
 

 

 

 

Evaluation of regional climate models for simulating 

sub-daily rainfall extremes 

 

by 

Virginia Edith Cortés Hernández 

 

 

Thesis submitted to The University of Adelaide, 

Faculty of Engineering, Computer & Mathematical Sciences, 

School of Civil, Environmental & Mining Engineering 

in fulfilment of the requirements for the degree of 

 

Master of Philosophy 

 

 

March, 2016 

 

  



i 

Table of Contents 

Contents   i 

List of Figures  iv 

List of Tables  vii 

Glossary    ix 

Abstract   xi 

Statement of Originality  xiii 

Acknowledgements  xiv 

 

Chapter 1 Introduction 1 

1.1 Objectives of the research 3 

1.2 Outline of the thesis 4 

 

Chapter 2 Literature review 7 

2.1  Definitions of rainfall extremes 7 

2.2 The response of rainfall extremes to a warming planet 10 
2.2.1  The influence of anthropogenic climate change on rainfall extremes 

2.2.2  The relationship between rainfall intensity and temperature 

2.2.3  Evidence of increase in sub-daily rainfall extremes 

2.3  Climate models 17 
2.3.1 General circulation vs regional models 
2.3.2 The use and assessment of regional climate models 

2.4 Research gaps 25 

 

Chapter 3 Evaluation of regional climate models in simulating observed  

sub-daily rainfall extremes 27 

3.1  The need for a strategy to evaluate the capacity of RCMs to simulate  

sub-daily rainfall extremes 27 

3.2  Applying the model evaluation strategy to asses the capacity of three 

RCMs to simulate sub-daily rainfall extremes in the Greater Sydney region 30 
3.2.1 Data from Greater Sydney 
3.2.2  Simulations from three RCMs 

3.3  Methods 34 
3.3.1  The diurnal cycle of sub-daily rainfall extremes  

3.3.2  The seasonality of sub-daily rainfall extremes  

3.3.3  The relationship between sub-daily rainfall extremes and temperature 

3.3.4  Statistics of sub-daily rainfall extreme events  

3.4  Results 37 
3.4.1  Is the observed diurnal cycle of sub-daily rainfall extremes realistically 

 reproduced by RCMs? 



ii 

3.4.2  Is the observed seasonality of sub-daily rainfall extremes realistically 

reproduced by RCMs? 
3.4.3  Is the observed relationship between sub-daily rainfall extremes and 

temperature reproduced by RCMs? 

3.4.4  Are the statistics of observed sub-daily rainfall extremes correctly  

reproduced by the three RCMs? 

3.5 Summary and conclusions 56 

 

Chapter 4.  Exploring future changes in sub-daily rainfall extremes  

using RCMs over Greater Sydney 59 

4.1 Future changes in rainfall extremes: Temperature, season and region 59 
4.1.1 The response of rainfall extremes to increased temperature 
4.1.2 Future changes in rainfall extremes with significant regional and seasonal 

variations 

4.2 Future changes in sub-daily rainfall extremes using RCMs 62 
4.2.1 Data 

4.3 Methods 63 
4.3.1  Future changes in the diurnal cycle of sub-daily rainfall extremes 

4.3.2  Future changes in the seasonality of sub-daily rainfall extremes 

4.3.3  Future changes in the scaling of sub-daily rainfall extremes with temperature 

4.3.4  Future projections in the annual maxima of sub-daily rainfall extremes 

4.4  Results 66 
4.4.1  Are the annual maxima of sub-daily rainfall events becoming more extreme? 
4.4.2  Is the diurnal cycle of rainfall extremes for future projections changing from the 

historical period in simulations? 
4.4.3  Is the seasonal cycle of sub-daily rainfall extremes in future projections 

changing from the historical period in simulations? 
4.4.4 Is the relationship between sub-daily rainfall extremes and atmospheric 

temperature valid for future projections in RCMs? 

4.5 Discussion 79 
4.5.1 Using the past to model the future 
4.5.2 Projecting future rainfall extremes using atmospheric temperature 

4.6  Summary and conclusions 83 

 

Chapter 5.  Summary and conclusions 85 

5.1  Thesis outcomes 85 
5.1.1  Evaluation of the three different configurations of the WRF model 
5.1.2  Future projections 

5.2  Research contributions 87 

5.3  Limitations 88 

5.4  Recommendation in the use of evaluation approach for future studies 89 

5.5  Future research 90 



iii 

 

References   91 

 

Appendices   103 

Appendix 1 – Supplementary figures 104 

Appendix 2 – Supplementary figures 106 

Appendix 3 – The spatial configuration of atmospheric variables associated with 

the 10 most extreme rainfall events 110  

Evaluating regional climate models simulations of sub-daily rainfall extremes 111 



iv 

List of Figures 

Figure 1.1 Illustration of the differences in resolution of simulations between a GCM (left panel) and 

a RCM (right panel) over southeast Australia modified from Evans et al. (2012). The 

improved resolution in the RCM is able to simulate costal and topographic effects near to 

Sydney (white box) which are not captured by the coarse resolution of the GCM. 2 

 

Figure 2.1 Timeline of events related to the flood in Brisbane Australia during the wet season 2010-

2011 (Leonard et al., 2014). 9 

Figure 2.2  Relationship between surface temperature and rainfall extremes based on empirical 

studies by Westra et al. (2014b). (a) Black line represents the observed increase in rainfall 

intensity with temperature following approximately the C-C scaling (long-dashed black 

lines) below 12°C. For temperatures from 12°C to 24°C, the increase of rainfall intensity 

follows the super-CC scaling (dot-dashed black lines); whereas for temperatures higher 

than 24°C, the scaling becomes negative. (b) Observed behaviour of relative humidity 

decreasing at higher temperatures. 15 

Figure 2.3 Temporal and horizontal spatial scales of atmospheric processes (in grey circles), the range 

of scales represented in GCMs (blue square) and the resolution needed for urban 

hydrology (red line) adapted from Di Luca et al. (2012) and Leonard et al. (2014). 18 

 

Figure 3.1 Flow chart that provides guidance to decide whether a RCM can be used to evaluate sub-

daily rainfall extremes based on the representation of physical processes relevant to the 

occurrence of such extremes. These processes included the diurnal cycle (DC), the 

seasonal cycle (SC) and the temperature scaling (TS) of sub-daily rainfall extremes. 29 

Figure 3.2  Elevation map of Greater Sydney. Black dots indicate the location of 69 weather stations.

  31 

Figure 3.3 Maps showing the NARCliM domains (Evans et al., 2014). Domain 1 with an outer 50-

km-resolution nest (left panel) and domain 2 with an inner 10 km-resolution nest (right 

panel).  32 

Figure 3.4 Diurnal cycle of hourly rainfall extremes in the observations (black line) and the R1 (blue 

line), R2 (red light) and R3 (purple line) simulations for 69 locations across Great Sydney 

during 1990-2009. 40 

Figure 3.5 Seasonality of sub-daily rainfall extremes in the observations (black bars) and R1 (blue 

bars), R2 (red bars) and R3 (purple bars) simulations for 69 locations across Greater 

Sydney during 1990-2009. 42 

Figure 3.6 Exponential regression between the 99th percentile of sub-daily rainfall and the surface 

temperature for both the OBS (black line) and R1 (blue line), R2 (red line) and R3 (purple 

line) outputs across Greater Sydney region during the period 1990-2009. Dashed grey 

lines correspond to the C-C rate (6.8%/°C). 44 

Figure 3.7 Exponential regression between the 99.9th percentile of sub-daily rainfall on wet days and 

the surface temperature for both the OBS (black line) and R1 (blue line), R2 (red line) and 

R3 (purple line) outputs across the Greater Sydney region during the period 1990-2009. 

Dashed grey lines correspond to the C-C rate (6.8%/°C). 45 

Figure 3.8 Spatial variability of the exponential regression fitted to 1-hour, 3-hour, 6-hour and 12-

hour rainfall extreme between observations (circle) and R1, R2 and R3 outputs. Scaling 

ranges in green colour indicate values lower than the C-C rate(< 7%/°C), while rates 

approximately the C-C (~7%/°C) are in white and rates higher than the C-C rate (>7%/°C) 

are in red.  47 



v 

Figure 3.9 Map showing the mean annual maxima of rainfall for 1-hour, 3-hour, 6-hour and 12-hour 

rainfall durations from the observations (circles) and R1, R2 and R3 across the Greater 

Sydney region from 1990 to 2009. 49 

Figure 3.10  Quantile-quantile plots of the annual maxima of rainfall for 1-hour, 3-hour, 6-hour and 

12-hour durations for R1 (blue points), R2 (red points) and R3 (purple points) simulations 

at six locations across Greater Sydney during the period 1990-2009. The diagonal in the 

QQ plot represent the normal line in the observations. 51 

Figure 3.11  Map showing the 1 in 10-year extreme rainfall event estimated by fitting the GEV 

distribution to the observations (circles) and to simulations for the R1, R2 and R3 over 

Greater Sydney region from 1990 to 2009. 53 

Figure 3.12  Trend of annual maxima for 1-hour, 3-hour, 6-hour and 12-hour durations for the 

observations (circles) and R1, R2 and R3 simulations at Greater Sydney during the period 

1990-2009.  55 

 

Figure 4.1  Diurnal cycle of extreme rainfall occurrences for 69 locations across Greater Sydney 

obtained from R1 (blue lines), R2 (red lines) and R3 (purple lines) simulations for the 

historical (light colour lines), near-term future (medium colour lines) and long-term future 

(dark colour lines) periods. 67 

Figure 4.2  Seasonality of sub-daily rainfall extremes estimated from R1 (blue bars), R2 (red bars) 

and R3 (purple bars) simulations at 69 selected grid points across Greater Sydney during 

the historical (1990-2009), the near-term prediction (2020-2039) and long-term projection 

(2060-2079) periods. 69 

Figure 4.3  Increase of the 99th percentiles of rainfall intensity at sub-daily durations with surface 

temperature for R1 (blue), R2 (red) and R3 (purple) simulations. An exponential 

regression is fitted to 69 grid cells for the: (i) historical period (light colour lines), (ii) near-

term future projection (medium colour lines) and (iii) long-term future projections (dark 

colour lines). Dashed lines correspond to the C-C rate (~7%/°C). 71 

Figure 4.4 Increase of the 99th percentiles of rainfall intensity at sub-daily durations with surface 

temperature for R1 (blue), R2 (red) and R3 (purple) simulations. An exponential 

regression is fitted to 69 grid cells for the: (i) historical period (light colour lines), (ii) near-

term future projection (medium colour lines) and (iii) long-term future projections (dark 

colour lines). Dashed lines correspond to the C-C rate (~7%/°C). 73 

Figure 4.5  Ratio between the mean of the annual maxima at sub-daily durations for the near-term 

future (2020-2039) period and for the historical period for R1, R2 and R3 simulations over 

Greater Sydney. Ratios in white colour indicate no significant changes (no greater than 

10%), ratios in blue colour indicate increases, while ratios in red colour indicate decreases.

  76 

Figure 4.6 Ratio between the mean of the annual maxima at sub-daily durations for the long-term 

future (2060-2079) period and for the historical period for R1, R2 and R3 simulations over 

Greater Sydney. Ratios in white colour indicate no significant changes (no greater than 

10%), ratios in blue colour indicate increases, while ratios in red colour indicate decreases.

  78 

Figure 4.7  Conceptual understanding of the intensification of hourly rainfall extremes with future 

warmer temperatures. The historical period (green curve) in model simulations is 

compared to the future period (blue curve) in observations to validate whether the 

relationship is stationary (left panel) or non-stationary (right panel) under future climate 

conditions.  80 



vi 

Figure 4.8  The temperature scaling using the 99th percentiles of hourly rainfall for the historical 

assumption (light blue curve), the near-future period (medium blue curve) and the long-

term future projection in R1. The segments a- c and a- d are used to determine the validity 

of the historical assumption of the segment a-b for future projections. 82 

Figure 4.9  The temperature scaling using the 99.9th percentiles of hourly rainfall for the historical 

assumption (light blue curve), the near-future period (medium blue curve) and the long-

term future projection in R1. The segments a- c and a- d are used to determine the validity 

of the historical assumption of the segment a-b for future projections. 83 

 

Supplementary Figure 1  Ratio between the 1 in 10-year rainfall event at sub-daily durations for the 

near-term future (2020-2039) period and for the historical period for R1, R2 and R3 

simulations over Greater Sydney. Ratios in white colour indicate no significant changes 

(no greater than 10%), ratios in blue colour indicate increases, while ratios in red colour 

indicate decreases. 104 

Supplementary Figure 2 Ratio between the 1 in 10-year rainfall event at sub-daily durations for the 

near-term future (2060-2079) period and for the historical period for R1, R2 and R3 

simulations over Greater Sydney. Ratios in white colour indicate no significant changes 

(no greater than 10%), ratios in blue colour indicate increases, while ratios in red colour 

indicate decreases. 105 

Supplementary Figure 3 Quantile-quantile plots comparing the 1 in 2 year rainfall extreme events at 

69 locations across the Greater Sydney region. Model outputs were compared with the 

observations (No BC) and then bias corrected (BC). 106 

Supplementary Figure 4 Quantile-quantile plots comparing the 1 in 10 year rainfall extreme events 

using the fitted GEV at 69 locations across the Greater Sydney region. Model outputs were 

compared with the observations (No BC) and then bias corrected (BC). 107 

Supplementary Figure 5 MSLP and 10-m wind composite maps associated with the 10 most 

extreme rainfall events were constructed from (a) CFSR reanalysis data, (b) R1, (c) R2 

and (d) R3 simulations. 110 

 

  



vii 

List of Tables 

Table 2.1 Definition of extremes in rainfall according to the ETCCDI indices (Zhang et al., 2011). 8 

Table 2.2 Comparison of the spatial and temporal resolutions of two typical GCMs and two typical 

RCMs.  19 

Table 2.3 Summary of main advantages and disadvantages of climate models for rainfall extremes. 20 

 

Table 3.1  The three most independent/best performing configurations for the WRF model over 

south-east Australia according to Evans et al. (2014). 34 

 

Table 4.1 Differences between the historical, near-term and long-term future simulations in the 

RCMs.  63 

Table 4.2 The mtsr for the 99th and 99.9th percentile of hourly rainfall for the three simulated periods 

and for the three RCMs across Greater Sydney. 74 

 

Supplementary Table 1  Rainfall depths and dates associated with the 10 most rainfall extreme for 

Sydney Airport location during the period 1990-2009. 109 

 

 

  



viii 

 

 

 

 

 

  



ix 

Glossary 

2-CC or super-CC twice the Clausius-Clapeyron rate 

4AR  the Fourth Assessment Report from the IPCC 

AEP  annual exceedance probability  

ARF areal reduction factor 

BMJ the Betts-Miller-Janjić  scheme  

CAPE the convective availability potential energy 

C-C the Clausius-Clapeyron rate 

CFSR Climate Forecast System Reanalysis 

CMIP5 Coupled Model Intercomparison Project Phase 5 

DC the diurnal cycle 

ESRL Earth System Research Laboratory 

ETCCDI the Expert Team on Climate Change Detection and Indices 

GCM(s) General circulation model(s)  

GEV the Generalized Extreme Value distribution  

GHGs greenhouse gases 

IPCC  Intergovernmental Panel on Climate Change  

KF the Kain-Fritsch scheme  

MIROC 3.2 Model for Interdisciplinary Research on Climate version 3.2 

MMM Mesoscale and Microscale Meteorology Division 

MSLP mean sea level pressure  

MTSR 

MYJ 

mean of the temperature scaling rate 

the Mellor-Yamada-Janjić scheme 

NARCCAP North American Regional Climate Change Assessment Program 

NARCliM NSW/ACT Regional Climate Modelling 

NCAR National Center for Atmospheric Research 

NCEP National Centers for Environmental Prediction 

NNRP NCEP–NCAR reanalysis project 

NOAA the National Oceanic and Atmospheric Administration’s 

NWP numerical weather prediction 

OBS the observations 

PBL the planetary boundary layer 

PMF probable maximum flood 

PMP probable maximum precipitation 

Q-Q the quantile-quantile plots 

RCM(s) Regional climate model(s)  

RRTM Rapid Radiative Transfer Model 

SC Seasonal cycle 

WDM5 WRF Double Moment 5-class 

WRF Weather Research and Forecasting 

YU the Yonsei University scheme  
 

  



x 

 

  



xi 

Abstract 

Over the last decade, observational and modelling studies have both indicated that the intensity 

and frequency of rainfall extremes have increased. This increase has been linked to the human 

emissions of greenhouse gases that cause the climate to warm. There is increasing evidence that 

the largest changes in rainfall extremes are likely to occur for short duration events (less than a 

day), enhancing the potential for flash flooding over urban catchments and fast responding rural 

catchments. The economic, social and environmental effects of flash flooding are often 

catastrophic, resulting in substantial damage to properties and fatalities due to its sudden onset 

with little or no warning. 

The understanding of changes in sub-daily rainfall extremes is of paramount importance to help 

society in planning decisions about future flood risk resulting from climate change. Short 

duration rainfall is important for urban catchments where there is substantial investment in 

infrastructure. For instance, the design of urban water infrastructure for protection from 

stormwater requires information on rainfall extremes at short temporal (minutes to hours) and 

spatial (hundreds to thousands of meters) scales.  

Although observational studies are valuable for exploring historical changes to extreme rainfall 

patterns, future projections are usually obtained through the use of climate models to explore how 

rainfall patterns will respond to future greenhouse gases concentrations. General circulation 

models (GCMs) are sometimes used for estimating the effect of climate change on the intensity 

and frequency of rainfall extremes under different greenhouse gases emission scenarios. 

However, their coarse resolution fails to capture regional features of rainfall extremes such as the 

size of convective storms (1-10 km2) that are usually smaller than the spatial resolution of GCMs. 

By contrast, nested regional climate models (RCMs) are able to simulate the interactions between 

large-scale circulation systems and local scale weather patterns and topography. RCMs have 

proven to adequately simulate the statistical properties of rainfall extremes at daily and longer 

durations; while for sub-daily durations, model simulations are often improved by applying bias 

correction methods to match the observations. However, the evaluation of RCMs based on 

extreme rainfall statistics do not provide insight into whether the model gets the right answers 

(statistics of rainfall extremes) for the right reasons (correct representation of the underlying 

physical mechanism leading to rainfall extremes) and whether it is recommended to use the 

model simulations after applying any bias correction approach. 

The purpose of the research reported in this thesis was to explore the use of physically 

meaningful metrics to evaluate the capacity of regional climate models to simulate sub-daily 

rainfall extremes. The research metrics will complement the standard suite of statistical metrics 

that are commonly used for model evaluation studies. The physically meaningful metrics focus 

on the skill of RCMs in reproducing (i) the diurnal cycle of rainfall extremes, (ii) the seasonal 
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cycle of extreme rainfall events and (iii) the observed relationship between sub-daily rainfall 

extremes with respect to the atmospheric temperature. 

The research began with the evaluation of the capacity of three versions of the Weather Research 

and Forecasting (WRF) regional climate model to reproduce observed sub-daily rainfall 

extremes. First, the statistics of sub-daily rainfall extremes were estimated and compared with 

observations at 69 locations across the Greater Sydney region. The main results indicate 

underestimations in the intensity of rainfall extremes for 1-hour duration and overestimations in 

the intensity for longer durations (e.g. 3-hour, 6-hour and 12-hour), overestimations in the trend 

of the annual maxima of rainfall for sub-daily durations and overestimations in the annual 

maxima over high elevation areas and underestimations over coastal parts.  

Despite these apparent biases, the ability of the three RCMs to reproduce the underlying physical 

processes of sub-daily rainfall extremes was reasonable. The diurnal cycle of hourly rainfall 

extremes was realistically captured by the RCMs with a late evening peak in agreement with the 

observations. The seasonality was also captured and better simulated for short durations (1-hour 

and 3-hour) and during summer months. The intensification of sub-daily rainfall extremes with 

temperature was well captured by the RCMs, particularly at hourly durations when rainfall 

extremes approximately followed the Clausius-Clapeyron scaling rate. 

The overall capacity of the three RCMs provided the confidence to investigate likely changes in 

sub-daily rainfall extremes over Greater Sydney, considering two future periods in simulation 

(2020-2039 and 2060-2079) under the A2 emissions scenario of climate change. Future changes 

in sub-daily rainfall extremes were explored in (i) the intensity of sub-daily rainfall extremes, (ii) 

the diurnal cycle of rainfall extremes, (iii) the seasonality of sub-daily rainfall extremes, and (iv) 

the intensification of sub-daily rainfall extremes with temperature. The results from the two future 

periods were compared with the historical simulation period (1990-2009). The main findings 

indicated an overall increase in the intensity of rainfall extremes over inland areas for long 

durations (e.g. 6-hour and 12-hour), especially found in the long-term future period in the 

simulations.  

No significant changes were found for future projections of the diurnal cycle of rainfall extremes, 

which was fairly consistent with the historical period. Surprisingly, the greatest changes were 

found in the seasonality of sub-daily rainfall extremes with an increase in the occurrence of sub-

daily rainfall extremes during summer accompanied by a decrease during winter over the region. 

Future projections also indicated an intensification of rainfall extremes with temperature that 

followed a scaling rate close to the C-C rate for all sub-daily durations. In contrast, an analysis 

into the temperature scaling relationship revealed that the historical scaling relationship in 

simulations was not valid for future projections, with significant changes in the scaling rate. This 

has significant implications for the use of the Clausius-Clapeyron (C-C) scaling relationships for 

developing future climate projections, which are explored in the final part of this thesis. 
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