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Changes in rainfall patterns, rising sea-levels, population growth and economic activity are driving an
increase in demand for flood risk forecasting and possible mitigation engineering. World-wide flood
disasters account for about one third of all natural disasters, by number and economic losses. The death toll
in 2013 was approximately 10,000 people. The economic damage in 2013 caused by flooding was 50 billion
US dollars (Munich RE). South Africa is no different with an ever increasing demand on cities for
employment, resulting in large scale urbanisation (whether informal or formal) into flood plains and river
courses. Furthermore, the capacity of aging urban drainage systems to cope with infrastructure development
and changes in climatic rainfall patterns will increase the probability of extreme events.
Engineers and government authorities carry a huge responsibility to mitigate anthropogenic impacts. A solid
operational flood management system will allow for effective and efficient response to flooding, avoiding
damage and saving lives. Currently disaster management centres, or local authorities are reacting real time,
often turning to the engineers to provide advice on where to respond to, who to evacuate, and how bad things
may develop. This begs the question, how do we get ahead of potential storms and be accurately informed
when/where a flood is imminent, and thus inform all parties to allow for an appropriate response?
EThekwini Municipality has implemented a flood early warning system (FEWS) approach, which is based
on open source software and can be tailored for each specific city or region by Eengineers. The system has
been implemented in over 35 countries and in many cases (such as the USA, England & Wales and the
Netherlands) it is the official national flood forecasting system. EThekwini has completed a comprehensive
merging of several hydraulic models and field studies for calibration/validation purposes. The installation of
real time monitoring network will allow for ground truthing of predictive models that are running the Global
Forecast System (GFS).
This paper will present the development, implementation and on-going fine-tuning of a flood early warning
system containing monitoring and forecasting components, required for flood warning. Although initially
considered as an early flood warning system, it now has now developed into far more, assisting with issues
such as water quality, risk assessments and real time / forecasting and data management. The focus of the
paper is on the implementation of the system itself, and not the technological aspects. The main challenge in
setting up the system was not the technology, but bringing together the components required and dealing
with several organizations involved in flood crisis management.
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1. INTRODUCTION

Flooding due to extreme events pose a continuous threat to infra-structure and civilians globally. With an
ever increasing demand on cities for employment, resulting in large scale urbanisation, this threat is
increased due to the capacity constraints of aging urban drainage systems to cope with infrastructure
development. Furthermore, studies indicate changes in climatic rainfall patterns will increase the probability
of extreme events, with lower frequency but higher intensities (Mason et al. 1999, van Wageningen & du
Plessis 2007). Lastly the maintenance required due to damage (ie. to culverts) and effects of overgrowth and
litter within the water systems constraining flow paths exacerbate the problems further.
The effect of floods and similar disasters on the economy and unfortunately sometimes loss of life is
significant in many respects. At a glance in recent times, flooding in seven South African provinces cost the
country around R160 billion in economic losses (according to the Department of Social Development). In the
same year, Namibia had the heaviest rainfall in 120 years, Australian losses from Storm Yasi incurred
economic losses of $20 billion and insured losses of $4 billion, and flooding in Thailand cost the country
more than $30 billion (Santam Insurance media release 2012). The floods in 2011, which claimed over a 100
lives in southern Africa, left 33 municipalities declared disaster areas, thousands of houses damaged and
major crop damage in the agriculture sector with subsequent job losses.
Engineers and government authorities carry a huge responsibility to mitigate against these natural and
anthropogenic impacts. In the past engineers have relied on empirical and observed data to continually adjust
in the realm of safety factors and risk assessment to apply best ‘current’ management strategies. The current
engineer is required to be knowledgeable of this wealth of engineering guidelines, and on top of it apply
models and other computational accessories to now fine tune designs to meet not only the client’s budget but
reduce failure or limit disaster impacts. Add to this the recognised changes in design inputs and uncertainties,
such as in rainfall, the role of the Eengineer needs to quickly adapt to this new challenge. Never before has
the Eengineer had so much information and options to guide his design approach, but also the responsibility
of accepting that the design must account for major uncertainty.
The current approach of real and hind cast analysis certainly provides a good platform for mitigation
engineering. One simple approach is just to assume worst case scenarios, but how certain can one be in such
complex options. Even so, with budget constraints, disaster events are unavoidable. In such cases and in
larger metropolitan areas, the resources available to handle a disaster are limited, and once again Eengineers
need to rely on experience in crisis time. A solid operational flood management system, or early warning
system, is required for effective and efficient response to flooding, avoiding damage and saving lives.
Currently disaster management centres, or local authorities are reacting real time, often turning to the
Eengineers to provide advice on where to respond to, who to evacuate, and how bad things may develop.
This begs the question, how do we get ahead of potential storms and be accurately informed when/where a
flood is imminent, and thus inform all parties to allow for an appropriate response.

2. EARLY WARNING SYSTEMS

2.1 Current status to desired outcomes
Effective disaster management requires proactive preparedness. In preparation of an early warning system
(EWS), several steps need to be completed which in itself already requires authorities to reflect on their
understanding of dynamic systems. For this example we will focus on a flood early warning system. Figure 1
below presents a simple schematic highlighting the conceptual process in order to identify the current status,
understanding and desired outcomes. Through this process authorities can already identify short comings in
data acquisition, management and understanding. It also provides the start of a checklist for authorities to
expand on and estimate budget requirements to meet specific outcomes listed.
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Figure 1: Basic outline of workflow required in order to set up an effective early warning system.
In general, the approach adopted by most authorities and engineers is limited to identifying the current status
and understanding. These are well understood and with modelling provide interrogation of scenarios to best
advise structural measures to counteract the floods or limit population growth into flood mapped areas. A
well designed and maintained flood protection infrastructure and sound spatial planning can largely mitigate
flooding, but this only forms one part of flood mitigation (van Loenen et al. 2014). Engineers already
designing within budget constraints and limited field data, now also need to account for factors such changes
in soil moisture and runoff coefficients with on-going development. Furthermore water systems are often
under-maintained resulting in large scale over growth and accumulation of debris/pollution that exacerbate
flooding events.
Internationally, numerous systems have been developed and tested, highlighting the need for better data
management and understanding system specific desired outcomes from an EWS. Andryszewski et al. (2005)
note that historically changes in the flood warning service have generally arisen as a result of major flood
events where resulting lessons learned, actions plans, government pressure and the demands of the public to
bring about change. More recently however, changes in flood warning are not made as a result of recent
flooding but as a result of adhering to long-term plans and strategies that ensure well thought out and long
lasting solutions. The Eengineer of today and the future will play a crucial part in any lasting solution,
having the ability to bring together administrators and field specialists.

2.2 Getting ahead of disasters
In order to ‘fine tune’ flood mitigation, the engineer of today is required to embrace current technology and
thus change the ‘face of the engineer’ to one that can now work with forecast models and telemetry data
systems. Nowadays the software and tools available for engineers capable of obtaining real time data from
the field is very accessible and affordable. Today’s engineers no longer have to rely solely on manual hind
cast data collected from the field and now rely more so on field data as validation of forecasted results.
Real time data during large scale flooding events is only of value to confirm forecasted results, or if the
catchment is sufficiently large enough to allow for long response times. Although every minute counts,
getting ahead of a disaster requires a few hours in reality in order for competent decision makers to monitor
and then lead to the initiation of an appropriate response. It is worth noting that the primary objective of this
work is to provide additional lead time through predictions of short-term future hydro-meteorological
conditions. These predictions are used as guidance in making the decision to take any action such as the
issuing of a warning (Werner et al. 2012). The lead time provided by hydraulic models based on water level
stream gauges is generally insufficient to allow for the implementation of the protection measures. The use
of rainfall based runoff models does extend the lead time due to infiltration (catchment delays) and time of
concentrations. Finally, to get ahead of the potential disasters, radar and numerical weather prediction
models provide the best option when the time horizon gained from using measured rainfall is still insufficient
(Todini et al. 2005).
2.3 Data Management is Critical
The complexity of data management is directly proportional to the number of catchments involved, number
of gauges and types of gauges, number of models to execute, frequency of telemetry inputs and ultimately
the desired outcome’s level of accuracy and reliability. As an example the Australian national system for the
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Bureau of Meteorology, running a real time monitoring programme, has approximately 5000 rain gauges,
3000 river gauges and 200 models. A system like this requires a simple user interchange, yet reliable and
complex data management system.
Advances in weather forecasting, radar data and on-line meteorological and hydrological data collection, and
progress in hydrological and hydraulic models, are requiring an increasing need in developing flood
forecasting systems that are flexible to change in the data and models used (Werner & van Dijk 2005). The
EThekwini EWS takes advantage of an open shell framework, which provides tried-and-tested code to drive
models with real-time hydrology/meteorology data and permit data assimilation. The end user is also given
access to a sophisticated interface for visualizing and interacting with forecasts and data.

Figure 2: Outline of a typical flood early warning system with a forecasting link between field input data and
models.

3

METHODOLOGY

3.1 eThekwini catchment case study
A pilot flood study identified several catchments and rivers that either posed flood risks or water quality
contamination risks to river or coastal waters (shown below in Figure 3). These covered large areas and
required the use of GIS 2m contours in most cases to produce hydraulic models that were later merged into
one large hydraulic model that has been calibrated to model the catchment response to rainfall. Phase 1 of
this pilot study focusses on major flooding, and as such is predominantly in river courses. Flooding from
these systems, such as the Umgeni River, have significant consequences on infrastructure and even worse –
loss of human life. The CDB surrounding the harbour is currently also included for water quality reasons.
Phase 2 will include more urban drainage systems, but these generally flood on a smaller scale, and in the
near future most of eThekwini will be included in the hydraulic model. Figure 2 also presents the telemetry
network of gauged sites supplying input (rain intensity or water level). The telemetry transmits/updates on a
5min interval for gauged streams and when precipitation occurs. This data is critical in terms of validating
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forecast models and calibration of real time inputs. The catchment telemetry network also includes water
quality instruments and coastal equipment providing wave heights, wave directions and currents magnitudes.

Figure 3: The pilot study of the FEWS system involved the identification and subsequent analysis of several
catchments that posed flood risks within the eThekwini region. The subcatchments are highlighted in light
blue (top left). The gauged network based on a telemetry system is shown (top right).

3.2 Flood forecasting system
a) Rainfall
While cooperation in data exchange with several organisations (not all) has been successful, standardisation
of data exchange formats exists. For each of the formats to be imported, separate plug-in import modules
have been developed. This highlights the advantage of the open architecture approach, with plug-in
modules/classes easily added to allow different formats to be imported. The FEWS system makes use of the
Global Forecast System (GFS), a global numerical weather prediction system containing a global computer
model and variational analysis run by the US National Weather Service (NWS). The GFS forecast global
model has a 27 km resolution, updates four times per day, offers a forecast for ten days, covers the entire
globe and is freely available. Although not a hundred percent all the time, this data is more than sufficient for
flood forecasting as initial checks, one week ahead. Any thresholds exceeded can then be monitored as the
potential event approaches and updated GFS accuracy and timing improves. Furthermore, the use of radar at
real time during storm events can provide the most reliable rainfall intensities and possible storm paths,
further improving the localisation of rainfall patterns for the hydraulic models.
b) Hydraulic runoff coefficients
With ongoing development in catchments or degradation of soil characteristics, the hydraulic runoff
coefficients are no longer a static value. In order to automate the process, the hydraulic models are updated
in two ways: (1) With the use of pixel analysis targeting the green spectral component of aerial photographs,
GIS layers are now produced that closely approximate hardened and unhardened surfaces. This layer is then
used to update the percentage impervious values of the models. This analysis is now scheduled for
recompilation yearly, and with the automation can easily keep the models updated. (2) The variation in soil
moisture values, based on infiltration properties, plays a significant role in runoff yields and time of
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concentrations. In order to accommodate this, the use of research into remotes sensing in RSA is being
investigated (Bartsch 2010).
c) FEWS data exchange
The flow of data is managed by the FEWS open shell system using the open interface XML format (see
Werner et al. (2004) for a description of the approach). Essentially XML is the language used for data
transfer and standardises the coding. Thus all inputs/outputs from gauges, models and any other source are
rewritten into XML by automated executables (in our case using Python). Figure 4 presents a schematic of
the data workflow, and interchange between models. The use of a universal coding language is important as
the method of flood warning system should not be developed in line with a particular model or method. Open
shell coding allows for flexibility, avoiding a black box of any type. Consistency, continuation and readily
available tools are essential for a successful on-going EWS. With an open system, forecasts can be run using
any meteorological products/data available, for comparison purposes.
Finally ay pre-scheduled warnings or information is released and exported (via SMS or email for instance)
and disseminated to pre-designated responsible personnel. Figure 4 below presents an overview of the data
exchange. Of importance with data management is the validation and rules pre-set in order to examine the
data. For instance, the data management system needs to pick up, or at least be coded to detect, erroneous
data inputs or outputs form the models. By setting simple checks within the system, false warnings or
undetected problems can be limited. Uncertainties from field data can also be somewhat overcome with
statistical checks put in place. Uncertainties in the forecasting results is also screened and auto-calibrated
against the field data coming in on a continual basis.

Figure 4: An overview schematic of the information transfer and process within the data management
system.

4

OPERATIONAL FEWS

4.1 Case study setup
The current system is set up on five computers, yet started with one, and only three are really required for a
live system. Essentially three servers operate the complete FEWS system, with two computers used for client
interaction and updating of any components necessary. With access permissions the client interaction can
happen anywhere, allowing technicians or decision makers to log in from home or away from business. The
servers manage the flow of data, and execute all tasks scheduled, including backing up field data and any
model run information stipulated.

The master controller (MC) computer is running the scheduled tasks via a configured operation client setup.
The system fetches all field data off FTP sites, and via transformations of the data provide inputs for the
models. Model outputs are then returned to the MC and checked against any threshold or pre-set warnings.
At this point the pilot study is undergoing calibration and validation data checks. Hind cast flood events are
being run to examine the process of data management and to determine what and how warnings are best
handled.

4.2 Warning systems
Figure 5 illustrate the current approach to warnings and subsequent management thereof. The yellow line
depicts a possible threshold exceeded (blue line). This may require a policeman to be deployed to a certain
bridge for example upstream to await field confirmation before issuing evacuations downstream. The second
line (red) demonstrates a very strong possibility of significantly exceeding the threshold, and would require a
far drastic approach – possibly starting evacuation procedures immediately. The simulation tests are being
used to help identify possible warning levels required, what information should be disseminated, how it
should be disseminated and to whom. This process will provide the platform for the Disaster Management
Units to clarify operation plans.

Figure 5: Simplified example of different warnings and how to manage response.
Levels of response will for the flood warning services will be based on the three key components of flood
warning, these being detection and forecasting; warning dissemination and public communication. For each
component there would be a maximum, intermediate and minimum requirement for a given flood risk area.
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4.3 Where to from here
The most significant spin off of having a finely tuned data management system such as FEWS, is the ability
to now extend the scope of workflows to additional models and operations. The flexibility of the FEWS
system to facilitate any type of model, and the inclusion of the GFS system and field data (wind, temp
etc…), provided the ideal platform for pollution modelling.
A comprehensive water quality model, focussing on pathogens linked to bathing safety standards, has been
included into the FEWS system and is in testing. The hydraulic models estimate river flows and with the
installation of water quality instruments linked to the real time telemetry system, coupled with the GFS
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forecast providing for wave height, wave direction, UV, temp, and cloud cover, the model provides
estimated water quality contamination levels (most probable number – MPN) for the Durban Bay (see Figure
6).

Figure 6: The FEWS data management once set up makes the inclusion of various models fairly simple. Here
a water model predicts contamination levels and compares them against safe bathing criteria in the Durban
Bay.
Once the river hydraulic models have been calibrated and validated, and some degree of confidence is
attained, the hydraulic models will extend to urban drainage models. Flooding here is generally due to
stormwater manholes surcharging or simply not having enough capacity within the system, and as such
mitigation against flooding will be useful. Figure 7 presents a flooding scenario in central Durban, which if
predicted could allow for enough lead time to move critical machinery or the installation of water blockades
(i.e sand bags) to protect electricity substations for example. The urban drainage models could be linked to
the GIS layers to provide valuable information on asset infrastructure protection.

Figure 7: The FEWS system estimating flooding in Durban Central Business district.

5

CONCLUSIONS & DISCUSSION
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The introduction of new technology to forecast floods/disasters will not simply improve flood mitigation if
there is no efficient method for disseminating information and warnings to those at risk (Andryszewski et al.
2005). Furthermore, Eengineers who understand the hydraulic responses of these flooding systems will play
an important role in ensuring there is a return on the investment in these early warning systems - even though
a warning is successfully sent in advance of flooding, if the public do not act because they don’t understand
what the warning means or what they should do.
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In the absence of real-time monitoring systems in most parts of South Africa, it makes it difficult to provide
information about river conditions and overflowing. This also makes it difficult to alert the authorities and
the protection programs in case of a critical contingency. In these cases the use of a forecast model system
based on the GFS at least provides a good starting point where necessary.
Integrating hydraulic models and variable inputs to form an operational system is a significant challenge.
Traditional flood forecasting systems, often black boxes for engineers, could not adapt to advances in data
availability and modelling techniques. Engineers need to embrace technology advances and adapt to bridge
the gap between merely doing flood mapping analysis, and move to flood forecasting live models.
The FEWS flood forecasting system provides an open architecture framework, allowing a more flexible
system for Cclients and Eengineers. The system can be easily extended to include additional data formats
and models. With this open approach, changes to the models and data used need not have an impact on how
the system is used operationally, thus reducing the organisational impact of adaptation, and allowing easy
integration of advances in data provision and modelling as no single model concept is suitable in all cases.
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