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EXECUTIVE SUMMARY

INTRODUCTION

This report describes a study undertaken for the Flood Control District of Maricopa County
(District) by James M. Montgomery, Consulting Engineers, Inc. (JMM). On October 15,
1990, the District authorized JMM to perform a Flood Warning Services Market Survey
Study. The purpose of the study was to survey and evaluate the need for and feasibility of
improving flood warning services within Maricopa County.

BACKGROUND

The District operates flood control facilities in and around Maricopa County and
participates in storm drainage projects which cross multiple jurisdictional boundaries. In
conjunction with the role of operating flood control facilities during major flooding that
occurred in 1978 and 1980, the District found itself in the very difficult situation of making
decisions having little or no real-time data with which to perform. Consequently, the
District began a scheduled program, over the next 10 years, of installing and operating a
network of telemetered precipitation and stage gages for data collection. The resulting
current system of telemetered gages transmit data to the District which in turn shares that
information with the National Weather Service (NWS) for use in its responsibility of
issuing flood warnings in Maricopa County.

Climatic conditions in central Arizona produce intense storms which can cause flash
flooding, associated property damage, and serious injury or loss of life. As a result, the
District is expanding the data collection system and improving flood warning services as
a means of nonstructural flood control.

A constraint of current NWS activities is that the flood warnings issued cover large areas,
such as large portions of the County and, in some cases, the whole County or even several
counties. Further, the false alarm and unwarned event rates are relatively high. Local
flood warning services would supplement the NWS operations by developing more
location-specific information on flood threat and improving the accuracy of local flood
warnings. This study addresses the need for and the feasibility of a local flood warning
system in Maricopa County and makes recommendations of flood warning program
alternatives.

EVALUATION OF FLOOD WARNING TECHNOLOGY

JMM evaluated a number of flood warning technologies for potential implementation in a
flood warning program for Maricopa County. The types of technology include currently
available components, such as precipitation and stage gages, and weather forecasting
tools, such as radar, satellite, and lightning strike data.

Telemetered precipitation and stage gages provide useful real-time rainfall and runoff
measurements of storm conditions as they occur. Weather forecasting tools aid in
forecasting storm conditions before they occur but are limited in their abilities to provide
quantitative forecasts at specific locations.
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Improved future technology was also evaluated and includes Next-Generation Doppler
Radar (NEXRAD), the planned new series of Geostationary Operational Environmental
Satellites (GOES-NEXT), and other forecasting tools. The new technologies are under
development and, when implemented, will provide more useful quantitative weather data.
However, these federal programs are experiencing scheduling and budgetary difficulties.
As a result, implementation by the federal government will probably be delayed for several
years.

Development of a Geographic Information System (GIS) flood warning application was
also investigated. The application would enhance flood warning capabilities, especially
in the future when NEXRAD data become available. However, incorporating GIS into a
flood warning program has not been routinely developed in other areas of the country.
Therefore, inclusion of a flood warning application with the District's GIS would be a
developmental effort given the state-of-the-art in this field.

MARKET SURVEY

To assess the communities' understanding of and needs for flood warning services, JMM
prepared three separate questionnaires for distribution to 250 individuals from three
categories of participants based in Maricopa County. The categories and number of
participants include: 50 managers and administrators, 100 technical staff and
users/implementors of flood warning services, and 100 homeowners.

The managerial group was composed of mayors, city council members, heads of agencies,
and others in decision-making or policy-setting roles.

The technical group included city engineers, police and fire chiefs, public works directors,
and others who would be involved in flood warning services within the County. Also part
of the technical group were potential users of flood warning services such as utilities,
transportation companies and the media.

The homeowners group was based on population density and on geographic representation
throughout the County, with each community receiving at least one questionnaire.
Participants were selected from membership lists of homeowners' associations where
available and by consulting officials within the community for suggestions of
homeowners to participate in the survey.

The results of the market survey indicate that there is strong interest in improved flood
warning services, particularly in the homeowners' group. The survey also showed that
there is a strong correlation between interest in improved flood warning services and the
perception that the County is threatened by flooding. Desired flood warning system
improvements indicated by the survey include additional precipitation and stage gages,
more site-specific flood warnings, and longer lead time prior to a flooding event. There is
also a high interest in generating maps to show expected inundation areas during flooding
events.

As part of the marketing survey, the accuracy of the existing NWS flood warning services
was reviewed. Verification information was obtained for Maricopa County from the NWS
for flash flood and severe weather warnings for the past several years. For flash flood
events in Maricopa County from 1986 through 1990, warnings were issued for only slightly
more than one-half of the events that actually occurred (7 of 13 events). Additionally, there
were 29 false alarms, where a warning was issued but no event occurred. In the severe
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weather category, flood warnings were issued for less than one-half of the actual events (35
of 77 events), and 50 false alarms occurred.

As a further indication of adequacy of existing NWS flood warning services, average lead
time for the warned events for the five-year period was calculated. In the past five years,
average lead time was approximately 40 minutes, with 10 of 42 verified events having a
lead time of 10 minutes or less. In comparison, the market survey results indicate a need
for one to two hours of warning before a flooding event.

Other selected findings of the market survey are listed below:

¢ The District was chosen second most frequently to NWS by the managerial and
technical groups as best-suited to collect and analyze weather data.

¢ The District was selected most frequently by the managerial and technical
groups as best-suited to collect and analyze rainfall and runoff data.

¢ The District was selected most frequently by the technical group as best-suited to
act as decision-maker for issuing flood warnings, with NWS and Civil
Defense ranking second and third, respectively. The managerial group
selected NWS most frequently, with the District and Civil Defense ranking
second and third, respectively.

e Top selections for best-suited to act as decision-maker for evacuating areas
include the sheriff/police, as well as a mix of the District, Civil Defense and
mayors.

FLOOD WARNING ALTERNATIVES

Based on the findings of the evaluation of flood warning technology, the market survey,
and discussions with District personnel, JMM developed five alternative flood warning
scenarios.

The District has stated that it does not wish to assume a flood warning role in which it
warns the public directly. Rather, it would assume either an "active" role, defined as
warning selected agencies when flood threats occur, or an "inactive" role, where other
local agencies would contact the District. The local agencies would then be subsequently
responsible for warning the public. In any case, the District would coordinate its flood
warning efforts with the NWS, Civil Defense, and other agencies affected by flooding.

Each alternative is described briefly in the following paragraphs. They are presented
generally in order of increasing lead time potential and sophistication. Lead time is
defined here as the time between when a warning is issued and flooding begins to occur. It
is the time available to the recipient to act on a flood warning.

Alternative 1 - Status Quo

Alternative 1 describes the District's current flood detection system which includes
telemetered precipitation gages, stage gages and meteorological sensors, as well as color
radar, light maps, and a voice synthesizer to automatically dial pre-selected telephone
numbers and relay information. In keeping with the District's current operational
procedures, flood warnings to local agencies would not routinely be issued in Alternative
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1, but information would be disseminated to the NWS and Civil Defense to be used in
issuing flood warnings.

Benefits of Alternative 1 include data collection for use in operation of District structures,
calibration of hydrologic models, ground-truth activities, documentation for litigation,
monitoring of dams, labor savings from reduced maintenance of flood control structures,
increased knowledge of events during storms or flooding situations, and dissemination of
information to the NWS and Civil Defense.

Alternative 2 - Flood Warning with Improved Flood Detection and Hydrologic Modeling

Alternative 2 would consist of flood warning services which rely on detection of
precipitation and/or runoff for issuing flood warnings. The existing flood detection
network would be substantially expanded by the addition of precipitation and stage gages
and related equipment. Meteorological data would continue to be received as it is
currently, for use in determining if a flood threat is indicated, but would be upgraded to
mitigate current equipment constraints.

Alternative 2 would also include the addition of a hydrologic modeling component using
the Corps' HEC-1 hydrologic modeling package. Existing hydrologic models developed
under the District's Flood Insurance Study (FIS) and Area Drainage Master Study
(ADMS) programs would be interfaced with real-time precipitation and runoff data.

In addition to the improved flood detection and hydrologic modeling component, a flood
warning communications system would be added to disseminate flood warnings either by
direct notices to local agencies from the District or where outside agencies must initiate
contact with the. District to obtain flood warnings.

The benefits of Alternative 2 would include those identified for Alternative 1, but warnings
would be routinely issued directly or indirectly as previously defined. Because
Alternative 2 would provide dissemination of warnings, direct benefits would be realized
on a county-wide basis through damage reduction as a result of prior warning.
Additionally, the expansion of the ALERT precipitation and stage gage network and
inclusion of hydrologic modeling would further increase the accuracy of predicting flood
threat and would enable the District to identify basin-specific flood potential. This
information would improve the capabilities of the NWS and Civil Defense to issue flood
warnings and make evacuation decisions.

Alternative 3 - Flood Warning with Improved Flood Detection and Meteorological
Prediction

Alternative 3 would consist of the improved flood detection network described in
Alternative 2 excluding hydrologic modeling, with the addition of a staff meteorologist or a
meteorological service. Additional weather stations would be added to the system to aid the
meteorologist in making more site-specific forecasts. As with Alternative 2, a flood
warning communications system would be added to disseminate flood warnings.

The benefits of Alternative 3 would be similar to Alternative 2, with certain trade-offs.
Alternative 3 would typically provide earlier indication of flood threat due to its
meteorological prediction element but with less accuracy. Conversely, the hydrologic
modeling component of Alternative 2 would typically provide greater accuracy on expected
flooding conditions but with shorter lead time.




Alternative 4 - Flood Warning with Improved Flood Detection, Hydrologic Modeling, and
Meteorological Prediction

Alternative 4 describes the combined elements of Alternatives 2 and 3. Alternative 4
includes an expanded flood detection network, hydrologic modeling, and meteorologic
prediction. Quantitative Precipitation Forecasts (QPFs) developed by the meteorologist
would be input into the hydrologic model at specified forecast points for analysis of
potential flooding prior to the occurrence of rainfall.

In addition to the benefits described for Alternatives 2 and 3, the combination of improved
flood detection, hydrologic modeling, and meteorological prediction would further
increase the accuracy of the warnings, while substantially increasing lead time, and
would improve the District's ability to identify basin-specific flood potential.

Alternative 5 - Flood Warning with Improved Flood Detection, Hydrologic Modeling,
Meteorological Prediction, and GIS

Alternative 5 would consist of the elements outlined in Alternative 4 with the inclusion of
GIS capabilities. Existing District GIS capabilities would be expanded to include flood
warning. Additionally, information developed from hydrologic modeling would be input
to the Corps' HEC-2 water surface profile program at specified points. The results of the
hydraulic computations by HEC-2 would be input to GIS, and inundation maps would be
subsequently generated.

In addition to the benefits identified for Alternative 4, the inclusion of GIS capabilities
would allow generation of event-driven maps of expected inundation. Flood warning
accuracy would be further increased, and the ability of providing site-specific forecasts
would be significantly improved. Integration of flood warning components such as
satellite and precipitation data could be accomplished, which would enhance flood
warning capabilities.

ECONOMIC EVALUATION OF ALTERNATIVES

An economic evaluation of each flood warning alternative was performed by analyzing
quantifiable benefits and costs. Overall benefits of a flood warning system include
reduced contents flood damage, increased safety, and reduced rescue efforts, as well as
reductions in travel delays and nonrecoverable business losses. Of these, only reduced
contents flood damage could be quantified. Costs are primarily dependent on equipment
and labor to operate a flood warning program.

Because the economic analysis conducted in this study addresses only the quantifiable
benefits, other nonquantifiable benefits should be considered in determining whether or
not to expand the flood warning system.

The results of the economic analysis indicated that the expected annual benefits from
reduced contents flood damage in Maricopa County for flood warning systems providing
approximately 30-minute and 2-hour lead times are as follows:

30-Minute Lead Time $500,000/yr

2-Hour Lead Time

$2,600,000/yr



Although none of the alternatives can guarantee a specific lead time, it is believed that
Alternative 2 would represent the low end of the benefit range with relatively short lead
time, while Alternative 5 would enable average lead times at the upper end of the range.
Benefits due to reduced contents flood damages are not associated with Alternative 1
because in this alternative flood warning information is not routinely issued to county
citizens such that contents could be removed from flood hazard. However, as described
earlier in this section, numerous non-quantifiable benefits are derived from Alternative
1. System costs were estimated to range from approximately $340,000/yr for Alternative 1 to
$1,280,000/yr for Alternative 5.

EVALUATION OF ALTERNATIVES

Each of the alternatives was evaluated according to selected economic and non-economic
criteria:

Lead Time
Accuracy
Specificity
Economic Ranking
Ease of Development

Each of these evaluation criteria are discussed below.
Lead Time Factor

Lead time is considered the most important factor in evaluating alternatives because it
determines the time available for preparation for a flooding event. Lead time is directly
related to the direct benefits of a flood warning system resulting from reduced contents
damage. It is also directly related to other important non-quantifiable benefits such as
increased safety and reduced rescue efforts, and indirect benefits such as reductions in
travel delays, and nonrecoverable business losses. It is inversely related to flood
preparedness costs. Each of these factors was considered in ranking the benefit of long
lead time. The individual factors are described in the following paragraphs.

Increased Safety. Increased safety resulting from improved flood warning services
includes reduced loss of life and reduced injuries. Studies of past flooding events have
shown that the factors most directly influencing threat to human lives are the lead time,
size of the population at risk, and severity of the flooding event. Of these, lead time is the
only factor which can be controlled by a flood warning system.

Reduced Rescue Efforts. Reduced rescue efforts result from individuals taking the
appropriate actions in a flooding event when given advanced warning. Consequently,
reduced rescue efforts are related to the amount of lead time provided by a flood warning.

Indirect Benefits. Indirect benefits resulting from improved flood warning services
include reduced travel delays and nonrecoverable business losses. As with increased
safety and reduced rescue efforts, indirect benefits are proportional to the lead time
provided by a flood warning system.

Low Flood Preparedness Costs. Flood preparedness costs include actions taken to warn
and evacuate floodplain residents, to direct traffic and maintain law and order, to carry

-out flood fighting efforts in order to reduce damages and increase safety, and to establish

and organize emergency shelters. With increased lead time, there is additional time for
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flood preparedness activities. However, warnings that are more site-specific and more
accurate would result in more efficient flood preparedness activities. It is noted that, in the
absence of a flood warning system, flood preparedness costs would be replaced by higher
flood fighting costs and rescue efforts.

Accuracy Factor

Accuracy of a flood warning system is measured by the relationship between warned
flooding events, unwarned events, and false alarms. A highly accurate system would
have a greater number of warned events compared to the number of unwarned events and
false alarms. Alternatives which base warnings on observed rainfall and runoff data
tend to be more accurate than those based on weather forecasting. Accuracy directly affects
the credibility of a flood warning, which, in turn, affects the rate of response to a flood
warning.

Specificity Factor

Specificity of a flood warning system indicates the ability to identify a specific area of
coverage in which flooding is likely to occur. A highly specific system would provide
warnings covering small areas. Specificity also affects the credibility of a flood warning
and subsequent rate of response.

As with accuracy, the ranking scale of the specificity criterion ranges from 1 to 20, where 1
represents a less specific flood warning system covering broad, general areas, and 20
represents a highly specific system. The ranking scale for specificity was made equal to
that for accuracy because it similarly affects the rate of response to a flood warning.

Economic Ranking Factor

The economic ranking factor represents the ratio of reduced flood damage due to
implementation of a flood warning system to the flood warning program costs incurred by
the District.

Ease of Development Factor

Ease of development represents the effort required to set up a flood warning program. A
system which requires minimal effort to implement would rate a high ease of development
ranking.

Overall Rank

The relative ranking of alternatives (1=most attractive, 5=least attractive) is as follows:

Rank  Alternative

1 Alternative 5 - Flood warning with improved flood detection,
hydrologic modeling, meteorological prediction, and GIS

2 Alternative 4 - Flood warning with improved flood detection,
hydrologic modeling, and meteorological prediction

3 Alternative 3 - Flood warning with improved flood detection and
meteorological prediction

4 Alternative 2 - Flood warning with improved flood detection and
hydrologic modeling

5 Alternative 1 - Status Quo

5




IMPLEMENTATION CONSIDERATIONS

Numerous agencies with operations in Maricopa County were contacted to identify related
flood warning efforts and areas where data collected may be shared. It is concluded that
many agencies could realize a mutual benefit by sharing data with the District. Some
areas where data may be shared include:

Hydrologic modeling

Meteorological data

Precipitation and runoff data

Exchange of expertise on analysis of flood threat

Because of the semi-arid environment of Maricopa County, the use of a system for flood
warning may be relatively infrequent. The development of alternative uses for the data
obtained could potentially help reduce some of the system operating costs and could also
serve to enhance the type of data collected.

The general categories of alternative uses include the following:

Data collection/dissemination to enhance local hydrologic science;

Water conservation through the calculation of evapotranspiration rates;
Assistance for NPDES stormwater permit compliance monitoring;

Public information through telephone messaging, electronic bulletin boards,
and/or map production;

Fire prevention assistance; and

e Water production assistance.

RECOMMENDATIONS

Based on the findings of this study, it is recommended that Alternative 4, which includes
an expanded flood detection network, hydrologic modeling, and meteorologic prediction,
be implemented initially. After the program becomes operational, it is recommended that
the GIS component be added to bring the program to that of Alternative 5.




B e e R A R S S T e e e e a2 e

Section 1

JMM James M Montgomery




APACHE

MOHAVE COCONINO

NAVAJO_—]
_ N Bl » FLAGSTAFF
\40/

&
\

PRESCOTT

o
YAVAPAI
\I7/

0 40 80
| L (

GILA
L
w
-
=
L
w
0
O
PINAL GRAHAM
l TUCSON W
PIMA

MARICOPA \19/ COCHISE

SANTA
COUNTY S

LOCATION MAP

FIGURE 1-1

JVM

MILES
l LA PAZ




* Benefit/Cost Analysis
¢ Implementation and Coordination
¢ Project Management

Evaluation of Flood Warning Technology. The evaluation of technology includes an
assessment of existing and future flood warning technologies, other technologies applied to
flood warning, and the appropriate communications media to support flood warning. Also,
existing flood warning systems in the U.S. and operational systems in Maricopa County
were reviewed.

Market Survey. The market survey element involved distribution of questionnaires to
individuals based in Maricopa County. The participants included managers and
administrators, technical staff and users or implementors of flood warning services, and
homeowners. The questionnaires were collected and evaluated to assess the communities'
understanding of and perceived need for improved flood warning services.

Benefit/Cost Analysis. The benefit/cost analysis includes an evaluation of economic
feasibility of providing improved flood warning services for Maricopa County. Also, an
evaluation of alternative uses of a flood warning system was performed.

Implementation and Coordination. The implementation and coordination includes a
summary of coordination of flood warning efforts within the various governing agencies.
Also included in this element are recommendations of flood warning alternatives based
on data collected in the previous elements.

Project Management. Project management activities involved monthly progress
meetings to provide updates on project status, as well as quality control activities.

PRIOR STUDIES

No formal studies have been performed on the District's flood warning program prior to
this study. A literature review was performed as part of this project on similar studies
performed for other local flood warning systems throughout the country, but none were
discovered. Further, in discussions with operators of other locally funded and
implemented flood warning programs, it was found that the systems were instigated as a
result of a flood where lives had been lost. A benefit/cost analysis was not performed in
any case; the decision to implement local flood warning services was made on loss of life
considerations alone.

It is interesting to note that the Corps has implemented a number of flood warning projects,
alone or as part of larger projects, as a means of nonstructural flood control. The Corps
plans to continue pursuing flood warning as a recommended flood warning alternative
(Kitch, 1991).
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SECTION 2

FLOOD WARNING TECHNOLOGY

INTRODUCTION

This section of the report describes the work conducted under the first element of the Scope
of Work and includes the following subsections:

Available Technology

Improved Future Technology

Geographic Information System Technology
Existing Operational Systems

Operational Systems in Maricopa County
Appropriate Media to Support Flood Warning

A number of different types of technology and their applicability to flood warning in
Maricopa County are identified in this section. The types of existing technology
investigated include available technology, future technology, and other technology which
could potentially be developed as a flood warning tool. The system evaluation of available
technology addresses stage and precipitation gages, weather forecasting, hydrologic
modeling, and thunderstorm detection systems such as radar, satellites, and lightning
detection networks. Future technology evaluation includes new developments in radar
and satellite technology, and weather forecasting tools. Geographic Information System
(GIS) technology was also investigated for application to flood warning.

Six flood warning systems currently operational across the U.S. are also described in this
section, as well as operational systems in Maricopa County. Lastly, this section includes a
description of flood warning communications and dissemination equipment.

AVAILABLE TECHNOLOGY

Flood warning systems are generally composed of various combinations of stage gages,
precipitation gages, weather forecasting, and hydrologic modeling. Also included are
thunderstorm detection systems such as radar and satellite technology. The discussion
that follows describes the currently available technology of each of these components as
they relate to flood warning systems.

Stage Gages

Stage gage systems are able to provide information on flooding conditions as they occur.
One special type of stage gage that has been utilized for flood warning is the Automated
Local Evaluation in Real-Time (ALERT) stage gage. Information is transmitted to a base
station where ALERT software receives and stores the data and also sounds an alarm
automatically at the receiving site if a pre-set water level is exceeded.

Stage gages are comprised of several different types of systems used to measure
streamflow. The various types of stage gages are subdivided into traditional and newer
methods of water level measurement and direct flow measurement. Discussions of these
are provided in the following paragraphs.
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Traditional Methods of Water Level Measurements. The most commonly used system for
gaging streamflow is an instrument that measures the height of water at a particular
location along a stream. The stage, or height of the stream's water surface, is directly
converted to a flow estimate using a height/flow relationship or rating curve. Rating
relationships are typically developed at hydraulic control structures such as weirs and
hydraulic drops, or at structures that affect the water surface profile such as a bridge. Often
the stream section must be carefully gaged at several discharges in order to determine the
rating relationship. Water level measurements may also be used for evaluating storage
conditions in reservoirs and ponded areas.

General types of water stage gages that have traditionally been used are: float and wire-
weight gages, which measure from a fixed point, and staff and crest gages, which read
stage directly.

Float Gage. A float-type gage is most frequently used for water level measurement. This
gage is constructed by fastening one end of a tape to a float resting on the water surface, and
bringing the other end of the tape up and over a wheel and counterweighting it. A pointer is
mounted by the wheel so that it rests against the tape. Readings are obtained from the tape
at the pointer.

Wire-Weight Gage. Stage is determined from a wire-weight gage by manually lowering
a weight attached to a wire to the water surface. The gage is read by means of a mechanical
counter attached to the reel on which the wire is wound. These gages have the advantages of
ease in installation and freedom from damage. Also, they can be installed to be readily
accessible under all conditions of flow.

Staff Gage. Staff gages are an easily visible reference of water level for periodic
observation where continuous records of water levels are not required. A staff gage is a
graduated scale set in a stream by fastening it to a pier, wall or other structure. It is read by
observing the level of the water surface in contact with it. One of the major problems of a
staff gage is providing adequate protection from damage by boats, ice, or flood-transported
debris, and locating the gage so that flow disturbances across the scale are at a minimum.

Crest Gage. A crest gage consists of a pipe set vertically with an open, screened bottom and
a vented top. It contains a graduated wooden measuring stick. A small quantity of
powdered cork in the pipe rises with the water level and adheres to the measuring rod, thus
recording maximum water level. Crest gages are an inexpensive means of determining
maximum stage when no observer is present. They are located at bridges, culverts,
spillways, and are used to delineate the peak stage of a flood. These data are valuable in
establishing flood profiles and in determining relationships for computing flood flows in
streams.

Newer Methods of Water Level Measurements. Current stage indicator technology has
made several recent advances. Shaft encoders, pressure transducers and ultrasonic
transducers have been used with varying success in water level measurements.

Shaft Encoder. The shaft encoder is a field-located instrument for measuring water levels
with higher resolution than those used for traditional methods of water level measurement.
The shaft encoder consists of one moving part, a magnetic rotating rotor, that measures
speed of rotation. A pulley, tape, float, and counterweight are attached to the shaft encoder
which monitors the water level in the stilling well. The absence of gears and switches
increases the reliability in rugged field conditions.
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Pressure Transducer. Pressure transducers are water level sensors which measure
pressure and can convert a pressure reading into water depth. As the water level rises, the
change in head causes a corresponding pressure increase, which is recorded as a change
in water level. They have been used for some special application sites where stilling wells
are impractical. There are two general methods of installation for the pressure
transducer. The first involves strapping the unit to a concrete block, and the second
involves placing the unit in a pipe and suspending it by a cable. Pressure transducers may
lack consistent performance over a long time period; however, performance problems can
be mitigated with proper routine maintenance.

Ultrasonic Transducer. Ultrasonic transducers are water level sensors which measure
distance by precisely timing a pulse of sound from a transducer to a reflecting surface and
back to the transducer. Generally, it is attached at a weir. Ultrasonic transducers are
available for operation in a non-vertical position and, thus, have application to sloping
stream and reservoir banks. A sophisticated solid-state electronics module is utilized for
signal processing.

Traditional Methods of Flow Measurement. Flow measurement can be performed
indirectly in an open channel by stage gaging if the cross-sectional area of flow is known.
The most common technique is current meter gaging, which measures stream velocity at
several points in the flow by either wading the stream or taking measurements from a
cableway. Flow is then computed from the velocity measurements and the cross-sectional
area. Principal methods of flow measurement have historically been the rotating current
meter and the dynamometer.

The rotating current meter is a mechanical device that
measures stream velocity by converting a part of the stream momentum into angular
momentum. Rotating current meters are oriented either vertically or horizontally to the
direction of flow. Rotation about the vertical axle is accomplished by cups or vanes and
about the horizontal axle by screw- or propellor-shaped blades. Rotating current meters are
not suitable for very low velocities or conditions of extreme turbulence.

Dynamometer., The dynamometer is also a mechanical device which measures stream
velocity. The momentum force of stream velocity is translated into either deflection or
stress, which is measured and calibrated against velocity or discharge.

Newer Methods of Flow Measurement. Existing meter technology has made several
advances that reduce the amount of time needed to gage a stream section and improve the
accuracy of the measurements obtained. The latest instruments incorporate ultrasonic
and electromagnetic sensors along with small computers that automate part of the data
reduction.

Ultrasonic (Acoustic) Flow Measurement. Single-path acoustic flow measurement is
currently performed with the aid of microprocessors. These gages take a sequence of
measurements that are mathematically reduced to a single flow measurement. Use of
acoustic flow measurements is hampered in streams with high concentration of suspended
sediment.

The electromagnetic flow meter relies on the
principle that the flow of water through an electromagnetic field will induce a signal in a
conductor (Faraday effect). This signal is measured and converted to flow in streams.
Multiple electrical sensors can be installed across the channel bed and banks, which
greatly increases the strength of the electrical signal to be measured.
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Precipitation Gages

Precipitation gages are instruments that measure rainfall and are sometimes installed at
the same location as stage gages. Precipitation gage systems are used to indicate
impending flooding conditions. As with ALERT stage gages, ALERT precipitation gages
report to the base computer where the ALERT software sounds an alarm at the receiving site
if a pre-set amount or intensity of precipitation is reached.

Precipitation Measurement. There are three types of recording precipitation gages in
general use: tipping bucket, weighing, and float.

Tipping Bucket Gages, Tipping bucket gages are used in ALERT systems and consist of a
collector orifice that funnels rainfall into a tipping bucket mechanism. The mechanism
consists of a pair of small containers designed so that when a certain amount of
precipitation falls in one of the containers, it tips. Another container is brought into
position to receive the next rainfall, empties into a storage container, and closes an
electrical contact that makes a mark on a recorder chart. This process is repeated through
the duration of rainfall. The tipping bucket is especially adapted to remote sites and has
been used in operation by NWS since the early 1890's.

Weighing-Type Gages. Weighing-type gages in common use consist of a collecting
bucket resting on a weighing platform and frame, which are suspended from a spring.

Precipitation collected in the bucket increases the load on the spring, which lowers the
platform frame. This deflection is proportional to the amount of precipitation collected.

Float-Type Gages. In float-type gages, precipitation is collected in a chamber containing a
light float. Vertical movement of the float as the level of the water rises causes a movement
of the pen on the chart.

Meteorological Sensors

Meteorological sensors take measurements of atmospheric conditions. Each sensor
measures one particular meteorological parameter. Sensors grouped at the same station
which measure a range of parameters are termed a weather station.

Weather Station. A basic weather station provides an array of sensors for the collection of
meteorological data which includes measurement of precipitation. This sensor array
typically includes a precipitation gage, air temperature probe, barometric pressure
transducer, humidity probe, wind speed and direction probes, and solar radiation meter.
Sensors can be added to the station to measure related environmental conditions such as
soil temperature and moisture. A wide selection of sensors is available and varies with the
range and accuracy needed for the measurement and the severity of the environmental
conditions at the station.

In most cases, measurements are made by solid-state devices which require a minimum of
maintenance and perform reliably in severe weather conditions. However, mechanical
devices are still common for the measurement of rainfall, wind speed and wind direction.
These mechanical devices provide reliable performance at a reasonable cost. For
measurement of severe weather conditions such as hurricanes or tornadoes, solid-state
devices are preferred since they are able to measure conditions outside the range of
mechanical devices and can be more easily incorporated into platforms that can withstand
the forces caused by severe weather.
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Weather Forecasting

Weather forecasting, which provides one basis for flood forecasting, assesses
thunderstorm threat, rainfall production, and storm tracking in an attempt to predict
flooding conditions before they occur. There are two general types of flood forecasts:
conventional flood forecasts and flood forecasts based on Quantitative Precipitation
Forecasts (QPFs). The conventional flood forecast is based on observed rainfall and
runoff, and, in flash flooding situations, may be issued just before the occurrence of a
flood. Conventional forecasting is more accurate because it is based on rainfall and
runoff that have already occurred. Accuracy in flood forecasting relates to the ability of the
forecast to determine the time and magnitude of the flood. Unfortunately, the accuracy of
the conventional flood forecast near the time of the flood is of little value if there is
insufficient time to take action (Handar, Inc.).

The second type of flood forecast, based on the QPF, is a prediction of the quantity of
precipitation based on meteorological guidance and is issued before the precipitation has
occurred. The meteorological basis of estimating precipitation and runoff is satellite and
radar data, observed precipitation patterns, hydrologic models, and guidance from the
NWS National Meteorological Center in Suitland, Maryland. QPFs provide more lead
time than conventional forecasts but are less accurate.

The sources of information on which weather forecasting is based fall into three broad
categories: observational data, NWS forecast products, and value-added products and
services. These categories are discussed below.

Observational Data. Observational data are the raw surface and upper air data used to
create thunderstorm/rainfall predictions. The great majority of observations used by
meteorologists to create forecasts are taken by NWS and form the backbone of weather
forecasting.

Surface weather observations consist primarily of hourly observations taken by NWS,
military, and Federal Aviation Administration (FAA) observers. Hourly observations of
cloud cover, visibility, temperature, dew point, wind speed and direction, pressure, and
other remarks are made. The hourly weather observations provide a general idea of local
weather conditions. Hourly observations such as these are taken in many locations in
Arizona, primarily at airports.

Hourly weather observations for the entire nation are summarized and available through
the National Meteorological Center. Although the National Meteorological Center does not
directly transmit this information to users, it is readily available from product vendors,
which are described later in this section. While the National Meteorological Center
provides it free to product vendors, re-packaging of it by the product vendors is done at a
nominal fee.

Surface observations can be plotted collectively on a state, regional or national scale as
surface charts, which indicate where weather features related to thunderstorm formation
are located. Sequential surface charts can be used to assist in forecasting the movement of
these features to future locations.

Upper air observations are made by NWS twice daily by launching instrumental balloons
from more than 100 airports to collect a vertical profile or "snapshot” of the atmosphere's
temperature, moisture, and wind structure. Upper air observations provide data used to plot
constant pressure charts. The presence of upper air disturbances capable of triggering
thunderstorms by lifting unstable air can be detected from the charts.
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NWS Forecast Products. On the national level, NWS prepares products for use in flood
warning at the National Meteorological Center; Heavy Precipitation Group; the National
Environmental Satellite, Data, and Information Service (NESDIS); and the National
Severe Storms Forecast Center (NSSFC). A complex array of products are prepared at these
centers. To condense our discussion of these products, only those of direct value to
Maricopa County are included; these descriptions are for product groups rather than
individual products.

The National Meteorological Center produces both national and local forecast products.
On the national level, 3-hour surface maps and 12-hour upper air analyses are produced, as
well as constant pressure and atmospheric forecasts. These forecasts are numerical
guidance tools for use by a forecaster and are readily available on the digital facsimile
(DIFAX) line from NWS.

On the local level, the National Meteorological Center produces high/low temperature, dew
point, wind speed and direction, pressure, cloud cover, and precipitation forecasts which
are totally machine-generated. NWS forecasters use these numerical forecasts to produce
their local public forecasting. These products are readily available on the Domestic Data
Service.

The Heavy Precipitation Group produces several national products which can be useful to
weather prediction. This agency prepares a line of forecast products on heavy precipitation
accessible only to NWS forecasters on the Automated Field Operations and Services
(AFOS) computer system and another line of forecast products accessible on the NOAA
Weather Wire and Domestic Data Service. The latter products are areal outlines of
portions of the country expected to receive over 0.50 inches of precipitation in 6, 12, 24-hour
periods from general storms or thunderstorms. More detailed discussions and individual
storm system predictions are made and could be acquired for a fee from the Domestic Data
Service.

An analysis group in NESDIS produces precipitation estimates, specializing in satellite-
generated rainfall estimates for the past 3-6 hours and QPFs for the next 3-6 hours. The
scale of these forecasts covers a portion of a state. They are only available on the National
Oceanic and Atmospheric Administration (NOAA) Weather Wire and Domestic Data
Service.

The NSSFC produces thunderstorm outlooks, discussions, and watches of areas expected to
experience severe thunderstorms and tornadoes. All products are available for a fee on
Domestic Data Service and NOAA Weather Wire.

NWS prepares a range of local forecast products at the Phoenix office. These products
include thunderstorm forecasts, special weather statements, urban flooding statements,
flash flood watches and warnings, and severe thunderstorm watches and warnings.
Local NWS operations are detailed in the subsection entitled "Operational Systems in
Maricopa County" of this section.

Value-added Products and Services. Value-added services are services offered by others
using NWS information. The services provide more site-specific (location-based) or
mission-specific (use or weather threshold-based) forecasts. Value-added products are re-
packaged NWS weather observation data and forecast products. Another form of the value-
added element is an in-house meteorologist.



The most popular value-added element is provided by vendors of re-packaged NWS
weather observations and forecast products. NWS places all of its publicly available
observations and forecasts, both national and local, on the following national data lines:

e NOAA Weather Wire: All NWS local and state public forecasts, statements,
watches, and warnings.

¢ FAA 604c Line: Aviation-oriented observations, forecasts, watches, and
warnings.

¢ Domestic Data Service: NWS hourly surface and upper air observations,
forecast discussions, alphanumeric guidance, long
range outlooks, and NSSFC and Heavy Precipitation
Group products.

e DIFAX: The National Meteorological Center sends graphical
products, such as maps and charts of observed and
forecast weather data, over a facsimile line.

These data are re-packaged by the private vendors and sent via satellite to a small earth
station. The data lines are split into separate lines in the earth station. The NOAA
Weather Wire transmits to a printer, while the Domestic Data Service transmits to an
IBM-compatible PC with a data sorting software package (e.g., ALDEN Electronic's
Weather Capture or Marta Systems' MS-TEXT) or runs continuously to a printer.

Vendors also obtain the NWS data and numerical forecasts and re-plot or re-tabulate the
weather into other map scales or data groupings. These services offer a wide menu of
NWS surface and upper air observations, numerical products, satellite data, and radar
observations. Television stations are the primary customers of these vendors. Their
databases are accessible by telephone modem or satellite delivery. Primary vendors
include Weather Service International (WSI) Corporation; WeatherBank; Accu-Weather,
Inc.; and Kavouras, Inc.

A more location-specific service is given to remote radar sites by Kavouras and
Enterprise, Inc., which offer color remote radar receivers that convert radar displays to
color monitors via telephone lines.

Similar services are offered for satellite visible and infrared pictures by vendors. The
most basic pass-through systems, such as Northern Video Graphics' system, use an
existing PC, interface card, and software to provide useful satellite video imaging.
Satellite data acquisition systems can be acquired which give color image enhancement,
graphic overlays, image editing, temperature readouts, histograms, zoom, looping, and
mosaics of images.

Value-added services are provided by private forecasters. A private forecaster can supply
site-specific, operation-specific, and basin-specific forecasts of thunderstorms and
precipitation more refined than those offered by NWS.

An in-house meteorologist would provide site-specific services and operationally geared

forecast support. The in-house meteorologist would be a focal point for participants in a
local flood warning system.
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Hydrologic Modeling

Hydrologic modeling can be performed to correlate precipitation to runoff. Once the
relationship between rainfall and runoff is known for a particular basin, flooding can be
predicted from precipitation. However, basin response to precipitation depends greatly on
factors such as location of precipitation with respect to the basin, antecedent moisture
condition at the time of the storm, and other physical factors. Further, parameters used to
run hydrologic models must be calibrated in order to obtain reliable results.

Enhanced ALERT software includes the Sacramento Soil Moisture Accounting Model
(Sacramento model); however, the model requires several parameters which must be based
on historical data, much of which are not available for Maricopa County. Further, the
model is not considered to be applicable to the physical conditions and flash flooding
situations found in Maricopa County. Further discussion on the Sacramento model may be
found in Section 5 of this report.

Enhanced ALERT software also has available the Corps of Engineers' (Corps) HEC1F
computer program, which is an adaptation of the HEC-1 hydrologic modeling program and
includes forecasting capabilities. A HEC1F model may be run in the ALERT operating
system (QNX), or in the PC operating system (DOS) with an interface.

An interim alternative to a real-time/hydrologic model interface would be to model basin
response to various hypothetical storms. Developing storms could be compared to the
hypothetical storms to obtain estimates of expected flooding conditions. Additional
information on integrating a hydrologic model with flood warning services may be found
in the subsection entitled "Other Technologies."

Thunderstorm Detection Systems

The detection of the formation, approach and passage of thunderstorm systems can play a
major role in detection of precipitation. The primary thunderstorm detection systems are
based on radar, satellite, and lightning technology.

Radar. The primary thunderstorm detection tool for Maricopa County is the NWS 1974
Weather Surveillance Radar (WSR-74) located at Sky Harbor Airport in Phoenix. The
District currently receives a real-time color picture of the Sky Harbor radar on a direct
line through Kavouras. Video taping of the display by the District provides a form of
animation to assist in storm tracking and motion estimation.

The radar displays location and intensity information and can be used to estimate storm
motion and growth patterns. Constraints are a lack of precipitation mapping capability
and a lack of radar output control by the District. An alternative to the use of the NWS
radar is a composite radar, NOWrad, available from WSI. Advantages are the
elimination of ground clutter and receipt of data from more than one radar site. A single-
site conventional radar or a new Doppler radar from a commercial vendor, such as
Enterprise or Kavouras could also be purchased.

Weather Satellite. NWS has used weather satellites to derive precipitation estimates since
1977. NESDIS has prepared satellite-derived precipitation estimates using an Interactive
Flash Flood Analyzer since 1982. The Interactive Flash Flood Analyzer is used to prepare
limited point precipitation estimates and 0-3 hour weather outlooks which can be prepared
hourly and sent to NWS offices on the AFOS computer system. External users can access
these products on the NWS Domestic Data Service and NOAA Weather Wire services from
a large number of weather data brokers.



There have been major advances in the development of satellites, such as the
Geostationary Operational Environmental Satellite (GOES), and satellite-derived
precipitation estimate techniques.

GOES performs three separate functions: data collection, imaging, and sounding. The
data collection system polls GOES gages and transmits precipitation accumulation data.
The imager produces an image, or a "picture," of what is occurring in the atmosphere,
including cloud top elevation and location. The sounder produces a profile of the
temperature and moisture distributions in the atmosphere. The data utilized by the
sounder include measurements of humidity, dew point, thermal gradients, and
precipitable water. The existing system cannot operate both the imaging and the sounding
systems together. The sounding functions are performed after the satellite has scanned
during the data measurement period (Anderson, 1991).

The existing GOES system transmits satellite data at a standard frequency of 30 minutes.
In severe weather conditions, GOES transmits data every 15 minutes, with the ability to
transmit data at intervals of five minutes. Five-minute frequency, termed rapid interval
scan, can occur for up to 2.5 hours in duration. The NSSFC dictates when the satellite
system transmits on rapid interval scan. The 5-minute data are only provided to those
with a downlink who can read the satellite directly.

The current satellite products are useful tools, especially in remote locations, in providing
precipitation estimates. The 0-3 hour weather outlook product has also been useful at
identifying potential regions of heavy rainfall which could experience flash flooding.

Lightning Detection Networks. A thunderstorm detection tool that is being developed is the
lightning detection network. Lightning Location and Protection, Inc., (LLP) in Tucson
has fully instrumented Arizona with a commercial lightning detection network which
works in co-operation with the Bureau of Land Management network. The network was
installed in 1977 to assist in early detection of wildfires caused by lightning. The network
equipment was manufactured by LLP and is used to track severe thunderstorm activity.

In the LLP system, a position analyzer determines cloud-to-ground lightning location
from the intersection of direction vectors and/or the ratio of the electric field strength from
two or more direction finders. The position analyzer also handles outgoing
communications, including a data line to NWS. LLP provides a PC workstation and
communications equipment for external users to access these data in real-time for a fee.

Atmospheric Research Systems, Inc., (ARSI) has also installed a lightning detection
network throughout the U.S. The ARSI system is based on time-of-arrival techniques to
locate cloud-to-ground lightning strikes. When a ground strike occurs, an
electromagnetic pulse is emitted and is detected by each of several listening stations. The
listening stations record and transmit the time of detection to a central analyzer where the
strike location is calculated. The direction, intensity, and movement can be tracked and
displayed on a PC monitor.

Another product of lightning technology offered by ARSI is a flash warning system which
measures the count and distance of lightning strikes from the point of measurement. As
the strikes approach the point of measurement, accuracy improves. This application only
measures the intensity of lightning as it approaches the point of measurement and does not
track the direction and movement of the strikes. The build-up of electrical charge from
cloud-to-ground can also be tracked and used to report the potential for a lightning strike,
but only within a 5-mile radius of the tracking unit.
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The application of lightning technology to predict precipitation has been investigated in
other areas of the country. In general, the location of highest concentration of lightning
activity during thunderstorms has indicated the highest intensity of rainfall. It is noted
that future generations of GOES and low earth orbiting satellites will include lightning
sensors (Goodman and Buechler, 1990).

IMPROVED FUTURE TECHNOLOGY

NWS announced plans early in the 1980's for a $3 billion modernization and
restructuring program called the Advanced Weather Interactive Processing System for the
1990's (AWIPS). The primary new NWS technologies that are likely to impact flash flood
warning systems are:

NEXRAD Doppler radar
GOES-NEXT satellite
Vertical wind profilers
Surface mesonets
AWIPS workstations

The following discussion addresses each of these new technologies and describes their
applicability to flood warning services.

Next-Generation Doppler Radar

Next-Generation Doppler radar (NEXRAD) is a new, highly computerized Doppler radar
which will be implemented by NWS during the 1990's and will replace the existing WSR-
74. The designation for NEXRAD radar is WSR-88D, or Weather Surveillance Radar-
1988-Doppler. The main goal of NEXRAD is to provide timely and accurate warnings of
impending severe weather. This purpose encompasses flood predictions, warnings of
hazards to aviation, estimates of rainfall, detection of wind shear, and the protection of
military operations and installations.

System and Equipment Description. NEXRAD is based on Doppler technology to detect and
track hazardous weather conditions. Doppler weather radars detect potentially dangerous
phenomena growing inside storms and significantly enhance the accuracy and
timeliness of severe weather warnings. The Doppler system is designed to provide
weather data on:

* Reflectivity (measure of precipitation volume, location, and distribution in the
atmosphere);

¢ Velocity of the particles toward and away from the radar; and

¢ Velocity dispersion in the radar sample volume (spectrum width).

NEXRAD permits accurate determination of precipitation and ensures that a distant storm
does not hide behind a severe local storm. There are three major components of the
NEXRAD system, as follows (Alberty, 1990; Heiss, et. al., 1990):

Radar Data Acquisition. The radar data acquisition unit acquires and processes Doppler

weather radar data such as mean radial velocity and reflectivity data. The unit is
composed of an antenna, pedestal, radome, transmitter, receiver, and processor.
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Radar Product Generator. The radar product generator processes most of the data and
executes algorithms, or calculations performed to convert base Doppler data into
meteorological and hydrological products. It also provides product storage, data archival,
product distribution, and control and status monitoring of the data acquisition as well as
its own functions. The unit is composed of the radar control processor and the
meteorological analysis and product generation processor.

Principal User Processor. The principal user processor is the workstation of the NEXRAD
system, consisting of a mini-computer, system console, two 19-inch color graphic
monitors, color printer, graphics processor, and communications system. The graphic
monitors display the meteorological products with background maps such as political
boundaries, airways, highways, cities, and restricted areas. Meteorological overlays are
also displayed, such as storm tracks, forecasts, and information on severe weather.

System Capabilities. NEXRAD can convert raw weather radar data into computer graphic
displays of the overall weather picture and potential storm dynamics. False-color
imagery shows relative differences in wind speed and direction. The various
meteorological images are updated at 5-minute intervals. In addition, users can overlay
geophysical conditions, magnify images, and display time lapses. Each Doppler radar
site can accommodate up to eight displays.

The NEXRAD system automates the meteorological processing of the Doppler weather data
using a series of sophisticated algorithms developed at government research centers.
NEXRAD will be able to locate heavy rainfall centers, define storm movement, and derive
rainfall estimates, all of which contribute to providing real-time, high resolution forecast
guidance on severe weather and flash flooding.

Dr. Ron Alberty, Director of NEXRAD Operational Support Facility, has stated that
NEXRAD will be a valuable tool for flash flood detection and that the flash flood algorithms
were tested in the spring of 1991 with success (Alberty, 1991).

NEXRAD products to assist forecasters in flash flood detection and prediction include the
following:

¢ Precipitation accumulations over the radar coverage area;
¢ Maximum accumulations within a flash flood guidance zone;

¢ C(Critical rainfall probability, a measure of the probability that the accumulation for
a given area has or will exceed the critical amount of rainfall needed to cause flash
flooding; and

e Maximum critical rainfall probability within a flash flood guidance zone.

The flash flood products are based on data for time periods up to the previous six hours, and
are designed to provide QPF's on flash flood events up to one hour in the future.

NEXRAD precipitation processing sequences generate previous 1-hour, 3-hour, and storm
total rainfall accumulation maps. However, accuracy is dependent on the availability of
surface rain gages to ground-truth the algorithms. Ground-truthing is the process of
correlating the quantity of precipitation measured in the air (as determined by radar) with
that which is measured on the ground. Hail, storm freezing levels, rain gage reliability,
and the vertical distance between the radar beam and the ground affect the accuracy of
data.
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NEXRAD Products. The NEXRAD system will provide information to:

NWS
FAA

e Air Weather Service and the Naval Oceanographic Command of the Department of
Defense.

Each agency will apply the common information to its own needs. In general, NWS is
responsible for public warnings, FAA for civil air routes and terminals, Air Weather
Service for Air Force and Army operations and facilities, and Naval Oceanographic
Command for naval and marine affairs. Within the continental U.S., the network will
include 175 NEXRAD radars (Alberty, 1990).

External (i.e., non-NWS) users of NEXRAD will have access to a number of
meteorological products. Some of these products are listed below:

¢ One-Hour Rainfall Accumulation: 1-hour total of surface rainfall
accumulation updated every 5-6
minutes.

¢ Three-Hour Rainfall Accumulation: 3-hour total of surface rainfall
accumulation updated every 5-6
minutes.

e Storm Total Rainfall Accumulation: Total rainfall accumulation updated
every 5-6 minutes, if storm duration is
greater than three hours.

e Hourly Digital Precipitation: Hourly amounts of precipitation over

the radar scanning volume (primarily
for use in computer modeling).

e Echo Tops: Altitudes of the tops of the radar echoes.

e Velocity Azimuth Display Winds: Vertical profile of horizontal wind
speed and direction at a fixed range
from the radar.

These products will be disseminated as part of a planned NEXRAD Information
Dissemination Service which has selected WSI Corporation, Alden Electronics, and
Kavouras as the three initial NEXRAD Information Dissemination Service vendors.
These vendors will provide NEXRAD displays to external users in much the same way that
Kavouras now disseminates color radar data to the District with Phoenix color radar
information. The NWS, FAA, and Air Weather Service will also receive several
additional products not available to external users.

Status of NEXRAD. The NEXRAD prototype was completed in August 1989. The probability
of detection of severe thunderstorms was 91 percent compared with a national average of
the current radars of 58 percent. The false alarm rate was 21 percent compared with a
national average of 57 percent (Heiss, McGrew, and Sirmans, 1990).
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As of this writing, NEXRAD is scheduled to be delivered in Phoenix in early 1994 and
installed by mid-1994. However, some sources doubt the ability of NWS to meet its current
schedule.

Areas for Potential Growth. Areas of potential NEXRAD system growth include the
improvement of: algorithms used to convert radar data to forecasting products, the
accuracy of precipitation estimates, cloud detection and wind profiling.

A potential shortcoming in the NEXRAD operational procedures is that the radar will not
scan at elevation angles greater than 20 degrees, thus leaving an unexplored volume
directly overhead. Although this volume is small compared to the remaining volume of
radar coverage, it leaves open the possibility that severe phenomena may be unobserved for
a few minutes while passing through the radar's cone of silence.

GOES-NEXT Satellite

In the 1990's, the first of a new series of GOES, termed GOES-NEXT or GOES-], is
scheduled to be launched that will improve existing satellite services and products. The
following improvements are likely to be achieved by the GOES-NEXT products:

¢ Real-time transmittal of text and graphical satellite estimate products for rapid
dissemination to NWS forecasters.

¢ More frequent precipitation estimates which can be linked to NEXRAD radar
products to enhance flash flood statements.

e More easily updated atmospheric thermal stability and moisture fields which can
be tracked to assist in thunderstorm prediction.

¢ Preparation of map backgrounds of rivers, river basins, counties, highways,
terrain, and population which can be used with new geographical satellite products.

A primary function of GOES now and in the future is monitoring the approach of moist,
unstable air from the Pacific Ocean and Mexico into Arizona. This information can be
used with new vertical temperature and moisture soundings to compute changes in both
atmospheric stability (i.e., thunderstorm potential) and rainfall production capabilities of
the air mass and storms.

GOES-NEXT will have three operational modes which measure continuously: 30-minute
mode, 15-minute mode, and 5-minute mode. The 5-minute mode is the warning mode
which occurs during severe weather. All of these data will be available to NWS. During
non-severe weather, NWS can specify the frequency of measurement. NESDIS plans to
operate two GOES-NEXT satellites, one for the eastern portion of the country and one for the
western portion. When there is severe weather on one-half of the country and not on the
other, then one satellite can run on warning mode, and the other can run on standard
mode.

As stated earlier, the existing GOES system cannot operate both the imaging and the
sounding systems together. An improvement in GOES-NEXT is that it will
simultaneously operate the satellite imaging and the sounding systems. Additionally,
GOES-NEXT will have higher resolution in moisture measurement, as well as more rapid
and specific area coverage (Anderson, 1991).
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The construction of GOES-NEXT is currently undergoing scheduling, budgetary, and
technical problems. GOES-NEXT is approximately 3-4 years behind schedule and $500
million over budget. In addition, there are technical problems with the instrumentation
design. At the earliest, the first GOES-NEXT satellite, GOES-I, should be ready to launch
into orbit in December 1992. There is a serious concern regarding the scheduling problems
because the existing GOES in orbit, the GOES-7, is expected to lose capabilities in 1993.
Therefore, if the delays in construction and technical problems of GOES-NEXT continue,
for a period of time there may be no operating GOES to provide daily forecasting and
weather data (Asker, 1991).

Vertical Wind Profilers

Wind profilers send vertical pulses into the atmosphere, at distances ranging from 1 km to
16.5 km above the earth's surface. The altitude of the atmospheric layer is determined
based on the amount of time for the pulse to reach the layer. One advantage of the wind
profilers is that a profile is obtained hourly, as opposed to the existing method, radio
sounding profilers, which operate once every 12 hours.

The NWS is in the process of establishing a network of wind profilers in the midwest as
part of the Stormscale Operational and Research Meteorology (STORM) project. One
objective of STORM is to assess the effectiveness of wind profilers as a meteorological tool.
Approximately 35 profilers are currently operating, with the majority located in Oklahoma
and Kansas. The closest wind profiler to Maricopa County is in White Sands, New
Mexico. Evaluation of the existing network of profilers will continue through 1992 or 1993.

Surface Mesometeorological Networks

Surface mesonets have been used as a forecasting tool to improve lead time and QPFs of
urban flash flooding events. The design of a mesonet involves establishing a dense
network of weather stations to provide an estimate of the spatial variation of measured
parameters. Considerations in the design of a network include variation in terrain, storm
characteristics, land use, and economic considerations (i.e., unit cost of a station,
operation/maintenance, damage frequency, etc.).

Design criteria have been proposed for determining the density of the network on the basis
of drainage area, thunderstorm frequency, and mean annual runoff for the purpose of
conducting flood forecasts. A slight increase in the density of gages was recommended if
daily (i.e., continuous simulation) forecasts of stream flow are required (Kohler, 1972).

AWIPS Workstations

There has been research performed on PC-based workstations which, when developed,
would transform existing and new technology into useful graphical and forecast displays.
These computerized workstations will integrate display capabilities from new and
existing data sources, such as the ALERT system. Additionally, the workstation will
process models such as precipitation algorithms derived from radar reflectivity data and
automated surface gage data. The model results will then be graphically displayed for
forecaster interpretation. The capabilities of the workstation can be used to enhance flood
warning activities.
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The Center for Analysis and Prediction of Storms is being formed at the University of
Oklahoma to capitalize on the use of new technology in developing a science of storm-scale
prediction. One important role will be to further develop effective workstation
environments. Also, it will focus on the use of NEXRAD data in storm prediction and the
use of NEXRAD data in mesoscale hydrologic models (Droegemeier, 1990).

GEOGRAPHIC INFORMATION SYSTEM TECHNOLOGY

Certain technologies in existence have recently found applications to flood warning
services. One subtask of the Flood Warning Services Market Survey Study was to evaluate
for the District possible incorporation of other technologies into a flood warning program.

The District requested JMM to focus on GIS cépabilities as applied to flood warning.
Therefore, the discussion which follows is limited to GIS technology. Use of hydrologic
models is also discussed for future integration with GIS.

Conceptual Overview

The intent of a flood warning system is to limit damage caused by flooding. The system
would be the focal point of an integrated approach to flood warning; a typical schematic is
shown in Figure 2-1. Data would be gathered from the ALERT gages and correlated to help
predict floods. System design would be based on an IBM-compatible PC or a Unix
workstation using the following principals:

e Use of off-the-shelf hardware and software to minimize development.

¢ Phased implementation to allow the system to be useful as soon as it is installed
and the base maps loaded. As more sophisticated functions are developed, they
would be brought on-line for forecasters to use. Thus, the system will evolve from

simple, user-directed forecasting to more sophisticated, automated forecasting.

¢ Menus, Help, Tutorials, and "Canned" programs would be employed to enable
forecasters with limited computer knowledge to use the system.

The basic components of a GIS application would be:

e GIS, to manage the area base/street maps, terrain models, and display of forecast
maps.

¢ Hydrologic modeling system to estimate the amount of runoff generated by actual
or predicted precipitation.

¢ Hydraulic modeling system to estimate the limits of inundation caused by actual
or predicted runoff.

e An AutoDial system that automatically calls the appropriate agencies in the case of
a flood alert.

¢ A real-time monitor that would manage the real-time telemetry data. The system
would ensure that data are processed properly as they arrive and any actions
required are taken.
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For a GIS application to be effective, it must be able to provide some basic information for
forecasts. The functions that would provide the information are listed below, in
increasing order of sophistication:

e Store historical data about previous floods, as a forecasting aid.

e Display the status of the stage and precipitation gages from the ALERT network
e Generate outlines of potential flood areas based on assumed flood depths.

¢ Produce lists of flooded roads and intersections.

¢ Model runoff in Maricopa County, to be used in flood prediction.

To perform these functions, the system would correlate data from a variety of sources and
produce flood warning maps and tabular reports detailing information about the flood
areas (Figure 2-2).

System Components

The most economical system would be based on off-the-shelf components. A starter
system, based on an IBM-compatable PC or small Unix workstation, would include a
computer, display, GIS software, relational database software (INGRES), printer, and a
digitizer. Typical system components are described below.

Hardware Components. The major hardware components of a GIS are shown in Figure 2-3
and are described below:

i The CPU processes data for the system,
and could also include an accelerator board to reduce the time required to process data.

Digitizer. A digitizer is used to enter maps and other graphical data into the system.
Digitizer boards vary in size from 1 square foot to 20 square feet.

Color Camera. A color camera is used to photograph images from the system screen. The
photographs could be used for reports, development work, and publicly distributed
material.

Data Links, Data links to the system would be both dedicated and dial-up phone lines. The
dedicated lines would carry telemetry data, while the dial-up lines (modems) would enable
authorized agencies to get up-to-date flood warning information. The purpose of these
links is to make acquisition and distribution of information as automatic as possible.

Optical Disk. An optical disk stores large amounts of historical and topographic data.
Optical disks have removeable platters, like floppy disk drives, but can store 550 megabytes
or more. In addition, they can be purchased in "jukebox" arrangements, which can
automatically switch between multiple platters.

Color Thermal Plotter. Thermal plotters produce color maps inexpensively (A and B size
drawings.) They are analogous to laser printers, except they are for graphics. The plots
could be used for research and reports.

Laser Printer. A laser printer is used for producing both text and black and white graphics
for reports.
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Uninterruptable Power System. These systems supply power in case of power outages, such

as those caused by severe storms. They usually consist of a line monitor, batteries, and a
generator. When the power fails, the batteries carry the system load until the generator
can be brought on line.

GIS Functions. A GIS is a mapping system that has two components, a mapping/graphics
display package, and an attribute database, which is a database of characteristics
described by numbers or characters. The attribute database is usually relational (Figure
2-4). The mapping/graphics component manages the map information and symbology.
The attribute database organizes the attributes (e.g., road number, parcel address, water
quality record) associated with map elements (e.g., road, parcel outline, well location) into
tables. The attributes are linked to the graphic elements, and this gives the system its
power.

The GIS can locate objects by their type, proximity to other objects, or by their attributes. For
example, an operator could first calculate the region a flood would cover and create a flood
map. The operator could then overlay the predicted flood boundary on a street map and
have the system print the combined map. Finally, a tabular report could be generated of all
streets, intersections and business in the affected flood area.

A GIS requires a base map. This is the map in the system against which all other
information is referenced. Figure 2-5 shows the layers of a typical GIS database.

The basic required GIS functions are listed below. The functions detailed are conceptual,
‘and a GIS may actually accomplish the operations by using several lower-level primitives
to create custom applications.

Data Translation. Data for the system may come from other GIS systems or from
government agencies. The system should be able to read and write data files in a variety
of formats, including AutoCad (DXF file), U. S. Geological Survey (USGS) Digital Quad
map data (DLG-3 file), Intergraph (IGDS file), and ARC/INFO (DLG-3 or DXF files).

Map Registration., Maps of different projections, scales, and/or rotations would need to be
linked to each other by common points in order to make the base map for the system.

The system would require a Digital Terrain Model (DTM) to
model runoff. A DTM is a rectangular array of square cells that represents the height of
the terrain at the center of each cell. These data can be obtained from the USGS or the
Defense Mapping Agency, which generates digital terrain elevation data maps for the
Department of Defense.

Data Driven Graphics. GIS is capable of changing the graphics used to display an object,
based on a value stored in the database tables. For example, if the status of a stage gage
changed from "Normal" to "Flood" condition, the symbol on the screen representing the
gage would be changed from green to red.

Displavable Attributes. Attribute values, represented by text, change whenever the
database value changes. For example, if the precipitation intensity is shown on the map as

1.2 in/hr, and the rate changes to 4.2 in/hr, the value on the screen would automatically
change.

Graphics Capabilities. The system operators would need to be able to create and modify
graphics.
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Cut and Fill. The cut and fill function was originally created for civil engineers to
determine how much earth they need to cut or fill to complete a project. Here, it would be
used to determine the outlines of floods. Given a height above a river bed bottom (i.e., water
level), the system would determine all terrain nearby that is below the level and produce
the outline of a predicted flood.

Custom Menus. The use of custom menus will enable the creation of a system that is usable
by non-computer-literate operators.

Programmer's Tool Kit. The system should supply a programming interface to all of its
routines to minimize the programming effort. In addition, it should allow the easy

integration of user-written programs into the GIS.

Runoff Modeling System. A runoff modeling system would be used to predict the runoff or
flood potential of the regions within Maricopa County. The runoff model would require:

Surface soil type and soil permeability

DTM and terrain slope

Land use or imperviousness data

Precipitation model

Rainfall/Runoff algorithms (e.g., unit hydrograph method)

During rainfall events, GIS could be used to modify HEC-1 input parameters in a near
real-time mode to account for changes in loss rate as a storm progresses. Further, the real-
time precipitation data could be used to generate rainfall contours as a visual guide to
forecasters as they monitor storm progress.

Data Integration. ALERT gage data would have to be integrated into GIS. The basic
interface would be intermachine communication. One machine would be set up to gather
the data and another machine to process the information. There are three types of
intermachine communication: (1) interrupting, where the gathering machine sends the
data to the processing machine and signals that there is new data, (2) polling, where the
processing machine pulls the data from the gathering machine, and (3) sharing, where the
gathering machine sends the data to the processing machine but doesn't signal that there
are new data.

AutoDial System. The purpose of an autodial system would be to automatically warn
preselected recipients of a flood alert. This would free the operator to monitor the storm's
progress and evolution. This would also ensure that all required agencies are always
notified.

Real-Time Control Program. GIS is generally not set up to operate in real-time; however,

it could be programmed to operate in real-time. This program would run whenever the
system is unattended. Whenever data arrives, it would start the necessary programs to
process the data and then take the appropriate actions.

Implementation of GIS
Many of the problems associated with forecasting the precipitation potential of

thunderstorms are currently being researched by academic and government institutions.
In addition, some of the data that would be required in order to achieve maximum benefit,
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primarily NEXRAD data, may not be available for several years. However, if a GIS
application were developed using a phased approach, it would be able to assist the District
from very early in its development cycle. The phases and their function are described
below:

Phase 1: Manual Forecasting Using Currently Available Data

¢ Historical flood data and cut and fill algorithms would aid in determining
potential flood outlines.

¢ Ground data, combined with atmospheric data, are used by the forecaster to predict
flooding conditions.

e  When activated, the autodialer would call the required agencies, based on the
current flood conditions.

¢ The system would be capable of supplying agencies and local TV stations
electronically with flood outline maps and streets and intersections to avoid.

Phase 2: Storm Assessment and Runoff Modeling
e HEC-1 or other suitable models would be used to predict runoff.
¢ HEC-2 or other suitable models would be used to predict water surface elevations.
¢ Canned routines would be added to simplify the analysis procedure.

Phase 3: Semi-Automated Storm Warning

¢ The system would use the storm precipitation potential algorithms and the basin
models to more accurately monitor storms (this is the system described in Phase 2).
Automation of portions of the analysis would be implemented.

Large unknowns exist in developing a flood warning application with GIS. Two areas of
concern are the interfacing of real-time and GIS hardware components, and the
development of an unknown/unproven software interface between the ALERT data and
GIS requirements. Because of these unknowns, incorporation of GIS in a flood warning
program should be recognized and treated as a developmental project. Therefore, JMM
recommends that a "technical data requirements and interfaces" analysis be performed to
identify specific data needs. The pilot study should be performed with test data and
interfaced prior to full-scale implementation of the phases outlined above.

EXISTING OPERATIONAL SYSTEMS

JMM contacted a number of sources to gather information on existing flood warning
systems throughout the country and to identify flood warning perceptions. In general,
JMM found that most systems had not been fully operational long enough to have tested the
system with a major flooding event. Further, some systems only disseminate flood
warnings internally. Of the systems investigated that did provide dissemination to
outside parties, flood warnings were not issued to the general public. Rather, flood
information was provided to local officials. Local officials then made the decision to act or
not act on a flooding situation.
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As a result of its investigations, JMM prepared a description of six operational systems
which best fulfilled the following criteria:

Climatic conditions similar to Maricopa County
Similar in size to the Maricopa County drainage area
Population base similar to metropolitan Phoenix
Innovative flood warning activities

Innovative alternatives uses for flood warning system
Graphics capabilities.

The system descriptions are presented below. It is noted that the descriptions for the Los
Angeles County and Pennsylvania Emergency Management Agency systems have been
expanded as a result of JMM's field trips with the District staff on January 28, 1991, to Los
Angeles County and on March 13, 1991, to Pennsylvania.

Ventura County Flood Control District, California

Detection. The Ventura County Flood Control District (VCFCD) relies on both weather
forecasts and rainfall measurement to determine flood threat. The VCFCD acquires QPFs
to determine flood threat from several sources including the Los Angeles NWS Forecast
Office, a private weather service, and the Point Mugu Naval Station. These forecasts are
used to establish the internal alert monitoring status of the VCFCD.

Once a flooding threat is indicated, an ALERT base station is monitored for precipitation
information from 86 ALERT gages, including stage gages, precipitation gages, and
combination gages, as well as 10 weather stations. These data are received via radio at the
VCFCD office, the Los Angeles NWS Forecast Office, and Los Angeles County Flood
Control District offices.

Decision-Making. Customized Enhanced ALERTNET software is used to assess the
flooding threat which is keyed to individual basin responses. The VCFCD notifies the
affected communities and the Navy when a set of pre-determined flooding criteria is
reached. At this point, the local communities assume the decision-making role for their
internal agencies' response to the flooding threat.

Dissemination and Evacuation. Once the local agencies respond to a flood threat, the
VCFCD's role shifts to acting as a precipitation information source. The VCFCD detection
network continues to be monitored by the communities through their own local
computer/ALERT base station equipment. Community Emergency Management Centers
are activated and evacuation decisions are made by local officials. Most evacuation
warnings and messages are delivered door-to-door by community agency personnel.

Experience. A flood on March 1, 1983, tested the system with very favorable results, though
some farmers were disappointed that early warnings couldn't have been issued to help
save crops.

Comments. The system has very strong program management and multi-use. Strong
program management includes effective utilization of funds to provide high benefits to the
users and strong maintenance and education programs. Air pollution forecasting, fire
weather monitoring, and water resource planning are examples of multiple uses.

2-20




Los Angeles County Public Works, California

Detection. The Los Angeles County Public Works Department (Public Works), which
includes flood control, maintains a system of 51 precipitation and 29 stage gages, access to
an extensive Corps gage system, forecast products of the NWS, and a private forecaster.

The drainage infrastructure within Los Angeles County is fairly complete and is
considered to be adequate. The exception is the Los Angeles River, which is improved
within the Los Angeles area except for one small section. The Corps believes that the Los
Angeles River improvements are undersized and pose a potential flood threat. The
ALERT gages are located mainly along the major drainageways. Repeaters transmit on
several frequencies to an antenna on the roof of the Public Works building.

The Corps installed a separate Synergetics detection system as part of their operation of the
Whittier Narrows Reservoir. It utilizes 2-way microwave and radio transmission and
has been set up to transmit data to Public Works. Through a co-operative agreement with
NWS, these data are translated into an ALERT-compatible display form and transmitted
to the District via radio. The data is received as if it were ALERT, with approximately a 5-
second delay. However, if the phone lines are down or the Corps' computer system is down,
the data cannot be transmitted.

Weather forecasts are obtained from two sources. First, NWS provides the percent chance
of rain for most of Southern California. The forecast is automatically sent to Public
Works. Further, the local NWS provides 6-hour forecasts. A state-wide 24-hour forecast is
provided as well as an extended three to five day forecast at 24-hour intervals. NWS
automatically links by phone with the District's ALERT base station via modem to
transfer the QPFs and weather forecasts. A daily weather forecast composed of these data
is internally distributed within Public Works.

The second source is from a private forecaster. If rain is forecast, the private forecaster
will provide 6-hour QPF's for 10 specific sites several times per day, as well as the expected
maximum rainfall intensity.

Decision-Making. Once a flood threat is determined, Public Works produces a forecast of
flooding threat which is relayed back to the NWS and local sheriff offices. The forecast is
disseminated internally for inter-departmental usage.

Dissemination and Evacuation. Public Works has a Memorandum of Understanding
with NWS which indicates that NWS accepts flood warning responsibilities. No
dissemination by Public Works is made to the public nor is evacuation decision-making
accomplished. Instead, the information is distributed throughout Public Works. The
department has a Disaster Services Coordinator who primarily organizes earthquake
drills. The county sheriff is the primary disaster mobilizer and is tied into Public Works
operations. Public Works has a large "war room" with a 100-inch screen and channel
selector to display various operations. The large screen displays what is currently
running on the various computers used to monitor storm conditions.

Computer Operations. Computer equipment includes one 80286 PC which formerly was
used for ALERT data and now receives data using NWS software. Two 80386 PC's are
networked together with a voice synthesizer. Additionally, radar data is displayed, which
is useful to identify when the storm has passed.
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Useful graphic tools have been developed utilizing the software GTDraw. Graphics can be
formatted for "pagedown" layers containing more specific information or can be set up
similar to maps generated by International Hydrologic Service software.

Problems have been circumvented which occurred when trying to use a DOS environment
to run real-time data. RUNDOS, a DOS emulator, is used to run DOS in a QNX
environment. Graphics capabilities are used quite extensively, including generation of
hydrographs.

Hydrologic modeling is performed with the river forecast model software from
International Hydrologic Services, which is based on<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>