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ABSTRACT 

The impact of biomass burning and dust aerosols on the performance of forecasting short-range 

near surface temperature over South Africa was investigated using the UK Met Office Unified Model 

(MetUM) nesting suite. Aerosol climatologies were used to provide initialisation of aerosol 

information in the model. Among other reasons, the two (biomass burning and dust) aerosol 

climatologies were used so that the computational cost in terms of disk space (for the run outputs), 

sufficient memory to run the reconfiguration tasks, and forecast run time can be reduced. Monthly 

mean simulated total aerosol climatology mixing ratios (for biomass burning and dust) from the 

HadGEM2 were compared with aerosol optical depth (AOD) observations (500 nm AERONET and 

550 nm MODIS) at AERONET sites across South Africa. Overall, the simulated biomass burning 

climatology has minimum mixing ratio values between December and April relative to other months, 

and peaks during late winter (August) and early spring (September). The simulated dust climatology 

shows maximum peaks during the spring season (September-October-November) for all other 

selected stations, except in Simonstown IMT station where the maximum peak is in June. The AOD 

observations show maximum values in September or October as compared to all other months, 

which might be due to high biomass burning aerosol loading during those months.  

The MetUM nesting suite was run in two scenarios, namely i) with and ii) without monthly mean 

aerosol climatologies, to produce 48-hour lead time temperature simulations for every day of 

September 2015 over South Africa. The model was set up to run with a horizontal resolution of 

approximately 4.4 km and with 70 vertical levels. The parametrisations of biomass burning and dust 

aerosol processes were catered for through the Coupled Large-scale Aerosol Simulator for Studies 

in Climate (CLASSIC) aerosol scheme within the MetUM.  

Results show that including aerosol climatologies produces a slight difference in forecasted surface 

temperatures between the simulations of the two mentioned scenarios above. The subjective 

verification at stations shows that the addition of aerosols into the model simulations makes an 

average temperature difference of not more than 0.3o C between the scenarios. Furthermore, the 

overall subjective verification at stations across South Africa shows that both scenarios’ simulations 

are able to predict the near surface temperature much better over the inland stations compared to 

coastal ones. The calculated verification scores show that including aerosol climatologies makes a 

slight improvement in near surface temperature prediction over the domain, with a calculated 

difference in average bias and root mean square error (RMSE) values of not more than 0.08 and 

0.01, respectively, between the scenarios. The calculated p-values of verification scores (bias, 

RMSE and Pearson correlation coefficient (r)), using a linear regression t-test at 5 % significance 

level between the two scenarios, shows a significant linear relationship between the calculated bias, 

and between the calculated RMSE, and between calculated r scores of scenarios’ simulations. It 

was further shown that the bias of the simulated temperature is cold (negative) during the day light 
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hours and warm (positive) during the night hours, which is in agreement with the previous NWP 

verification studies.  

Keywords: Numerical weather prediction, aerosol climatologies, aerosol optical depth, near surface 

temperature, Met Office Unified Model 
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PREFACE 

Aerosol particles are a major component of air pollution world-wide that can have large impacts on 

atmosphere and human health. However, to understand their impacts, it is critical to fully characterise 

the particles. In South Africa, aerosol particles characteristics (such as size, composition, mixing 

state and properties) are not fully understood; though it is known that particles do contribute greatly 

to air pollution. 

The development of numerical weather prediction (NWP) models that couple meteorology with 

atmospheric aerosol dynamics within one integrated system has undergone a rapid evolution in 

recent years. The inclusion of direct and indirect radiative effects of aerosols in NWP models is also 

increasingly being recognised as important in order to improve the accuracy of short-range weather 

forecasting. The direct effect happens when solar and terrestrial radiations are scattered and 

absorbed by aerosol particles in the atmosphere. Such particles can also act as cloud condensation 

and ice nuclei, thereby changing cloud properties and precipitation patterns and intensity.  

This study will help improve understanding the impact of aerosol particles on near surface 

temperature in South Africa through modelling. This study will further contribute to the research gap 

on modelling the effects of aerosol particles on South African weather parameters.  

Scientific outputs 

The results of this study were presented at the 33rd Annual Conference of the South African Society 

for Atmospheric Sciences 2017 (SASAS2017), at the Africa Process and Evaluation Group 

(AfricaPEG) meeting held by the UK Met Office in October 2017, and lastly, at the International Data 

Week (IDW) held in Gaborone, Botswana between 5 and 8 November 2018. 
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CHAPTER 1: INTRODUCTION AND BACKGROUND  

1.1 Introduction 

Aerosols are solid and liquid particles that are suspended in the air. The sizes of aerosols are 

generally classified into ultra-fine mode (0.001-0.1µm radius), accumulation mode (0.1-1.0µm 

radius) and coarse mode (greater 1.0µm radius) (Seinfeld & Pandis, 1998; Duce, 2008; Adesina et 

al., 2015). The shapes of these particles are variable and their life spans vary from a minute to 

several years depending on the location of where the aerosol is as well as the particle type (NASA, 

2014). For example, most of the aerosols in the lower atmosphere live for about a week in the air 

and go through the deposition process (NASA, 2014), while aerosols in the upper atmosphere (i.e. 

stratosphere) can remain in the air for several years (Deshler et al. 2003). The common standard 

unit that is used to measure aerosols around the globe is expressed in mass of particles per unit 

volume or the number of particles per unit volume (McMurry, 2000; Chow, 1995; Spurny, 1999; 

Raghava, 2009). 

Aerosol particles can have impacts on the atmosphere, climate and health. These particles directly 

affect the atmosphere through scattering and absorption of solar and terrestrial radiation; therefore, 

affecting the radiation budget (Vakkari et al., 2013:1; Haywood et al., 2003:1; Myhre et al., 2003; Keil 

& Haywood, 2003:1; Eck et al., 2003:1; Lohmann & Feichter, 2005). For example, sulphate particles 

tend to scatter sunlight, while black carbon species absorb sunlight, leading to cooling and warming 

effects, respectively. Aerosols can also have an indirect effect on atmosphere by modifying clouds 

as cloud condensation and ice nuclei whereby warm cloud precipitation efficiency is decreased 

(IPCC, 2001; Poschl, 2005). In addition to atmospheric effects, a reduction of visibility and acidic rain 

can be experienced due to the presence of such particles. The quality of air is also affected by the 

presence of aerosols. Because of polluted air, human health is also affected. The health impact of 

aerosols on humans includes diseases such as asthma, bronchitis, chronic irritation, lung cancers 

and respiratory problems (Utell, 1985; Roberts et al., 2001; Gauderman et al., 2000). These diseases 

are resulting in an increase in premature mortality rates (Lepeule et al., 2012; Pope III et al., 2002). 

South African atmospheric aerosols originate from various sources (e.g. Piketh et al., 2002; 

Campbell et al., 2003; Eck et al., 2003; Freiman & Piketh, 2003; Ross et al., 2003). Tesfaye et al. 

(2011) showed that South Africa can be classified into three parts (lower, central and upper) in terms 

of aerosol load level spatial variation. The lower, central and upper parts illustrate low, medium and 

high aerosol loadings, respectively. The provinces included in the lower part are the Western Cape 

and Eastern Cape; the central part is the Northern Cape, Free State and KwaZulu-Natal; and the 

upper part is the North West, Gauteng, Mpumalanga and Limpopo; and the sources of aerosols differ 

for each part. Tesfaye et al. (2011) further show that the lower part of South Africa is dominated by 

the air mass from the surrounding marine environment and other provinces, while in the central and 
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upper parts, aerosols are loaded from local anthropogenic activities and mineral dust transported by 

wind.  

Aerosols can be categorised according to their origin or sources. Primary aerosols are regarded as 

those emitted directly from the source as liquid or solid particles (Poschl, 2005). Primary aerosols 

include incomplete combustion of fossil fuel, airborne particles from volcanic eruptions, particles from 

burning of biomass, wind-blown desert dust, suspended dust from soil, mineral dust, sea salt and 

biological materials. In contrast to the primary aerosol, secondary aerosols are formed by the 

condensation of gas phase species in the atmosphere (Kulkarni, 2011). Secondary aerosols include 

secondary organic aerosols, nitrate and sulphate particles, to mention a few (Kipling, 2011; Seinfeld 

& Pandis, 2006). 

1.2 Numerical weather prediction  

Numerical weather prediction (NWP) is a process whereby the future state of the atmosphere can 

be obtained through an integration of differential equations that govern the behaviour of the 

atmosphere (Bjerknes, 1904). These equations are translated into computer codes known as NWP 

models. NWP models use parameterisation of physical processes, numerical methods, governing 

equations together with initial and boundary conditions in order to be run over a certain location or 

geographic area (Gutman & Ignatov, 1998).  

As the start point, the numerical integration by NWP models is started by using initial value fields 

that describe the current state of the atmosphere (Mesinger & Arakawa, 1976; Warner, 2011). When 

NWP models are simulating the future state of the atmosphere (weather forecasts) over time, they 

are then fed with boundary conditions that again describe the state of the atmosphere and also the 

edges of geographic area (Wiin-Nielsen, 1991; Mesinger & Arakawa, 1976). NWP nowadays is 

based on the application of computer models that describe the way the atmosphere changes using 

mathematical equations (Mesinger & Arakawa, 1976). 

The first attempt to predict weather numerically was made by Lewis Richardson in the 1920s with 

no success (Holton & Hakim, 2012). The reason why the attempt failed includes poor initial data 

availability, since the meteorological observation network, which provides improved initial data, was 

limited or not implemented by that time (Warner, 2011). In addition, Richardson did not consider the 

effect of small errors in the initial conditions or initial value fields (Warner, 2011). Detailed information 

of this first attempt to predict weather numerically can be found in Richardson (1922). In 1949, the 

experiment to predict weather numerically was then achieved through a simplified Charney’s 

barotropic vorticity equation model (Charney et al., 1950). This barotropic vorticity equation model 

was a one-layer model, which was run to predict 24 hours 500hPa geopotential heights (Charney et 

al., 1950).  
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The development of the observational networks (e.g. radio-sonde, buoys, satellites and more land 

stations) and digital super-computers paved the way for operational numerical weather prediction 

efforts (Warner, 2011). NWP models nowadays are used to offer a variety of forecasts, which include 

nowcasting, short- and medium-term weather forecasts, tropical cyclone tracking, seasonal and air 

quality forecasts.  

The advances of the NWP go hand in hand with the availability of digital super-computers that 

perform millions of calculations at specific locations (grid points) to generate numerical forecasts 

(Holton & Hakim, 2012; Schulze, 2007). These advances in NWP include higher accuracy, higher 

spatial resolution, and longer lead time. For example, the accuracy of 500hPa geopotential heights 

forecasts, for three-, five-, seven- and ten-day forecasts of the European Centre for Medium-Range 

Weather Forecasts (ECMWF) NWP model has increased significantly from 1981 to 2012 and is 

shown in Figure 1.1. ECMWF NWP model skill has improved in both the northern and southern 

hemispheres. However, the limited skilful forecasts on the early periods over the southern 

hemisphere is assumed to be caused by a lack of surface and upper air observations over the big 

areas covered by the oceans (Schulze, 2007). 

 

Figure 1.1: The 500hPa geopotential heights anomaly correlation 12-month running mean for three-

, five-, seven- and ten-day forecast. The thicker line in each pair shows the northern hemisphere 

(NHem) and the thinner line is the southern hemisphere (SHem). Source: WMO, 2013 
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1.3 Rationale for the study 

Over the last few decades, the need to measure aerosols particles has dramatically increased in 

atmospheric sciences in order to understand their influence on the earth’s climate system (Kulkarni, 

2011). Similarly, the development of numerical weather prediction (NWP) models that couple 

meteorology with atmospheric aerosol dynamics within one integrated model system has undergone 

a rapid evolution in recent years. At first, the inclusion of aerosols in NWP was predominately driven 

by the need to understand their impact on the climate system. Currently, the inclusion of direct and 

indirect radiative effects of aerosols in NWP models is also increasingly being recognised as 

important in order to further improve the accuracy of short-range weather forecast (Mulcahy et al., 

2014).  

A range of NWP models has been used to study the effects or impacts of aerosol particles on short-

term weather forecasts (Mulcahy et al., 2014; Tompkins et al., 2005; Kolusu et al., 2015; Greed et 

al., 2008; Rodwell & Jung, 2005; Bellouin et al., 2011; Stier et al., 2005). Historically, NWP models 

have the tendency to poorly represent aerosols due to a limited understanding of aerosol-cloud-

radiation interactions, and the lack of computational resources to include prognostic aerosol 

schemes (Mulcahy et al., 2014). The development of high performance computers (HPC) makes it 

possible to include complex aerosol schemes on NWP models and their influences on weather 

systems (Bellouin et al., 2011; Stier et al., 2005).  

Most NWP models now include prognostic aerosol schemes and take into account their radiative 

effect on the atmosphere. Tompkins et al. (2005) showed that including aerosol radiative impacts on 

the NWP operational model used by ECMWF significantly improved the skill of the five-day forecasts 

of African easterly jet (wind). Tompkins et al. (2005) used fixed aerosol climatology as the aerosol 

input to the model. This fixed aerosol climatology consists of annual mean geographical distributions 

for aerosol types of maritime, continental, urban and desert aerosols. The same ECMWF NWP 

model was applied again by Rodwell and Jung (2008), but this time a monthly aerosol climatology 

was used. The monthly aerosol climatology used by Rodwell and Jung (2008) consists of monthly 

mean aerosol optical depth distributions. They also found positive effects on global circulation 

forecasts. 

In addition, Kolusu et al. (2015) included biomass burning aerosols in the Met Office Unified Model 

(MetUM) and found that short-range forecasts of surface temperatures and other meteorological 

variables are improved over South America during the South American Biomass Burning Analysis 

(SAMBBA). This was done by running the MetUM in three different scenarios, namely: (1) no 

aerosols, (2) with monthly mean aerosol climatologies (CLIM), and (3) with prognostic modelled 

aerosols (PROG). When these three scenarios were evaluated against observation, model 

simulations that included aerosols gave a better representation of surface temperatures than models 

without aerosols did. The mean correlation was found to be 0.79 in no aerosols simulations 
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compared to 0.83 in with aerosols simulations (both CLIM and PROG) for near surface air 

temperature with a 99% significant confidence level.  

It is clearly seen from the mentioned international studies in this chapter (e.g. Tompkins et al., 2005; 

Rodwell & Jung, 2008; Kolusu et al., 2015) that aerosols have an effect on the skills of NWP models’ 

weather forecasts. However, such studies are limited or have not been performed over the South 

African region, which is a research gap that needs to be filled. This research was motivated by the 

need to fill such a gap.  

The evaluation results found in this study will therefore contribute to a better understanding of the 

performance of MetUM with an aerosol scheme. In terms of decision-making, this study will assist to 

decide whether it is worthy to include the aerosol scheme on the limited area operational MetUM 

that the South African Weather Service (SAWS) runs on a daily basis. 

1.4 Justification 

The NWP forecast products are important to several users, including the aviation industry and 

disaster management. In order to transfer goods and passengers safely, the aviation industry 

requires reliable forecasts to operate and plan. Similarly, disaster management also needs NWP 

reliable forecasts to issue their warning in case of hazardous weather. In fact, every user of the NWP 

forecasts will be satisfied if the products that they are using can be trusted. 

It has already been stated in this chapter that the skills of NWP models have significantly increased 

over the past decades. The precision, reliability and lead time provided by NWP systems have led 

to increasingly skilful weather forecasting over recent decades and will become even more relevant 

in the future (WMO, 2016). Currently, forecasts of near surface variables (including temperature) 

generally agree well with observations in a flat topography (Zhan et al., 2013), but also with errors 

that may have been introduced by the predictability of the atmospheric boundary layer. In complex 

orography, forecast errors of near surface variables increases due to mismatches between the model 

terrain and the actual one. The atmospheric boundary layer is affected by the aerosol radiative 

effects, thereby adding to forecast errors if not taken in to account within the NWP model and 

therefore there is a need to improve this aspect. This study forms part of future and further 

improvement on NWP forecast products over a limited area. 

1.5 Aims and objectives 

The aim of this study is to evaluate whether the inclusion of an aerosol scheme in an NWP model 

improves the prediction of near surface temperatures at short time scales over South Africa. 
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Objective 1  

To evaluate simulated aerosol climatology from the Hadley Global Environmental Model version 2 

(HadGEM2) against observations. 

It is of significance to verify whether the aerosol information (input data) used to feed the MetUM is 

close to measurements. Under this objective, monthly mean Hadley Global Environmental Model 

version 2 (HadGEM2) dust and biomass burning aerosol climatologies’ seasonal cycles will be 

evaluated against the Aerosol Robotic Network (AERONET) and the MODerate resolution Imaging 

Spectroradiometer (MODIS) aerosol observations. It must be noted that the two aerosol 

climatologies were selected in order to reduce computer cost in terms of running time and storage 

capacity; and also, the mentioned aerosol species are near or at the peak during the selected study 

period. The significance of the aerosol input data will be addressed here.  

Objective 2 

To evaluate near surface temperature predictions of the MetUM. 

The MetUM will be run to produce 48-hour lead time near surface temperature simulations for every 

day of September 2015 over South Africa with the aerosol scheme switched off. The temperature 

simulations will then be evaluated against re-gridded SAWS station observations. The skills of the 

model to re-produce observations will be quantitatively assessed.   

Objective 3 

To evaluate the performance of the MetUM with an aerosol scheme. 

The MetUM will be run again to produce similar near temperature simulations over the same 

geographical area as was done in objective 2; however, here, the aerosol scheme will be switched 

on. The performance of any NWP models is measured by the accuracy of that model to reproduce 

the observations. Here, the MetUM near surface temperature from with and without aerosol scheme 

runs will be compared and evaluated against re-gridded SAWS station observations. The main point 

to be addressed here is: Is there any improvement on forecasted near surface short-range 

temperature by adding aerosols on the simulation? 

1.6  Outline of the dissertation 

Chapter 1: Introduction and background  

This chapter presents an introduction to aerosols, their general impacts on the atmosphere and 

health, as well as the origin of South African aerosols. The background information on NWP, which 
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includes history, is also presented. The overall aim, objectives, rationale and justification of the study 

are presented. 

Chapter 2: Literature review 

The study area’s geographical location and topography are elaborated on. An overview of South 

African weather is provided. Prediction and verification of temperature are discussed. A discussion 

on aerosol variability over South Africa is presented, specifically biomass burning and dust. The 

importance and effects of aerosols on atmosphere in a global scale are presented.  

Chapter 3: Data and methods 

Detailed descriptions of subjective and objective verification methods are presented. Detailed 

information on the observational data used is presented. The description of the MetUM and the 

experimental set-up are elaborated on. The CLASSIC aerosol scheme is also presented.  

Chapter 4: Results and discussion 

The subjective and objective verification results are discussed and analysed in this chapter. 

Chapter 5: Summary and conclusion 

Concluding remarks and a summary of the study are presented in this chapter. Future research 

needs are discussed.  
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CHAPTER 2: LITTERATURE REVIEW  

2.1 Geographic location and the weather of South Africa  

South Africa is the country situated at the tip of the African continent between 22o and 35o South (S) 

latitude, and 16o and 33o East (E) longitude. The country shares boundaries with Swaziland, 

Mozambique, Zimbabwe, Botswana and Namibia, with Lesotho landlocked by the South African 

territory in the south-east, as can be seen in Figure 2.1. In the east, the country is surrounded by the 

Indian Ocean, while in the west, by the Atlantic Ocean. The two oceans then meet at Cape Point in 

the country’s south-west corner (Bennett, 1988). The country’s nine provinces, neighbouring 

countries, oceans surrounding the country and the topography can be seen in Figure 2.1.  

The topography shows that the coastal areas along the south Atlantic and Indian Oceans lie between 

0 and 200 metre (m) altitude. This coastal plain is narrow, and widens along the north-eastern coast 

of KwaZulu-Natal (Shchulze, 1997; Blamey & Reason, 2009; Tennant & Van Heerden, 1994). The 

interior plateau consists of a large plain area that is approximately 1 200 m above the mean sea 

level. The Highveld areas (which include Gauteng, part of Mpumalanga and the Free State) lie at an 

altitude of between 1 500 m and 1 950 m. Separating the interior plateau and the coastal regions is 

the escarpment, which continues from the northern parts of the Western Cape through to 

Mpumalanga and Limpopo. This escarpment is at an altitude ranging from 1 500 m to 3 500 m above 

the mean sea level, with the Drakensberg prominent in KwaZulu-Natal. The topography of South 

Africa plays an important role in the weather of the country.  
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Figure 2.1: South Africa’s nine provinces, neighbouring countries, the oceans surrounding the 

country and the topography or altitude in meters (m). 

 

The day-to-day weather of South Africa is influenced by the synoptic and smaller-scale disturbances 

that consist of individual weather systems (Tyson & Preston-Whyte, 2000). The main factor affecting 

the day-to-day weather of South Africa is the geographical location in the general circulation 

(subtropical, tropical and temperate features) (Tyson & Preston-Whyte, 2000). The South Indian high 

pressure, the continental high, and the South Atlantic high-pressure cells mostly affect the 

subtropics. In winter, both the South Indian and South Atlantic high-pressure cells move to the north. 

The extended ridge might ridge towards the east and, in doing so, the cold dry air may move across 

the country (Tyson & Preston-Whyte, 2000). The tropical easterly flow, as well as the occurrence of 

easterly waves and lows are more dominant in the tropical part of South Africa. The temperate 

features include the westerly airflow (i.e. passage of cold fronts), which might affect both the surface 

and high-level weather parameters. The air behind a cold front is characterised by subsidence 

resulting in dry adiabatic warming and absorption of solar radiation at the surface under clear skies, 

which might cause an increase in surface temperature to above normal (Taljaard, 1994; Tyson & 

Preston-Whyte, 2000) 
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The weather pattern is mostly dominated by the high pressure belt in winter (Mason & Jury, 1997; 

Ratna et al., 2013), resulting in clear sky conditions since the conditions are more or less semi-arid. 

The anticyclonic circulation is mostly dominant over the country throughout the year, except at the 

surface (Tyson & Preston-Whyte, 2000). Any deviation from the mean circulation pattern may result 

in different extreme weather, which includes heat waves and abnormal rainfall (Harrison, 1988). In 

addition, the anticyclonic circulation over the country is associated with little or no rainfall over the 

summer rainfall regions (Taljaard, 1994). The mean summer rainfall along the east coast was found 

to be related to the distance of a station or location from the core of the current (Jury et al., 1993). 

For example, Durban has high mean summer rainfall compared to Port Elizabeth, since it is situated 

near the core of the Agulhas current. It was further showed that the strength of weather systems like 

the Mesoscale Convective Complex (MCC) system and cut-off lows appears to be related to sea 

surface temperatures in the south-west Indian Ocean (Jury et al., 1993). Taljaard (1994) further 

showed that the latitude, position relative to the distribution of land and sea, height of the terrain, sea 

surface temperature and the nature of the underlying rocks are among the main factors that control 

the weather of South Africa.  

2.2 Near surface temperature drivers over South Africa 

Apart from the main factors that control the weather mentioned in the previous paragraph, the near 

surface temperature is also affected by the cloudiness and air mass transport. This section discusses 

some of the important factors that drive the distribution of near surface temperature over South 

Africa. 

a) Latitude 

The latitude determines the amount of solar radiation received at the top of the atmosphere, and the 

quantity differs according to latitudes and seasons. The sun heats the equatorial regions more 

compared to the polar regions (Taljaard, 1994). Therefore, the temperatures at high latitude (towards 

the poles) are cooler compared to the ones at lower latitude (towards the equator), since the energy 

is distributed over a large area and some is lost during such distribution processes.  

b) The height of the terrain or topography 

The height of the terrain and the latitudes are both expected to contribute to a mean annual 

temperature differences of about 5oC between the coastal and inland areas of South Africa (Taljaard, 

1994). The areas that have a higher terrain height (especially over the escarpment and Highveld 

areas) have cooler temperatures compared to the Lowveld areas (Kruger, 2008; Schulze, 1997). In 

winter months, the changes in altitude may result in cold air drainage in valleys resulting in the 

formation of frost at night (Schulze, 1997).  

The orientation of the landscape also plays a vital role in the distribution of near surface temperature 

on a microscale. The north facing slopes receive more solar radiation compared to the south facing 
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slopes. These differences in the amount of solar radiation received per day result in the warm 

temperatures over the north facing slopes and cooler temperatures over the south facing slopes 

(Schulze, 1997). 

c)  Position relative to the distribution of land and sea 

The temperature characteristics over the coastal areas are dependent on the dynamics of the ocean 

currents (warm Agulhas and cold Benguela) systems (Kruger, 2008; Walker, 1989). The warm 

Agulhas current has an impact on the east coast, with warmer temperature and more humidity. The 

western coast is cooler and dry (less humidity) due to the effect from the cold Benguela current 

(Bennett, 1977, Kruger, 2008). The average daily temperatures in Durban (along the east coast) are 

24.4oC and 16.8oC in January and June, respectively. On the other hand, along the west coast, over 

Port Nolloth, the average daily temperatures are 16.6oC and 14.2oC in January and June, 

respectively (Kruger, 2008).  

d) Cloudiness 

During daytime, clouds (if present) reflect some of incoming solar radiation back into space, reducing 

the heat energy reaching the earth’s surface. The near surface temperature below the normal daily 

cycle is determined by how long clouds persist during the day (Taljaard, 1996). At night, clouds can 

trap the heat energy leaving the surface of the earth, which was absorbed during the day. By doing 

so, the minimum temperature can be raised by several degrees (Taljaard, 1996). In January, clouds 

are mostly found over the interior and eastern coast of South Africa. In July, the occurring frequency 

of clouds decreases over the country, except in the southern Western Cape due to the passage of 

cold fronts (Taljaard, 1996).  

e) Land cover  

The characteristics of land cover have been found to have an effect on near surface temperature. 

For example, Sun et al. (2012) showed that the surface temperature increases with the density of 

urban built-up and barren land, but decreases with vegetation cover. The air over a dry surface is 

assumed to warm up faster than the air over a moist surface if all factors are responding equally to 

the same insolation (Moran & Morgan, 1994). Moist surfaces tend to absorb incoming solar radiation 

and such energy is used for evaporation through absorption of latent heat. On the other hand, on 

dry surfaces, the available heat energy will raise the temperature through conduction or turbulent 

mixing. However, any advection of cold air can change the assumption of what happens over drier 

and moist surfaces (Moran & Morgan, 1994).  

f) Air mass  

The wind blowing over South Africa has approximately five origins, namely tropical continental, 

tropical maritime, subtropical maritime, subpolar maritime and polar maritime (Longley, 1976; 

Lengoasa, 1987; Tyson & Preston-Whyte, 2000). The tropical continental originates from central 
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Africa and has a northerly component. The tropical maritime wind is from the Indian Ocean and has 

an easterly component. The subtropical maritime and the subpolar maritime have their origins from 

the high latitudes in the Atlantic Ocean and have south-westerly components. The polar maritime 

originates from the coast of the Antarctic and has a southerly component (Tyson & Preston-Whyte, 

2000). As these air masses move across the country, temperature and moisture gradients may occur 

over land (Longley, 1976; Lengoasa, 1987).  

2.3 Aerosol variability over South Africa 

Human activities and natural disasters (such as volcanoes) are believed to be changing the 

concentration of aerosols in the atmosphere all over the globe (IPCC, 1995). Most of the developing 

countries such as India and China are more focused on industrialisation and urbanisation (Panda & 

Kant, 2016). Similarly, South Africa is also a rapidly developing country where urbanisation and 

industrialisation activities are increasingly growing, resulting in high concentration of aerosols. The 

burning of biomass from forest fires, wood and straw combustion as fuel, for the purpose of 

agricultural use and land development, just to mention a few, result in large aerosol loadings in the 

atmosphere.  

In addition, South Africa is surrounded by two adjacent oceans, sharing the same boarder lines with 

eight neighbouring countries, with Lesotho encircled within the country as shown in Figure 2.1. The 

transport of dust and biomass burning to the country from neighbouring countries also contribute to 

aerosol loadings. The sea salt aerosols formed over the adjacent oceans are part of the atmospheric 

aerosols that are distributed to South Africa through atmospheric circulation.  

2.3.1 Types and sources of aerosols over the study domain 

A variety of aerosol particles such as dust, biomass burning, marine aerosols, biogenic aerosols, 

and fossil fuel combustion aerosols exist over the country’s atmosphere.  

a) Dust  

Dust is tiny soil particles ranging from few nanometres to micrometres in size, which come from the 

release of soil and rock debris, then lifted to the atmosphere by wind. Mainly, dust originates from 

the deserts and semi-arid areas (Ginoux et al., 2001; Tegen et al., 2002; Prospero et al., 2002; 

Tesfaye et al., 2014) where annual rainfall is very low and substantial amounts of alluvial sediment 

have been accumulated over long periods (Choobari et al., 2013). Dry lake-beds and once-wet areas 

also act as a source of dust (Prospero, 1999). In addition, the removal of vegetation for agricultural 

purposes and land development facilitates the production of wind eroded dust particles (Tegen et 

al., 2004). On a global scale, the estimated annual emission flux of mineral dust ranges from 103 to 

5x103 teragram (Tg) per year (Duce, 1995; Andreae & Rosenfeld, 2008; Tsigaridis et al., 2006) and 

50% of the atmospheric dust load have anthropogenic origin (Tegen & Fung, 1995).  
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Botswana and Namibia are regarded as active dust sources of southern Africa (Prospero et al., 

2002) and this dust can be transported to South Africa through atmospheric circulations. The 

Kalahari Desert extends southwards and covers the northern part of the Northern Cape of South 

Africa, and dust activities are expected in such areas. The dust storms associated with the 

thunderstorm conditions in arid areas can also occur in South Africa (Kruger, 2002).   

During the spring season, conditions that favour the transport of soil and desert dust particles exist 

over potential dust aerosol source regions (Prospero et al., 2002, Ginoux et al., 2012; Kumar, 2015; 

Tesfaye et al., 2015). These conditions include high surface wind speed, which has enough energy 

to push or uplift soil and desert dust particles into the atmosphere.  

Apart from the natural dust originating from the desert areas and in the wetter eastern parts of South 

Africa where dry ground with loose soil, exposed to wind, can be found (Piketh, 1999), dust can also 

be produced from anthropogenic sources. These anthropogenic sources include dust from unpaved 

roads as vehicles and trucks are moving, agricultural activities, building construction, and during 

industrial processes such as manufacturing of cement and also coal and fuel combustion (Tomasi 

et al., 2017).  

b) Biomass burning 

The burning of biomass must have existed since the evolution of vegetation (Andreae, 1991; Crutzen 

& Andreae, 1990). It is indicated in Andreae (1991) that biomass burning happens for multiple 

reasons, which include clearing of forest and brush land for agricultural use, nutrient regeneration in 

grazing and crop lands, control of fuel accumulation in forests, production of charcoal for industrial 

and domestic use, as well as energy production for cooking and heating. In most cases, forest and 

brush land for agricultural use happened during the harvest season period when farmers burn straws 

(e.g. of wheat) to prepare for the next crop planting (Chen et al., 2017). The global calculated 

emissions for biomass burning particles are estimated to range from 26 to 70 Tg per year (Andreae 

& Rosenfeld, 2008). The burning of biomass for energy production for cooking and heating normally 

happens indoors and it is the main source of energy used in developing countries (Andreae, 1991). 

However, these emissions are generally estimated separately from biomass burning emissions, 

often referred to as residential emissions.  

The spatial distribution of forest fires, which is one of the sources of biomass burning over South 

Africa, is shown in Figure 2.2. The maps in Figure 2.2 have been adapted from Kumar et al. (2015), 

and modified. The original maps were downloaded from the MODIS web fire mapper built by NASA 

Fire Information for Resource Management System (FIRMS) (Kumar et al., 2015). The spring season 

of the period between 2004 and 2008 shows that the density of fire spots is very concentrated over 

the northern and eastern parts of South Africa, which include Gauteng, North West, Mpumalanga 

and KwaZulu-Natal. The spring season of the period between 2009 and 2013 shows similar patterns 
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of the fire spot density as the one in the period between 2004 and 2008 with some differences visible 

over the western parts of the North West and Limpopo. In both periods (2004-2008 and 2009-2013) 

fire spot density is less over the western part of South Africa that includes the Northern Cape, which 

might be because this area is a desert, and therefore has less vegetation. The smaller fire spot 

density over the south-western part of the country, which includes the Western Cape, might be 

related to the frequency of open fire peaks in summer, since the region receives winter rainfall. The 

intensity and distribution of fire are influenced by the availability of biomass and rainfall (Brown & 

Gaston, 1995; Swap et al., 2003; Anyamba et al., 2003; Hely et al., 2003; Mbow et al., 2004; Roy et 

al., 2005). 

During the spring season over South Africa, the conditions (such as dry vegetation) are favourable 

for forest fires, and therefore the high density of forest fires can be related to high forest fire cases 

in this season (Andreae, 1991; Cahoon et al., 1992; Piketh et al., 1996; Lindesay et al., 1996; Swap 

et al., 2003; Schmid et al., 2003; Silva et al., 2003; Abel et al., 2003; Haywood et al., 2003). The 

burning of vegetation residues or dense grassland to prepare for the next summer crop plantation 

mostly in rural areas occurs during the spring season and contributes to the high density of fire spots. 

The anticyclonic circulation that is dominant over the interior of South Africa during the winter and 

early spring seasons results in fair weather, mostly clear skies that also favour the start of forest 

fires. In addition, the wind speeds are high from June to October and reach peak values in August 

to September (Chandra et al., 2002; Kumar et al., 2013), and this condition stimulates the spread of 

forest fires over a large area.  

 

Figure 2.2: The MODerate resolution Imaging Spectroradiometer (MODIS) fire spots (red dots) for 

the study period 2004-2008 (left column) and 2009-2013 (right column) over South Africa during 

spring season (Kumar et al. 2015) 
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c) Marine aerosols  

Marine aerosols are generated through wind-driven processes at the surface of the sea and also 

through gas-to-particle conversion processes (O’Dowd & de Leeuw, 2007). South Africa is situated 

between two oceans, namely the Atlantic on the western side and Indian on the eastern side as 

already mentioned previously. The generated aerosols from these two oceans can be transported 

over a short distance because of their rapid removal in the atmosphere due to gravitational settling 

(Andreae & Rosenfeld, 2008), reaching the coastal areas of the country. Marine aerosols are 

dominated by sea salt particles (Cavalli et al., 2004). These sea salt particles are known to directly 

scatter the incoming solar radiation and absorb the outgoing terrestrial radiation. Furthermore, these 

particles also modify cloud formation (Ayash et al., 2008). 

d) Biogenic aerosols 

Biogenic aerosol particles are released from plants and animals to the atmosphere. These particles 

comprise plant debris, insects, microbial particles (such as pollen, living and dead viruses) just to 

mention a few. Biogenic aerosols have different shapes and cover size ranges from less than 0.1 

µm to at least 250 µm, since they are from different origins (Pósfai & Buseck, 2010). Marine and 

terrestrial ecosystems are a vital biogenic aerosol precursor source. For example, volatile organic 

compounds released from plants and algae can be oxidised in the atmosphere, condense, and then 

contribute organic material to the atmospheric aerosol (Heald & Spracklen, 2009). 

e) Fossil fuel combustion aerosols 

Large amounts of pollutants (i.e. carbon dioxide, sulphur dioxide, nitrogen oxides, carbon monoxide, 

particulate matter, mercury and other substances) are emitted during combustion of fossil fuels, such 

as coal and oil. Trace gases can react further in the atmosphere to form secondary particles. For 

example, the emitted sulphur dioxide can react with water vapour and other gases in the atmosphere 

to form sulphate aerosols (Kiang et al., 1973; Mirabel & Katz, 1974). These types of aerosols are 

likely to be dominant in industrialised and high populated areas (e.g. Gauteng and industrial areas 

of South Africa).  

2.3.2 Transportation of aerosols in South Africa 

The average atmospheric general circulation over southern Africa is shown in Figure 2.3. Throughout 

the year, the anticyclonic circulation is dominant over most parts of South Africa (Tyson & Von Gogh, 

1976; Piketh et al., 1999; Tyson & Preston-Whyte, 2000) at a spatial scale varying from hundreds to 

thousands of kilometres (Garstang et al., 1996; Garstang et al., 1999). On average, this anticyclonic 

circulation occurs approximately 500 m above the mean sea level of the interior plateau surface 

(Piketh et al., 1999; Tyson & Gatebe, 2001). It must be noted that the air mass transport above 22o 

S latitudinal line will not be discussed, since it is outside the study domain. The mean air mass 

transport is towards the south-east over South Africa, strengthened by the wave perturbation or 
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westerly disturbances in the west of the sub-continent (see Figure 2.3). The mean transport then 

exits in the country on the east coast to the Indian Ocean. Some of the aerosols that have exited the 

country to the Indian Ocean are re-circulated back to the north-eastern part of South Africa through 

anticyclonic circulation (Garstang et al., 1999; Tyson et al., 1996; Stein et al., 2003; Swap et al., 

2003).  

More than 75 % of aerosols are transported to the Indian Ocean (see Figure 2.3) through a narrow 

path of approximately 1 000 km wide and at 750 hPa pressure level (Piketh et al., 1996). It is 

estimated that the total annual transport of aerosols from the surface to 500 hPa pressure level over 

the central South Africa is approximately 39 mega tons (Piketh et al., 1999; Tyson et al., 1996).  

 

Figure 2.3: The major pathways transporting and recirculating aerosols within the surface to 

approximately 500hPa haze layer over South Africa before exporting them to the Indian Ocean 

(Piketh et al., 1999)  

The major low-level (near surface) transport trajectory modes that are possible due to westerly 

exiting of air masses from Africa’s subcontinent or anticyclonic recirculation over the subcontinent 

are shown in Figure 2.4. The easterly exiting will not be discussed here, since it is outside the study 

domain of this study. The trajectory modes are direct westerly transport, anticyclonic circulation and 

westerly transport, and anticyclonic recirculation (Garstang et al., 1996). The direct westerly 

transport is due to continental anticyclonic circulation, which causes the air mass to exit the sub-

continent to the Indian Ocean through the east coast of South Africa. The exiting of transport to the 

Indian Ocean from the sub-continent is caused by the westerly wave disturbance. The anticyclonic 

re-circulation is caused by the ridging highs, at which the transport is towards the south Atlantic 
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Ocean, and then towards the south Indian Ocean and final re-circulation back to the north-eastern 

side of South Africa (Tyson et al., 1996; Garstang et al., 1996; Sinha et al., 2004). 

 

Figure 2.4: Schematic representation of the four major low-level trajectory modes that are due to 

anticyclonic circulation, easterly tropical disturbances and westerly disturbances (Garstang et al., 

1996) 

It is estimated that, on average, the low-level direct transport of air in anticyclonic circulations takes 

approximately four to five days to reach a point situated at 35o E and 31o S beyond the east coast 

(Tyson et al., 1996). In the vertical, over the subcontinental interior, the time it takes for mixing from 

the surface to 500hPa in continental anticyclones is approximately eight to nine days. 

2.4 Roles and effects of aerosol particles in the atmosphere 

Atmospheric aerosol particles play an important role in the earth’s radiation budget. These particles 

scatter and absorb both shortwave solar radiation and longwave terrestrial radiation. They also act 

as cloud condensation and ice nuclei, thereby modifying the formation of clouds and precipitation 

(Pöschl, 2005; Jaenicke, 1980; Lohmann & Feichter, 2005). The visibility can also be impacted by 

aerosol particles.  

Some of the important roles of atmospheric aerosols in the atmosphere are shown in Figure 2.5. The 

light aerosols reflect and scatter some of the shortwave solar radiation back into the space and by 

doing so the atmosphere of the earth experiences a cooling effect (Roeckner et al., 1999). These 
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light aerosols can include components of sulphate, which is dominant over the troposphere (Pöschl, 

2005). In contrast, dark aerosols such as black carbon absorb and convert the incoming solar 

radiation to heat, thereby exerting the warming effect in the atmosphere (Abel, 2004; Jolleys, 2013). 

The dark aerosols can be released from sources such as the burning of biomass. The absorption 

and scattering of solar radiation by aerosols are regarded as direct effects of aerosols on the earth’s 

system.  

Aerosols can also serve as cloud condensation nuclei (CCN) or ice nuclei (IN), thereby modifying 

the cloud droplet size distribution and microphysical processes (Reid et al., 1999, Ross et al., 2003; 

Magi & Hobbs, 2003; IPCC, 2007). The modification of clouds leads to variations in precipitation 

patterns that are very complex. For example, small aerosol particles decrease the precipitation 

efficiency of a cloud (Albrecht, 1989, Lohmann & Feichter, 2005; Pöschl, 2005). Evaporation of cloud 

particles may occur if the solar radiation is absorbed by aerosol particles such as soot. The lifetime 

of the cloud can be longer if the cloud droplet size is too small to rain out, because it will take some 

time for the droplet to reach a large size that can fall out. 

 

Figure 2.5: Schematic diagram illustrating some of the important roles of atmospheric aerosols in 

the atmosphere (Panda & Kant, 2016) 
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2.5 Temperature prediction by NWP models 

Temperature near the surface is of diurnal nature, reaching a minimum in the early morning before 

sunrise, and maximum at mid-afternoon local time. This diurnal variation of temperature at the 

surface is slightly different from the one above the planetary boundary layer (free atmosphere), in 

which temperature shows little variation (Zhang et al., 2013). These differences in temperature 

diurnal variation between the surface and the free atmosphere are due to wind field behaviour 

caused by turbulence. Several factors need attention when simulating near surface variables, 

including temperature by numerical models. These factors include the topography of an area, surface 

heat flux transport, land characteristics (i.e. soil temperature), radiation and turbulent processes. The 

aforementioned factors, if not represented properly in the numerical models, may result in large 

forecast errors. 

As already stated in this study in Chapter 1, NWP models use the current state of the atmosphere 

to predict the future state of the atmosphere. The prediction of temperature in NWP is done through 

two main components. Firstly, the dynamic solver represents the differential terms in the atmospheric 

equations of motions using algebraic approximation (Warner, 2011). This approximation can be 

accomplished using several approaches that include finite difference schemes or spectral methods. 

Secondly, all physical processes that affect temperature that cannot be resolved at a selected grid 

point or need large amounts of calculations to be represented explicitly, are included in the model in 

the form of physical parameterisation schemes (Stensrud, 2007).  

The temperature forecast equation that has been solved by the dynamical solver is as follows:  

𝜕𝑇

𝜕𝑡
= −𝑢

𝜕𝑇

𝜕𝑥
− 𝑣

𝜕𝑇

𝜕𝑦
− ⍵

𝜕𝑇

𝜕𝑧
                                                                      (1) 

Where 𝜕𝑇 𝜕𝑡⁄  is the rate of change of temperature with time, u, v and w, are zonal, meridional and 

vertical wind speed, respectively, 𝜕𝑇 𝜕𝑥⁄  is the rate of change of temperature in the x direction, 𝜕𝑇 𝜕𝑦⁄  

is the rate of change of temperature in the y direction, and 𝜕𝑇 𝜕𝑧⁄  is the rate of change of temperature 

in the z direction (Markowski & Richardson, 2010). 

2.6 Parameterisation in NWP models 

Parameterisation is a method to represent the effects of physical processes that are too small or too 

complex or poorly understood to be represented mathematically (Warner, 2011). Major physical 

processes that are parametrised during the temperature forecast generation include land surface 

characteristics, planetary boundary layer, radiation, cloud microphysics and aerosols.  

a) Land surface 

Land surface parametrisation represents the interaction between the land and atmosphere 

(Stensrud, 2007). The surface characteristics that include the soil type, vegetation type, soil moisture 
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and soil temperature as well as momentum and surface turbulent fluxes of heat are also represented. 

The urban effects, vegetation effects, and prediction of snow cover are also included in some land 

surface parameterisations (Stensrud, 2007). The land surface processes parametrised determine 

the ground temperature. This ground temperature is then used to compute the longwave radiation 

emitted by the ground (Viterbo & Beljaars, 1995; Stensrud, 2007; Rowntree, 1983). Albedo 

calculations, which then provide information to the shortwave radiation scheme, are done through 

land surface parametrisation. In addition, the planetary boundary layer parametrisation receives the 

lower boundary conditions through turbulent fluxes (Stensrud, 2007). 

b) Planetary boundary layer (PBL) 

The planetary boundary layer is influenced directly by the surface of the earth and responds to 

surface forcing with a shorter timescale of an hour or less (Stensrud, 2007; Stull, 1988). The 

parameterisation here considers the vertical mixing related to atmospheric turbulence in the PBL. 

This mixing grows and decays with diurnal heating and cooling of the underlying surface (Stensrud, 

2007). The represented turbulent mixing includes water vapour, horizontal momentum, temperature 

and aerosols within the boundary layer and throughout the atmosphere (Hu et al., 2010). A 

combination of local and nonlocal mixing is usually used to model the atmospheric turbulent fluxes. 

In local mixing, turbulent fluxes are estimated at each point in model grids from the mean 

atmospheric variables or their gradients at that point (Hu et al., 2010). The nonlocal mixing accounts 

for nonlocal fluxes and it can be treated explicitly (Stull, 1984).  

c) Radiation  

Radiation parametrisation is used to determine the total radiative flux at any given location (Stensrud, 

2007). The atmospheric heating rates and downward irradiance at the surface are provided. The 

radiative transfer is usually calculated in two separated parts, namely the longwave and shortwave 

radiations. The longwave radiative transfer accounts for emitted and absorbed radiation from the 

surface and atmosphere in the longwave part of the spectrum. The shortwave radiative transfer, on 

the other hand, accounts for radiation scattered, reflected and absorbed by the surface of the earth 

and atmosphere in the visible spectrum region. The modelled atmospheric constituents such as 

water vapour, clouds and aerosols affect both the shortwave and longwave radiative transfer. 

d) Convection and microphysics  

Convection parametrisation accounts for the transport of heat, moisture and momentum related to 

cumulus convection occurring in a model grid box. The effects on temperature and moisture profiles 

that are related to unresolved deep convective or shallow convective clouds are represented. The 

surface precipitation generated by the scheme is then passed back into the land surface 

parametrisation.  



21 
 

The processes involving cloud droplets or ice particles and their effects on the temperature and 

moisture profiles, precipitation and cloud properties are represented by the microphysics scheme. 

The processes in warm and mixed-phase clouds are accounted for by the parametrisation. Most 

NWP models use microphysics schemes that are based on the bulk approach, whereby 

hydrometeors’ size distribution follows a functional form and other parameters of the distribution are 

predicted.   

e) Aerosols 

There are several ways in which aerosols can be represented within the numerical models. These 

include the bulk schemes, bin resolved schemes, and modal schemes. In bulk schemes, the total 

mass of each aerosol type is transported with an assumed fixed size distribution through the 

representation of microphysical processes. The changes in aerosol particle size cannot be captured, 

even though the coarse aerosols can be differentiated from the fine ones (Kipling, 2011).  

In bin resolved schemes, the aerosol size distribution is represented prognostically unlike in bulk 

schemes, allowing it to evolve according to the microphysical and transport processes. The particle 

size distribution is divided into a large number of separate bins, each covering a relatively narrow 

size range (Kipling, 2011). Transportation of particles number or mass in each bin then happens 

separately with explicit representation of the microphysical processes that grow or shrink particles 

from one bin to another. The bin scheme is very expensive to run within the numerical models in 

terms of computing time and storage, since it requires large numbers of prognostic variables (Kipling, 

2011).  

In modal schemes, the evolving particle size distribution is captured with smaller numbers of 

prognostic variables compared to the bin schemes. The prescribed size distribution can either be 

gamma or log-normal, which is assumed to be a superposition of a small number of modes. For each 

mode, the distribution moments are carried as prognostic variables either with the size distribution 

fixed or with the mean particle size in each mode varying, but the distribution shape fixed or with the 

width and shape of each mode varying. The effects of these modes are then calculated using 

microphysical processes that are represented as integrals (Kipling, 2011). 

2.7 Aerosol parametrisation within the MetUM 

The Coupled Large-scale Aerosol Simulator for Studies in Climate (CLASSIC) and the United 

Kingdom Chemistry and Aerosols (UKCA) are the two main schemes that are used within the MetUM 

environment to represent aerosols processes. It must be noted that the UKCA will not form part of 

this study, and therefore will not be discussed.  

The CLASSIC aerosol scheme is a bulk aerosol module that has been developed and used for 

climate studies by the Met Office Hadley Centre (Jones et al., 2001; Johnson et al., 2007; Bellouin 

et al., 2011). This aerosol parametrisation scheme is included and used in the Hadley Centre Global 
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Environmental Model version 2 (HadGEM2) and can also be used in limited area MetUM 

configuration. The scheme contains eight tropospheric aerosol species representation, namely 

ammonium sulphate, mineral dust, biomass burning aerosols, fossil fuel organic carbon, fossil fuel 

black carbon, sea salt, biogenic and ammonium nitrate aerosols. These aerosol species can be 

included within the model as single species or in pairs or all at once, depending on the available 

computer storage capacity. Therefore, among other reasons, this study focuses on the inclusion of 

only biomass burning and mineral dust species to minimise the aforementioned computer cost. Each 

tropospheric aerosol species has a prescribed log-normal number size distribution (Mulcahy et al., 

2014).  

a) Mineral dust aerosols 

The representation of mineral dust in the CLASSIC aerosol scheme follows the procedure that is 

described in Woodward (2001), and a revised description by Bellouin et al. (2007). Emissions of dust 

are calculated interactively at every time-step and depend on vegetation fraction, soil roughness 

length and moisture, and near surface wind speeds (Bellouin et al., 2011). The dry friction was 

adopted from Iversen and White (1982), with horizontal flux computed for a size range from 0.0316 

to 1000 µm radius and divided in to nine size bins (Bellouin et al., 2007; Bellouin et al., 2011). The 

first six size bins are small and have boundaries at 0.0316, 0.1, 0.316, 1.0, 3.16, 10.0 and 31.6 µm 

radius. In contrast, the other three bins are large, and have boundaries at 31.6, 100, 316 and 1 000 

µm radius. The first equation of Woodward (2001) with a normalisation factor of 0.01 is used to 

calculate the total vertical flux from the total horizontal flux and partitioned across the six smallest 

size bins, covering the mentioned radii above (Bellouin et al., 2011). The deposition process of these 

six size bins that are then transported is through the gravitational settling, turbulent mixing, and below 

clouds scavenging (Bellouin et al., 2011). The parent soil mass size distribution for the three large 

bins is calculated from the sand fraction, using the horizontal flux equation and a normalisation factor 

of 5.22 (Bellouin et al., 2007; Johnson et al., 2007). The dust emissions are restrained in the 

presence of snow, on steep slopes, if soil moisture exceeds a threshold (given by Fecan et al. 1999), 

and at coastal points with fractional land cover (Johnson et al., 2014) 

b) Biomass burning aerosols 

Biomass burning aerosols are parametrised based on the work done by Davison et al. (2004). This 

scheme is a modal scheme (Bellouin et al., 2007), where biomass burning aerosol mass is 

distributed across three modes, namely fresh emitted smoke, aged smoke and dissolved in clouds 

droplets. The ageing process starts with the emission into the fresh mode and later converted into 

aged mode with a short e-folding timescale of six hours (Bellouin et al., 2011). The sizes of the 

particles are assumed to be different (fresh and aged smoke having 0.1 and 0.12 µm median radius, 

respectively) following the Southern African Regional Science Initiative (SAFARI) 2000 campaign 

reported in Haywood et al. (2003). The aged smoke is converted to smoke-in-cloud by nucleation 



23 
 

scavenging and assumed to act as cloud condensation nuclei (CCN) (Johnson et al., 2014). The 

biomass burning aerosol mass is increased upon ageing by a factor of approximately 1.62, which is 

the ratio of the black carbon mass fraction in fresh (8.75%) and aged (5.4%) aerosols (Johnson et 

al., 2014; Bellouin et al., 2007; Abel et al., 2003). The three modes are all subject to dry deposition, 

using 2492.4 and 2970.7 deposition coefficients for fresh and aged smokes, respectively. The wet 

deposition of these biomass burning aerosols is through scavenging by convective and large-scale 

rain. The emissions are provided to the model by specifying the ancillary file containing the dataset.  

The MetUM considers both the direct and indirect aerosol effects through coupling of CLASSIC 

scheme to the model’s radiation and cloud microphysics schemes. In simple experiment, the monthly 

mean climatology for each tropospheric aerosol species represented in CLASSIC scheme are 

implemented and used to model the aforementioned aerosol effects (Cusack et al. 1998; Bellouin et 

al. 2011).  A complex experiment, involves the running of the CLASSIC scheme in a prognostic 

mode, where the aerosols are fully interactive with the model radiation and meteorological 

parameters (Mulcahy et al. 2014) 

2.8 Aerosol impacts on short-range weather forecasts 

In the past, aerosol effects were included mostly in climate models to account for radiation transfer 

calculations or radiative forcing (Tanre´ et al., 1984; Haywood & Boucher, 2000; Schulz et al., 2006). 

The treatment of aerosols has now been included in NWP models that are used for research and 

operational purposes, mostly to see their effects on weather parameters and whether they do 

improve weather forecasting. For example, Seifert et al. (2012) used a consortium for small-scale 

model (COSMO) to investigate possible aerosol-cloud-precipitation effects over Germany. In their 

study, aerosol effects on clouds and precipitation were modelled using an advanced two-moment 

microphysical parameterisation coupled with the radiation scheme. The microphysical 

parametrisation was set to take into account the aerosol assumptions for cloud condensation nuclei 

(CCN) and also ice nuclei (IN). The results showed that, on average, CCN and IN assumptions have 

a small effect on surface precipitation even though the effect is very strong on cloud properties. 

Khain et al. (2010) investigated the effects of aerosol on the intensity of land falling hurricanes over 

the United States using the weather research and forecasting (WRF) model. The model uses the 

spectral bin microphysical scheme that calculates at each time step and in each grid point the size 

distributions of atmospheric aerosols, water drops, cloud ice and hail. The results showed that 

continental aerosols affect the spatial distribution of cloudiness, resulting in weakening of hurricanes 

prior to its landfall. 

The effect of aerosol particles on predicted near surface temperature has long been recognised. 

Robock (1991) investigated the impact of extensive forest fires on model output statistics (MOS) 

surface temperature forecasts over different regions around the globe. The study showed that smoke 

cloud can decrease the near surface temperature by a magnitude of between 1 and 7o C during 
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daytime, with a possible maximum decrease of 20o C. Consistent with other previous studies, Zhang 

et al. (2016) confirmed that aerosol from biomass burning or forest fires has a cooling effect on 

simulated near surface temperature during the day over the Midwestern United States. This cooling 

effect is due to black carbon aerosols formed during the burning process, which absorb solar 

radiation at the top of the atmosphere, thereby reducing heat energy from the sun that reaches the 

surface.  

The exclusion of radiative effects from absorbing and scattering aerosols such as biomass burning 

and mineral dust has resulted in inconsistencies in the accuracy of predicted temperature and 

surface energy budgets over some parts of the globe. For example, Milton et al. (2008) showed that, 

in West Africa, during dry season, the exclusion of dust effect resulted in a warm bias on temperature 

forecasts using the MetUM. In addition, Pérez et al. (2006) showed that mineral dust radiative effects 

could lead to improvements in NWP forecast. In their study (Pérez et al., 2006), significant 

improvements of the atmospheric temperature and mean sea-level pressure forecasts were found 

over dust affected areas by considerably reducing both warm and cold temperature biases existing 

in the model output without dust radiation interactions.  

Apart from the few elaborated study examples in the previous paragraphs, there are many studies 

around the world that have looked at the effects of aerosols on simulated weather parameters (e.g. 

Chapman et al., 2009; Grell et al., 2011; Ge et al., 2014; Mulcahy et al., 2014; Kolusu et al., 2015; 

Rémy et al., 2015, just to mention a few). It is clear from the literature that aerosol particles have a 

direct effect on atmosphere through scattering and absorption of solar radiation, thereby affecting 

near surface parameters such as temperature, and indirect effects by modifying cloud properties. 

The literature shows that most of the studies that have investigated the effects of aerosols on NWP 

short-range simulated near surface parameters for the purpose of improving weather forecast have 

been conducted somewhere else not in South Africa. For that reason, this creates a research gap 

on understanding the effects of aerosols on simulated short-range weather in a country. This study 

will investigate the impact of aerosols on simulated near surface temperature as a way of improving 

weather forecasting.  

 



25 
 

CHAPTER 3: DATA AND METHODS 

3.1 The MetUM model 

The Met Office Unified Model (MetUM) (Davies et al., 2005) is the name given to an atmospheric 

and oceanic numerical modelling software suite that has been developed and used at the United 

Kingdom Meteorological Office (UK Met Office) (Greed, 2017). The model is designed in such a way 

that it can support or can be run in both the global and regional domains. In addition, the modelling 

system supports the running in atmosphere only, ocean only, or in coupled mode. The MetUM can 

be used for prediction across spatial and temporal scales, which range from short-term forecast to 

climate simulation (Greed, 2017). The model became operational at the UK Met Office in 1991 

(Brown et al., 2012).  

In common with other atmospheric models, the MetUM uses a set of equations that describe the 

evolution of atmosphere over time. These equations include equations of motion, the energy 

equation, the continuity equation and the equation of state. All these equations characterise the 

MetUM dynamical core (Davies et al., 2005). The atmospheric prediction scheme is based on 

hydrostatic primitive equations, meaning the model atmosphere is always in hydrostatic balance and 

there are no vertical accelerations (Greed, 2017).  

Prior to 2002, the MetUM was formulated on a staggered Arakawa B-grid with split-explicit time 

integration using a forward-backward approach for the adjustment step and a Heun scheme for the 

advection step (Cullen & Davies, 1991). In 2002, a staggered Arakawa C-grid in the horizontal and 

staggered Charney-Phillips grid in the vertical were introduced (Davies et al., 2005; Greed et al., 

2017). The model uses a grid-point scheme on the mentioned grids in horizontal and vertical 

directions.  

As stated previously in this chapter, the modelling system supports the run in both global and regional 

domains. The lateral boundary conditions (LBC) created by the global configurations are used to 

support the running of the regional domain. This lateral boundary conditions from the global 

configuration can be imposed to a regional one every six hours or three hours or on hourly interval. 

The advantage of running the regional configuration is that the forecast can be produced at much 

higher spatial resolutions (see Webster, 2017 and Rajagopal et al., 2012 for examples). Several 

regional domains may also be nested within each other. The choice of horizontal and vertical 

resolutions depends mostly on the available computing power and a number of standard resolutions 

(Greed, 2017). 

In addition, the modelling system is capable of doing reconfiguration by processing the model’s initial 

data as per the wishes of the user. For example, the reconfiguration allows the changing of horizontal 

or vertical resolution of the atmosphere mode. Reconfiguration also allows the creation of a limited 
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area region (Greed, 2017). The model also has capability of including ancillary files. These ancillary 

files are required to provide certain inputs to the modelling system; for example, an ancillary file that 

specifies the height of the terrain or the location of land/sea points on a grid. Furthermore, the 

ancillary files are required to allow for the effects of temporally varying quantities such as surface 

vegetation, snow cover, aerosols or wind stress (Greed, 2017). The choice of whether to include 

ancillary data will depend on the application. 

3.2 Model set-up 

The model simulations produced in this study were created using the MetUM nesting suite. This 

MetUM nesting suite is capable of running multiple configuration with different horizontal resolutions 

at once (Prasanna et al., 2016). The suite was run with and without aerosol climatologies of dust and 

biomass burning aerosols to produce 48-hour model simulations for every day of September 2015. 

A schematic diagram showing the experimental set-ups that will be discussed under this section is 

show in Figure 3.1. 

 

Figure 3.1: Schematic diagram showing the experimental design and part of model output evaluation 

process.  

The nesting suite was set up in such a way that it splits 48-hour model simulations into eight small 

chunks, to reduce the high performance computer (HPC) resources required and consequently fit 

computationally expensive jobs within HPC queue limits. This means that each small chunk contains 

six-hour model simulations. The 24-hour was chosen to be the hour between two successive cycles, 

and it corresponds to running only one cycle per day, driven by either 00UTC or 06UTC or 12UTC 

or 18UTC initial data. However, the simulations in this study were driven by 00UTC initial data, where 

each new run of the day was initialised using a new dump (initial) data file. 
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The driving model used horizontal grid spacing of 1536 x 1152 grid points (17km horizontal 

resolution) similar to the Global Atmosphere 6.0 (GA6.0) configuration operational suite of the Met 

Office (Walters, 2017), covering the whole globe. On the other hand, the nested region model used 

475 x 360 grid points, centred at latitude and longitude: 28.0o S; 24.5o E, respectively. The horizontal 

grid spacing used by the nested region model is 0.04o x 0.04o, which corresponds to a horizontal 

resolution of approximately 4.4 km. The vertical resolution of the nested region model was set to 70 

levels, which is approximately 40km to the top of the atmosphere. The domain of the nested region 

model covers an area from 18o S to 38o S and 16.5o E to 33o E. Figure 3.1 shows the orography and 

domain of the nested 4.4 km horizontal resolution model. 

 

Figure 3.2: The nested 4.4 km horizontal resolution model domain and the orography in metres (m) 

The radiation scheme employed is the radiative transfer over resolved topographic features by 

Manners et al. (2011), which is suitable for use with two-stream radiation code of Edwards and Slingo 

(1996). Firstly, in the short-wave bands, the effects are the interaction of direct solar radiation with 

the surface slopes and shading by surrounding topography. Secondly, in the long-wave bands, the 

effect is the transfer of radiation between visible points on the topography using the sky view factor 

for a sloping surface and the enhanced area of the slope (Manners et al., 2011). Lastly, the mean 

flux into the surface is independent of resolution over an extended region where energy is conserved.  

The direct aerosol effect is modelled through the coupling of the CLASSIC scheme to the model’s 

radiation scheme. See a brief description of the CLASSIC scheme in Chapter 2. The dust and 

biomass burning CLASSIC aerosols have a prescribed lognormal number size distribution as already 
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mentioned, and a set of wavelength dependent refractive indices (Bellouin et al., 2011; Mulcahy et 

al., 2014). The Mie calculations are used to calculate the optical properties of aerosol. The calculated 

optical properties are then averaged across the short-wave and long-wave bands of the modelling 

system and then passed to the radiation scheme for use during model integration (Mulcahy et al., 

2014).  

The aged smoke in the CLASSIC scheme is assumed to act as CCN, as stated under section 2.7, 

and there may be indirect effects associated with it. In the MetUM, the dominant aerosol type for 

CCN is sulphate (Johnson et al., 2014), and the assumption is that biomass smoke is supplementary 

to sulphate aerosol (i.e. the indirect effects must be active for sulphate aerosol, for it to be available 

for biomass smoke). It must be noted that the sulphate aerosol is not part of the model set-up for 

this study, and therefore the indirect effects of biomass burning will not be considered. In addition, 

the indirect effects from the dust aerosol climatology are also not considered.  

Large-scale precipitation is parametrised using a scheme that is based on Wilson and Ballard’s 

(1999) mixed-phase precipitation scheme. Light rain and drizzle falling speeds were parametrised 

using the speed based on Abel and Shipway (2007). The warm rain processes (auto-conversion and 

accretion) are parametrised based on the scheme of Khairoutdinov and Kogan (2000, MWR). 

Furthermore, the auto-conversion and accretion are bias corrected for sub-grid variability in cloud 

and rain water based on the parametrisations discussed in Boutle et al. (2014). The ice particle 

distributions are parametrised using the scheme of Field et al. (2005), which calculates the 

microphysical transfer rates between ice and other water species. 

Other parameterisations include convection, boundary layer, clouds and land surface. Convection is 

represented by mass flux with the turbulent alternative convection scheme of Gregory and Rowntree 

(1990), and the assumption is that there are many clouds per grid box. The boundary layer is 

parametrised using the method described in Lock et al. (2000). The approach to represent the 

boundary layer is through the use of a long-standing diagnostic K-profile scheme that uses the 

resolved state of the atmosphere and surface to specify directly the turbulent diffusivities that are 

used to calculate the turbulent fluxes (Lock et al., 2000). Clouds are parametrised using the mixed 

phase scheme similar to precipitation (Wilson & Ballard, 1999). Separate values for cloud water and 

cloud ice mixing ratios are used for fractional cloud cover. The calculated cloud fraction and 

condensate amounts by the cloud scheme are then used as inputs to the radiation scheme (Greed, 

2017). The land surface is parametrised using the Joint UK Land Environment Simulator (JULES) 

scheme. This JULES scheme uses the characteristics associated with soil and vegetation types to 

calculate fluxes of heat, momentum and carbon at the surface-atmosphere interface (Greed, 2017). 
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3.3 Evaluating the Hadley Global Environmental Model 

a) Aerosol climatologies  

The aerosol climatologies are generated by the HadGEM2 climate simulations using the CLASSIC 

aerosol scheme (Bellouin et al., 2011). The tropospheric aerosol species are derived from a multi-

year HadGEM2 simulation in the form of monthly means (Bellouin et al., 2011; Kolusu et al., 2015) 

containing mass mixing ratios. The monthly mean aerosol climatologies for dust and biomass 

burning aerosols were used to initialise aerosols information within the model in this study. The 

tropospheric aerosol species represented within the scheme include sulphate, mineral dust, biomass 

burning, organic carbon from fossil fuel, black carbon, sea salt and nitrate aerosol. However, to avoid 

the computational cost associated with running a fully coupled prognostic aerosol scheme, and also 

the complexity of setting up the scheme, only biomass burning and mineral dust aerosol species 

were included during model set-up for this study. In addition, the dust and biomass burning aerosol 

species is found to be very high during the selected study case period (dry season) (Swap et al., 

2003; Abel et al., 2003, Schmid et al., 2003; Silva et al., 2003; Haywood et al., 2003, Piketh et al., 

1999; Justice et al., 1996; Andreae, 1991; Tesfaye et al., 2011). The monthly mean aerosol 

climatologies (mineral dust and biomass burning) time series were then plotted separately for the 

purpose of seasonal cycle comparison against observation (AERONET and MODIS). 

b) Aerosol robotic network surface measurements 

The aerosol robotic network (AERONET) is an automatic sun and sky scanning spectral radiometer 

that is used to provide globally distributed observations of spectral aerosol optical depth (AOD), 

inversion products, and precipitable water in diverse aerosol regimes (Holben et al., 1998). The 

archived AERONET observation data are divided into three quality levels: level 1.0 for raw data, 

level 1.5 for cloud-screened data and level 2.0 for quality assured data (Holben et al., 2001; Smirnov 

et al., 2000). The 500 nm AERONET AOD at level 2.0 data for Skukuza was downloaded and used 

for seasonal cycle comparison with 20-year monthly mean mass mixing ratios (aerosol climatologies) 

from HadGEM2 at Skukuza. The Skukuza station is chosen according to the completeness of the 

observation dataset in an 11-year period from 2000 to 2010.  

Skukuza is located in the Kruger National Park (north-eastern part of South Africa) in the 

Mpumalanga province. This AERONET station is one of the first sites operating in southern Africa 

since 1998 (Queface et al., 2011; Piketh et al., 1999; Kumar et al., 2013). The site is over the rural 

area that is affected mostly by biomass burning aerosols during the dry season and other aerosols 

from other regions that are transported by the air masses (e.g. desert dust from the Kalahari in the 

north-western side of South Africa) (Sivakumar et al., 2010, Ogunjobi et al., 2008, Queface et al., 

2011, Horowitz et al., 2017). 
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Due to incompleteness of AOD surface observations between 2000 and 2010 at other AERONET 

stations across the country, MODIS satellite data have been used for seasonal cycle comparison on 

such stations (grid points). These stations include Upington (28.379o S; 21.156o E), Simonstown 

Institution for Maritime Technology (IMT) (34.193o S; 18.446o E), Pretoria CSIR (25.757o S; 27.280o 

E), Bethlehem (28.248o S; 28.333o E) and Durban University of KwaZulu Natal (UKZN) (29.817o S; 

30.944o E). 

c) MODIS satellite data 

The MODIS instrument that is operating on National Aeronautics and Space Administration (NASA) 

Terra and Aqua satellites makes globally daily observations of the earth in a spectra range of 

between 0.41 to 15 µm (Remer et al., 2005). The spectral AOD and aerosol size variables over land 

and ocean are then derived from these daily observations. This MODIS data are an ideal platform to 

observe changes in tropospheric aerosol distribution due to a wide spectral range, and high spatial 

resolution coverage. The Terra platform of MODIS has provided AOD observations from 1999, while 

the Aqua platform started in 2002 (Remer et al., 2005). Collection 5, level 2, daily AOD product at 

550 nm wavelength, which includes information from over the bright land surfaces, have been 

downloaded for the purpose of seasonal cycle comparison at those mentioned stations with 

incomplete data between 2000 and 2010. The downloaded AOD is at a spatial resolution of 10 km 

x 10 km.  

3.4 Evaluating near surface temperature predictions of MetUM 

a) SAWS observation 

There are over 200 automatic rainfall stations (ARS) and automatic weather stations (AWS) across 

South Africa. Parameters recorded at these stations include near surface temperature, dew point 

temperature, mean sea level pressure, wind speed and direction, and rainfall. The data are archived 

daily at the SAWS climate database. The data only cover South Africa and may be useful for point-

to-point verification. Data archives are available for hourly, six-hourly and daily averaged 

observational data. The six-hourly near surface temperatures from 1 September to 2 October 2015 

were extracted from the SAWS climate database. The times for extracted observations are 00Z, 06Z, 

12Z and 18Z. The data are quality controlled (Kruger & Shongwe, 2004). The spatial distribution of 

ARS/AWS can be seen in Figure 3.2. The stations are distributed across the provinces, though 

coverage is sparse over the Northern Cape and the escarpment that ranges from the Western Cape, 

through the eastern part of South Africa towards Limpopo. The escarpment can clearly be seen in 

Figure 2.1.  

The extracted six-hourly near surface temperatures were used to evaluate the performance of 

MetUM runs in both with and without aerosol scheme in predicting such temperatures. The formula 
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translation (Fortran) program was written in order to read and convert SAWS station data to a grid 

analysis and display system (GrADS) readable binary format.  

 

Figure 3.3: The spatial distribution of South African Weather Service stations (combination of AWS 

and ARS) 

b) Integrated Global Radiosonde Archive data 

The Integrated Global Radiosonde Archive (IGRA) is the radiosonde dataset that is archived at the 

National Climatic Data Centre (NCDC). IGRA consists of radiosonde and pilot balloon observations 

at more than 1 500 globally distributed stations with varying periods of record, many of which extend 

from the 1960s to present (Durre et al., 2006). Observed parameters include pressure, temperature, 

geopotential height, dew point depression, wind direction, and wind speed at standard, surface, 

tropopause and significant levels. IGRA data are updated on a daily basis and are available online 

from NCDC as both individual soundings and monthly means (Durre et al., 2006). The data are 

quality controlled (Durre et al., 2006; Durre & Yin, 2008).  

A downloaded IGRA dataset was used to evaluate the performance of the MetUM run without 

aerosol scheme in predicting temperature at standard pressure levels. It must be noted that the 
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MetUM simulations with aerosol scheme on, do not include temperature output at pressure levels, 

since the overall aim of this study focuses on near surface temperature. Consequently, the 

evaluation of vertical temperature from MetUM with aerosol will not form part of this study.  

Four stations were chosen based on the completeness of the observation records from 1 to 30 

September 2015. From four selected stations, two stations are inland and the other two are coastal. 

The two inland stations are Pretoria Irene, which is situated at 25.91o S latitude and 28.21o E 

longitude, and Bloemfontein, which is at 29.10o S latitude and 26.30o E longitude. On the other hand, 

the coastal stations are Port Elizabeth, which is situated at 33.98o S latitude and 25.61o E longitude 

and Cape Town, which at 33.97o S latitude and 18o E longitude. The time for extracted observation 

record is 12Z. The Python program was written to plot vertical temperature profiles using observed 

IGRA and extracted MetUM no aerosol simulations at all four stations 

3.5 The impact of an aerosol scheme on surface temperature simulations of the MetUM 

Verification of NWP models can either be done subjectively or objectively. Subjective verification 

methods are based solely on human interpretation of observations and forecasts. The results from 

subjective verification method are based on personal judgement. In addition, results from this method 

of verification are not quantitative and the interpretation can be biased, so the method must be used 

with caution (Gordon & Shaykewich, 2000). The objective verification method, on the other hand, is 

based on statistical comparison between forecasts and observed values (Gordon & Shaykewich, 

2000). In this study, the objective verification method was applied through the calculation of the 

traditional verification scores to verify continuous variables using the model evaluation tools (MET). 

The verification statistical scores such as root mean square error (RMSE), bias and the Pearson 

correlation coefficient were calculated using model evaluation tools (MET) as already mentioned 

previously in this chapter for MetUM runs with (scenario A) and without (scenario B) aerosol scheme. 

MET is a highly configurable, state-of-the-art suite of verification tools designed for the verification 

and evaluation of numerical weather forecasts (DTC, 2015). Developmental Testbed Centre (DTC) 

developed the MET tool with the aim to verify the weather research and forecasting (WRF) modelling 

system. However, the tool can also be run on the output of other modelling systems, due to standard 

data formats used (DTC, 2015).  

MET contains different tools used to verify several variables either continuous or categorical. These 

tools include: ASCII2NC Tool, Point-Stat Tool, PCP-Combine Tool, Grid-Stat Tool, Wavelet-Stat 

Tool, Stat-Analysis, Ensemble-Stat Tool, MODE Tool and MODE-Analysis Tool. In this study, the 

Point-Stat Tool was applied in order to compute the traditional verification statistical scores 

mentioned previously in this chapter for both scenarios A and B. The Point-Stat Tool gives 

verification statistics at observation points and it computes both continuous and categorical statistics 

(DTC, 2015).   
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The Point-Stat uses different methods to match gridded model output to point observations. Vertical 

and horizontal matching is done separately. The vertical matching or interpolation is done in natural 

log of pressure coordinate (DTC, 2014). However, if the forecasts and observations are at the same 

vertical levels or at the surface, then no interpolation is required, they are pared as is. The horizontal 

plane matching uses several methods that the user can choose from (DTC, 2014). These methods 

include the following: Least-squares fit, median, unweighted mean, distance-weighted mean, 

maximum value, minimum value, nearest neighbour and bilinear interpolation. In this study, the 

distance-weighted mean is used in order to allocate more weight to a model grid point value that is 

found closer to the observation station.  

The method used within the Point-Stat tool to compute verification scores follows the philosophy of 

Murphy and Winkler (1987). The mean error (ME) is defined as a measure of overall bias for 

continuous variables; therefore, the ME is assumed to be equal to bias and equation 1 represents 

this. 

ME = Bias =
1

n
∑ (Fi

n
i=1 − Oi)                                            (2) 

The perfect forecast has ME=Bias=0. In equation 1, F represents the forecasts, O represents 

observations, n represents the number of forecast-observation pairs.   

The RMSE is defined as the square root of the mean squared error (MSE), where the MSE is defined 

as the average squared error of the forecasts. The RMSE is given by the following equation: 

RMSE = √
1

𝑛
  ∑ (F𝑖−  

𝑛
𝑖=1 Oi)

2                                                (3) 

The perfect forecast has RMSE=0 and letters F, O and n have the same meaning as in equation 2. 

The strength of linear association between the forecasts and observations was measured through 

the calculations of Pearson’s correlation coefficient, r, and the equation is given below, where m 

represents the mean and other letters have same meaning as in equation 2: 

𝑟 =
∑ (F𝑖−F𝑚)(O𝑖−𝑂𝑚)𝑛

𝑖=1

√∑(F𝑖−F𝑚)2√∑(F𝑖−F𝑚)2
                                          (4) 

The Pearson correlation coefficient ranges between -1 and 1, where a value of 1 indicates perfect 

correlation and a value of -1 indicates perfect negative correlation. A value of 0 indicates that the 

forecasts and observations are not correlated.  

The forecast standard deviation (Sf) of simulations with and without aerosols per forecast hour was 

calculated using the following equation:  
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𝑠𝑓 = √𝑠2                                                                           (5) 

Where S2 is the sample variance of the forecast, which is given by the following equation: 

𝑠2 =  ∑ (𝐹𝑖 − 𝐹𝑚)2𝑛
𝑖=1                                                         (6) 

In this study, the gridded model raw output files were converted to GRIB1 format and the SAWS 

station’s observation to NetCDF format. This conversion was done so that the data can be in 

standard formats that are supported by the point-stat tool. The verification scores were then 

calculated for each pair of model data (either scenario A or B) versus observation. The calculated 

verification scores for scenarios A and B were plotted against each other on time series. The plotted 

time series for scenario A was then compared against the one for scenario B. This comparison was 

done in order to determine which scenario best represents the perfect value for each calculated 

verification score. 

In order to test for significance of the strength of the relationship of calculated verification scores 

(Bias, RMSE, and Pearson correlation coefficient) between the MetUM simulations with and without 

aerosols, the p-value was calculated using the linear regression t-test at 5 % (α=0.05) significance 

level. A t-distribution was applied with degrees of freedom (df), and test static (t) given by the 

following equations:  

𝑑𝑓 = 𝑛 − 2                                                                   (7) 

and  

𝑡 =
𝑟√𝑛−2

1− 𝑟2                                                                       (8) 

Where n is the sample size, and r the linear correlation coefficient. The null hypothesis (H0) is that 

there is no significant linear relationship between the calculated bias, and between the calculated 

RMSE, and between Pearson correlation coefficient scores of MetUM near surface temperature 

simulations with and without aerosols. The alternate hypothesis (Ha) is that there is a significant 

linear relationship between the aforementioned verification scores. The H0 is rejected if the p-value 

is less than the significance level (α=0.05) and not rejected if the p-value is not less than the 

significance level  

3.6 Summary 

The MetUM set-up has been described, and information regarding the HadGEM2 aerosol 

climatologies and observation data (AERONET, MODIS, SAWS observation, and IGRA) has also 

been explained. The verification methods have been elaborated upon.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter describes the comparison of seasonal cycles between mass mixing ratios of biomass 

burning and dust (aerosol climatologies), and the observations (AERONET and MODIS) data at 

selected AERONET stations across South Africa. The evaluation of MetUM on predicting near 

surface (1.5 m) temperature over the country is also described. The MetUM simulated vertical 

temperatures without aerosols were verified for inland and coastal stations. In addition, the 

evaluation of MetUM with and without aerosol climatologies is elaborated upon. Finally, the 

evaluation of MetUM was done through subjective and objective verification methods.  

4.2 Evaluation of simulated aerosol climatologies 

The evaluation of simulated 20-year monthly mean aerosol climatologies was done through the 

comparison of the seasonal cycle between the aerosol climatologies (mineral dust and biomass 

burning mixing ratios) and the AERONET AOD observation at Skukuza. For all other selected 

AERONET stations (Pretoria CSIR, Simonstown IMT, Durban UKZN, Bethlehem and Upington) with 

incomplete AOD observation between 2000 and 2010, MODIS AOD was used to evaluate simulated 

aerosol climatologies. It must be noted that the used aerosol climatologies are mass mixing ratios 

as already highlighted before in this section, and the numbers of assumptions to convert these mixing 

ratios to AOD were thought to jeopardise the results, and therefore they were used as is, for 

comparison with observation AOD. This comparison was done in order to see whether the seasonal 

cycle between the simulated aerosol climatologies and aerosol observations’ (AERONET and 

MODIS) AOD have similar trends, and consequently the reliability of these climatologies as model 

input.  

It is must be noted that Skukuza is located in the Mpumalanga province, as was previously 

mentioned, and situated at a latitude of 24.992o S and longitude of 31.587o E. The 11-year calculated 

AERONET AOD monthly means, 20-year monthly mean dust and biomass burning aerosol 

climatologies at Skukuza are plotted on time series as can be seen in Figure 4.1. The time series of 

AERONET depicts that the AOD at 500 nm wave length starts to increase in July, peaks in October, 

then descends in November and December. The AERONET time series further shows that the AOD 

values are low between December and July. The period between July and October is mostly dry in 

Mpumalanga where the Skukuza AERONET station is located and the possibility of open fires is 

very high. The total biomass burning mass mixing ratio time series show that the biomass burning 

starts to increase more in June, peaks in August and descends through to December. In addition, 

the total biomass burning aerosol climatology time series show that the mass mixing ratios values 

are low between November and April. The dust aerosol climatology time series show that the peak 

of total mass mixing ratios is during the spring season in October. The dust time series further show 

that the low total mass mixing ratio values are between March and July (see Figure 4.1). These 
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seasonal cycles are similar to those found in previous studies (e.g. Andreae, 1991; Cahoon et al., 

1992; Piketh et al., 1996; Lindesay et al., 1996; Swap et al., 2003; Schmid et al., 2003; Silva et al., 

2003; Abel et al., 2003; Haywood et al., 2003; Tesfaye et al., 2011; Kumar, 2015).  

 

Figure 4.1: The seasonal cycle of AERONET AOD observation (top), and simulated biomass burning 

(bottom left), and simulated dust (bottom right) aerosol climatologies at Skukuza 

The Pretoria CSIR station (25.757o S; 27.280o E) is situated over the central northern part of South 

Africa. The MODIS AOD seasonal cycle shows a maximum value in October and a minimum value 

in May (see Figure 4.2). The decrease in AOD from December to May is associated with a rainfall 

season that may result in aerosol particle wet deposition and a weak generation of aerosols and 

dispersion. The seasonal cycle of biomass burning climatology assumes minimum mass mixing ratio 

values during December to March, and a peak in August. On the other hand, the dust climatology 

peaks during September and October.  



37 
 

 

Figure 4.2: Shows the seasonal cycle of MODIS AOD observation (top), and simulated biomass 

burning (bottom left), and simulated dust (bottom right) aerosol climatologies at Pretoria CSIR 

Bethlehem is situated over the central eastern part of the country in the Free State at a latitude 

28.248o S and longitude 28.333o E. The 11-year monthly means MODIS AOD at 550 nm, 20-year 

monthly mean dust and biomass burning aerosol climatologies are plotted in Figure 4.3. Both the 

climatologies depict that the total mass mixing ratios are at a peak during September, which is not 

in agreement with the MODIS AOD, which peaks in October. Similar to Skukuza, Bethlehem is dry 

during the spring season and the significant contribution of aerosol particles is probably by the 

transport of air mass from the dusty desert regions of the Northern Cape and Free State (an intensive 

agricultural place). The biomass burning showed that the total mass mixing ratio values are low 

between November and June (see Figure 4.3). Looking at the full seasonal cycle from January to 

December, the dust climatology depicts that the mass mixing ratio seasonal cycle is partially in 

agreement with the MODIS AOD one, but with the peaks that are month shifted.  
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Figure 4.3: The seasonal cycle of MODIS AOD observation (top), and simulated biomass burning 

(bottom left), and simulated dust (bottom right) aerosol climatologies at Bethlehem 

Durban UKZN station is situated over the eastern coast of the country at a latitude of 29.817o S and 

longitude 30.944o E. The station is situated in a region where approximately 75% of air masses exit 

the country as discussed in Chapter 2. In addition, KwaZulu-Natal is dominated by sugarcane 

farming and refineries, where the sugar cane is burnt for preindustrial processes during August to 

September. The monthly means plotted in Figure 4.4 depict that the total biomass burning mass 

mixing ratios peak much earlier in September when compared to 550 nm MODIS AOD, which peaks 

in October. The low biomass burning mass mixing ratio values are between December and April, 

where the MODIS AOD values are also low. These low values (aerosol climatologies and AOD) 

might be associated with the rainy season and weak aerosol particle generation and dispersion from 

local and surrounding regions. The seasonal cycle pattern of biomass burning aerosol climatology 

is fairly in agreement with the AOD one, with peaks falling within the spring season. On the other 

hand, the dust aerosol climatology depicts two peaks: one in May and the other in September, and 

the seasonal cycle pattern is much different from the MODIS AOD one.  
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Figure 4.4: The seasonal cycle of MODIS AOD observation (top), and simulated biomass burning 

(bottom left), and simulated dust (bottom right) aerosol climatologies at Durban UKZN 

The Upington station (28.379o S; 21.156o E) is situated over the arid/semi-arid region of the Northern 

Cape in the western side of South Africa. The driest month for this station is July and the wettest 

month is March (Kruger, 2008). The monthly mean seasonal cycles plotted in Figure 4.5 showed 

that the biomass burning aerosol climatologies peak in September, similar to MODIS AOD, while 

dust peaks two months later in November. The seasonal cycle pattern of simulated dust is fairly in 

agreement with the AOD one, except the peak month, and the declination can be seen from January 

towards June (the lowest values are in June). The biomass burning seasonal cycle depicts low 

values between December and April, as was the case in Bethlehem and Durban UKZN.  
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Figure 4.5: Shows the seasonal cycle of MODIS AOD observation (top), and simulated biomass 

burning (bottom left), and simulated dust (bottom right) aerosol climatologies at Upington 

The Simonstown IMT station (34.193o S; 18.446o E) is situated over the western coastal region of 

South Africa in the Western Cape. This region is surrounded by the ocean, where the marine aerosol 

particles are typically dominant, but with possible aerosols originating from the urban or industrial 

Cape Town area. The seasonal cycle of MODIS AOD shows minimum peaks in March, June and 

November, and a maximum peak in September (see Figure 4.6). The minimum AOD peaks may be 

associated with the availability of only limited local aerosol generation due to wind ablation of mineral 

dust particles. In addition, during the winter months, the rainfall amount is at maximum and aerosols 

may be removed by wet deposition resulting in low AOD values in June. The maximum AOD in 

August/September may be associated with the presence of urban aerosols and biomass burning 

particles (local and those particles transported from the central part of South Africa). The simulated 

biomass burning climatology seasonal cycle follows an annual oscillation pattern with minimum mass 

mixing ratios values in the summer months (November-December-January), and a maximum in early 

spring (August) (see Figure 4.6). For dust climatology, the model seems to have struggled to 

simulate the seasonal cycle pattern as compared to the AOD one, especially in June, where the 

simulated mixing ratio values are at a maximum peak. As already mentioned, the rainfall amount is 

maximum during the winter months over the western coast of the country, as such wet deposition 

must be high; however, the simulated dust shows a peak in June, which is not in agreement with the 

AOD.  



41 
 

 

Figure 4.6: Shows the seasonal cycle of MODIS AOD observation (top), and simulated biomass 

burning (bottom left), and simulated dust (bottom right) aerosol climatologies at Simonstown IMT 

In general, the biomass burning climatology assumes minimum mixing ratio values between 

December and April, and peaks during early spring (August) or in September at selected stations. 

The overall seasonal cycle of biomass burning is also supported by previous studies (e.g. Swap et 

al., 2003; Abel et al., 2003; Schmid et al., 2003; Silva et al., 2003; Haywood et al., 2003; Tesfaye et 

al., 2011), who found that South Africa experiences drastic turbidity due to high levels of biomass-

burning aerosol loading during August to October, relative to other months. The dust climatology, on 

the other hand, shows maximum peaks during the spring season for all other selected stations, 

except in Simonstown IMT where the maximum peak is in June. The AOD from aerosol observations 

shows maximums values in September or October when compared to all other months. This 

evaluation shows that the biomass burning and dust aerosol climatologies are reasonable in 

capturing the AOD seasonal cycle and gives an idea of when aerosols over different regions of South 

Africa are at maximum and minimum. However, there are also areas where the climatologies are 

showing deficiencies from the observed AOD, such as the aforementioned simulated dust peak in 

Simonstown IMT.  

4.3 Evaluation of MetUM temperature simulations over South Africa 

The evaluation of MetUM temperature simulations was done firstly through the subjective 

(qualitative) comparison of MetUM near surface temperature simulations against SAWS 
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observations. This process of subjective comparison is done by comparing model simulations side 

by side and evaluating them against observations for the purpose of deciding whether the forecast 

looks correct or not. The simulated 12Z vertical temperature was also subjectively assessed against 

IGRA observations to see how the MetUM without aerosol is performing in the vertical direction. It 

must be noted that the verification of MetUM vertical temperature profile is not included in this study, 

given the reasons provided in Chapter 3, section 3.4 b). The differences between the no aerosol and 

with aerosol simulations (anomalies) were also displayed and subjectively verified.  

The SAWS observations are limited to South African domain only, as shown in Figure 3.2 and the 

re-gridded data over Swaziland, Lesotho and other neighbouring countries may be misrepresenting 

the measurements. In addition, the subjective verification is done in order to compliment the objective 

statistics, which will follow in section 4.4. Furthermore, it must be noted that the discussed case 

dates under the subjective verification are randomly selected from the main case study (September 

2015), since most dates show similar trends or patterns. Full subjective comparisons of the 

generated September 2015 MetUM temperature simulations are included in Annexures A, B and 

C.  

a) Subjective evaluation of MetUM near surface temperature simulations without aerosols 

against observation 

The qualitative verification between observations and the MetUM near surface temperature 

simulation without aerosols of 1 September 2015 for different forecast hours (06Z, 12Z, 18Z, 24Z, 

30Z, 36Z, 42Z and 48Z) is illustrated in Figures 4.7 to 4.10. The distribution of 06Z near surface 

temperature simulation from the model without aerosols and observations shows that the model was 

able to simulate the pattern of temperature similarly to what was observed. However, over the interior 

of the country in the Northern Cape, Free State and the Western Cape, the model seems to have 

simulated large areas of near surface temperatures that are between 4 and 8o C compared to what 

was observed, where the temperatures are between 8 and 12o C. Over the eastern parts of Limpopo, 

the model simulated the temperatures between 20 and 24o C, while the observation shows that such 

temperatures are over the western part of the province. Over the northern-eastern parts of KwaZulu-

Natal, the model seems to have simulated temperatures of between 20 and 24o C very well, since 

those temperatures were also observed (see comparison of 06Z temperatures in Figure 4.7). 

The distribution of 12Z near surface temperature from the model simulation on average seems to be 

comparable much better with what has been observed for the entire South African domain (see 

Figure 4.7). The temperatures of between 32 and 36o C have been simulated very well next to the 

border line on the eastern part of Limpopo and Mpumalanga. Those simulated temperatures next to 

the border line were also observed; however, the difference is the size of area covered by such 

temperatures between model forecasts and observations. Over the province border lines between 

the Northern Cape, Western Cape and Eastern Cape, the model simulated the cooler temperatures 
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of between 4 and 8o C compared to warmer temperatures of between 8 and 12o C that were 

observed. Gauteng and the north eastern parts of the North West are covered by similar simulated 

temperatures of between 24 and 28o C and also the ones of between 28 and 32o C (see Figure 4.7). 

These similar simulated temperatures over the two provinces were also observed with little 

differences on the size of the area at which the temperatures are distributed. 

 

Figure 4.7: The MetUM near surface temperature simulations in degree Celsius for different forecast 

hours (06Z and 12Z) and observations over South Africa. The first column (left) is the model 

simulation and second column is the observation.  

The 18Z simulated near surface temperatures in Figure 4.8 show that the southern parts of South 

Africa, which include provinces such as the Northern Cape, Free State, Western Cape and Eastern 

Cape, are entirely characterised by cooler temperatures of less than 20o C. Those cooler 

temperatures of less than 20o C were also observed over the same provinces. The cooler 

temperatures of between 4 and 8o C can clearly be seen over the escarpment, which extends from 

the Western Cape, parts of Northern Cape and Eastern Cape through to landlocked Lesotho. The 

observations do not clearly show such cooler temperatures of between 4 and 8o C, which might be 
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due to sparse observation data over the escarpment (look at the spatial distribution of the of SAWS 

ARS/AWS stations in Figure 3.2 in Chapter 3).  

The distribution of 24Z near surface simulated temperatures shows that the early morning cold to 

cooler temperatures of between 0 and 20o C are pronounced all over the country (see Figure 4.8). 

Those cold to cooler temperatures were also observed in most of the provinces around the country, 

except some areas of Limpopo where observed temperatures were between 20 and 24o C. The near 

surface temperatures of between 0 and 8o C (cold to cooler) are more pronounced in the high altitude 

areas of South Africa. These high altitude areas of height greater than 1 435.9 m above the mean 

sea level are shown in Figure 2.1 in Chapter 2.  

 

Figure 4.8: The MetUM near surface temperature simulations in degree Celsius for different forecast 

hours (18Z and 24Z) and observations over South Africa. The first column (left) is the model 

simulation and second column is the observation.  
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The morning of day 2 MetUM near surface temperature forecast (30Z) in Figure 4.9 still shows the 

cold to cooler temperatures of 0 and 20o C over the southern part of the country similarly as shown 

in 24Z temperature simulations in Figure 4.8. The model further simulated the cooler near surface 

temperatures of between 4 and 8o C towards the province border between the Northern Cape and 

North West; however, warmer temperatures of between 8 and 12o C were observed. The difference 

in areas covered by simulated and observed temperatures of between 20 and 24o C can clearly be 

seen over the Limpopo Province (see Figure 4.9).  

The afternoon of day 2 MetUM near surface temperature forecast (36Z) shows simulated warmer 

temperatures of between 32 and 36o C that extend from the northern to north-western part of the 

Limpopo Province (see Figure 4.9). Observation shows that these warmer temperatures shifted more 

towards the border between South Africa and Botswana. The interior of Limpopo, northern part of 

Gauteng, and north-eastern part of the North West have been dominated by simulated warm 

temperatures of above 24o C and such temperatures have also been observed with differences on 

area covered. The cooler simulated temperatures of 4o C to 20o C cover most of the areas over the 

Northern Cape, Eastern Cape, Western Cape and Free State, and such temperatures were also 

observed (see Figure 4.9 bottom row).   
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Figure 4.9: The MetUM near surface temperature simulations in degree Celsius for different forecast 

hours (30Z and 36Z) and observations over South Africa. The first column (left) is the model 

simulation and second column is the observation.  

During the evening of day 2 forecast (42Z), most of the provinces are dominated by cooler simulated 

temperatures of less than 20o C with the exception of some areas in Limpopo having near surface 

temperatures of between 20 and 28o C (see Figure 4.7 top row). The cooler temperatures of less 

than 20o C in most of the provinces were also observed. The mentioned exception over the Limpopo 

Province on simulated temperatures can also be seen on observed temperature with differences on 

the area covered. As expected, simulated temperatures over the escarpment are cooler (4-8o C) and 

these temperatures are not well represented by observation due to sparse data, as already 

mentioned.  

The early morning of day 2 forecast (48Z) shows simulated cold to cooler temperatures of between 

0 and 8o C over the interior of South Africa (this includes parts of Gauteng, the North West, Northern 

Cape, Free State, Western Cape and Eastern Cape) (see Figure 4.10 bottom row). These cooler to 

cold temperatures have been fairly represented by observation. The simulated temperatures of 
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between 16 and 20o C over the eastern parts of Kwazulu-Natal, Mpumalanga and Limpopo are well 

represented by observations. 

 

Figure 4.10: The MetUM near surface temperature simulations in degree Celsius for different 

forecast hours (30Z and 36Z) and observations over South Africa. The first column (left) is the model 

simulation and second column is the observation.  

Over the east coast (KwaZulu natal coastal areas) the model simulated warm near surface 

temperatures in most of the forecast hours which was also observed. These warm temperatures are 

likely due to the effect of warm Agulhas ocean current discussed under section 2.2 c (i.e. position 

relative to the distribution of land and sea). In contrast, the west coast is characterized by cooler 

near surface temperatures (simulated and observed) which might be due to the effect of cold 

Benguela current, also discussed under section 2.2 c. The topographical effect on near surface 

temperatures was also simulated well compared to observations, with the escarpment (described in 

section 2.1) having cooler temperatures as compared to the coastal plain and the interior plateau, 

for most of the forecast hours. The cloud effect on near surface temperature during day time (e.g. 

12Z and 36Z) can be seen over the eastern side of Western Cape and western side of Eastern Cape 

provinces, where temperatures (simulated and observed) remain below 12 oC (see Figures 4.7 and 
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4.9). It must be noted that it was overcast during day time at the aforementioned areas, and the 

cloud information is not graphical represented in this study.  

The qualitative verification completed in this section (4.3 a) shows that, on average, in the morning 

(06Z, 24Z, 30Z) and evening (18Z, 42Z) simulations, the model seems to reasonably capture the 

near surface temperature pattern and area covered by such temperatures when evaluated against 

observations. The afternoon (12Z and 36Z) simulations on average show that the model is fairly 

getting the temperature pattern right; however, the area covered by those temperatures is not clearly 

represented by observations. In addition, when one moves towards the last forecast hours (42Z, 

48Z), the model loses the ability to capture temperature patterns correctly, and also, the difference 

in area covered by those temperatures becomes large compared to observations. This trend of 

deterministic models (such as MetUM) that produce accurate forecasts for few days then the 

accuracy deteriorates with time is also indicated in Landman (2012). The patterns of simulated near 

surface temperatures against observations discussed in this section are similar in most of the case 

dates included in Annexure A. 

b) Evaluation of MetUM vertical temperature simulations 

Figure 4.11 shows a randomly selected date, 12Z vertical temperature simulation profile from the 

MetUM configuration without aerosols against observation at four locations, namely Pretoria Irene 

(25o S; 28o E), Bloemfontein Airport (29.10o S; 26.30o E), Cape Town International Airport (33.97o S; 

18.60o E) and Port Elizabeth (33.98o S; 25.61o E). It must be noted that this vertical temperature 

evaluation is limited to only four stations (which represent the inland and coastal), and is done for 

simulations without aerosols as already stated in the introduction of this chapter. Furthermore, the 

subjective verifications of simulated MetUM vertical temperature without aerosols for other dates of 

September 2015 are included in Annexure B.  

The simulated vertical temperature seems to under-estimate the observed temperature over the 

inland locations (Pretoria Irene and Bloemfontein Airport) near the surface (see Figure 4.11). At level 

850hPa the model underestimates the observed temperature over Pretoria Irene by a magnitude of 

approximately 1.9o C. Over Bloemfontein Airport, at the same level (850 hPa), the model 

underestimates the observed temperature by a magnitude of approximately 0.98o C. The opposite is 

the case over the coastal locations on predicted temperature near the surface (1000 hPa). Over 

Cape Town International Airport, the model over-predicted the observed temperature by a magnitude 

of approximately 1.68o C, while at Port Elizabeth, the value is approximately 3.15o C.  

In Pretoria Irene, between 600 hPa and 150 hPa levels, the model over-predicts the 12Z temperature 

then simulates similar temperature with observation between pressure levels 150 hPa and 50 hPa. 

Similar trends of simulated temperature seen over Pretoria Irene between 600 hPa and 150 hPa are 

also visible over Bloemfontein Airport, where the model is over-predicting the observed temperature. 

In addition, over Bloemfontein Airport, between pressure levels 150 hPa and 100 hPa, the model 
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under-predicts the temperature, then over-predicts between 100 hPa and 50 hPa. In Cape Town 

International Airport, between pressure levels 800 hPa and 500 hPa the model seems to be over-

predicting, then simulates more or less the same temperature with observations between 500 hPa 

and 200 hPa, and lastly over-predicts temperature between 200 hPa and 50 hPa pressure levels. In 

Port Elizabeth, between pressure levels 1 000 hPa and 700 hPa, the model is over-predicting the 

temperature, then simulates similar temperatures with observation between 700 hPa and 500 hPa, 

over-predicts temperature from 500 hPa to approximately 230 hPa, and lastly, over-predicting is 

visible towards the 50hPa pressure level.  

 

Figure 4.11: Vertical temperature profile from the MetUM for 4 September 2015. The blue lines 

represent model simulations and the black lines are observations. Inland stations (Pretoria Irene and 

Bloemfontein Airport) are at the top row, and the bottom row is coastal stations (Cape Town 

International Airport and Port Elizabeth) 

Figure 4.12 shows another randomly selected 12Z vertical temperature distribution of 10 September 

2015 at the same locations shown in Figure 4.11. In Pretoria Irene, the model seems to under-

estimate the temperature by a calculated value of 0.56o C at level 850hPa. In addition, between 

levels 850 hPa and 200 hPa, the model seems to have simulated similar temperature with 

observations in Pretoria Irene (see Figure 4.12). Furthermore, under-prediction of temperature 

between pressure levels 200 hPa and 150 hPa, and over-prediction between 150 hPa and 50 hPa 

are visible on Figure 4.12 over Pretoria Irene. At level 850 hPa, the model over-predicted the 12Z 

temperature by a calculated value of 0.85o C at Bloemfontein Airport. In addition, over Bloemfontein 
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Airport, from pressure levels of approximately 800 hPa to 400 hPa, the model simulated 12Z 

temperatures similar to the observed ones. Furthermore, the over-prediction and under-prediction of 

12Z temperatures are visible at pressure levels between 400 hPa and 250 hPa, and also between 

200 hPa and 50 hPa.  

In Cape Town International Airport, the model over-predicted the 12Z temperature by a calculated 

value of 7.07o C at pressure level 850 hPa (see Figure 4.12). The model then continues to simulate 

temperatures higher than the observed ones up until the 250 hPa pressure level; after then, the 

under-estimation of temperature is visible until 50hPa pressure level. Over Port Elizabeth, between 

1000 hPa and approximately 700 hPa, the model simulated temperature below the observed ones. 

The over-prediction is visible between 700 hPa and 250 hPa, then followed by under-prediction from 

250 hPa to 50 hPa pressure levels (see Figure 4.12). 

 

Figure 4.12: Vertical temperature profile from the MetUM for 10 September 2015. The blue lines 

represent model simulations and the black lines are observations. Inland stations (Pretoria Irene 

and Bloemfontein Airport) are at the top row, and the bottom row is coastal stations (Cape Town 

International Airport and Port Elizabeth) 

In both selected cases, 4 and 10 September 2015 on Figures 4.26 and 4.27 respectively, a trend of 

simulated 12Z vertical temperature, which decreases as the pressure is decreasing towards the 

tropopause layer, is depicted. This direct proportional relationship between vertical temperature and 
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pressure is due to radiation cooling as one moves towards the tropopause. In addition, if the selected 

cases were cloudy days, the condensation process and release of latent heat have added to the 

changes of temperature with height. Over the selected inland stations (Pretoria Irene and 

Bloemfontein Airport), the model seems to predict the 12Z temperature near the surface 

(approximately 850 hPa) much better when compared to the near surface (approximately 1000 hPa) 

simulated 12Z temperature over the coastal stations (Cape Town International Airport and Port 

Elizabeth). The errors (over-prediction and under-prediction) visible near the surface, mostly at the 

coastal stations, might be due to differences in model elevation and real (observed) topography. 

c) Subjective evaluation of MetUM near surface temperature simulations with and without 

aerosols against observation 

The qualitative verification between observations and the MetUM near surface temperature 

simulation with and without aerosols for different forecast hours (06Z, 12Z, 18Z, 24Z, 30Z, 36Z, 42Z 

and 48Z) is illustrated in Figures 4.13 to 4.20. The comparison of 06Z simulations initialised on 26 

September 2015 from the two MetUM configurations (without aerosols: top left corner) and (with 

aerosols: bottom left corner) in Figure 4.13 shows that, on average, the spatial distribution of near 

surface temperatures is in agreement in most areas of the study domain. The anomaly (top right 

corner on Figure 4.13), which is obtained by subtracting simulation with aerosols from the one 

without aerosols, shows that over the Cape’s provinces (Northern, Eastern and Western), the two 

mentioned simulations differ by a temperature of not more than 0.5o C. Comparing the simulations 

with observation (bottom right corner on Figure 4.13), both MetUM configurations (with and without 

aerosols) under-predict the near surface temperature over the western part of Limpopo and the North 

West. The simulated near surface temperature of 20 to 24o C, over the central interior of the Free 

State from both MetUM configurations is well simulated since they are also depicted by observations.   
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Figure 4.13: The 06Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs (with and without aerosols) (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015.  

The 12Z anomaly near surface temperature (top right corner on Figure 4.14) shows that the 

simulation differences between two MetUM configurations (top and bottom left corners in Figure 

4.14) are still over the Cape’s provinces. The two MetUM configurations differ by a temperature of 

less than or equal to 1.5o C. In addition, the temperature difference of between -1.5 and -1oC has 

been spotted over the Northern Cape. In addition, the 12Z anomaly (see Figure 4.14, top right corner) 

shows that the temperature difference of less than or equal to 0.5o C has started to move towards 

the northern part of South Africa, which includes parts of Free State, KwaZulu-Natal and North West 

as compared to the 06Z anomaly in Figure 4.13. Over some parts of the Western Cape, both the 

MetUM configurations under-predict the near surface temperature compared to observations.  
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Figure 4.14: The 12Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs (with and without aerosols) (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

The 18Z anomaly (top right corner on Figure 4.15) shows that the near surface temperature 

difference between the two MetUM runs (top and bottom left corner on Figure 4.15) has spread over 

most of the provinces of South Africa, except Mpumalanga and Limpopo. The MetUM runs seem to 

underestimate the near surface temperature over the south west part of Limpopo and also over the 

central part of the Northern Cape as compared to observation. 
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Figure 4.15: The 18Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM simulation runs (with and without aerosols) (top right 

corner) and observations (bottom right corner). The two MetUM runs were initialised with 00Z driving 

data from 26 September 2015. 

The 24Z near surface temperature simulations from MetUM configurations (top and bottom left 

corners in Figure 4.16) are in agreement with observations (bottom right corner in Figure 4.16) over 

the Western and Eastern Cape and Mpumalanga. The anomaly (top right corner in Figure 4.16) 

shows that the simulated temperature difference between the MetUM runs intensify over the 

southern part of the country. The simulated temperature differences of less than or equal to 0.5o C 

dominate most of the provinces. Few differences of simulated near surface temperatures of between 

-1.5 and -1o C, and 1.5 and 2.5o C are visible over the Northern Cape and Free State; see the anomaly 

in Figure 4.16 (top right corner). 
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Figure 4.16: The 24Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs (with and without aerosols) (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

The 30Z near surface temperature anomaly in Figure 4.17 (top right corner) shows that the near 

surface temperature differences between MetUM configuration simulations (top left corner and 

bottom left corner) are over the Cape’s provinces (Northern, Western, Eastern) and western parts of 

the North West and Free State. The comparison of the MetUM configuration simulations against 

observation shows that the MetUM with aerosols (bottom left corner on Figure 4.17) is fairly more 

comparable with observation over the eastern part of the Northern Cape than the MetUM without 

aerosols (top left corner in Figure 4.17). Over the south-western part of Limpopo, the two MetUM 

configurations (top and bottom left corners in Figure 4.17) seem to underestimate the near surface 

temperature when compared to observation. Over the coast of KwaZulu-Natal, the two MetUM 

configurations show a narrow area covered by temperatures of between 20 and 24o C compared to 

the large area covered by the same temperature that has been observed.  



56 
 

 

Figure 4.17: The 30Z spatial distribution of near surface temperature in degrees Celsius from the 

UM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left corner), 

difference between the two MetUM runs (with and without aerosols) (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

The 36Z near surface temperature differences between the MetUM configuration (top and bottom 

left corners in Figure 4.18) simulations are shown by the anomaly (top right corner in Figure 4.18). 

The mentioned temperature differences can be seen over the eastern and western parts of the 

Northern Cape, the Western Cape and the Eastern Cape. Both the two MetUM configurations (top 

and bottom left corners in Figure 4.18) have captured the area covered by temperatures of between 

32 and 36o C fairly when compared against observations over the province border line between the 

North West and Northern Cape, and also towards the western part of the Free State. In addition, 

over the south-west of Limpopo, the MetUM configurations seem to under-estimate the observed 

near surface temperature (see Figure 4.18). 
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Figure 4.18: The 36Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs - with and without aerosols- (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

The 42Z anomaly shows the temperature differences between the MetUM configurations over most 

of the provinces of the country (see Figure 4.19). The Free State, North West, Northern Cape and 

Eastern Cape are characterised by temperature differences of between -1.5 and -1o C and also the 

one of between 0 and 1.5o C. The MetUM configuration with aerosols seems to be simulating the 

near surface temperatures of between 24 and 28o C better than the configuration without aerosols 

over the north-western part of the Free State when evaluated against observations (bottom right 

corner in Figure 4.19). Both MetUM configurations are overestimating temperatures over the western 

part of Mpumalanga when compared to observations. 
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Figure 4.19: The 42Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs (with and without aerosols) (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

The 48Z anomaly in Figure 4.20 (top right corner) shows that the near surface temperature 

differences between MetUM configurations (top and bottom left corners on Figure 4.20) are all over 

the country, with Limpopo having few of those differences. Over the south-western part of KwaZulu-

Natal, both the two MetUM configurations under-predict the near surface temperature when 

compared to observations. Similar situations of under-predicting the near surface temperature can 

be seen over the northern part of the Free State, the south-western part of Limpopo, and the north-

eastern part of the North West. 
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Figure 4.20: The 48Z spatial distribution of near surface temperature in degrees Celsius from the 

MetUM simulation without aerosols (top left corner), MetUM simulation with aerosols (bottom left 

corner), difference between the two MetUM runs - with and without aerosols- (top right corner) and 

observations (bottom right corner). The two MetUM runs were initialised with 00Z driving data from 

26 September 2015. 

Similarly, to what has been discussed under section 4.3a, the east and west coasts are characterized 

by warm and cold near surface temperatures (simulations and observed) respectively, likely due to 

the effect of ocean currents. For most of the forecast hours, areas at high altitudes (e.g. escarpment) 

have cooler near surface temperatures as compared to coastal plain or any other areas in the low 

altitudes. The cloud radiative effect on near surface temperature was simulated very well as 

compared to observation. For example, total clouds of about 70 % persisted for most of the forecast 

hours during day time over some parts Western Cape province and as a result the near surface 

temperature remain cooler (below or equal to 12o C), since some of the solar radiation were absorbed 

by clouds or reflected back to the atmosphere.  

Overall, the spatial distribution of near surface temperature differences between the MetUM 

configuration simulations increases from the morning forecast (06Z) towards midnight of day 1 
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forecast (24Z), then decreases in the morning of day 2 forecast (30Z), then increases again towards 

midnight of day 2 forecast (48Z). The dominant near surface temperature anomaly for all forecast 

hours (06Z, 12Z, 18Z, 24Z, 30Z, 36Z, 42Z, and 48Z) is small and ranges from 0 to 0.5o C. The 

anomaly of between -1.5 and 1o C and the one of 1.5 to 2.5o C are visible from mid-day of day 1 

forecast (12Z) towards the last forecast hour (48Z).  

The comparison of MetUM configuration (with and without aerosols) simulations with observations 

shows that the under-prediction of near surface temperature is dominating most of the forecast hours 

during this subjective verification. Cheng and Steenburgh (2005) displayed similar results, where 

they found that the Eta model mostly under-predicts surface variables (i.e. 10 m wind speed), in their 

study on evaluating surface weather forecasts simulated by different NWP models over the western 

United States during the 2003 warm season. Overall, the MetUM with aerosols has fairly represented 

the spatial distribution of near surface temperature more so than the one without aerosols in most 

forecast hours. Towards the last forecast hours (42Z and 48Z), both MetUM configurations mis-

represent the near surface temperature over some areas either through under-predicting or over-

predicting. The patterns and deficiencies of simulated near surface temperatures against 

observations discussed under this section are similar in most of the case dates that are included in 

Annexure C. 

The near surface temperature spatial distribution September 2015 average bias for each forecast 

hours (06Z, 12Z, 18Z, 24Z, 30Z, 36Z, 42Z and 48Z) are shown in Annexure C. The morning 

simulations (with and without aerosols) are dominated by bias scores that are closer to 0, ranging 

from -0.6 to 0.6 oC, and such scores are visible in most part of the country. The afternoon simulations 

(12Z and 36Z) show that the Western Cape is dominated by negative bias scores of less than or 

equal to -1.6 oC, while the other parts of the country have mixed signal bias scores (negative and 

positive). During the evenings (18Z and 42Z) and nights (24Z and 48Z), the average biases from 0.2 

oC and more, shift towards the coastal areas, and bias scores of less or equal to -1.6 oC dominate 

the Northern Cape province. Overall, the inclusion of dust and biomass burning aerosols seems to 

have introduce small warm bias in the mornings (06Z and 30Z) and cold bias in the afternoon (12Z 

and 36Z) when comparing the two simulations. 

d) Subjective evaluation of MetUM near surface temperature simulations with and without 

aerosols against observation at stations 

The average near surface temperatures from MetUM simulations with and without aerosols at 

selected stations were calculated for different forecast hours and plotted on time series against 

observations (see Figures 4.21 to 4.26). It must be noted that, on each figure, data for two stations 

have been plotted not for the purpose of comparing those stations, but to reduce the number of 

images in a document. Furthermore, stations are selected in such a way that they cover different 

parts (inland and coastal) of South Africa, as can be seen in Figure 4.21.  
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Figure 4.21: Locations of selected South African Weather Service ARS/AWS stations for comparison 

with MetUM near surface temperature simulations. Starting from the far north of the country to the 

south, the station names are: Thohoyandou, Polokwane, Mafikeng, OR Tambo International Airport, 

Ermelo, Upington, Bloemfontein, Durban, Port Elizabeth and Cape Town.  

The diurnal cycles of average near surface temperature at Thohoyandou (23.08o S; 30.38o E) and 

Polokwane (23.83o S; 29.42o E) are shown in Figure 4.22. Both the stations are situated over the 

northern part of the country in Limpopo. In most of the forecast hours at Thohoyandou, the calculated 

average temperature from both simulations is showing a slight over-prediction of near surface 

temperature. Similar trends of slight over-predicting by the model can also be seen in Polokwane 

(see Figure 4.22). The two simulations’ (with and without aerosols) diurnal cycles show the 

maximums during mid-day (12Z and 36Z), and minimums in the morning and mid-night (06Z, 24Z 

and 48Z), which is in agreement with observations at both stations. The addition of aerosol 

climatologies into the model makes a small difference between the simulations with and without 

aerosols. This small differences can be seen over Polokwane between 30Z and 48Z forecast hours 

(see Figure 4.22). In addition, the run with aerosol climatologies has a calculated slight warmer 

temperature of 0.2 to 0.3o C compared to the run without over Polokwane between 30Z and 48Z 

forecast hours. The slight warming effect of 0.1o C and 0.3o C at 30Z and 42Z forecast hours, 

respectively, can be spotted over Thohoyandou for a simulation with aerosol climatologies as 

compared to the one without.  

The calculated forecast standard deviation of simulation without and with aerosols for each forecast 

hour, over all ten selected stations, is shown in Table 1. In Thohoyandou and Polokwane, the 

simulations deviate more from the forecast mean during the afternoons (12Z and 36Z), and less at 
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nights (24Z and 48Z). The absolute differences (not shown) in calculated forecast standard deviation 

for all forecast hours between the simulations with and without aerosols, show a slight difference.   

 

 

Figure 4.22: The calculated average near surface temperature in degree Celsius as a function of 

forecast hours (Z) for September 2015 at Thohoyandou (first row) and Polokwane (bottom row). The 

blue, red and black represent the MetUM simulation without aerosols, MetUM with aerosols and 

observation, respectively.  

The diurnal cycles of average near surface temperature at OR Tambo International Airport (26.15o 

S; 28.23o E) and Ermelo (26.50o S; 29.98o E) are shown in Figure 4.23. The diurnal cycle depicts that 

both the two simulations under-predict the near surface temperature in the mornings (06Z, 30Z) and 

nights (24Z and 4Z) over the OR Tambo International Airport as compared to observations (see 

Figure 4.23). The opposite is the case during mid-day (12Z and 36Z) where the simulations are 

indicating over-prediction of near surface temperature as compared to observations. Over Ermelo, 

the over-prediction by both simulations is visible for most of the forecast hours except at night (24Z 
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and 48Z). The calculated differences in near surface temperature between the two simulations over 

OR Tambo International Airport range between 0.03 and 0.2o C, with some warmer temperatures on 

the simulation with aerosols visible at 12Z and 30Z forecast hours (see Figure 4.23). Over Ermelo, 

the calculated differences in near surface temperature between the two simulations range from 0.03 

to 0.3o C. The warmest temperature difference is found in the afternoons where the simulation with 

aerosols is 0.3o C and 0.2o C warmer at 12Z and 36Z, respectively, compared to the simulation 

without. The calculated forecast standard deviation of simulation without and with aerosols for each 

forecast hour, over OR Tambo International Airport and Ermelo in Table 1, shows similar trends as 

the one seen over Thohoyandou and Polokwane. The simulations deviate more from the forecast 

mean in the afternoons, and less during nights.  

 

Figure 4.23: The calculated average near surface temperature in degree Celsius as a function of 

forecast hours (Z) for September 2015 at OR Tambo International Airport (first row) and Ermelo 

(bottom row). The blue, red and black represent the MetUM simulation without aerosols, MetUM with 

aerosols and observation, respectively.  
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Figure 4.24 shows the diurnal cycle of average near surface temperature from the model simulations 

and observation at Mafikeng (25.80o S; 25.54o E) and Bloemfontein (29.10o S; 26.30o E). The diurnal 

cycle shows that during the evenings (18Z and 42Z) and mid-nights (24Z and 48Z), the simulations 

depict the under-prediction of near surface temperature at Mafikeng (see Figure 24). On the other 

hand, during mid-day (12Z and 36Z), the simulations show over-predicting of near surface 

temperature compared to observations. Over Bloemfontein, the diurnal cycles show both simulations 

following similar patterns as the observations one, with slight over-prediction of near surface 

temperature visible during mid-nights (24Z and 48Z) (see Figure 24). The simulation with aerosols 

over Mafikeng have warmer temperatures compared to the simulation without, by 0.3oC and 0.2oC, 

at 30Z and 36Z forecast hours, respectively. The differences in temperature between the two 

simulations over Bloemfontein are very little. The deviation pattern of forecast standard deviation 

from the forecast mean for Mafikeng and Bloemfontein is similar to the ones for other stations 

discussed above (see Table 1). 

 

Figure 4.24: The calculated average near surface temperature in degree Celsius as a function of 

forecast hours (Z) for September 2015 at Mafikeng (first row) and Bloemfontein (bottom row). The 
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blue, red and black represent the MetUM simulation without aerosols, MetUM with aerosols and 

observation, respectively.  

Upington (28.42o S; 21.27o E) and Durban’s (29.97o S; 31.06o E) near surface average temperature 

diurnal cycles are plotted in Figure 4.24. Both the simulations follow a similar pattern as the 

observation one at Upington, with under-prediction of near surface temperature by the model visible 

in the mornings (06Z and 30Z) and mid-night (48Z), and over-prediction during mid-day (12Z and 

36Z). The addition of aerosols into the model simulation in Upington makes a small difference of -

0.03 to 0.2o C compared to the simulation without. Furthermore, in most forecast hours, the 

simulation with aerosols is slightly warmer than the one without over Upington (see Figure 4.24). 

The diurnal cycles over Durban show that both the simulations struggle to represent the observation 

cycle pattern that depicts minimums during mid-night (24Z and 48Z), and maximums during mid-day 

(12Z and 36Z) (see Figure 4.24). Looking at all forecast hours over Durban, both simulations 

predicted the near surface temperature of between 19.8 and 20.4o C (see Figure 4.24), which 

disagrees with observation. Upington and Durban also show similar deviation patterns of forecast 

standard deviation as other stations (see Table 1). 

 

Figure 4.25: The calculated average near surface temperature in degree Celsius as a function of 

forecast hours (Z) for September 2015 at Upington (first row) and Durban (bottom row). The blue, 
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red and black represent the MetUM simulation without aerosols, MetUM with aerosols and 

observation, respectively.  

The diurnal cycles of average near surface temperature at Cape Town (33.92o S; 18.60o E) and Port 

Elizabeth (33.98o S; 25.62o E) from the MetUM simulations against observations are plotted in Figure 

4.26. Both these stations are situated over the coastal regions, with Cape Town in the Western Cape 

and Port Elizabeth in the Eastern Cape. During the mornings (06Z and 30Z), evenings (18Z and 

42Z), and mid-nights (24Z and 48Z), the model simulations depict under-prediction of near surface 

temperature compared against observations in Cape Town. The over-prediction is visible during the 

afternoons (12Z and 36Z) (see Figure 4.23). The calculated differences between the simulations with 

and without aerosols in Cape Town range between 0.03 and 0.1o C. In Port Elizabeth, during the 

afternoons (12Z and 36Z), both simulations depict the under-prediction of near surface temperature 

compared to observation (see Figure 4.26). The over-prediction is visible during mid-nights (24Z and 

48Z), on the other hand. The calculated near surface temperature differences between the two 

simulations range from -0.03 to 0.2o C in Port Elizabeth. The visible differences can be seen at 30Z 

forecast hour where the simulation with aerosols seems to have warmer temperatures compared to 

the simulation without. Cape Town and Port Elizabeth also show similar deviation trends of forecast 

standard deviation to other stations (i.e. Thohoyandou, Polokwane, OR Tambo International Airport, 

Ermelo, Mafikeng, Bloemfontein, Upington and Durban). 
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Figure 4.26: The calculated average near surface temperature in degree Celsius as a function of 

forecast hours (Z) for September 2015 at Cape Town (first row) and Port Elizabeth (bottom row). 

The blue, red and black represent the MetUM simulation without aerosols, MetUM with aerosols and 

observation, respectively.  

Overall, both the simulations (with and without aerosols) show that the MetUM model is able to 

predict the near surface temperature much better over the inland stations. In most of the inland 

stations, the calculated average near surface temperature from the model simulations diurnal cycle 

follows a similar pattern to the observed one. Over the coastal stations, the model seems to have 

struggled to predict the near surface temperature. The diurnal cycle of calculated average near 

surface temperature at coastal stations looks much different from the observations one, especially 

in Durban. The deviation of NWP simulated near surface variables from observations at coastal 

regions has been seen elsewhere by other studies (e.g. Cheng & Steenburgh, 2005). The addition 

of aerosols into the model simulations makes an average temperature difference of not more than 

0.3o C between the run with and without aerosols in all selected stations. 
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Table 4.1: The calculated forecast standard deviations for simulations with and without aerosols, at 

all ten selected stations per forecast hours (Z) 

 

The calculated forecast standard deviations in all stations are showing that for both simulations with 

and without aerosols, the simulations deviate more from the forecast mean during the afternoons 

(12Z and 36Z), and less at nights (24Z and 48Z). There is a slight difference between the calculated 

standard deviations in simulations with and without aerosols for all forecast hours. This slight 

difference in calculated forecast standard deviation implies that the simulations (with and without 

aerosols) are deviating more or less the same from the forecast mean. 

4.4 Statistical analysis for MetUM simulation with and without aerosols  

The calculated MetUM simulation mean error (bias) and root mean square error (RMSE) scores as 

a function of forecast hours (lead-time) for a randomly selected date (4 September 2015) are shown 

in Figure 4.27. It must be noted that the other calculated scores (bias and RMSE) are included in 

Annexure D, and in most cases, the diurnal cycle pattern of the scores is similar to what has been 

shown in Figure 4.27.  

Forecast 

hours (Z)

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

6 3,89 3,97 3,59 3,70 4,24 4,26 4,90 4,93 4,53 4,67

12 7,49 7,45 5,85 5,80 5,13 5,12 6,58 6,54 5,69 5,79

18 3,42 3,42 3,95 4,00 4,23 4,24 4,50 4,52 3,62 3,77

24 2,19 2,17 2,65 2,61 3,24 3,24 3,23 3,29 3,39 3,41

30 3,53 3,73 3,63 3,90 3,94 4,16 4,93 4,91 3,96 4,14

36 7,10 7,24 5,99 5,99 4,91 4,99 6,20 5,95 5,79 5,80

42 3,59 3,69 4,37 4,49 4,06 4,15 4,45 4,53 3,41 3,30

48 2,41 2,34 2,92 3,25 3,18 3,12 2,75 2,68 3,11 3,06

Forecast 

hours (Z)

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

UM no 

aerosol 

run

UM with 

aerosol 

run

6 4,16 4,18 3,92 3,96 1,59 1,54 4,62 4,57 1,89 1,88

12 5,60 5,51 5,33 5,45 1,34 1,32 5,26 5,23 2,24 2,28

18 4,41 4,42 4,50 4,59 1,43 1,36 3,68 3,57 1,72 1,84

24 3,89 3,76 4,83 4,75 1,41 1,46 4,41 4,43 1,66 1,80

30 3,91 3,96 4,71 4,58 1,31 1,37 4,53 4,54 1,60 1,41

36 5,57 5,53 5,53 5,50 1,32 1,31 5,56 5,56 2,43 2,34

42 3,87 4,05 4,45 4,48 1,40 1,39 4,05 4,01 1,98 1,81

48 3,60 3,63 4,60 4,54 1,41 1,38 4,42 4,52 1,57 1,75

Forecast standard deviation per station

Forecast standard deviation per station

Bloemfontein Upington Durban Cape Town Port Elizabeth

Thohoyandou Polokwane

OR Tambo Int. 

Airport Ermelo Mafikeng
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The diurnal cycle in Figure 4.27 shows that the negative bias peaks are visible in the afternoons 

(12Z and 36Z hour). The MetUM configuration with aerosols seems to have slightly better bias scores 

(close to zero) between forecast hour 06Z towards 18Z and also between 30Z towards 42Z. The 

diurnal cycle between 18Z and 30Z forecast hour in Figure 4.27 shows that the bias scores between 

the two MetUM configurations are more or less the same. Towards the last forecast hours (between 

42Z and 48Z forecast hours), the bias score of MetUM configuration with aerosols is less compared 

to the one without aerosols.  

The diurnal cycle of the calculated RMSE shows that the scores increase towards the last forecast 

hour (48Z). The differences in calculated RMSE scores between the two MetUM configurations are 

more or less the same between forecast hours 06Z to 30Z, with little differences at 18Z and between 

24Z and 30Z. The MetUM configuration without aerosols has fewer RMSE scores at forecast hour 

36Z when compared to the MetUM with aerosols. The opposite is the case between the last forecast 

hours (42Z and 48Z), where the MetUM with aerosols has fewer RMSE scores when compared to 

the one without aerosols. Towards the evenings of day 1 and day 2’s forecasts (18Z and 42Z), the 

RMSE score values decreased by a huge factor. 

 

Figure 4.27: Verification statistical scores as a function of forecast hours (Z). Top row is the bias and 

bottom row is the RMSE. Both the MetUM with (red lines) and without (blue lines) aerosols were 

initialised with 00Z driving data from 4 September 2015.  
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Figure 4.28 shows the September 2015 monthly calculated average forecast bias and RMSE as a 

function of forecast hours produced by both MetUM configurations. The bias diurnal cycle depicts 

that negative (cold) bias peaks are visible in the afternoons (12Z and 36Z hour) and positive (warm) 

at nights (24Z and 48Z) for both MetUM configurations near surface temperature simulations. In 

general, the finding on negative (cold) bias peaks during the afternoons and positive peaks at night 

is in agreement with previous studies conducted on the evaluation of NWP simulated near surface 

temperature (e.g. Massey et al., 2014; Cheng & Steenburgh 2005; Hart et al., 2005; Zhang et al., 

2013). The bias of MetUM configuration with aerosol (red dotted line in Figure 4.28) seems to be 

better when compared to the MetUM without aerosols (blue dotted line) in most of the forecast hours, 

since it is the one close to a score value of 0.  

Figure 4.28 further shows that the RMSE scores’ diurnal cycle from both the MetUM configurations 

increases as the lead time (or forecast hours) increases. The day 1 (06Z to 24Z) monthly average 

RMSE diurnal cycle is characterised by an increasing pattern of scores. The monthly average RMSE 

diurnal cycle of the day 2 forecast (from 24Z to 48Z) forms a wave-like pattern, where, in the morning 

(24Z to 30Z), the scores decrease, then increase towards the afternoon (30Z to 36Z), decrease 

towards the evening (36Z to 42Z) and lastly increase towards midnight (42Z to 48Z). The increase 

in forecast RMSE towards the last forecast hours might be due to uncertainties that exist in the initial 

conditions, and also model errors (e.g. physical parametrization), which result in less reliability of 

deterministic forecast as model integration-time increases (Stensrud & Yussouf, 2005; Landman, 

2012).   
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Figure 4.28: Average near surface temperature forecast bias and root mean square error (RMSE) 

as a function of forecast hours (Z) for September 2015. The blue lines (dotted or solid) show the 

diurnal cycle of average verification scores for MetUM configuration without aerosols, while the red 

lines (dotted or solid) show scores of the model configuration with aerosols. 

The differences in monthly average verification statistical scores plotted in Figure 4.28 are tabulated 

in Table 4.2. Both the ranges in differences on calculated verifications scores are very small. The 

calculated bias score differences between the two MetUM configurations range from -0.08 to -0.02. 

The calculated RMSE score differences between the two model runs range from -0.003 to 0.01.  
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Table 4.2: The calculated September 2015 (monthly) average verification statistical scores over 

different forecast hours from the MetUM configurations. The differences between these verification 

scores are shown in bold in columns 4 and 7, respectively. 

 

The calculated Pearson correlation coefficient, r values (average over study period) are depicted in 

Table 4.3. The r values show that the MetUM with aerosol simulations has a slightly stronger linear 

association with observations compared to the simulations without aerosols, since the average 

calculated values for most of the forecast hours are slightly closer to 1.  

Table 4. 3: The calculated September 2015 average Pearson correlation coefficient, r, per forecast 
hour of MetUM with and without aerosols 

Forecast hours (Z) UM no aerosol run 
Pearson correlation coefficient, r 

UM with aerosol run 
Pearson correlation coefficient, r 

06 0.8544 0.8551 

12 0.9138 0.9131 

18 0.8470 0.8490 

24 0.7536 0.7536 

30 0.8193 0.8194 

36 0.8823 0.8817 

42 0.8215 0.8238 

48 0.7251 0.7270 
 

The calculated p-values of verification scores (Bias, RMSE and r), using linear regression t-test at 5 

% (α=0.05) significance level as stated in Chapter 3, are 4.0003707x10-6 for bias, 1.830403x10-11 for 

RMSE and 8.191034x10-12 for r. These calculated p-values are less than the significance level (α), 

and consequently the null hypothesis is rejected. There is evidence that there is a significant linear 

relationship between the calculated bias, and between the calculated RMSE, and between 

calculated r scores of MetUM near surface temperature simulations (with and without aerosols). The 

existence of this significant linear relationship implies that the calculated verification scores between 

two MetUM simulations are slightly different.  
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

The overall aim of this study was to evaluate whether the inclusion of aerosol schemes in the NWP 

model improves the prediction of near surface temperatures at short time scales over South Africa. 

Three objectives were set to achieve this aim. It must be noted that the NWP model used in this 

study is the UK Met Office Unified Model herein referred to as MetUM. 

5.1 Evaluating the Hadley Global Environmental Model 

To evaluate simulated aerosol climatologies from the Hadley Global Environmental Model version 2 

(HadGEM2) against observations. 

The 20-year monthly mean biomass burning and dust aerosol climatologies (which are mass mixing 

ratios) from the HadGEM2 were downloaded from the UK Met Office collaboration FTP server. The 

seasonal cycles of these climatologies were plotted as a function of months at selected AERONET 

stations over South Africa and compared against monthly mean aerosol observations (AERONET 

and MODIS). The selected AERONET stations are Skukuza, Pretoria CSIR, Simonstown IMT, 

Durban UKZN, Bethlehem and Upington. The monthly mean AERONET 500 nm aerosol optical 

depth (AOD) at Skukuza was downloaded for the period 2000 to 2010. The downloaded monthly 

mean AERONET AOD was then used to calculate the 11-year monthly means for seasonal cycle 

comparison with the mentioned monthly mean aerosol climatologies. For all other AERONET 

stations with missing data of the said 11-year period (2000-2010), the MODIS AOD at 550 nm was 

downloaded for use in seasonal cycle comparison.  

In general, the biomass burning climatology assumes minimum mixing ratio values between 

December and April, and peaks during early spring (August) or in September at selected stations. 

The overall seasonal cycle of biomass burning is also supported by other studies (e.g. Andreae, 

1991; Cahoon et al., 1992; Piketh et al., 1996; Lindesay et al., 1996; Keil & Haywood, 2003; 

Anyamba et al., 2003; Swap et al., 2003; Stein et al., 2003; Schmid et al., 2003; Silva et al., 2003; 

Tesfaye et al., 2011; Kumar et al., 2013), who found that South Africa experiences drastic turbidity 

due to high levels of biomass-burning aerosol loadings from August to October, relative to other 

months. The dust climatology, on the other hand, shows maximum peaks during the spring season 

(September-October-November) for all other selected stations except in Simonstown IMT station 

where the maximum peak is in June. The AOD from aerosol observations shows maximum values 

in September or October when compared to all other months. 

Overall, the evaluation shows that the biomass burning and dust aerosol climatologies are 

reasonable in capturing the observed AOD seasonal cycle and gives an idea on when aerosols over 

different regions of South Africa are at a maximum and minimum. However, there are also areas 

where the climatologies are showing deficiencies, such as the aforementioned simulated dust peak 

in Simonstown IMT. These biomass burning and dust aerosol climatologies are mass mixing ratios, 
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and the number of assumptions to convert these mixing ratios to AOD were thought to jeopardise 

the results. This limitation created a comparison challenge between mass mixing ratios and observed 

AOD, and therefore the seasonal cycle comparison was done.  

5.2 Evaluating near surface temperature predictions of MetUM 

The MetUM was set up and run to produce 48-hour lead time temperature simulations for every day 

of September 2015 over South Africa with aerosol scheme switched off. The near surface 

temperature output from the model was evaluated against SAWS observations for every six hours 

of model output. The formula translation (Fortran) program was written in order to read, and convert 

SAWS station data to grid analysis and display system (GrADS) readable binary format. In addition, 

both the model output and observations were re-gridded to a same horizontal resolution of 0.5ox0.5o 

for the purpose of subjective verification.  

The subjective verification over the whole study domain shows that, on average, in the morning (06Z, 

24Z, 30Z) and evening (18Z, 42Z) forecasts, the model seems to capture the near surface 

temperatures pattern and area covered by such temperatures much better when evaluated against 

observations. The afternoon (12Z and 36Z) forecasts on average show that the model is fairly getting 

the temperature pattern; however, the area covered by such temperature pattern is not clearly 

presented by observation. 

In addition, when one moves towards the last forecast hours (42Z, 48Z), the model loses the ability 

to capture temperature patterns correctly and the difference in area covered by those temperatures 

becomes large compared to observation. This trend of deterministic models (such as MetUM), which 

produces accurate forecasts for a few days then the accuracy deteriorates with time, has also been 

shown by other studies (e.g. Stensrud & Yussouf, 2005; Landman, 2012; Toll et al., 2016). Overall, 

the subjective verification of the MetUM near surface temperature simulation shows that the model 

is able to capture the pattern and area covered by such temperatures well when evaluated against 

observation, even though deficiencies exist towards the end of simulation lead time. During this 

subjective verification, the sparse amount of observation data over the escarpment and Northern 

Cape created some spatial distribution comparison challenges between the simulated near surface 

temperatures and observations.  

Additional to the subjective verification of simulated near surface temperatures, the simulated 12Z 

vertical temperature was also subjectively assessed against IGRA observations to see how the 

MetUM is performing in the vertical direction. This assessment of vertical simulated temperature 

profile was conducted at four selected stations (Pretoria Irene, Bloemfontein Airport, Cape Town 

International Airport and Port Elizabeth), representing the coastal and inland regions. The results 

show that, in general, the simulated temperature decreases as the pressure is decreasing towards 

the tropopause layer. This direct proportional relationship between vertical temperature and pressure 
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is due to radiation cooling as one moves towards the tropopause. In addition, during the cloudy days, 

the condensation process and release of latent heat have added to the changes in temperature. 

Over the selected inland stations (Pretoria Irene and Bloemfontein Airport), the model seems to 

predict the 12Z temperature near the surface (around 850hPa) much better when compared to the 

near surface (around 1 000hPa) simulated 12Z temperature over the coastal stations (Cape Town 

International Airport and Port Elizabeth). The deficiencies (over-prediction and under-prediction) 

visible near the surface at coastal locations might be due to differences in model elevation and the 

actual terrain. Overall, the simulated vertical temperature profiles for all stations follow a similar 

pattern as the one shown by observations.  

5.3 The impact of an aerosol scheme on surface temperature estimates of the MetUM 

The MetUM was set up and run again to produce 48-hour lead-time temperature simulations for 

every day of September 2015 over the same geographical area or domain as in objective 2, but here 

with aerosol scheme switched on and using the biomass burning and dust aerosol climatologies. 

The direct aerosol effect is modelled through the coupling of the CLASSIC scheme to the model’s 

radiation scheme. The model near surface temperature output without aerosol scheme (from 

objective 2) was subjectively compared with the one that has aerosol scheme and then evaluated 

against observation to see which MetUM configuration is performing better over the whole study 

domain and also at selected stations.  

The subjective verification between the MetUM with and without aerosol scheme over the whole 

study domain shows that the overall spatial distribution of near the surface temperature anomaly 

between the model configuration simulations increases from the morning forecast (06Z) towards 

midnight of day 1 forecast (24Z), then decreases in the morning of day 2 forecast (30Z), then 

increases again towards midnight of day 2 forecast (48Z). The dominant near surface temperature 

anomaly for all forecast hours (06Z to 48Z) range from 0 to 0.5o C. The anomaly of between -1.5 and 

1o C and the one of 1.5 to 2.5o C are visible from mid-day of day 1 forecast (12Z) towards the last 

forecast hour (48Z).  

Comparing the MetUM configuration simulations and evaluating them against observations for the 

whole study domain show that the under-prediction of near surface temperature is dominating most 

of the forecast hours. The MetUM with aerosols has fairly represented the spatial distribution of near 

surface temperature more so than the one without aerosols in most forecast hours. Towards the end 

of forecast lead time (42Z and 48Z), both MetUM configurations misrepresent the near surface 

temperature over some areas, either through under-prediction or over-prediction. In most of the 

inland stations, the calculated average near surface temperature from the model simulation diurnal 

cycle follows a similar pattern to the observed one. Over the coastal stations, the model (with and 

without aerosols) seems to struggle to predict the near surface temperature. The diurnal cycle of 

calculated average near surface temperature at coastal stations looks much different from the 
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observations one, especially in Durban. The addition of aerosols into the model simulations makes 

a temperature difference of not more than 0.3o C between the MetUM run with and without aerosols 

in all selected stations. The calculated forecast standard deviations in all stations are showing that 

for both simulations with and without aerosols, the simulations deviate more from the forecast mean 

during the afternoons (12Z and 36Z), and less at nights (24Z and 48Z). There is a slight difference 

between the calculated standard deviations in simulations with and without aerosols for all forecast 

hours. This slight difference in calculated forecast standard deviation implies that the simulations 

(with and without aerosols) are deviating more or less the same from the forecast mean. 

The objective verifications for continuous variable (i.e. temperature) of model configuration (with and 

without aerosols) simulations were also performed. It was found that the overall (for the whole study 

period) bias diurnal cycle depicts negative bias peaks that are visible in the afternoons (12Z and 36Z 

hour) for both MetUM configurations near surface temperature simulations. The bias of MetUM 

configuration with aerosol seems to be better when compared against the MetUM without aerosols 

in most of the forecast hours, since it is the one close to a score of zero. The RMSE average score 

diurnal cycle from both model configurations increases as the lead-time (or forecast hours) is 

increasing. This increase in RMSE average scores as the lead-time increases might be due to the 

uncertainties that exist in the initial conditions, and also model errors (e.g. physical parametrisation). 

The Pearson correlation coefficient values show that the MetUM with aerosols simulations has a 

slightly stronger linear association with observations compared to the simulations without aerosols, 

since the average calculated values for most of the forecast hours are slightly closer to 1.  

In addition, the calculated p-values of verification scores (bias, RMSE and r) between the simulations 

with and without aerosols, at 5 % (α=0.05) significance level, are 4.0003707x10-6 for bias, 

1.830403x10-11 for RMSE and 8.191034x10-12 for r. These calculated p-values are less than the 

significance level (α), and therefore the null hypothesis defined in Chapter 3 is rejected. There is 

evidence that there is a significant linear relationship between the calculated bias, and between the 

calculated RMSE, and between calculated r scores of MetUM near surface temperature simulations 

(with and without aerosols). The existence of this significant linear relationship implies that the 

calculated verification scores between two MetUM simulations are slightly different.  

Overall, the subjective verification shows that the MetUM with aerosols has fairly represented the 

spatial distribution of near surface temperature, more than the one without in most forecast hours 

over South Africa. As already mentioned in this chapter, the sparse volume of observation data over 

the escarpment created some spatial distribution comparison challenges between the simulated 

near surface temperatures and observations. The addition of aerosols into the model makes a small 

near surface temperature difference between the model simulations (with and without aerosols) at 

all ten selected stations. The objective verification shows that the calculated verification scores for 

model simulations with aerosols are slightly better compared to the scores of simulations without. 
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The significance test of these calculated verification scores depicts a significant linear relationship, 

emphasising a slight difference between those scores.  

5.4 Overall limitations and future research 

This study uses only two aerosol climatologies (biomass burning and dust) as aerosol input to the 

MetUM. In total, during the experiment set-up, there were eight aerosol climatologies available from 

the HadGEM2 that can explicitly be modelled in CLASSIC as external aerosol species. Apart from 

other reasons mentioned in this study, only two aerosol climatologies were used to minimise the 

computational cost in terms of disk space (for model output), sufficient memory to run the 

reconfiguration tasks, and forecast run time. It must be noted that the experiment was conducted or 

run on SAWS HPC, where most of NWP operational systems are running, and therefore it was 

important to reduce the computational cost, thereby minimising the interruption. Future studies, 

which will include all aerosol climatologies in the experiment set-up, are recommended.  

One of the findings from this study is that the MetUM is showing more deficiency from observation 

over the coastal areas compared to the inland areas of South Africa. Future work on the investigation 

of deficiency of MetUM from observations at coastal areas is recommended.  
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Annexure A 

ANNEXURE A shows the MetUM near surface temperature simulations in degree Celsius for 

different forecast hours (06, 12, 18, 24, 30, 36, 42 and 48Z) and observations over South Africa, for 

all dates (2 to 30 September 2015) that are not discussed under section 4.3 a.  
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Annexure B 

Annexure B shows the vertical temperature profile from the MetUM for some days of September 

2015. The blue lines represent model simulations and the black lines are observations. Inland 

stations (Pretoria Irene and Bloemfontein Airport) are at the top row, and the bottom row is coastal 

stations (Cape Town International Airport and Port Elizabeth). 
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Annexure C 

ANNEXURE C shows the spatial distribution of near surface temperature in degrees Celsius from 

the MetUM simulation without aerosols, MetUM simulation with aerosols, difference between the two 

MetUM runs (with and without aerosols), and observations for all dates that are not discussed in 

section 4.3 b). In addition, the spatial distribution of September 2015 average bias for each forecast 

hour are included in this annexure. It must be noted that the two MetUM runs were initialised with 

00Z driving data. 
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The spatial distribution of September 2015 average bias for each forecast hours: 
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Annexure D 

ANNEXURE D shows verification of statistical scores as a function of forecast hours (Z). Both the 
MetUM with (red lines) and without (blue lines) aerosols were initialised with 00Z driving data of each 
respective date of September 2015. 
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