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Chapter 1
BACKGROUND AND ENABLING
TECHNOLOGY

1.1 INTRODUCTION

Global climate change is a reality of life in the 21% Century. There is mounting evidence that changes
in the earth’s climate system will result in more frequent extreme events. According to the
Intergovernmental Panel on Climate Change (IPCC), the frequency of heavy precipitation events has
increased over most land areas, consistent with warming and increases of atmospheric water vapour.
The possibility exists that the likelihood of temperature extremes, heat waves, and heavy precipitation
events will continue to increase (IPCC, 2007). Extreme weather events need to be anticipated not
only in the time scale of months or seasons, but also on a day to day basis. The importance of early
warning systems to warn the public of these types of weather events therefore becomes more and

more critical.

According to the World Meteorological Organization (WMO) Public Weather Service (PWS)
programme, nowcasting “comprises the detailed description of the current weather along with
forecasts obtained by extrapolation for a period of O to 6 hours ahead”

(http://www.wmo.int/pages/prog/amp/pwsp/Nowcasting.htm). In this time range forecasters use the

latest data from remote sensing tools such as radar and satellite, as well as observational data, to
analyze and forecast smaller scale weather features for the following few hours. Nowcasting is thus
an important tool to issue warnings to the general public of hazardous weather including tropical
cyclones, thunderstorms and tornados which is accompanied by flash floods, lightning and destructive
wind. For the aviation industry nowcasting is useful for take-off and landing situations as well as in the
en-route environment. Nowcasting also serves a purpose for the off-shore oil drilling community, the

construction industry and the leisure industry.

While nowcasting is a description of current weather parameters and forecasts for the next six hours,
very short range weather forecasting implies forecasts for up to twelve hours. The Hyogo Framework

for Action 2005-2010 (http://www.unisdr.org/wcdr/intergover/official-doc/L-docs/Hyogo-framework-for-

action-english.pdf) which was adopted by 168 governments in January 2005, conducted a survey

amongst WMO members in 2006. Poolman et al. (2008) listed the objectives of this survey as:


http://www.wmo.int/pages/prog/amp/pwsp/Nowcasting.htm
http://www.unisdr.org/wcdr/intergover/official-doc/L-docs/Hyogo-framework-for-action-english.pdf
http://www.unisdr.org/wcdr/intergover/official-doc/L-docs/Hyogo-framework-for-action-english.pdf

1. “To compile information on severe weather warning systems operated by members with a
view to publishing a reference on such systems;

2. To assess the vulnerability of various members to weather related disasters with a view to
develop workshops to address the gaps and weaknesses identified, and

3. To assess the PWS needs of National Meteorological and Hydrological Services (NMHS) with
a focus on identifying opportunities to improve products and services, in particular, severe

weather warning services”.

Results of this survey indicated that rain was the hazard of most concern and forecasting accuracy of
rain events was the main challenge. The WMO thus recommended that the focus should be on the
enhancement of the predictability of rain (as defined in the survey). It was also recommended that the
vulnerability of member countries should be reduced by improving the early warning of short term

severe weather phenomena, especially rainstorms.

The WMO organized a series of sub-regional demonstration projects to improve severe weather
forecast services in countries where sophisticated forecast systems are not currently used (mostly
developing countries). Such a project is currently running from South Africa and is called the Severe

Weather Forecast Demonstration Project (SWFDP). The goals of this project include:

1. “To improve the technical ability of weather services,

2. To improve the lead time of warnings,
To improve communication between global, regional and National Meteorological Centres
(NMCs),

4. To improve interaction of NMCs with disaster management authorities before and during
severe weather events and

5. To identify other gaps for improvement” (Poolman et al., 2008).

The need to improve very short range and nowcasting services thus applies to the whole southern
African region, specifically with regard to convective storm development and evolution. However,
there are marked differences between the technologies available to support such services in the
various countries of southern Africa. Most southern African countries are heavily reliant on satellite
technology due to the limited number of surface and upper-air observations and the limited availability
of numerical model output. They do not have access to weather radar or lightning information, nor the
systems to integrate the data and products from various sources. South Africa, on the other hand, has
a radar network and a lightning detection network, as well as the means to integrate, display and

manipulate these various data sets.

In developing tools for the first twelve forecast hours, the South African Weather Service (SAWS)
needs to keep in mind the national as well as the regional capacities. Although the approach to be
followed for the southern African region outside of South Africa has to be distinctly different from the



possibilities for South Africa itself, some of the techniques developed for South Africa might also be

useful within the region.

According to the Very Short Range Forecasting and Nowcasting business plan of the SAWS, the
national requirements for the SAWS to improve its capabilities for warnings and forecasts for up to
twelve hours have increased considerably in the past few years and these requirements are expected
to grow even more as society becomes more susceptible to the effects of high-impact weather events.
The SAWS has to render services to the public and private sectors including the issuing of advisories
on the areas in which severe weather will develop and of severe storm warnings and flash flood
guidance. The blending of a range of techniques in an optimal manner will be essential in achieving
this.

1.2 SOUTH AFRICA’S CLIMATE AND CONVECTIVE ACTIVITY

In order to understand South Africa’s climate and weather patterns better, a few comments on the
general summer weather patterns, hazardous weather, seasonal rainfall patterns, thunderstorm
occurrence as well as severe thunderstorm characteristics are given here. This will set the

background for thunderstorm discussions, which will follow in the next chapters.

General summer weather patterns: South Africa’s climate scene limits the occurrence of convective
thundershowers to the summer season, starting in October and ending in March. The wind that
originates from the Indian Ocean high pressure system, southeast of the country, travels across the
warm Indian Ocean, picking up moisture, thus bringing moist air to the eastern parts of southern
Africa. The Atlantic Ocean High pressure system, southwest of the country, is a source of dry

subsiding air (Figurel.1).
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Figure 1.1 Schematic of the role players in South Africa’s

summer circulation (after Hurry and Van Heerden, 1982)



Where the air masses from the Atlantic Ocean High and the Indian Ocean High meet, a moisture
boundary is formed. The position of this boundary affects the distribution of rainfall: when it lies to the
north, dry conditions prevail and when it lies to the south, widespread rain is possible. Northeasterly
monsoon winds occur over the eastern coast of southern Africa. They are closely linked to the great
monsoon system over India and Asia. The northeast monsoon winds cross the equator and meet the
southeast trade winds, forming another convergence zone, called the Inter-tropical Convergence
Zone (ITCZ) (Hurry and van Heerden, 1982).

Hazardous weather: A large percentage of disasters across the world and in southern Africa are
weather related. The fact that South Africa is influenced by both tropical and mid-latitude air masses
and the interaction between them sets the scene for various types of severe weather events that are
often difficult to predict with long lead times. A hazard analysis of South African data of extreme
events shows that during the period 1961 to 2005, 39% of the events were related to flooding, 22% to
severe storms and 15% to wind damage (Poolman, 2007).

Rainfall: The highest rainfall occurs along the eastern escarpment, in particular, along the mountain
ranges in the South East. Rainfall generally decreases from east to west; the highest amounts in the
east have an average of 800 mm per year, while amounts of less than 200 mm per year occur in the
west (Figurel.2, Kruger, 2007). Summer rainfall occurs over the northeastern half of the country

(Figure 1.3, Kruger, 2007), with mainly winter rainfall in the southwestern parts.
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Figure 1.2 Normal annual rainfall over South Africa (after Kruger, 2007)



NORMAL SUMMER RAINFALL
[December, January and February)

Above 500 mm
451 - 500 mm
401 - 450 mm
351 - 400 mm
301 - 250 mm
251 - 300 mm
201 - 250 mm
151 - 200 mm
101 - 150 mm

50 - 100 mm

50 mm or below

Based mainly o data for the

30 year period 1961 - 1980

rrrrr

Figure 1.3 Normal summer rainfall over South Africa (after Kruger, 2007)
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Figure 1.4 Lightning flash density for 2006 to 2009 (left) and South Africa’s topography (right)

Thunderstorms, due to their high frequency of occurrence over South Africa and the high impact
weather they produce, are the primary focus of very short range forecasting and nowcasting efforts in
South Africa. Convective storms are a major producer of rainfall over the summer rainfall areas of
South Africa. Kruger (2006) indicated that in the summer rainfall regions of South Africa the rainfall
events are becoming more intense and produce larger extreme rainfall values. Most of these high
rainfall events occur in conjunction with convection and lightning. Gill (2008a) analyzed the lightning
data from the SAWS Lightning Detection Network (LDN) for 2006 and 2007 and found the lightning
density to be more than six flashes per square kilometre over the northeastern half of the country
(Figurel.4).

Severe thunderstorms: Supercells, which are usually associated with severe weather such as

tornadoes and hail, are relatively rare judging by the work done on the nature of hail producing storms

5




by Held (1978; 1982) and Carte and Held (1978). They studied 361 storm days on the plateau of
South Africa and of those 39% of the days had isolated thunderstorms, 54% had scattered storms
and squall lines only occurred on 7% of the days. De Coning et al. (2000) documented an example of
a recent supercell event. Although tornadic events are less frequent than in the United States, an
annual average of four tornadoes occur in South Africa (Goliger et al., 1997). The 1998/9 summer
season had an unusually high occurrence of tornadic events, although damage surveys are not

officially done in South Africa to validate all of them (De Coning and Adam, 2000).

1.3 ENABLING TECHNOLOGY IN SOUTH AFRICA

1.3.1 Meteosat Second Generation satellite data

Both South Africa and Africa as a whole have had access to the European Geostationary Meteosat
Second Generation (MSG) satellite image data and derived products since 2005. The first satellite of
the series, then known as MSG, was launched on 28 August 2002 after a development phase
conducted by the European Space Agency on behalf of EUMETSAT (European Organization for the
Exploitation of Meteorological Satellites). An intensive commissioning phase then followed and by 29
January 2004 the satellite, now known as Meteosat-8, was in full operation, allowing access to its
data on a routine basis throughout its wide field of view, encompassing Europe, Africa and the Middle
East (Morgan, 2002). MSG-2 (Meteosat Second Generation-2) is the follow-on to MSG-1 and was
launched on 21 December 2005. The two ton, spin stabilized craft carries the same instruments as
MSG-1 (Spinning Enhanced Visible and InfraRed Imager or SEVIRI and Geostationary Earth
Radiation Budget or GERB) and provides the same products. The satellite was renamed Meteosat-9

when it became operational in June 2006 (MSG-2 successfully launched, 2005).

This satellite offers a choice of twelve channels to use individually or in combination for various
purposes, including nowcasting of convection (Table 1.1). For eleven of the twelve channels, image
pixels are sampled every 15 minutes at intervals of 3 km over the entire area. The High Resolution
Visible (HRV) channel has a sampling distance of just 1 km, with the east-west scan limited to half of

the full earth disc.



Table 1.1 SEVIRI Imaging Channels (adapted from Morgan, 2002, MSG Brochure: Applications of MSG)

Channel Nominal central | Application and history

name wavelength
(Hm)

VIS 0.6 0.635 History: Similar channels of the Advanced Very High Resolution Radiometer
(AVHRR) on National Oceanic and Atmospheric Administration (NOAA) satellites.

VIS 0.8 0.81 Applications: cloud detection, cloud tracking, scene identification, monitoring of
land surfaces and aerosols and in combination to generate vegetation indices.

NIR 1.6 1.64 History: Along Track Scanning Radiometer (ATSR) on European Remote
Sensing (ERS) satellites. Applications: discriminate between snow and cloud, as
well as between ice and water clouds, aerosol information.

IR3.9 3.92 History: AVHRR. Applications: detection of low cloud and fog at night,
measurement of land and sea temperatures at night, the detection of forest fires.

WV 6.2 6.26 Applications: measurements of mid-atmosphere water vapour, tracers for
atmospheric winds, height assignment for semi-transparent clouds.

WV 7.3 7.35

IR 8.7 8.7 History: High Resolution Infrared Radiation Sounder (HIRS) on NOAA satellites.
Applications: provide quantitative information on thin cirrus clouds, discrimination
between ice and water clouds.

IR9.7 9.66 Applications: ozone concentration in the lower stratosphere, to monitor total
ozone, assess diurnal variability, tracking ozone patterns as an indicator of wind
fields at that level.

IR 10.8 10.8 Applications: temperature of clouds and the surface, help to reduce atmospheric
effects when measuring surface and cloud top temperatures, cloud tracking for

IR 12.0 12.0 atmospheric wind and for estimates of atmospheric instability.

IR 13.4 134 History: Geostationary Operational Environmental Satellite (GOES)-VISSR

Atmospheric Sounder (VAS). Applications: estimation of atmospheric instability,
temperature information on the lower troposphere.

With MSG it is possible to provide images, day and night, of clouds and cloud systems at nearly every

scale. It is also possible to look at the clouds and learn about their internal processes and states, e.g.

cloud droplet size can be inferred, surface fog may be detected even at night, vegetation growth

monitored and many more. A number of applications have also been developed to make use of these

new capabilities for nowcasting, especially for the detection and prediction of severe weather

(Morgan, 2002). Chapter 2 will discuss these products in more detail.

Hydroestimator

Satellite precipitation estimates (SPE) offer an excellent way to compensate for some of the

limitations of other sources of quantitative precipitation information. However, the relationship

between satellite-measured radiances and rainfall rates is less robust than that between radar




reflectivities and rainfall rates. SPE should thus not be considered as a replacement for radar

estimates and gauges but as a complement (Scofield and Kuligowski, 2003).

Scofield (2001) described the status and outlook of operational satellite precipitation algorithms for
extreme precipitation events. Since 1978, SPE for flash floods have been produced using data from
the GOES. They combine manual effort and computer algorithms with the main application to alert
forecasters and hydrologists of the potential for heavy precipitation and flash floods. Due to the
interactive nature of this method, these SPE cover limited areas over limited periods of time and take
a significant amount of time to produce. To address these problems, the National Environmental
Satellite, Data and Information Service (NESDIS) developed an automated SPE algorithm for high-
intensity rainfall called the Autoestimator (AE). The original AE, developed by Vicente et al. (1998),
computes rain rates from 10.7 pm brightness temperatures based on a curve that was derived from

more than 6000 collocated radar and satellite pixels.

The dependence of the initial AE on radar was a significant problem, because one of the advertised
strengths of satellite QPE (Quantitative Precipitation Estimation) is its usefulness in regions for which
radar and/or rain gauge coverage is unavailable. Another version of the AE, called the Hydroestimator
(HE) has been developed which can be used outside of regions of radar coverage without
compromising too much accuracy. In southern Africa a precipitation estimator independent of radars
was required and thus the HE suited the need. During September 2007 a local version of the
Hydroestimator was installed and tested at the South African Weather Service and has been running

operationally ever since. More detail will follow in Chapter 6.
1.3.2 Radar

The SAWS owns ten C-band and two S-band radar systems of various ages and manufacturers.
These systems are equipped with a common receiver processor and a control system, which allow
the data to be collected in continuous volume scan mode and to be transformed into a common
format (Dixon and Wiener, 1993). Data are collected within a range of 200 km to 300 km. The spacing
of these radars is not ideal for observing stratiform rain because such systems are relatively shallow,
resulting in the radar beam overshooting the echo tops at long ranges. Convective storms, however,
have relatively deep vertical dimensions allowing them to be observed, at least partially, at longer
ranges. Calibration checks are routinely performed and the systems are stable. Comparisons between
different radars in the overlap areas provide further confidence in the system performance
(Terblanche et al., 2001). Radar data will not be used in this study, but it forms part of the suite of

nowcasting and very short range forecasting tools.
1.3.3 Lightning

A Lightning Detection Network (LDN) consisting of 19 VAISALA LS7000 sensors was installed across
South Africa by the beginning of 2006 (Figurel.5).This network in South Africa is one of only three



ground-based lightning detection networks in the southern hemisphere. Data from this network
provides only cloud-to-ground recordings, but constitutes a sufficient basis to start developing a

lightning climatology for the country (Gill, 2008b).

Outside the boundaries of South Africa incorrect values of lightning occurrence are sometimes
recorded by the LDN. According to Zajac and Rutledge (2001) lightning detected at a distance of
more than 100 km from the outer ring of lightning sensors is very often a false recording. Data usage
should thus be limited to continental South Africa and the ocean regions within 100 km of the

coastline.
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Figure 1.5 Location of lightning detection network sensors (after Gill, 2008b)

“One of the primary determinants of ground flash density in South Africa is topography. The major
mountain ranges act to enhance convection on their windward slopes” (Gill, 2008a). Most of the
lightning along the escarpment and into the interior is associated with deep convection. Gill (2008a)
found that the areas at highest risk from both intense lightning and mainly lightning of positive polarity
are found along the escarpment. This confirms findings of Cecil (2008) using Tropical Rainfall
Measuring Mission (TRMM) that the areas where most thunderstorms occur are linked to orographic
features, which enhance the forcing. Gill (2008b) developed a method to determine the lightning risk

for different areas of the country.

1.3.4 Unified Model

The Unified Model is the suite of atmospheric and oceanic numerical modelling software, developed
and used at the UK Meteorological Office since 1991. The Met Office maintains a suite of versions at
particular resolutions that it encourages collaborating partner institutions to use. These include a
regional 12 km, a mesoscale 4 km and a high-resolution 1.5 km model. In practice, the resolution and
domain size of the limited area model chosen is constrained by the available computing power. At the
SAWS, the Unified Model runs operationally at a horizontal resolution of 12 km and is scheduled to
run twice daily to provide hourly numerical forecasts of atmospheric conditions for up to 48 hours

ahead.



1.4 RESEARCH PROBLEM

Forecasting for the first twelve hours requires extensive use of remote sensing tools including radar,
lightning networks and satellite. Various research programmes make use of satellite data since this
type of data has become increasingly useful as a result of spatial and temporal resolution increases.
Work done by researchers at the University of Alabama in Huntsville (UAH) and the University of
Wisconsin Cooperative Institute of Meteorological Satellite Studies (UW-CIMSS) is focussed on
enhancing GOES-based data with lightning information, as well as with data from the MODerate
resolution Infrared Spectrometer (MODIS) to predict the onset of convection (Mecikalski et al., 2007).
Their Convection Initiation (Cl) nowcasting method relies on the use of infrared and visible satellite
data from GOES, and cloud-motion winds for tracking cumulus clouds (Bedka and Mecikalski, 2005;
Mecikalski et al., 2007; Mecikalski et al., 2008). Recently this technique was also expanded to be
used with MSG data over Europe and Africa (Mecikalski, 2007) and in the future with Meteosat Third
Generation (MTG).

Convective cloud top temperatures and signatures, and cloud microphysics have been thoroughly
described by, Setvak and Doswell (1990), Caruso et al. (2000), Setvak et al. (2003), Setvak and
Rabin (2005), Rosenfeld and Lensky (2006) and many others. Signals of severe convection including
the V-shaped cloud formation and the cold U-shape clouds have been analyzed together with radar

data and in-cloud measurements, where possible.

Forecasting convection is one of the most difficult challenges facing forecasters in southern Africa.
Now that South Africa is receiving MSG data, there is an opportunity to join the world of satellite
researchers in a region where it is very much needed. Operational forecasters have a lot of data to
analyze and combine into a forecast. One of their biggest needs is easy, simple ways to integrate all
relevant data to make very short-range forecasts and nowcasts of convective activity. Despite the role
that numerical weather prediction models play to give general guidance on where convection might be
favourable, more detailed information is needed closer to time. If model data and satellite data can be
combined, it will offer greater spatial as well as temporal guidance closer to the time of convective
activity. The purpose of this study is to provide this much needed guidance in the form of a probability

map for convection.

1.5 HYPOTHESIS

The hypothesis of this study is that remote sensing data from the geostationary MSG satellite and the
lightning detection network can be integrated with numerical model data into a product, which will give
forecasters guidance on where convection is more likely to occur, with at least a three to six hour lead

time.
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1.6 AIMS AND OBJECTIVES

Aims of the study are twofold:

1. To provide operational forecasters in South Africa as well as the rest of southern Africa with a
satellite derived product that will indicate the areas where convection is most likely to occur.
This newly developed product will combine and modify existing products in order to provide a
single map, which will indicate the probability of convective development over land with a

three to nine hour lead time.

2. To test and verify the new combined product against observed lightning data and satellite
based rainfall estimations using case studies from two summer seasons to prove its

usefulness.

The ultimate goal of the research is to provide an operational probability map for the occurrence of

convection over land with a three to nine hour lead time.

1.7 LAYOUT OF THE THESIS

In Chapter 2 the role of satellite and model combination fields and how these combinations have been
adjusted for South African circumstances are explained. In Chapter 3, the satellite based instability
indices are compared to the Unified Model instability fields to determine whether the use of satellite
fields adds value to the product derived solely from the model fields. Chapter 4 deals with the
construction of the new, combined index to give a single probability map indicating where convection
is likely. In Chapter 5 the new index is evaluated against the occurrence of lightning in 50 case
studies over the 2007/8 and 2008/9 summer seasons in order to show the extent of the correlation
between the two fields. Finally, in Chapter 6 the new index is compared to the local version of the
Hydroestimator to show possible value for regions in southern Africa where lightning detection

networks do not exist.
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CHAPTER 2
MSG APPLICATIONS FOR
FORECASTING OF CONVECTION

2.1 BACKGROUND

This chapter starts with a brief discussion of the visual by-products of MSG, which can be used for
various purposes, including convection forecasting. A summarized description of the theory for the
Global Instability Indices (Gll) product follows, defining the relevant indices as well as the theory
behind their calculations for the satellite and model combined fields. Initial evaluation of the GlI in
South Africa will be addressed subsequently, starting with a simple visual verification method. The
final section deals with the local implementation of the GlI in South Africa based on the 12 km version
of the Unified Model. Changes were made to suit South African circumstances and these will be listed

and discussed at the end of the chapter.

2.2 METEOROLOGICAL PRODUCTS EXTRACTION FACILITY (MPEF)

In addition to the purely visual interpretation of the MSG channels, the ultimate usefulness comes
from digital products extracted from the data. The Satellite Application Facilities (SAF) in Europe have
developed products for very specific applications, e.g. climate and land or ocean surface related
products, but a comprehensive range of products has also been derived centrally within the MSG
Meteorological Products Extraction Facility (MPEF) located at the EUMETSAT Headquarters in
Darmstadt, Germany (Morgan, 2002). Many of the products were also available for the Meteosat First
Generation (MFG) satellite data, but they are now improved because of the characteristics of the
MSG SEVIRI instrument.

The first step in the MPEF processing is an automatic scene analysis of each image in near real time,
using multispectral thresholding techniques to decide into which class each pixel of the image falls,
e.g. sea, land type, low cloud, high cloud etc. This comprehensive analysis of each image forms the
basis for further processing to calculate other MPEF products. All of this processing is done in near
real time, every 15 minutes, and 24 hours a day. Resulting data are distributed on the Global
Telecommunications System (GTS) of the WMO, as well as via the EUMETSAT dissemination
service, called EUMETCast (Morgan, 2002). A list of the MPEF is shown in Table 2.1.
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Table 2.1 List of MPEF products supplied by EUMETSAT adapted from
http://www.eumetsat.int/Home/Main/Access to Data/Meteosat Meteorological Products/Product List/in

dex.htm?I=en

PRODUCT

PURPOSE

AMV

(Atmospheric Motion Vectors)

Most important product for Numerical Weather Prediction (NWP).
Applications: information on atmospheric dynamics not available from
other sources.

CSR
(Clear Sky Radiances)

CSR are the mean radiances for cloud free pixels. Applications: useful
for operational NWP.

Gll
(Global Instability Indices)

Gll are airmass parameters which act as stability indicators of the
atmosphere. Applications: used to complement upper-air sounding
data on a real time basis.

TH
(Tropospheric Humidity)

TH indicates the layer mean humidities between 500 and 200 hPa and
between 850 and 300 hPa, respectively.

CLA
(Cloud Analysis)

CLA is based directly on the scene analysis. Applications: information
on cloud cover, cloud top temperature / pressure / height, cloud type
and phase.

CTH
(Cloud Top Height)

CTH provides the height of the highest cloud. Applications: aviation
meteorology.

CDS
(Climate Data Set)

CDS provides information on the scene classes in each segment.
Applications: climate studies.

TOZ
(Total Ozone)

The TOZ product provides information on ozone. Applications:
information on high level wind, can also be assimilated directly into
NWP models.

IDS
(ISCCP Data Set)

The IDS is the EUMETSAT/MSG contribution to the International
Satellite Cloud Climatology Project (ISCCP).

HPI

(High Resolution Precipitation Index)

The HPI is the EUMETSAT/MSG contribution to the Global
Precipitation Climatology Project (GPCP). Applications: tropical
convective rainfall.

2.3 THE GLOBAL INSTABILITY INDICES (Gll)

Since accuracy and timeliness of prediction of convective processes are so crucially important, many

MSG based observations of clouds and their temporal evolution have been used in both their

gualitative and quantitative aspects to identify the most severe parts of a convective cloud system
(Setvak and Rabin, 2005; Rosenfeld and Lensky, 2006; Setvak et al., 2007, Setvak et al., 2008).

Using the MSG infrared channels it is also possible to assess the air stability in pre-convective, i.e.

still cloud free conditions. Air instability indices have been used for many years in evaluating the
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convective potential of the atmosphere (Peppler, 1988). Values of convective indices can vary greatly
with time and space because of frequent changes in wind and low-level moisture in storm
environments. When these indices are calculated from radiosonde profiles, they are highly dependent
on time and place and might not represent the environmental conditions accurately. Observations that
are more frequent are needed to capture the degree of instability of the atmosphere properly (Wagner
et al., 2008).

Satellite based temperature and moisture retrievals are now being used for the derivation of instability
indices. These types of retrievals of instability and air mass parameters are nothing new, having been
made operationally since 1988 using first the GOES VISSR Atmospheric Sounder instrument and
later the GOES Sounder (Hayden, 1988; Huang et al. 1992; Rao and Fuelberg, 1997; Menzel et al.,
1998; Dostalek and Schmit, 2001; Schmit et al., 2002). Kitzmiller and McGovern (1989) have shown
that the good spatial and temporal resolution of the VAS instrument and of the derived parameters

does in fact add value when the potential of pre-convective conditions have to be determined.

The greatest advantage of these fields is the added capability of the nearly continuous monitoring of
the instability fields guaranteed by the MSG 15 minute repeat cycle. This provides forecasters with
new information much more frequently than the twice-daily soundings at only a limited number of
radiosonde stations. This instability product is aimed at helping forecasters to focus their attention on
a particular region, which can then be monitored more closely by other means such as satellite
imagery and/or radar data. The indices can only assess the likelihood of convection within the next
few hours and should be seen in combination with other triggering and/or lifting mechanisms (Koenig
and de Coning, 2009).

2.3.1 Theoretical background

2.3.1.1 The parameters

The GII parameters are provided for the entire MSG field of view and the current operational setup is
such that the product is derived as 15X15 pixel averages, i.e. over an area of approximately 50X50
km. The MPEF GlI product includes two instability indices, the Lifted Index and the K Index, as well as

Total Precipitable Water content (TPW) as an air mass analysis parameter.

The Lifted Index (Galway, 1956) is similar to the Showalter Index, except for the level from which the
parcel is lifted. In addition, the Lifted Index is a forecast index whereas the Showalter Index is a static
index (Peppler, 1988). It is defined as:

Lifted Index = T500 — T (surface skin temperature, lifted to 500hPa). (1a)
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Meaningful values of the Lifted Index as used in the United States for the occurrence of convection
are shown in Table 2.2. The value of -2°C was used as the threshold for severe storm formation in the
Miller forecasting scheme (Miller, 1967, 1972 and 1975).

Table 2.2 Possible threshold values for Lifted Index, adapted from: Severe weather indices page
http://www.theweatherprediction.com/severe/indices

Lifted Index
-1to -4°C Marginal instability
-4 to -7°C Large instability

Less than -8°C | Extreme instability

The K Index (George, 1960) combines the 850 and 500 hPa temperature difference, the 850 hPa dew
point and the 700 hPa dew point depression to aid thunderstorm prediction in summer and is defined

as:

K Index = (T850 - T500 ) + TD850 - ( T700 - TD700)

where

T is the air temperature at the indicated levels and

TD is the observed dew point temperature at the indicated levels. (1b)

Meaningful values for the K Index as used in the United States are shown in Table 2.3. These values
agree with Hambridge (1967) who found that, for the western United States, K Index values of
between 15°C and 20°C indicate a less than 20% chance of thunderstorms, while for K Index values

of above 40°C indicate that there is a 100% chance of seeing thunderstorms.

Table 2.3 Possible threshold values for K Index, adapted from: Severe weather indices page
http://www.theweatherprediction.com/severe/indices

K Index
15 to 25°C Small convective potential
26 to 39°C Moderate convective potential

More than 40°C | High convective potential
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Total Precipitable Water is definded as:

TPW = Vertically integrated water vapour content from the bottom to the top of the atmosphere
(1c)

Meaningful values for TPW are shown in Table 2.4.

Table 2.4 Possible threshold values for Precipitable Water adapted from: Severe weather indices page
http://www.theweatherprediction.com/severe/indices

Total Column Precipitable Water

Less than 12.5 mm | Very low moisture content

13to 31 mm Low moisture content

32t0 44 mm Moderate moisture content

More than 44 mm High moisture content

Such indices are of course of empirical nature and are dependent on geographic regions and
seasonal variation, but they can assess the likelihood of convection within the next few hours, thus
providing a warning at short lead-time. Although these values can be used as an initial guide, they are
highly dependent on the geography of the local environment and could need adjustment for another
region. Human interpretation is still necessary for a correct usage of the provided indices and their
threshold values (Koenig and de Coning, 2009).

2.3.1.2 The theory

For a thorough exposition of the Gll concept, the reader is referred to Koenig (2002 and 2007) and

Koenig and de Coning (2009). The most important features can be summarized as follows:

The Gl retrieval algorithm is in theory very similar to the physical retrievals developed for the GOES
Sounder instrument. Due to a number of differences in channels and the details of the applied
radiative transfer model, the retrieval had to be adjusted accordingly. The algorithm works only for

clear sky conditions, i.e. no instability information is available for cloudy pixels.

The Gl retrieval attempts to construct an actual temperature and humidity profile from the satellite-
observed radiances within a given set of channels and the air mass parameters are then derived from

this profile. It is a “physical” method, as opposed to a statistical method. An inversion algorithm is
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applied (Rodgers, 1976; Hayden, 1988; Ma et al., 1999) that produces a retrieval, which is as close as
possible to the observations. Generally speaking, this is a multi-solution problem and thus a suitable
“background” or “first guess” profile is used as a constraint to the solution. The first guess is fed to the
iteration scheme as an initial proposal for a solution and then modified in a controlled manner until its
radiative properties (the simulated radiances at the top of the atmosphere for the MSG channels) fit

the satellite observations.

The standard retrieval equation (Rodgers, 1976; Ma et al., 1999) is used:

Xpa = %o + (S + KIS, K) " x KIS [T, =Ty, +K, (X, =Xo)] 2

n+1
with

X: observation vector (temperature and humidity profile)

n: iteration step, n=0 denotes the first guess or background profile

Tg: observed brightness temperature

Tg,n: sSimulated brightness temperature for the profile of iteration step n
Sy: covariance matrix of first guess errors

Kn: weighting function matrix (Jacobians)

S.: error covariance matrix of observed brightness temperatures and of the radiation.

The physical retrieval uses six channels: the three long wave window channels IR8.7, IR10.8 and
IR12.0, the two water vapour channels WV6.2 and WV7.3, and the CO2 channel IR13.4. The matrix
S, contains the temperature noise of the instrument in these six channels with the uncertainty of the
radiation model added. The covariance matrix S, was produced from a near global (60°S to 60°N) set

of atmospheric profiles (Chevallier, 2002) to cover a wide range of natural variability.

The background profile used for the Gll is the 6-hour forecast from the ECMWF (European Centre for
Medium-Range Weather Forecasts) global model on a 1° latitude/longitude grid, interpolated in time

to the actual image time.

The observation vector x contains the full vertical temperature and humidity profile and the surface

skin temperature as the important lower boundary condition for the IR window channels.
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The radiation model RTTOV (Eyre, 1991; Saunders et al., 1999) is used to derive the Jacobians, K,
in a fast and effective manner. In addition, the forward model of RTTOV (version 8.7) is used to derive
the simulated MSG temperatures for a given observation profile x. The iteration is terminated when
the root mean square (RMS) difference between the observed and simulated brightness temperatures

in the six channels becomes less than a given threshold (1.5 K).

A value is only assigned to a processing box if 50 percent or more of the box is cloud free, where the
cloud information is taken from the MSG Cloud Mask product (Lutz, 2007). The brightness

temperatures are averaged over these cloud free pixels only.

A last input parameter for the retrieval scheme which needs to be mentioned, is the spectral surface
emissivity, which is important for the SEVIRI IR8.7 channel. Non-vegetated, desert type surfaces have
a rather low surface emissivity of 0.75 to 0.80 in this channel, and this needs to be accounted for
within the radiation model of the retrieval. The spectral emissivities from the IREMIS database

(http://cimss.ssec.wisc.edu/iremis/, Seemann et al., 2008) are remapped to the MSG pixel locations.

The inversion scheme depends on the first guess field. In many cases the first guess already matches
the observations so closely that no changes are needed, but there are also cases where the first
guess field is quite significantly changed within the retrieval. This added satellite information often

modifies extreme values and local gradients.

2.4 THE INITIAL EVALUATION OF THE GII IN SOUTH AFRICA

2.4.1 Visual verification

A number of studies have been done since 2005 to show the value of the GII product for South
African cases. Initially, the verification was of the simple visual variety. A good example of one such
case is 6 November 2005 (Koenig and de Coning, 2006). During the weekend of 4 to 6 November
2005 heavy rainfall across South Africa brought welcome relief after very hot (heat wave) conditions
over most of the country. Over the northern parts of the country large amounts of rain fell in short
periods of time. This lead to local flooding and considerable damage was caused by strong wind
around 1530 UTC. Electricity cables were damaged which led to power outages, roofs were blown off
and informal settlements were destroyed in some villages east of Polokwane, Limpopo Province
(Figure 2.1).
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Figure 2.1 Provinces of South Africa (left) and location of a few cities in Limpopo Province, amongst others,
Polokwane (right)

According to newspaper reports (Sowetan, 2005) a 10-year-old boy drowned when the shack where
he lived washed away and three women were injured when their houses collapsed. On the 4™ rainfall
amounts over the northern most province of South Africa were less than 10 mm, but on the 5" rainfall
totals were between 20 and 50 mm. Convection started to the west-northwest of the province on the
surface dry line and migrated towards the east-northeast (along with the upper air flow) and entered
the area of interest during the early afternoon.

=
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Figure 2.2 ECMWF 24 hour forecast for the K Index at 0600 UTC on 6 November 2005 (left) and Gl K Index over
South Africa at 0645 UTC (right)

The K Index, derived from the upper air sounding at Polokwane (circled in Figure 2.1, right) at midday,
was more than 32°C, but the Lifted Index only -0.5°C. Using a 24-hour forecast for 0600 UTC from the
ECMWF numerical weather prediction model, the K Index showed values greater than 30°C, which is

a good indicator for instability and thus thunderstorm development (Figure 2.2, left).

Using the GII K Index at a resolution of 15X15 pixels