historical period. Westerly

flow north of the monsoon trough also weakens significantly in bcc-csm1-1-m, CCSM4 and

CNRM-CM5. The weak cyclonic flow in MIROCS also further weakens in the future scenario.
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ACCESS1-3 bcc-csmi1-1-m

Figure 5.9: 850 hPa wind anomaly for the RCP8.5 scenario for Regime 1 in all models, relative to
each model’s historical Regime 1. Blue shading indicates weaker wind speeds, while red shading
indicates stronger wind speeds.

Projections under the RCP8.5 scenario suggest low-level flow is unlikely to change for the
dry and light rainfall regimes. However, for regimes characterised by monsoon lows, there
is some difference between models in terms of flow changes in a future climate. However,
due to the difficulty of some models in replicating observed synoptic patterns for monsoon
low regimes, changes under a future climate must be interpreted with care. The regimes
discussed in this section are forced to appear like the historical regimes in each model. The

possibility of changes to the regime spatial patterns is discussed in the next section.
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Figure 5.10: 850 hPa wind anomaly for the RCP8.5 scenario for Regime 4 in all models, relative to
each model’s historical Regime 4. Blue shading indicates weaker wind speeds, while red shading
indicates stronger wind speeds.

5.5 Independently determined rainfall patterns under a future

climate

The previous section describes changes to frequency and intensity of rainfall regimes in
each model. However, those regimes are the result of projecting daily rainfall onto historical
patterns from each model, and thus they are forced to have the same shape as the historical
regimes. To determine whether there are changes to the simulated rainfall patterns in the
RCP8.5 scenario, daily rainfall for each model is clustered independently following TCLV and
dry day separation, resulting in a set of future rainfall regimes for each model independent

of their patterns in the historical period.

The rainfall patterns produced by each model are shown in Figures 5.11 and 5.12. In
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each model, the patterns are arranged according to the lowest possible sum of Euclidean
distances between these regimes and those from the historical period (see Section 4.3.3 for
regimes arranged by number, or Appendix B for regimes arranged by model). The regimes
are arranged by model here rather than by regime number as per Section 4.3.3 since the
aim is to describe the future scenario in each model, rather than compare representations
of specific regimes. Generally, the models continue to produce patterns and intensities cor-
responding to a light rainfall regime, in addition to multiple heavy regimes located along
the coast. However, relative to each model’s historical period, there are some differences in

rainfall pattern and intensity in most models.

In the historical period, the two ACCESS models have difficulty in producing rainfall
in inland areas. In the RCP8.5 scenario presented here, both models present two regimes
that have a maximum over the Top End. The mapping appears to have swapped Regimes
6 and 7 in ACCESS1-3 relative to the historical period, and shifted one maximum further
south with increased intensity. In addition, the intensity of TC regimes increases, consis-
tent with the result from the decomposition in Figure 5.7. In ACCESS1-0, an Inland type
regime emerges from the clustering, which may explain the lack of trend in mean rainfall
by counteracting the strong negative trend over coastal areas. CCSM4, CSIRO-Mk3-6-0,
MIROC5 and bcc-csm1-1-m produce largely the same patterns as in their historical period,
although they have an increased maximum intensity. MIROC5 reproduces all its previous
regimes other than Regime 7, which is located much further north. bcc-csm1-1-m no longer
produces a Moderate type regime and CSIRO-Mk3-6-0 shifts rainfall slightly northward for

Regime 7, consistent with the northward movement of the monsoon circulation in Figure 5.1.

In CNRM-CMb5, there are two Top End type regimes in a future climate, while maxima
over the Kimberley and Pilbara no longer emerge in a future climate. MRI-CGCM3 produces
three regimes with inland rainfall, in contrast to the historical period where there were two
with lower intensity (see Figure 4.14). The increase in the number and intensity of inland-
based regimes is in contrast to the change in climatological mean found in Figure 5.1, which

indicates little change in total rainfall over land areas.

The frequency of the independently determined regimes in each model is shown in Figure

150



Chapter 5. Future projections of rainfall regimes over north-western Australia

b)
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Figure 5.11: The rainfall patterns for the independently determined regimes under the
RCP8.5 scenario. Models are ordered as follows from top to bottom: ACCESS1-0, ACCESS1-
3, bcc-csm1-1-m, CCSM4. Units are in mm day™.
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Figure 5.12: As for previous subfigure. Models on this page from top to bottom: CNRM-
CM5, CSIRO-Mk3-6-0, MIROC5, MRI-CGCM3.
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Figure 5.13: Difference in frequency of dry, light, combined heavy and TC regimes in each
model between the independently determined regimes in the RCP8.5 scenario and the his-
torical period.

5.13. The regime frequencies are grouped into dry, light and heavy regimes in order to explain
the changes to rainfall in a future climate more clearly. Similar to the result determined from
the decomposition in Section 5.4.3 and the frequency changes in Figure 5.4, in ACCESS1-3
and CSIRO-Mk3-6-0 there is a sharp reduction in the frequency of heavy regimes including
TCs, and a sharp increase in the frequency of dry days. The frequency of these independently

determined regimes therefore also explain the projected reduction in rainfall in these models.

For other models, determining changes in rainfall from the independent RCP8.5 regimes
is more complex and involves investigating differences in both frequency and intensity of
individual regimes. To this end, the frequency and intensity of each of the heavy regimes
are presented in Figures 5.14 and 5.15 respectively. In ACCESS1-0, there is an increase in
the frequency of total heavy regimes, however Regime 6 in both the historical and RCP8.5
scenarios have maxima less than 10 mm day!. Most of the total change in heavy regime
frequency is due to change in this relatively light regime, with the remaining heavy regimes
with high maxima (more than 40 mm day™!) decreasing in frequency. These regimes are

located close to the coast, which explains the negative projected trend over coastal areas
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in this model. Similarly, a sharp decrease in the frequency of regime 7 in bcc-csml-1-m,
corresponding to a rainfall maximum in the west of the region, explains the negative trend
in that region. A large change in the frequency of light rainfall days in MRI-CGCM3 at the
expense of dry days tends to minimise the trend over the region, agreeing with the result in

the previous section for that model.
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Figure 5.14: (left) Frequency of individual independently determined regimes from the histor-
ical period. (right) Same, but for the independently determined regimes under the RCP8.5
scenario.

The wetting trend in the remaining three models have different causes in terms of fre-
quency and intensity changes. In MIROC5, the majority of the rainfall change occurs inland.
The RCP8.5 scenario presents a regime (6) with a maximum located further inland than in
the historical period (Regime 7 in that period). The inland movement of this regime ex-
plains the positive trend in inland areas. In CNRM-CM5, a much higher maximum emerges
for Regime 6, with a location agreeing with that of the greatest rainfall change in Figure
5.1. CCSM4 displays almost no change in the frequency of the regimes, in contrast to the
increasing trend in total rainfall. There is a marked increase in the maximum intensity of the
heavy regimes in this model. The increased intensity is found in the intensity terms of the
decomposition in the right panel of Figure 5.7, however the reduction in frequency of heavy
regimes is contrasting with the left panel which suggests increases in frequency is the main
driver of the trend in this model. The discrepancy is best explained by changes in intensity

being the main driver rather than frequency. Increasing intensity of (moderate) daily rainfall
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will result in these days being preferentially assigned to heavy regimes in Method | rather
than a Moderate or Light type regime. This preferential assignment results in an apparent
increase in the frequency of heavy regimes at the expense of moderate days. Similarly, an
increase in the frequency of moderate days can result from the transitioning of light days,
which explains the frequency terms in Figure 5.7. Thus, changes in rainfall in CCSM4 are
highly likely to be due to intensity changes rather than frequency changes. However, this
does not necessarily hold true for other models, especially those which have a drying trend

as noted above.

Overall, changes to the nature of heavy rainfall regimes generally are the main drivers
of the trend in each model. Changes to the spatial pattern or specific regimes may cause
spatial differences in the trend pattern. Drying trends tend to be most strongly influenced
by decreased frequency of heavy regimes, while wetting trends tend to be caused by a com-

bination of frequency and intensity changes.

Figure 5.15 shows the maximum intensity of the independently determined regimes under
the RCP8.5 scenario. Again, since the spatial patterns of the regimes change, it is impossible
to directly compare the intensity of specific regimes, however changes to in the intensity of
heavy regimes generally can be discussed. When compared to the historical regimes (see
Section 4.3.3 the intensity of the heaviest regimes in every model increases. ACCESS1-3 has
the largest change in intensity, with two heavy regimes now producing in excess of 120 mm
day! on average. Every model has at least one regime with a maximum above 50 mm day™'.
The increased intensity in all models can therefore partly explain the increase in rainfall in
some models. However, the increased intensity is strongly counteracted by reduced frequency

of heavy regimes in drying models.

To summarise changes in the spatial patterns of each model’s rainfall regimes, the sum
of the distances to the historical period are determined in the same manner as was used
to match the model regimes to the observations in Section 4.3.3. The distance sums are

presented in Table 5.1.

The sums are generally only slightly smaller than those in Table 4.5, suggesting the
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Figure 5.15: Maximum intensity for the heavy regimes under the RCP8.5 scenario across all
models.

changes to the regimes in the RCP8.5 scenario are of a similar size to their deviation from
the observations. The patterns for CCSM4 are relatively unchanged from the historical pe-
riod, as indicated by the small distance sum. The range in distance sums across other models
suggest there are often significant differences in spatial patterns. In the ACCESS models,
inland regimes begin to emerge from the clustering at the expense of coastal regimes. These
inland regimes are not produced in the historical period in these models, however they do
exist in the observations. The intensity of coastal regimes in MIROC5 and CSIRO-Mk3-6-0

increase significantly, although the spatial patterns are similar to their respective historical

Table 5.1: Distance sums for each model between the RCP8.5 and historical periods.

Model Distance Model Distance
ACCESS1-0 280.8 CSIRO-Mk3-6-0 361.64
ACCESS1-3 516.1 CNRM-CM5 189.8
bcc-csml-1-m 559.9 MRI-CGCM3 208.1
CCSM4 256.1 MIROC5 436.3
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periods. This is in contrast to the previous section where intensity changes are found to be

minor.

Changes to spatial patterns here could either result from shifts in the circulation patterns,
or be a result of allowing the definition of the regime to change by clustering independently
of the historical period. Changes to spatial patterns may also be the result of 7 clusters being
an inappropriate choice for the majority of the models. This is one of the main limitations of
the approach, where by choosing 7 clusters, we force regimes to exist in the models where
they are similar to other regimes. However, choosing an independent number of clusters for
all models is difficult and subjective, and thus relies on careful consideration of each model

separately.

5.6 Discussion and conclusions

Changes to rainfall over NWA in eight CMIP5 models under the RCP8.5 emissions sce-
nario are determined by calculating the percentage change in rainfall, and using two regime
assignment methods to determine how rainfall regimes contribute to the mean change under
a future climate. The set of CMIP5 models that were assessed in Chapter 4 produce a range
of changes to mean rainfall under RCP8.5. The sign and magnitude of the changes do not
appear to depend on whether a model represents the observed rainfall well, although it is
possible that the convection scheme used by the ACCESS models may lead to a drying trend
since it is shared by ACCESS1-0 and ACCESS1-3 (Bi et al., 2013). However, the decompo-
sition shows that changes to the frequency and intensity of specific regimes is different, and
the drying trend over land in ACCESS1-3 is not present in ACCESS1-0. Thus, the shared
scheme does not appear to cause similarities in the rainfall projection. The lack of rela-
tionship between model rank and model projection is in contrast to Jourdain et al. (2013)
and Frederiksen and Grainger (2015) who found that a selection of high-ranking models
were more consistent in producing wetting over northern Australia. However, the results
for MIROC5, CNRM-CM5 and CCSM4 (the three models common to this study and the

multi-model ensemble of Frederiksen and Grainger (2015)) are consistent with their findings.

The two regime assignment methods applied to the future rainfall provide differing expla-

nations for the difference in projected rainfall trend across models. The projection method
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(Method 1) suggests that there are changes to the intensity of heavy regimes in a future
climate, but these are less important than changes to the frequency of those regimes, which
determine whether a model is drying or wetting. However, by directly clustering the rainfall
(Method 1) in the RCP8.5 scenario, there is the possibility that changes to regime spatial
patterns (in the case of MIROCS) or intensity (for CCSM4) are important drivers in some
models. From direct clustering, decreases in the frequency of heavy rainfall regimes and
TCs are still the only explanation for decreasing rainfall in the drying models. Due to the
high rainfall intensity and low frequency of heavy regimes in all models, small changes in
frequency have a large effect on projected annual rainfall, and thus a slight reduction in
frequency of heavy regimes in CSIRO-Mk3-6-0 and ACCESS1-3 has resulted in the large de-
crease in projected rainfall. Despite intensity being a small driver of the overall trend in the
models, the agreement on increased intensity suggests that extreme rainfall events (relative
to the current climate) are likely to increase in frequency. The models also generally agree
on a reduced incidence of TC days in the region, however the contribution of TC frequency
changes to the overall trend is minor when compared to other heavy rainfall regimes. This
is in contrast to observed changes to rainfall regimes, where changes to TC frequency are
more significant (see Chapter 2). The higher maximum rainfall intensity of non-TC regimes
when compared to TC regimes could result in higher sensitivity to changes in frequency, and

could partially explain the difference in contribution to the trend in the models.

Examination of heavy regimes in the models that replicate the observed synoptic patterns
most closely suggests a slight strengthening of the north-westerly flow on the northern flank
of the monsoon lows associated with heavy rainfall. The strengthening partially explains the
increased intensity of the heavy regimes, since the low-level moisture flux into the systems
responsible for the rainfall increases. However, there is little agreement among models since
most fail to replicate observed flow patterns associated with the regimes. Most models in this
study agree on a weakening of low-level easterly flow to the south of the systems responsible

for heavy rainfall, consistent with Held and Soden (2006).

As described, many models produce changes to the spatial patterns of typical rainfall
regimes over NWA, of a similar magnitude to the deviation from the observations. In some

models, different spatial patterns emerge from the clustering, while some patterns disappear
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in other models. The changes to the spatial patterns partially explain the pattern of the

projected rainfall change in CNRM-CM5 and MIROCS.

Overall, the models do not agree on the sign or magnitude of the change in mean rainfall,
the frequency and spatial pattern of rainfall regimes, or the synoptic patterns associated with
the regimes, and thus at this point it is difficult to determine how rainfall will change under
a future high emissions scenario over NWA. However, models do agree on a minor increase
in intensity in most regimes in a future climate, consistent with observations. Future work
should therefore focus on examining how biases in specific models affect the development of

the synoptic systems responsible for rainfall in northern Australia.
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Chapter 6
Summary of key conclusions

6.1 Observed rainfall regimes over north-western Australia

In Chapter 2, rainfall regimes over north-western Australia were identified and charac-
terised, with the aim of describing typical rainfall patterns in the region in terms of known
synoptic patterns, and describing the observed rainfall trend in terms of these rainfall regimes.
It is found that an increase in the frequency of regimes responsible for heavy rainfall mainly
drives the increasing trend in rainfall over the region. After separating dry and tropical
cyclone (TC) days from the daily rainfall record, six rainfall regimes were identified over
north-western Australia (NWA) using K-means clustering on gridded daily rainfall over the
period 1950-2010. Two TC regimes were determined based on the location of the TC within
the region, giving a total of eight regimes. The eight regimes are classified into four groups

based on their wind, potential vorticity, humidity and K-index fields.

The first group, thunderstorm regimes, consist of either isolated or scattered convection
with no synoptic forcing, and are responsible for 86% of all rainy days but only 55% of the
climatological rainfall in the region. The second group consists of two monsoon low regimes
that are responsible for rainfall over the Kimberley and Top End regions of NWA respectively.
They constitute 6.5% of all rainy days and contribute 19% of the rainfall in the region. The
monsoon low regimes are characterised by isolated potential vorticity anomalies near the
point of maximum rainfall, consistent with those identified by Berry et al. (2012). The third
group, tropical cyclones (TCs), are responsible for less than 4% of rainy days, but provide

around 12% of spatially averaged rainfall over the region, consistent with Jiang and Zipser
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(2010) who found a similar percentage of rainfall is provided by TCs. This study considered
only spatially averaged rainfall over the region and not specific stations, thus the percentage
is likely to be higher in some locations within the region, which would be consistent with
Ng et al. (2015) who found TCs can be responsible for up to 40% of rainfall at some sta-
tions in NWA. The last group, mid-latitude interactions, are characterised by mid-latitude
Rossby waves refracted equatorward over NWA, and are responsible for 3.7% of rainy days

and 12.8% of rainfall in the region, centred over the Pilbara and far inland regions of NWA.

By decomposing the change in rainfall into changes in frequency and intensity of indi-
vidual regimes in 1980-2009 compared to 1950-1979, we find that the frequency of regimes
responsible for heavier rainfall (monsoon lows, TCs, mid-latitude interactions) has increased
at the expense of days with isolated thunderstorms. We determined that the greatest con-
tributor to the overall trend is an increase in tropical cyclones in the Pilbara region, however
this trend may be exaggerated by the difficulty of detecting TCs in the pre-satellite era.
Changes in intensity of the rainfall regimes in the second period relative to the first were
found to be negligible, except for the thunderstorm regimes, where there is a slight increase.
The outcome that frequency changes in heavy regimes, especially TCs, are more important
than rainfall intensity changes is at odds with some previous studies that found little change
in TC numbers (Ren and Leslie, 2015), or that rainfall intensity changes are more important
than frequency changes (Emori and Brown, 2005), although the increase in the frequency of

monsoon lows agrees with Lavender and Abbs (2013).

Extreme rainfall days have been increasing in frequency over the period 1950-2010, con-
sistent with the mean rainfall trend. TCs and monsoon lows are most likely to be responsible
for extreme rainfall, although a regime consisting of widespread thunderstorms without syn-

optic forcing is also responsible for a significant fraction of extreme days per year.
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6.2 Evaluating rainfall over north-western Australia in CMIP5

models

6.2.1 Methods for assigning regimes to model rainfall

Chapters 3 and 4 focused on evaluating the ability of CMIP5 models to replicate observed
rainfall regimes over NWA, with the aim of understanding model biases over the region before
determining changes to regimes in a future climate. Differences in the spatial pattern, fre-
quency, and intensity of rainfall regimes between models and observations were established.
To this end, three regime assignment methods were developed to assess the spatial patterns,
frequency and intensity of rainfall in models over the region. We first started by developing
and testing the methodology on a single CMIP5 model, ACCESS1-0, before using metrics
based on the methodology to rank a subset of models based on their ability to reproduce
the pattern, frequency and intensity of observed regimes. Three methods to assign regimes

to model daily rainfall were developed.

Method | (projection) assigns daily model rainfall a regime based on the minimum Eu-
clidean distance to an observed regime. This method forces the model regimes to have the
same spatial pattern as the observations, and therefore allows direct comparison of frequency
and synoptic patterns. Thus, from Method |, differences in frequency and pattern correla-
tions for wind fields were used as metrics for model ranking. However, Method | does not

allow the possibility of the model to produce differing spatial patterns.

Method Il (direct clustering) clusters model rainfall with no input from observations,
allowing the typical rainfall patterns in the model to be determined. Unlike Method I, this
allows the rainfall spatial patterns in each model to be different to observed regimes, however
frequency and intensity differences relative to observations cannot be easily determined since
we would be comparing the frequency of different patterns. In Method I, model regimes are
matched (paired) to observed regimes by arranging them such that the sum of Euclidean dis-
tances over all pairs is minimised (see Section 3.2.4 for an example). This sum is a measure
of general closeness of model regimes to observed regimes, and is used as another model

ranking measure.
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Method Il (hybrid clustering) clusters an equal amount of both model and observed
data in one dataset. The spatial pattern of resulting regimes is based on a fraction of both
model and observed days. A model that perfectly reproduces the observed regimes should
result in each regime containing approximately 50% model days. A deviation from 50%
determines whether the model fails to reproduce an observed regime, or produces a regime
that is not observed, and such deviations are used as an additional ranking metric. Overall,
this method concisely shows the differences in spatial pattern and frequency of model and

observed regimes.

6.2.2 Model evaluation

In Chapter 4, a set of eight CMIP5 models were assessed for their ability to replicate the
observed mean rainfall and observed rainfall regimes, with MRI-CGCM3, CNRM-CM5 and
CSIRO-Mk3-6-0 the three best ranked models. When considering the mean rainfall, models
tend to show positive biases north of the Australian continent and in inland areas of the study
region, the strength of which vary by model. Models do not replicate the observed rainfall
trend over the Australian continent, although most show an increase somewhere within the

study region.

Most, but not all, of the observed regime spatial patterns are replicated, although gener-
ally the models have the most difficulty in replicating regimes responsible for inland rainfall
since most independently determined regimes (from Method I1) in each model either have a
weak maximum inland or no regime with an inland maximum at all. Most models produce
light rainfall too often, agreeing with previous studies (Stephens et al., 2010). Regimes re-
sponsible for heavy rainfall in coastal areas are too infrequent and too intense in the majority
of cases. The frequency of TCs over the region is mostly either replicated well or slightly
underestimated, with a small number of models either strongly underestimating or overes-
timating the frequency of TC days. However, the positions of the storm tracks are poorly
replicated in some models, with too many TC days in the western half of the study region
and too few in the eastern half. In addition, the majority of models struggle to reproduce the
synoptic patterns responsible for the regimes responsible for heavy rainfall, although when

compared to other models, the ACCESS models perform best at reproducing monsoon lows
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and MRI-CGCM3 performs best at reproducing mid-latitude waves.

By considering ranking measures that consider each model’s ability to replicate the ob-
served mean climate and frequency, intensity and synoptic patterns of observed regimes, an
overall ranking for the models is determined. The models ranked as the top 3 are MRI-
CGCM3, CNRM-CM5 and CSIRO-Mk3-6-0 which reproduce the observed mean rainfall and
observed regimes with frequencies relatively close to the observations. These top ranked
models are different to those found as high ranking by Frederiksen and Grainger (2015) or
Jourdain et al. (2013), although their studies did not use some of the high-ranking models
used in this study. The ranking is considered to be a general guide for informing changes to

rainfall regimes in a future climate.

6.3 CMIP5 rainfall over north-western Australia: Considering

a future climate

In Chapter 5, potential changes to rainfall regimes over NWA in the eight CMIP5 mod-
els under the RCP8.5 emissions scenario are determined. While changes vary greatly across
models, any changes are mainly driven by frequency changes to regimes responsible for heavy
rainfall. The percentage change in rainfall was calculated over the region, and two of the
three regime assignment methods developed in Chapter 3 were used to determine how rain-
fall regimes change under a future climate. Method | (projection) was used to determine
changes to the frequency, intensity and low-level flow relative to each model’s regimes in
the historical period, while Method Il (direct clustering) enabled changes to regime spatial

patterns to be determined.

Changes to mean rainfall vary greatly among models, indicating little agreement across
models as in previous studies (e.g. Knutti and Sedlacek (2013)) The ability of a given
model to replicate the observed climate in the historical period does not affect the sign or
magnitude of the rainfall change since the top 3 models produce different changes to mean
rainfall in 2070-2099 relative to 1970-1999. However, by decomposing the changes in rainfall
in each model into changes in individual regimes, we find that future changes in rainfall in

each model are mostly driven by changes in frequency of regimes causing heavy rainfall.
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However, in some wetting models such as CCSM4, intensity changes may be a greater driver
than frequency changes. The spatial pattern of the change in the region in each model can
normally be explained by changes in the frequency of individual heavy regimes (for example,
in bcc-csm1-1-m, a reduction in the frequency of a regime with a maximum in the Pilbara
results in a negative trend there), or by changes in spatial pattern of rainfall regimes (for
example, in MIROCS, an inland movement of a heavy regime results in a positive trend in the
south-east of the study region). In all models, changes to TC frequency are less important to
the overall trend than changes in frequency of other regimes, which is in contrast to Chapter
2 where TC frequency changes were the most important driver of the overall rainfall trend
in NWA. The reduction in rainfall intensity of TCs in the models relative to other regimes

may be partially responsible.

Almost all models show an increase in intensity of the heavy regimes, which in some
models is associated with a strengthening of north-westerly flow into the systems responsible
for heavy rainfall. The increased intensity of heavy regimes is strongly counteracted by a
reduction in the frequency of these regimes in models that predict a drying climate. The
spatial patterns of regimes may also change with climate change in the models, with details
dependent on the model. Most models predict a reduction in the incidence of TC days,
agreeing with some previous studies predicting reduction in TC numbers (Utsumi et al.,
2016; Knutson et al., 2010). Across the eight models, changes to intensity of rainfall from
TCs varies, but of those models which correctly produce the TC rainfall and wind pattern, a
slight increase in intensity is noted, agreeing with Utsumi et al. (2016). Overall, there is very
little agreement between models on how mean rainfall will change under a future climate,
however there is some agreement on an increase in rainfall intensity per regime. Future work
should therefore focus on examining how biases in specific models affect the development
of the synoptic systems responsible for rainfall in northern Australia, and potentially involve
downscaled studies to understand changes to the frequency and intensity of systems including
TCs.

In this work, the regime assignment methods enabled comparison of rainfall regimes be-
tween model and observed rainfall, or between future and current climates within CMIP5
models. The methods provide an additional perspective on assessing how well models repli-

cate observed climate, since multiple rainfall patterns resulting from different synoptic sys-
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tems can be approached at once, and multiple models can be assessed and ranked with
simple metrics. With an understanding of regimes in the observed climate, the methods can
be used to compare fields other than rainfall at higher or lower resolution, and can be used

to inform climate projections on a regional scale.
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Appendix A

CMIP5 historical regimes - full

details of spatial patterns and wind

fields

A.1 Projected regimes (method 1) - Spatial patterns

Method 1 assigns daily rainfall in the models to regimes by projecting daily rainfall from
each CMIP5 model to the observed regimes. Details of how this method is applied are
provided in Section 3.2.4. The rainfall spatial patterns are provided in the figures below,
arranged by regime to illustrate the similarity of the model patterns to the observed patterns
when this method is used. Regimes 3, 7 and the TC regimes are omitted since they are

already shown in Chapter 4.
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Figure A.1b: Spatial patterns for all regimes from the projection method, except regimes 3 and 7
which are in Figure 4.5 in Section 4.3.2. The first panel shows the spatial pattern in CMORPH, and
the subsequent panels show each model. Labelling is as follows: a) ACCESS1-0, b) ACCESS1-3,
c) bcc-csm1-1-m, d) CSIRO-Mk3-6-0, e) CCSM4, f) CNRM-CMS5, g) MIROCS, h) MRI-CGCM3.
Note the change in colour scale relative to figures in Chapter 3. Units are in mm day™!

As described in Section 4.3.2, the spatial patterns in the models look highly similar to
the observations, with only minor changes in intensity. However, this is a direct result of
using this method since regimes are assigned based on closeness to pre-existing regimes, and
as such the mean of all days which are closest to a given regime will produce a mean close

to that observed.
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A.2 Projected regimes (method 1) - 850 hPa and 500 hPa wind
fields

The 850 hPa and 500 hPa wind fields for the projected regimes are provided below. The
850 hPa wind fields for regimes 1 and 3 are not given here, as they can be found in Section

4.3.3Dry days are defined the same way whether method 1 or 2 is used, and a description of

dry days will be given here.

CMORPH ACCESS1-0 ACCESS1-3

Figure A.2: 850hPa wind composites for dry days in each model.

In the observations, dry days are characterised by south-easterlies over northern Australia.

This pattern is replicated relatively well by all models, however the wind speeds are too weak
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for MIROCS5, a similar bias to regime 1. The winds tend to be more easterly in CCSM4 and
CNRM-CM5.

CMORPH ACCESS1-0 ACCESS1-3

Figure A.3: 500hPa wind composites for dry days in each model

The dry days composites include a large number of days from the austral winter, since
this is the dry season over northern Australia. A northward movement and strengthening of
the subtropical jet occurs in both models and observations. Some variation in wind speed

exists across models, however the pattern is replicated well.

A5



Appendix A. CMIP5 historical regimes - full details of spatial patterns and wind fields

CMORPH ACCESS1-0 ACCESS1-3
: = 7

CSIRO-MK3-6-0
] " " | - l) —

15 m s-1

Figure A.4: 500hPa wind composites for regime 1 in each model

Regime 1, which corresponds to light rainfall in both observations and the models (see
rainfall patterns in the previous section), is typical of the build-up season where isolated
thunderstorms develop in a slightly more unstable atmosphere. The seasonal spread of days
in this regime results in the jet being weaker and located further south. This is captured in

all models well, with some slight variation in wind speed.
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CMORPH ACCESS1-0 ACCESS1-3

Figure A.5: 850hPa wind composites for regime 2 in each model.

Regime 2, which corresponds to moderate rainfall, is characterised in the observations by
weak low-level easterlies. Similar to the composites for regime 1 and dry days, the general
wind pattern is replicated well in the models chosen in this study with variations in wind

speed across models.
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Figure A.6: 500hPa wind composites for regime 2 in each model.

The 500 hPa circulation in regime 2 in the observations is characterised by anticyclonic
flow over inland areas of NWA. This pattern is replicated well by all models except CSIRO-
Mk3-6-0 and MIROC5, which produce a dip in the jet, but little evidence of a full anticyclonic
circulation. Of the models that do replicate the mid-level anticyclone, the wind speed on
the northern side varies, with bcc-csm1-1-m producing easterlies on the northern side that

are too strong.
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CMORPH ACCESS1-0
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Figure A.7: 500hPa wind composites for regime 3 in each model.

Regime 3 consists of rainfall over the Kimberley region, and in observations is charac-
terised by a closed circulation typical of a monsoon low. Only MRI-CGCM3 has a closed
circulation in the upper level structure, with most other models failing to replicate any sort
of closed circulation. CNRM-CMb5 shows weak convergence similar to the monsoon trough
type system noted in Figure 4.9. ACCESS1-3 shows deeper north-westerly winds over the
region of maximum rainfall, with the shape of the circulation resembling a wave-like pattern.
The remaining models show an anticyclone over central Australia with little other evidence
of a closed cyclonic circulation, suggesting the heavy rainfall is the result of localised deep

convection rather than having synoptic influence.
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CMORPH ACCESS1-0 ACCESS1-3

Figure A.8: 850hPa wind composites for regime 4 in each model.

Regime 4 is characterised in the observations by a rainfall maximum located between the
Kimberley and Top End regions (see above rainfall maps), and low-level cyclonic circulation
close to the region of maximum rainfall. The biases in the models resemble those described
for regime 3 in Section 4.3.2, where the ACCESS models and MRI-CGCM3 produce a closed
low, CNRM-CM5 and CCSM4 produce a monsoon trough with winds that are too strong and
too weak respectively, and bcc-csm1-1-m and CSIRO-Mk3-6-0 produce very little pattern.
The only notable difference between the wind fields for this regime and regime 3 are that
the centre of the circulation has shifted in line with the change of location of the rainfall

maximum.
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CMORPH

MIROCS

Figure A.9: 500hPa wind composites for regime 4 in each model.

Similar to regime 3, the observed regime 4 is characterised by a closed circulation in the
mid levels typical of a monsoon low. The model biases for this regime are similar to that of
regime 3, but the ACCESS models are able to replicate the closed circulation more closely.

The winds around the trough in CNRM-CM5 are slightly stronger than for regime 3.
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CMORPH ACCESS1-0 ACCESS1-3

Figure A.10: 850hPa wind composites for regime 5 in each model.

Regime 5 is considered to be another monsoon low-type circulation in the observations.
The biases in each model for regime 5 are highly similar to those for regimes 3 and 4. The
wind speeds for the circulation in all models are weaker than for regimes 3 and 4, and thus

more closely resemble the observations.
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Figure A.11: 500hPa wind composites for regime 5 in each model.

At the 500 hPa level, the structure in many models is the same as for regime 4. The wind
speeds are much weaker for MRI-CGM3, but a closed circulation is still evident. ACCESS1-3

and CNRM-CMS5 show little evidence of a closed low or convergence at this level.
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CMORPH ACCESS1-0 ACCESS1-3

Figure A.12: 850hPa wind composites for regime 6 in each model.

Regime 6 in the observations consists of a rainfall maximum inland of the Top End region,
and is characterised by a broad cyclonic circulation at 850 hPa. The closed circulation is
replicated well by ACCESS1-3 and MRI-CGCM3, with some evidence of a closed low in
CSIRO-Mk3-6-0 and ACCESS1-0. CNRM-CM5 again produces a convergence line consistent
with a monsoon trough, similar to the previous regimes. CCSM4, MIROC5 and bcc-csm1-

1-m again show little evidence of a closed circulation.
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CMORPH ACCESS1-3

Figure A.13: 500hPa wind composites for regime 6 in each model.

The circulation at 500 hPa over the region for regime 6 is weak in regime 6. As for previous
regimes, bcc-csm1-1-m and CCSM4 show an anticyclone over western and central Australia
respectively, again showing little evidence of synoptic forcing. The remaining models show

very little evidence of a closed circulation.
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CMORPH

Figure A.14: 850hPa wind composites for regime 7 in each model.

Regime 7 in the observations is defined by rainfall far inland, in the south of the study
region. The low level flow is relatively weak, but there is evidence of an easterly trough over
the west coast of Australia, and an anticyclone centred on the east coast. This pattern is
replicated in most models, although the exact shape varies between models. Only MIROC5

shows little pattern in the flow.
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CMORPH ACCESS1-0 ACCESS1-3
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Figure A.15: 500hPa wind composites for regime 7 in each model.

The 500 hPa flow in regime 7 in the observations shows a mid-latitude wave pattern
amplifying over the study region. This pattern appears to be poorly replicated in most
models aside from MRI-CGCM3, however the ability of models to replicate the mid-latitude

Rossby waves responsible for the rainfall is best assessed using the 250 hPa meridional wind,

which is presented in Section 4.3.2.
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A.3 Independently determined regimes (method 2) - 850 hPa
and 500 hPa wind fields

In Section 4.3.3, the rainfall patterns for independently determined regimes are shown.
The 850 hPa and 500 hPa wind fields for these regimes are provided below. The 850 hPa
wind fields for regimes 4 and 7 are not given here, as they are already given in Section 4.3.3.
Dry days are defined the same way whether method 1 or 2 is used, thus since the dry days

composites are presented earlier in the Appendix, there is no need to present them again here.

From this method, regimes 1, 3, 4 and 5 in each model appear highly similar in rainfall
spatial pattern to their counterparts in the observations, and thus the wind patterns deviate
very little from the same regime from the projection method. Most of the differences for

these regimes compared to method 1 arise from differences in wind speed.
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Figure A.16: 500 hPa wind composites for regime 1 in each model

Regime 1, which corresponds to light rainfall in both observations and the models (see
rainfall patterns in the previous section), is typical of the build-up season where isolated
thunderstorms develop in a slightly more unstable atmosphere. Since the light rainfall regime
is captured well in the models, there is essentially no difference between these composites

and those determined from regime 1 using the projection method.
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CMORPH ACCESS1-0 ACCESS1-3

CSIRO-Mk3-6-0

Figure A.17: 850hPa wind composites for regime 2 in each model.

Regime 2, corresponding to days with moderate rainfall, is characterised in the obser-
vations by weak low-level easterlies. Similar to the composites for regime 1 and dry days,
the general wind pattern is replicated well in the models chosen in this study. However, the

speed is too strong in the ACCESS models and CNRM-CM5, and too weak in MIROCS.
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CMORPH ACCESS1-0

bcec-csmi1-1-m

Figure A.18: 500hPa wind composites for regime 2 in each model.

The 500 hPa circulation in regime 2 in the observations is characterised by anticyclonic
flow over inland areas of NWA. This pattern is replicated well by all models except CSIRO-
Mk3-6-0 and CCSM4, which produce a dip in the jet, but little evidence of a full anticyclonic
circulation. Of the models that do replicate the mid-level anticyclone, the wind speed on
the northern side varies, with bcc-csm1-1-m producing easterlies on the northern side that

are too strong.
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Figure A.19: 500hPa wind composites for regime 3 in each model.

Regime 3 consists of rainfall over the Kimberley region, and in observations is charac-
terised by a closed circulation typical of a monsoon low. The model biases in the wind
pattern are the same as those for regime 3 from the projection method, with the ACCESS
models and MRI-CGCM3 producing a closed low similar to the observations, CNRM-CMb5
and CCSM4 producing a convergence line, MIROCH producing a broad, weak low and the
remaining two models (CSIRO-Mk3-6-0, bcc-csm1-1-m) showing little evidence of a closed

circulation.
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Figure A.20: 500hPa wind composites for regime 3 in each model.

In terms of the 500 hPa winds, only MRI-CGCM3 has a closed circulation in the upper
level structure, with most other models failing to replicate any sort of closed circulation.
CNRM-CM5 shows weak convergence similar to the monsoon trough type system noted in
Figure 4.9. ACCESS1-3 shows deeper north-westerly winds over the region of maximum
rainfall, with the shape of the circulation resembling a wave-like pattern. The remaining
models show an anticyclone over central Australia, suggesting the heavy rainfall is the result

of localised deep convection rather than having synoptic influence.
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Figure A.21: 500hPa wind composites for regime 4 in each model.

Similar to regime 3, the observed regime 4 is characterised by a closed circulation in the
mid levels typical of a monsoon low. The model biases for this regime are similar to that of
regime 3, but the ACCESS models are able to replicate the closed circulation more closely.

The winds around the trough in CNRM-CM5 are stronger than for regime 3.
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CMORPH ACCESS1-0 ACCESS1-3

Figure A.22: 850hPa wind composites for regime 5 in each model.

Regime 5 is considered to be another monsoon low-type circulation in the observations.
The biases in each model for regime 5 are highly similar to those for regimes 3 and 4. The
wind speeds for the circulation in ACCESS1-0 are stronger than in the previous two regimes,

while it is weaker for MRI-CGCM3.

A.25



Appendix A. CMIP5 historical regimes - full details of spatial patterns and wind fields
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Figure A.23: 500hPa wind composites for regime 5 in each model.

At the 500 hPa level, the structure in each model for regime 5 is the same as for regime

4. The wind speeds are much weaker for MRI-CGM3, but a closed circulation is still evident.
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CMORPH ACCESS1-0 ACCESS1-3
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Figure A.24: 850hPa wind composites for regime 6 in each model

Regime 6 in the observations consists of rainfall inland of the Top End region, and is char-
acterised by a broad low-level cyclonic circulation. However, ACCESS1-3 and CNRM-CM5
produce regimes with the maximum in a different location (see Figure 4.12). ACCESS1-3
produces a rainfall maximum over the eastern Top End, and associates it with a strong
monsoon low. CNRM-CM5 produces a weak maximum over the Pilbara, which is associated

with a broad, weak trough along the coast.

Of the remaining models that do replicate the observed rainfall pattern, many fail to

replicate the wind fields associated with the observed rainfall pattern. In this case ACCESS1-
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0 fails to replicate the observed monsoon low circulation, which is partly due to the weak
rainfall maximum. CSIRO-Mk3-6-0 and CCSM4 show some evidence of a weak cyclonic
circulation, indicating some ability to replicate the pattern. MRI-CGCM3 reproduce the
system with wind speeds that are higher than the observations, with the centre located
too far east in ACCESS1-3. MIROC5 and bcc-csm1-1-m show almost no sign of a closed

circulation.
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Figure A.25: 500hPa wind composites for regime 6 in each model.

The circulation at 500 hPa for regime 6 is weak in the observations, suggesting the
forcing generally occurs at low levels. ACCESS1-3 shows a strong cyclonic circulation similar

to the previous heavy regimes, indicating the nature of the circulation for this regime is highly
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similar to the other heavy regimes. As for previous regimes, bcc-csm1-1-m and CCSM4 show
an anticyclone over western and central Australia respectively, again showing little evidence

of synoptic forcing. The remaining models show very little evidence of a closed circulation.

CMORPH ACCESS1-0 ACCESS1-3

Figure A.26: 850hPa wind composites for regime 7 in each model.

Regime 7 in the observations is defined by rainfall far inland, in the south of the study
region. However, the two ACCESS models fail to produce an inland maximum, and instead
produce regimes with maxima close to the coast. In addition, bcc-csm1-1-m and CSIRO-
Mk3-6-0 produce maxima that are located in the Pilbara, too far west. MRI-CGCM3 produces
a cyclonic circulation over the Pilbara, which most closely resembles the observed pattern.

The remaining models show little evidence of a closed circulation or trough which could
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explain rainfall in the region. ACCESS1-0 produces a convergence line just north of the

continent, explaining the offshore maximum in this regime.

CMORPH

CSIRO-Mk3-6-

Figure A.27: 500hPa wind composites for regime 7 in each model.

In the observations, the main synoptic-scale characteristic for regime 7 is the mid-latitude
wave pattern amplifying over the study region. This pattern is only clearly replicated in the
500 hPa winds by MRI-CGCM3, however as previously described, the Rossby wave pattern

is most evident in the 250 hPa meridional wind composites, presented in Figure 4.18.
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A.4 Tropical cyclone wind fields

TC regimes are defined by determining the mean rainfall of all the days for which a
TCLV is present in either the west or east part of the study region. These days were removed
from the remaining data before applying any of the regime assignment methods covered in
Chapters 3 to 5. The flow for the East Cyclone regime is in the main part of Chapter 4.
The composites for the West Cyclone regime for each model is given here. The patterns in
each model are very similar to the East Cyclone regime, with the low centre simply shifted

westward.

CMORPH ACCESS1-0 ACCESS1-3

Figure A.28: 850hPa wind composites for regime 8 (western TCs) in each model.
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Appendix B

CMIP5 RCP8.5 regimes - details of

rainfall patterns and wind fields

B.1 Projected future regimes - rainfall patterns

The projection method (method 1) is applied to daily rainfall under the RCP8.5 scenario.
Rainfall under this scenario is projected to each model’s independently determined regimes,

since the aim is to understand how the model regimes evolve under future climate change.
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Figure B.1a: Rainfall spatial patterns for regime 1 from projecting RCP8.5 rainfall to each model's
independent regimes.
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Figure B.1b: As before, for regimes 2 (top) to 4 (bottom).
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Figure B.1c: As before, for regimes 5 to 7.

When these plots are compared to those in Figures 4.11 to 4.13, we see the spatial
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patterns for each regime and model are very similar to those from the historical period. The
changes we note in Figure 5.3 are therefore mainly intensity changes, with only slight changes

in spatial pattern.

B.2 Future regimes from projection method - wind anomalies

The 850 hPa wind anomalies for each RCP8.5 projected regime relative to the historical
period are given below. Regimes 1 and 4 are not shown since they are already shown in
Section 5.4.5. In each plot, red shading indicates strengthening of wind speed, while blue
indicates a reduction in wind speed. The vectors indicate the direction of the change. For
instance, an east pointing vector on blue shading indicates a westerly anomaly, corresponding

to a weakened easterly.
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Figure B.2: 850 hPa wind anomalies for dry days in the RCP8.5 scenario relative to the historical
period in each model

The low level flow for dry days shows strengthening south-easterlies over northern Aus-
tralia in the ACCESS models, CNRM-CM5 and MIROCS5, indicative of an expansion and
strengthening of the Hadley circulation. CCSM4 and bcc-csm1-1-m show strengthened west-
erlies over central Australia with weakened westerlies to the north of the continent, suggesting
the band of strongest winds has moved southward. CSIRO-Mk3-6-0 and MRI-CGCM3 show
little change over the continent, but CSIRO-Mk3-6-0 shows severe weakening of the winds

over the Indian Ocean.
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Figure B.3: 850 hPa wind anomalies for regime 2 in the RCP8.5 scenario relative to the historical
period in each model

Regime 2 corresponds to moderate rainfall over northern Australia in most models, ex-
cept MIROCS where there is a more intense rainfall maximum located over the Pilbara.
Weakening easterlies over inland regions are present in ACCESS1-0, bcc-csm1-1-m, CSIRO-
Mk3-6-0 and MRI-CGCM3, although the shape of the anomaly plot varies across models.
ACCESS1-3 shows slightly stronger convergence just north of the continent, while CCSM4
shows a strengthening of the southeasterlies over northern Australia. CNRM-CM5 shows lit-
tle change. MIROCS5, which produces a rainfall maximum over the Pilbara, is characterised
in the historical period by a weak cyclonic circulation that becomes virtually non-existent in

the future scenario, as shown by the anticyclonic anomaly above.
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ACCESS1-0 ACCESS1-3 bcc-csmi-1-m

Figure B.4: 850 hPa wind anomalies for regime 3 in the RCP8.5 scenario relative to the historical
period in each model

Regime 3 corresponds to a rainfall maximum located near the Kimberley region, except in
CCSM4 where it is located over the Pilbara (see Figure 4.11). The monsoon low responsible
for the rainfall in the historical period is well replicated in the ACCESS models and MRI-
CGCM3. In ACCESS1-0, there is a strengthening of winds on the northern flank of the low,
with a weakening on the southern flank. ACCESS1-3 and MRI-CGCM3 show a weakening of
the entire low, shown by the anticyclone in the anomaly plots. bcc-csm1-1-m and CSIRO-
Mk3-6-0 show enhanced easterlies just north of the continent, indicative of a northward
movement of the monsoon trough, which agrees with the change in the mean flow over
the monsoon period shown in Section 5.3. CCSM4 shows a significant weakening of the

flow over central Australia and over the Maritime Continent. CNRM-CM5 shows a band of
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strengthened westerlies, flanked on the south by weakened easterlies and on the north by
weakened westerlies. Overall, this shows a southward movement of the monsoon trough in

this model.

ACCESS1-0 ACCESS1-3 bcc-csm1-1-m
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Figure B.5: 850 hPa wind anomalies for regime 5 in the RCP8.5 scenario relative to the historical
period in each model

Regime 5 corresponds to a rainfall maximum over the Top End in all models, although
the location and intensity of the central maximum varies. CCSM4 and MRI-CGCM3 show a
weakening of the easterlies over the continent and strengthening of westerlies to the north
of the continent in a similar way to previous regimes in the ACCESS models. ACCESS1-
0 here appears to show a weakening of the southerlies over the Top End, however in the
historical period the winds in that region are easterly. By comparing the historical and

RCP8.5 composites, we note an eastward shift of the monsoon low in the future climate.
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Strengthened easterlies are present in MIROC5. The remaining models show relatively little

pattern that can explain any changes in rainfall.

ACCESS1-0 ACCESS1-3 bcc-csmi-1-m

Figure B.6: 850 hPa wind anomalies for regime 6 in the RCP8.5 scenario relative to the historical
period in each model

Regime 6 is defined in most models (and observations) by a rainfall maximum just inland
of the Top End. MRI-CGCM3 produces strong increase in the strength of the westerly
inflow into the low. CCSM4, MIROC5 and CSIRO-Mk3-6-0 show a similar weakening of the
easterlies over the continent that have been observed in previous regimes, although these
models have difficulty in replicating the wind fields responsible for rainfall in this regime.
CNRM-CM5 produces a rainfall maximum over the Pilbara instead of inland from the Top
End, but shows a strengthening of the circulation responsible for this rainfall. ACCESS1-3

produces a second rainfall maximum over the Top End for this regime, with higher intensity
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than the historical period which is partly explained by enhanced circulation shown by the

region of increased wind speed.

ACCESS1-0 ACCESS1-3 bcc-csmi-1-m

Figure B.7: 850 hPa wind anomalies for regime 7 in the RCP8.5 scenario relative to the historical
period in each model

Regime 7 consists of a rainfall maximum either over the Pilbara or inland regions in most
models, except in the ACCESS models where rainfall is located over the Top End. The 850
hPa wind fields do not adequately show the dynamics of the mid-latitude waves responsible
for observed rainfall over this region, and thus any changes here say little about changes
to the regimes. However, for ACCESS1-0 with the rainfall maximum offshore, the northern

flank of the convergence line has enhanced winds with the southern flank having lower wind

speeds.
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