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ABSTRACT
Stochastic volatility models in financial econometrics: an application to South Africa.

S. Malumisa
PhD Thesis, Department of Economics, University of the Witwatersrand

The dissertation carries out a study to understand asset price behaviour in South Africa. This
is investigated through the application of stochastic volatility models to trace the
characteristics of high frequency financial data; daily temperature, exchange rates, interest
rates, stock and house prices. Innovation in the derivatives market has seen the introduction
of weather derivatives as a risk mitigation tool against adverse weather movements. Chapter
Two applies three different time series models of temperature to estimate payoffs to
determine which method offers the best hedging strategy in four South African cities. Results
from the study suggest that the seasonality GARCH method of estimating payoffs for
temperature based weather derivatives offers superior performance compared to the
Cumulative Cooling Degree Days (CDD) and the historical method. This suggests that the
seasonality GARCH method can be applied in these cities to hedge against adverse
temperature movements. In Chapter three we consider the estimation methodology for jump
diffusion models and GARCH models. Chapter four investigates volatility on exchange rate
data. Use is made of the british pound/south african rand, euro/south african rand and u.s
dollar/ south african rand exchange rates. The research introduces a jump diffusion model to
trace the behaviour of exchange rate data. Estimation results are able to match the summary
statistics in mean, variance, skewness and kurtosis. Results from the model can also explain
the volatility smile for short and medium term maturities. A fat tailed GARCH model is
introduced to capture the persistence in volatility on exchange rate data. Results from this
chapter have an implication for pricing currency options to offer leverage to organisations
affected by exchange rate risk. Chapter five extends the analysis to study the behaviour of
short term interest rates, making use of the 90 Day Treasury bill (T-Bill) rate. The chapter
considers a variant application of the Chan et al. (1992) model for short term interest rates
wherein a jump diffusion model is introduced. The results match the summary statistics
equivalent suggesting the capability of the model specification. Splitting the estimation
period suggests that the jump size is highest post inflation target though with a smaller
intensity. However, the 90 Day T-Bill shows higher volatility after inflation targeting though
with a lesser intensity. These findings have a bearing on valuation of short term interest

derivatives and also investigating multi factor models of interest rates. In chapter six four
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sectors (banking, mining, media and leisure) are considered to explore movements in stock
prices. A jump diffusion model is applied to get estimation results. The results confirm
related studies that stock prices have incidents of volatility which can be captured by a jump
diffusion model. The results also shed light on the importance of portfolio diversification
considering the different results across the sectors investigated. The implication also lies in
understanding market efficiency. Chapter seven applies the jump diffusion model on house
prices to understand more on the drivers of volatility on house prices. The interesting results
on this chapter can be summarised as follows; the four different house segments have almost
similar jump sizes though the small house price segment has highest intensity. This can point
to expectations and volatility from participants in this segment at a higher level than for other
segments over different regimes over the study period. The estimated higher moments were
not normalised as had happened for the three previous chapters after introducing the jump
diffusion model. Results from this chapter have an application to valuing mortgage premium
across different house price segments. It is recommended that rigorous research on asset
prices using various approaches be considered as it goes a long way in informing policy
makers and investors to mitigate risk in an environment of volatile asset prices. With the
growing interest in weather derivatives world-wide, there is a need to educate farmers,
government entities, potential counter-parties and other organisations affected by weather
related risk on the importance of weather derivatives so that a foundation is laid for trading in

this special type of insurance.
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CHAPTER ONE

INTRODUCTION

1.1 Background to the study.

Volatility and its measurement are important for the pricing of assets and risk management.
For one, investors want to know the direction of the market as well as the velocity of such
movements. This brings us to realise the importance of volatility in financial economics.
Volatility even plays a big role in the valuation of derivative securities. If the stock has low
volatility an option contract will have an equally low value. However, a high volatility in
price movement means that the strike price will be exceeded, rendering the option expensive.
Highlighting this importance of volatility, any successful method of forecasting will benefit

all users affected.

This study explores the applicability of stochastic volatility models in South Africa to
enhance understanding in volatile asset price movement and derive possible solutions for
strategies amidst volatile financial data. One application of volatility modelling is in daily
temperature data from which we can model weather derivatives. Weather derivatives are
potential valuable tools for risk management against adverse weather conditions. They are
designed as a “bet” on weather conditions with the only requirement being an observable
objective variable agreed upon by both parties (Richards et al., 2004). Their payoffs are
contingent on weather indices based on climatic factors. They are useful for hedging risk in
the agricultural, energy, entertainment, beverage, construction and even apparel industries.
Instruments thereof include swaps, options and option collars with payoffs dependent on
weather related variables like average temperature, heating and cooling degree days (HDD

and CDD), humidity, maximum or minimum temperatures.

Another visible application of stochastic volatility models is in asset prices, perhaps
popularised by the reverenced basic model for capturing the movements of asset prices is the
Geometric Brownian Motion (GBM), which underpins the Black-Scholes (1973) option
pricing model. The Black-Scholes model has been found to be insufficient in capturing
typical characteristics of high frequency data sets; leptokurtic, volatility smile/skew. This
motivated the development of models embedded with jumps as a better alternative to the

purely diffusive processes. Some of the reasons supporting models with jumps include: (i)
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Jump processes are able to model catastrophic events in the market; (ii) The high frequency
data in finance indicates that the path of the asset price is not continuous in small time scale,
(iif) Compared to purely diffusion models, jump diffusion models allow one to quantify and
take into account the risk of strong stock price movements over short periods of time, thus
filling the gap in the diffusion framework , and (iv) Jump diffusion models can better fit the

existence of price jumps in the real world.

The study applies stochastic volatility models in five areas namely; (a) Estimating payoffs of
temperature based weather derivatives (b) Model estimating the exchange rate returns, (c)
Jump diffusion model for interest rates, (d) a Jump diffusion model fitting stock price data
and (e) Volatility and jumps in house prices.

1.1.1 The generic model.

According to the Black-Scholes model, volatility is assumed to be constant. However, in
practice volatility varies with time. If the volatility parameter in the GBM is a known

function of time, the risk-neutral process followed by the asset price is represented thus
(1.1) dS = gSdt + o(t)Sdz

Where; S is the price, x the drift, and o being the predictable instantaneous volatility and dz
the Wiener process. In practice however, volatility varies stochastically. This has led to the

development of many complex models with two stochastic variables: the stock price and its

volatility, given by:

ds
(1.2) 5 - (r—q)dt+ \/\7dzs

dV = a(V, —V)dt + &V “dz,

a,V_,¢& and « are constants, and dz and dz, are Weiner processes. The variable V in the

model is the asset’s variance rate. The variance rate has a drift that pulls it back to a level V|
at rate a (Hull and White,1987). However, the above diffusion model does not capture all of
the features of high frequency financial time series data. To better the model, we add jumps.
In this study the researcher will not select the most appropriate jump diffusion specification

and therefore selects one jump diffusion configuration to make all the forecasts. The model
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draws from an approach close to the seminal work of Merton (1976), specifying the risk
neutral process followed by the asset price:

(1.3) %S = wudt + odz + kdz (1)
where S ~ N(zh,o’h)
L is the drift
o is the standard deviation of the diffusion
k is the jump size

7 is a Poisson process with parameter A

To compliment the jump diffusion specification there is also consideration of the GARCH
(1,1)° representation to capture the persistence of volatility in asset price data. In this the
GARCH (1,1) model is specified as follows

(1.4) Y,=C+g

(1.5) of =x+pol, +ag’,

Equation (1.4) above represents the conditional mean model where the returns for the asset
price,Y, are explained by a constant and an uncorrelated, white noise disturbance. The

conditional variance equation (1.5) consists of a constant plus a weighted average of last

period's forecast, o, ,and the corresponding squared disturbance, &, .
Equations (1.3) to (1.5) sum up the generic model in this study.

1.2 Research problem.

There is a growing research on understanding the behaviour of high frequency financial data more so
in an era of financial crises witnessed over the past few decades. Studies carried out have shown the
benefits of characterising asset price movements as precursor to understanding volatility and hence
risk management. In this category, research studies by Clements et al, (2013; 2008), Cyr and Kusy
(2007) Mykland (2007), Sorwar (2011), Yang et al (2009) and Mizrach (2008) form part of the
literature having explored weather derivatives, exchange rate, interest rate stock and house prices

respectively.

! see R.C Merton, “ Option pricing when underlying stock returns are discontinuous”, Journal of Financial
Economics, 3 :125-144.

2 GARCH models are used in forecasting and parameter estimation in stochastic volatility settings (Flemming,
2003)
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However the picture changes when we look at the South African experience in documenting
features of high frequency financial data as research studies have been limited for some asset
prices and non-existent for others (see for example Scheepers, (2005), Geyser (2004), Taylor
(2014), van Appel (2013), Duncan and Kabundi, (2013). This has not taken away insufficient
understanding as some of these studies have involved complex asset prices (see for example
Poklewski-Koziell (2012), Kalsheker (2009)) whilst there has not been investigation for some
areas for example characterising house prices and temperature based weather derivatives.

This has left out an in-depth analysis on understanding what drives asset prices with the aim
of informing academia, businesses, government and other stakeholders in making decisions
amidst volatile financial data. This also comes at a time when there is a growing global move
on applying the latest varying financial instruments in mitigating business risk. The thesis
therefore seeks to fill this gap by carrying out a study on five different asset types so as to
enhance decision making amidst volatile financial data through making use of an alternative
characterisation of the features of asset prices. Use is made of stochastic volatility models
mainly the jump diffusion model as an alternative process representing the behaviour of asset
prices. This is done through investigating the unexplored areas in temperature based weather
derivatives and house prices and also proposing alternative modelling of the other asset prices
as specified below. This contributes to understanding drivers of volatility and hence serving

as a precursor to decision making amidst high frequency asset prices in South Africa.

1.2.1 Estimating payoffs for temperature based weather derivatives.

The derivatives market has been innovative in developing products to meet the needs of
market participants, even in weather risk. Weather derivatives are a growing derivatives
sector the world over. They began to develop in 1997, as a result of the El Nino catastrophe.

Companies with earnings tied to weather then, realised the importance of hedging.

This affirms that weather derivatives are valuable tools for risk management. Their payoffs
are contingent on weather indices based on climatic factors. The objective of the study in this
area is to enhance understanding of the benefits therein in applying weather derivatives in
South Africa. This will be aided through an estimation of the payoffs of temperature based

weather derivatives. Based on the availability of accurate data, the study focuses on four
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South African cities, thus informing industry players affected about alternative strategies for
safeguarding earnings against adverse temperature movements. This contribution fills the gap
in the literature exploring the applicability of weather derivatives. Use is made of three
different methods for estimating payoffs to determine the best method for use in making
strategies. The objectives in this contribution include reviewing the benefits of a weather
derivatives market with an application to South Africa. In this chapter we also consider some
studies on weather derivatives in South Africa and determine as to which weather variables
were employed. This will help us determine as to what extent the chapter will fill the existing
gap. We also estimate payoffs for temperature based weather derivatives using three different
methods. Based on availability of reliable weather data this will enable us to make
recommendations as to the applicability of temperature based weather derivatives for the

chosen cities.

1.2.2 Jump diffusion model for the exchange rate.

The success of financial economists over the past few decades is attributable to their ability to
be able to predict with a certain level of accuracy the movement of asset prices. One
approach to better understand asset price movement is the application of simple diffusion
models which approximate the stochastic process for returns on financial assets. Though
widely used, the “volatility smiles and smirks” derived using volatility in the Black-Scholes
model reveal that a simple geometric Brownian motion process misses important features of
the data. High frequency returns data display excess kurtosis (fat tailed distributions),
skewness, and volatility clustering. To capture these features, there is a need to employ jump
diffusion models. This will enable one to also compare the intensity and size of jumps in
asset prices thereby offering leverage in making informed decisions to mitigate against

financial losses.

Despite the benefits offered by understanding the asset price movements, there is a gap in
South African literature in this regard detailing rigorous methods so that stakeholders
affected by volatility in the exchange rate can make better informed decisions. It is in this
context that this chapter applies stochastic volatility models for exchange rate data in South
Africa. Studies on the volatile exchange rate in South Africa have come short of the robust
models (for instance Mpofu, (2013), de Jager, (2012), Alpanda et al., (2009)). Recent

advances in computing and econometrics offer a better selection with studies carried out

18



having considered the applicability of jumps elsewhere in the world (Eraker et al., (2003),
Ramezani and Zeng (2002), Pan (2002) and Craine at al., (2000)).

The chapter will test the applicability of going further beyond the Black-Scholes (1973)
model and adding jumps in estimating the british pound/south african rand, US Dollar/south
african rand and euro/south african rand exchange rates as a jump diffusion process using a
simulation-based estimator. This fills the gap in the literature of modelling exchange rate
movements in South Africa as it will consider the intensity and size of the jumps over the
study period and will also expound on the noise behind different jumps sizes, intensity and
the implications thereof. Furthermore this will contribute to improving forecasts and decision
making on the impact of volatility on the exchange rate. The chapter objectives can be stated
as to provide evidence of the relevance of jump diffusion models for exchange rate data in
South Africa. This ensures that the chapter contribution identifies with literature and thereby
adding validity of the research. Going further we estimate jump diffusion model and fat tailed
GARCH model for exchange rate data. This enables us to compare with other findings in

literature and deduce conclusions relevant to South Africa.

1.2.3 Jump diffusion model for interest rates.

Interest rates play important roles in financial markets; they can determine an organisation’s
profitability and they also affect the investment portfolios of organisations and individuals.
As a result it is important to manage interest rate risk as the goals of investors and
organisations alike hinge on interest rate movements. It is important therefore that a correct
specification of interest rates is made in such a way that there is understanding of the
implications of the risk after capturing the factors that drive interest rates. This has in fact led
to a number of models being proposed to explain interest rate behaviour (Ahn and Gao,
(1999), Andersen and Lund, (1997), Longstaff and Schwartz, (1992). However, the generic
interest rate model as given in Chan et al., (1992) does not capture sufficient characteristics,
even after augmenting and adding other factors. A better alternative is to augment interest
rate models with jumps (Sorwar, (2011), Attaoui and Six, (2008), Das (2002). Many studies
on South African interest rates have not considered jump diffusion models (for example
Kleynhans and Meintjes, (2013), Jordaan (2013), Maitland (2013), West (2008), Fernandes,
(2005), implying weak understanding of the approaches for the management of interest rate
risk. The chapter seeks to fill this gap by considering an advanced approach to understand

interest rate movements, also paving the way for better risk management and forecasts on
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interest rates. This will be explored through applying a variation of a linear factor model in
the presence of jumps. The research goes further to test the applicability of the advanced
approach model using as a proxy the 90 day treasury bill (T-Bill) rate for South Africa. The
objectives in this chapter incorporate reviewing short rate models with implication for South
Africa. This will enable us to identify the gap in the well-known models of short term interest
rates and thereby justifying application of a jump diffusion model. Thereafter we proceed
with estimating a jump diffusion model and fat tailed GARCH model for the 90Day T-bill.
Here we will test the validity of results obtained and draw conclusions on result features in
the interest rate specification. Furthermore we split the period to deduce parameter sizes pre
and post inflation targeting and derive further analysis.

1.2.4 Jump diffusion model for stock prices.

Empirical studies have verified the existence of jumps in stock prices (Mykland, (2007), ELiu
et al., (2003), Eraker et al., (2003), Andersen et al., (2002). The jumps in stock prices, which
are by nature large discontinuous price movements, are as a result of infrequent and large
surprises to investors’ information sets. For South Africa however, there has been minimal
work focusing on jumps in individual stock prices (for example Kutu (2012) with the
remaining visible studies not having considered jump diffusion models (Taylor, (2010),
Moolman (2005). In this study the researcher is therefore carrying out an analysis
documenting the benefits of considering jumps in selected Johannesburg Stock Exchange
(JSE) sector stocks using Poisson distributed jumps. The analysis goes a long way in
informing stakeholders like investors, government, of the behind the scenes reasons for
fluctuating stock prices at one of the world’s leading stock exchanges. This is also done

through an analysis of the properties of individual stock price jumps and the jump intensity.

The main objectives in this chapter are to estimate jump diffusion models and fat tailed
GARCH models for stock prices for selected sectors. This enables us to compare the findings
with literature and deduce conclusions on the characterisation of stock prices across the

different sectors.

1.2.5 Existence of jumps in house prices.

The housing market is an important source of investment and forms a large part of household
wealth. The design of financial instruments for the housing market such as mortgages
depends on the understanding of house price movements and dynamics. As such it is

important to understand noise in house prices as captured by jumps in this form of household
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wealth. Visible research on applying the jump diffusion model for house prices in South
Africa to the best of this researcher’s knowledge has not been explored (see for instance
Clark and Daniel, (2006), Els and von Fintel, (2008)). This gives the researcher motivation to
fill this gap in testing the existence of jumps in house prices and as well explain the impact of
jumps on the house prices and how their distribution has been over the years. The main
objective is to represent the house prices as a jump diffusion process and as well compliment
with a fat tailed GARCH model. Since few studies have attempted the applicability of the
jump diffusion model on house prices as a tool to understand volatility the chapter will fill
this gap for South Africa, paving the way for rigorous analysis of house prices in South
Africa.

1.3 Objectives of the study.

The following are the main objectives in the thesis:

Review the use and benefits of weather derivatives in South Africa. With the innovative
derivatives market, new products are being introduced frequently as investors mitigate risk.
Many global powerhouse countries have started trading in weather derivatives to mitigate
weather related losses. This is also informed by empirical findings (for example Clements et
al (2013, 2008), Cyr and Kusy (2007)). The aim will be to determine if South Africa can
benefit from trading in weather derivatives. Having determined the usability of weather
derivatives in South Africa the research will then model the process driving temperature and
estimate the payoffs of temperature based weather derivatives in four South African cities.
This will allow us to draw conclusions and policy recommendations on whether South Africa
can pursue trade in weather derivatives as a risk management tool based on the chosen

method.

The research will also provide evidence of the relevance of jump diffusion models for various
asset classes. This contributes to understanding the features of asset prices in this application
on exchange rate, interest rate, stock and house prices. Furthermore, the research estimates
the Jump Diffusion Model for exchange rate, interest rate, stock and house prices. The
parameter results for these different asset classes will enable us to draw conclusions, compare
with related literature findings and provide policy recommendations on the applicability of

rigorous methods in understanding volatility and hence risk mitigation.
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Complimenting the jump diffusion model the research also estimates fat tailed GARCH
models for exchange rate, interest rate, stock and house prices to test for persistent volatility
on the high frequency data used. We also draw comparison with literature findings and
conclusions and implications of the results in South Africa.

1.4 Results and benefits of the study.

The main findings of the study are as follows; Contribution to the understanding of the
application of modelling to temperature based weather derivatives products in South Africa.
This is motivated by the fact that weather derivatives are increasingly becoming valuable
tools for risk management worldwide. Though the majority of weather derivative deals are
carried out in the US, there is a growing market of participants and contract types all over the
world. In this study the researcher carries out an estimation of the payoffs of temperature
based weather derivatives in four south african cities. This enables us to inform industry
players and academia alike about alternative strategies for safeguarding earnings against

adverse temperature movements in the investigated regions.

In the analysis, the research presents three methods of estimating payoffs of temperature
based european call options. For rigorous analysis, a data set comprising average daily
temperature, spanning over fifty years for four South African cities is employed in carrying
out the study. The results inform us which method performs best in estimating payoffs amidst
volatile temperature data. The information is important for all organisations affected by
adverse temperature movements as they will be in a position to hedge after determining the

method applicable in their environment.

The “volatility smiles and smirks” derived using volatility in the Black-Scholes model reveal
that a simple geometric Brownian motion process misses important features of the data. High
frequency returns data display excess kurtosis, skewness, and volatility clustering. To capture
these features, there is a need to employ a jump diffusion model. The jump diffusion models
address the issue of “fat tails” and enable a better fit for “smiles”. The applicability of jump
diffusion processes is seen in finance to capture discontinuous behaviour in asset pricing. The
process is based on a Poisson distribution, which can also be applied for modelling
systematic jumps caused by the surprise effect. This approach aids forecasts in these financial
time series variables as results are more accurate when compared to purely diffusion models.

Furthermore jump diffusion models play an important role in finance as they fit better the
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jumps. All these factors enable us to arrive at conclusions crucial for policy makers and
academia on the validity of jump diffusion models in South Africa.

The jump diffusion process is widely used to model financial time series to capture
discontinuous behaviour in asset returns. However, a difficulty involved in the estimation of
general jump-diffusion processes has prevented their implementation in empirical
applications. This study estimates general parametric jump diffusion processes from
discretely observed currency exchange rate data, with interesting results for analysis. The
analysis is extended to interest rates, stock and house prices. The estimation results suggest
that jumps are important components of the exchange, interest, stock markets and even for
house price markets. As such the study contributes to understanding of asset price

movements.

1.5 Limitations of the Study.

Chapter two considers four cities in South Africa due to the unavailability of daily data for
longer horizon for other cities. Another limitation is the current lack of an organised market

for trading in weather derivatives in South Africa.

The jump diffusion models and the stochastic volatility model can complement each other.
As an example, for stochastic volatility models the kurtosis decreases as the sampling
frequency increases. For jump diffusion models however, the instantaneous jumps are
independent of the sampling frequency. This suggests that jump diffusion models may
capture short-term behaviour better, while stochastic volatility models may capture long term

behaviour better.

A common problem with jump diffusion models is th