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ABSTRACT

A major area targeted for hydrometeorological forecast service

improvements is in flash flood forecasting. Verification data show

that general public service products of flash flood forecasts do not

provide enough lead time in order for the public to make effective

response. Sophisticated users of flash flood forecasts could use

forecast probabilities of flash flooding in order to make decisions in

preparation for the predicted event. To this end, a systematic

probabilistic approach to flash flood forecasting is presented.

The work first describes a deterministic system which serves

as a conceptual basis for the probability system. The approach uses

accumulated rainfall plus potential rainfall over a specified area and

time period, and assesses this amount against the water holding

capacity of the affected basin. These parameters are modeled as

random variables in the probabilistic approach. The effects of

uncertain measurements of rainfall and forecasts of precipitation from

multiple information sources within a time period and moving forward

in time are resolved through the use of Bayes' Theorem. The effect of

uncertain inflows and outflows of atmospheric moisture on the states

of the system, the transformation of variables, is resolved by use of

convolution. Requirements for probability distributions to satisfy

viii
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Bayes' Theorem are discussed in terms of the types and physical basis

of meteorological data needed. The feasibility of obtaining the data

is evaluated.

Two alternatives for calculating the soil moisture deficit are

presented--one, an online automatic rainfall/runoff model, the other

an approximation. Using the soil moisture approximation, a software

program was developed to test the probabilistic approach. A storm

event was simulated and compared against an actual flash flood

event. Results of the simulation improved forecast lead time by 3-5

hours over the actual forecasts issued at the time of the event.



CHAPTER 1

NEED FOR A FLASH FLOOD FORECAST SYSTEM

A major area targeted for hydrometeorological forecast service

improvements by the National Weather Service, has been that of flash

flood forecasting (NACOA, 1983; NOAA, 1974; NWS, 1982b, 1986). The

need for such improvements arose from several recent occurrences of

disastrous flash floods that resulted in major loss of life and

extensive property damage (NOAA, 1972, 1976). The greater awareness

of the operational and theoretical problems of providing flash flood

forecast services also has helped focus attention on the less

spectacular, but more prevalent situations in which one or two persons

are swept away by rapidly formed torrents of water (NWS, 1986).

Current statistics show that 80-90 percent of the annual flood related

deaths are caused by flash floods.

It is the explicit mission of the U.S. Department of Commerce,

National Weather Service (NWS) to provide weather and flood forecasts

to save lives and property. As part of its hydrologic services

program the NWS provides site-specific flood forecasts for 3000 of the

approximately 20,000 flood prone communities in the U.S. These places

are located mostly on large rivers which take 24 hours or more to

crest from the time of onset of rainfall.

1
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However, floods which form in less than 24 hours and flash

floods, i.e., those floods occurring within 6 hours of the causative

event, defy forecasting by the traditional data collection, analysis,

forecast, dissemination, and response system. This is because the

full operational procedure in the NWS forecast framework takes too

long to complete for effective response and because of a lack of

sufficient rainfall data in space and time to forecast the smaller

basins. Therefore, approximately 1000 communities are aided by so-

called community self-help schemes. These community procedures range

from highly dense basin specific event reporting data collection

systems (NWS, 1982a) with alarm criteria and possibly linked to an on-

line conceptual model; to local volunteer spotter networks reporting

to community emergency preparedness officials using empirically based

rainfall-runoff tables prepared by NWS officials. It is projected

that about 2000 more of these procedures will be implemented by the

1990's.

The rest of the 16,000 flood-prone communities are provided

forecast services through so-called flash flood watches and

warnings. These forecast products are issued to the public on a

county-wide basis by NWS offices when flash flooding is considered

probable (watch), imminent or already observed (warning).

The NWS record on providing watches and warnings shows a major

problem in providing these services with sufficient lead time for

meaningful response, particularly the warnings. Recent verification

data from a national sample of flash flood events shows that 75% of
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flash flood warnings are issued with less than 1 hour lead time, and

more than 50% are issued when the flood already has been observed

(NWS, 1982, 1986). Lead time for the watches averages about 3 hours.

Thus, it remains for the NWS to improve its generalized

services to the thousands of communities for which explicit (site and

time specific) forecast schemes are not available. The nature of

these improvements should be concentrated in providing more lead time

for both watches and warnings, possibly at the expense of forecast

accuracy (NWS, 1986).

The NWS flash flood watches and warnings are tailored to the

general public and not to specific users, and are based on severe

weather or flood criteria established by the NWS. Providing just this

level of services is a difficult job for the NWS as evidenced by the

verification statistics. Public weather forecasters rapidly must

organize and evaluate many types of information in light of their

hydrologic consequences during heavy rainfall events. This is

extremely difficult for forecasters not trained in the science of

hydrology; and even for those trained, it is a problem to estimate

runoff without the necessary objective techniques and parameters. The

problem would be somewhat alleviated if NWS hydrologists were on duty

24 hours/day to help evaluate the data. But even with organizational

adjustments, there are not enough hydrologists to calibrate rainfall-

runoff criteria for the 16,000 flood points.
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Therefore, realtime determination of flash flood potential

usually is more qualitative than quantitative and generally is based

on observations rather than forecasts. Detection and analysis

techniques and technology that are operational in the NWS offices are

not yet sophisticated enough to evaluate quantitatively very local

(small scale) heavy downpours. Or when detection is made, analysis

frequently is not rapid enough to permit timely warnings to be issued.
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Advances in Flash Flood Forecasting 

In light of this discussion concerning the magnitude, scope

and direction of necessary enhancements, it is reasonable, and in the

interest of the NWS, to pursue improved services in the generalized

flash flood watch and warning products.

Advances are being made in the observation systems, both

remote and on-site, and in data processing techniques. Some of the

improvements are being implemented now in NWS field offices, and some

are part of long-term development projects which will become

operational in stages. A few of these advanced methods are outlined

below.

Automated Local Evaluation in Real-time (ALERT) (NWS, 1982a)

systems rely on point rainfall data from basin-specific networks of

automatic reporting gages. The gages report to a local data

collection station on a criteria (1mm) or event basis. ALERT systems

are located in and used directly by communities to minimize time

between detection and warning. NWS offices have a tie-in to the

community systems, and use the data to issue flash flood watches or

warnings for the counties in which the gaged basins lie.

A long term radar data collection evaluation project (Greene,

Hudlow, and Farnsworth, 1979; Walton, Johnson, Ahnert, and Hudlow,

1985) is underway to improve rainfall estimates from radar imagery and

determine the best objective rainfall analysis technique to combine

radar and ground truth (point precipitation) data into areal

estimates. The project eventually will lead to techniques for mean
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areal rainfall computations combined from many sensor types, including

imagery systems and on site sensors. The radar-rainfall analysis

programs will be an integral part of the application programs residing

in the NWS's Next Generation Radar (NEXRAD) (NWS, 1984) scheduled for

implementation beginning in 1989.

Progress in understanding remotely sensed data is represented

by an Integrated Flash Flood Analyzer (IFFA). This system evaluates

and displays digital satellite imagery, converting cloud heights,

estimated from cloud top temperature fields, to rainfall estimates.

Both the IFFA and NEXRAD precipitation processing system (PPS) are as

yet experimental.

The Heavy Precipitation Branch (HPB) of the National

Meteorological Center (NMC) uses synoptic guidance and numerical

analyses and the extensive NMC data base to make forecasts of 6 and 24

hour total rainfall with lead times of 12, 24 and 48 hours in advance

of the valid forecast time. The output is presented as isohyets of

potential rainfall. Areas are outlined where the potential rainfall

exceeds the amount determined by NWS hydrologists needed to cause

flooding. Quantitative precipitation forecasts from NMC, or QPF's,

regularly have been distributed for several years, with increasing

emphasis placed on them because of the flash flood problem. In

addition, many NWS offices have developed QPF procedures for their own

local areas. These procedures are usually based on the forecaster's

knowledge of the characteristics of local weather phenomena.
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Additional to the NMC QPF products are the probability of

precipitation forecasts (POP), categorical forecasts of precipitation,

and probability of precipitation amounts (PoPA) derived from Model

Output Statistics (MOS) techniques (Glahn, 1979). These forecasts are

based on regression equations which use the basic observed and

forecast meteorological parameters output from the numerical weather

prediction models. Both POP and PoPA are point estimates. Other

application work is underway to couple QPF models to hydrological

models to produce short term (1-6 hour) forecasts of streamflow

(Georgakakos and Bras, 1982; NWS, 1984), and to make rainfall

predictions based on projection of storms using digitized radar

imagery (Johnson and Bras, 1978; NWS, 1984; Walton et al., 1985).

A forecaster must rely on knowledge of the forecast area,

incorporating past experience during flash flood producing rainfall

situations with local physical, geographical and demographic

characteristics. Post-storm analyses of the meteorological

characteristics of numerous flash flood producing rainfalls have been

documented (Maddox et al., 1980). The knowledge gained from these

analyses is being used to train meteorologists and as general guidance

available to forecast offices. The information lists the historical

mean values of critical meteorological parameters observed immediately

prior to flash flood events. The information is used subjectively and

is not linked objectively to other real-time forecast procedures.

Additional advances will be made in data analysis and

forecasting as the NWS field operations are restructured for the
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1990's to take advantage of NEXRAD Doppler radar and other

sophisticated software technology. This new technology will provide 5

minute estimates of rainfall and local on-site processing for

mesoscale weather forecasting (NWS, 1984).

The above paragraphs highlight some of the existing and

planned sources of information available to the meteorologists to

evaluate flash flood conditions. Along with a major emphasis on

improvements to the quantity and quality of the individual products

from the data sources, a method of combining the data is needed to

assess flood potential (Krajewski and Hudlow, 1983). While this data

integration effort is being pursued, there is no method available for

this task at local weather offices.
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Flash Flood Information Needs of Local Agencies 

Municipal and county governments yearly expend large amounts

of resources--personnel, funds, equipment--for storm damages and

response procedures. Even for minor events, flash flooding and

associated storm damages may cause local governments to respond with

increased traffic control efforts due to flooded streets, roadway

damages and/or nonfunctioning traffic signals. Operations and

maintenance activities also increase for flood control structures,

roadways, sewer lines, utilities and other public works (Zevin, Davis,

and Shields, 1983).

For example, a severe storm or flash flood will result in

street flooding and closures, wind damages to traffic control signs,

power outages which disable traffic signals and flooding of at-grade

stream crossings. Immediate response to these problems must be made

by law enforcement agencies to redirect traffic. Additionally,

highway maintenance crews must barricade and close streets and make

repairs to traffic signals and signs during the storm event with

repairs to damages made following the flooding (Zevin et al., 1983).

To respond to the safety needs and damages arising during

thunderstorms or heavy downpours, local agencies must be able to

mobilize public work sections such as law enforcement and highway

maintenance departments. Decisions for the mobilization of personnel

and equipment may include the following: 1) increasing personnel

temporarily by extending shifts, or calling on extra people; 2)

locating and positioning equipment and personnel; 3) acquiring
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additional or special equipment by renting or borrowing from other

agencies; 4) determining the type of equipment needed and the location

and duration of use; and 5) timing of repairs and/or equipment

removal.

Decisions for storm responses must be made preceding the

occurrence of flash floods or severe storms. Most actions within the

capabilities of local agencies, such as traffic control and operation

and maintenance of roadways and drainage structures, are taken at the

onset of storms. These actions may be necessary whether or not a

severe event occurs. For example, stream at-grade crossings must be

closed for substantially lower stages than flood. Information from

the NWS is needed on the potential of occurrence, areal extent,

movement, intensity and duration of the storms before they hit. The

information is crucial for determining how and when personnel and

equipment will be deployed.

One to 6 hour probabilities of flash floods could satisfy the

needs of community emergency response officials to act on criteria

based on local response requirements. These criteria would depend on

the time and resources necessary to respond given a specific

probability of occurrence. Therefore, response could be carried out

as cost effectively as possible (Krzysztofowicz, 1983, 1985) and with

enough lead time for evacuation from isolated areas.

With NWS's advances in technology, especially with respect to

data collection and analysis of mesoscale weather features, and

considering the high costs (time and personnel) of repair of damages
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versus those of preparation for response, the time is coming when the

NWS better can serve sophisticated users through probability forecasts

of flash floods (Krzysztofowicz, 1985). The probability of flash

flooding for a specific forecast period can form the basis for public

issuance of flash flood Watches or Warnings depending on preset

criteria for the local forecast area. Or, where more sophisticated

users are involved, the output could be used for mobilizing manpower

and equipment. The ability of local agencies to prepare for flooding

using a probability forecast would be more cost effective than

awaiting issuance of a flash flood watch or warning under current

forecast operations (Krzysztofowicz and Davis, 1983; Krzysztofowicz

1983).
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Objectives of the Work 

A case has been made for the need for improved flash flood

services; and results of some recent work toward those needed

improvements have been reviewed. Additionally, the information needs

of local weather service users were discussed highlighting the types

of decisions and responses needed under various threatening weather

situations. Under these variable conditions, community officials need

to have information in a form which is amenable to decision-making

under uncertainty. Based on all of these considerations, the

objectives of this work are:

1) To define a probability system for evaluating flash flood

potential on an area-wide basis which can be linked with user decision

models;

2) to build the theoretical deterministic and probabilistic

constructs of the system;

3) to analyze the data and information requirements of the

system along with an evaluation of the feasibility of obtaining these;

4) to demonstrate the use and application of the system;

5) and to assess the system's possible place in an

organizational framework and in planning for future forecasting

services.
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Elements of a Probability System 
for Evaluating Flash Flood Potential 

The elements of a comprehensive system to provide probability

assessments of the potential for flash flooding have been suggested in

the preceding sections. They are:

1) a quantitative rainfall observation system;

2) a quantitative rainfall prediction system;

3) a streamflow forecast component;

4) a probability component linking 1, 2, and 3; and

5) a decision model.

In addition, the system should be amenable to operational

implementation in a number of ways including:

6) automatic on-line operation without extensive intervention by

forecasters for a period of up to 24 hours;

7) handling of forecast and observed rainfall data from multiple

sources;

8) efficient computations in light of planned computer resources; and

9)	 integration with current and planned forecast algorithms and

technology.

In short, the scheme must fit into current and future NWS operations.

This work proposes a system incorporating all of these

features with the exception of the decision model, which is a major

developmental undertaking in itself (Krzysztofowicz, 1985). Rather,

this system provides a structure for integrating components 1 - 4 and
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which incorporates features 6-9. It is proposed to be linked with

such a decision system, and it has been evaluated to be amenable to

such linkage (Krzysztofowicz, 1985).
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Description of the Work 

The proposed probabilistic approach to flash flood forecasting

is discussed in the following chapters. This introductory chapter is

followed by a short review of the use of probabilities in weather and

river forecasting. In Chapter 3, the proposed system is described

first from a deterministic point of view as a foundation for a

theoretical probabilistic forecasting system. The probability system

is presented rigorously. Requirements and availability of information

to operate the system are discussed in Chapter 4, after which Chapter

5 explains two alternatives for implementing the system. The two

alternatives are based on different approaches to the way soil

moisture is tracked. An application of the proposed system with a

discussion of the test results is presented in Chapter 6. Conclusions

and a summary of the work are given in Chapter 7 and recommendations

for future work are made in Chapter 8.



CHAPTER 2

REVIEW OF STUDIES

There has been extensive investigation and operational use of

probabilistic forecasts of meteorological conditions. A thorough

history and bibliography of the subject is traced by Hughes (1980)

beginning in 1904 with attempts to determine probabilities objectively

through the relationship between surface observed variables and the

probability of precipitation. In 1906, confidence factors were

operationally applied and verified for five weather parameters by

Cooke. Hughes (1980) also notes a 1920 study on probability of

precipitation forecasts and several studies on other possible

applications in 1949 and 1950. The Weather Bureau experimentally used

confidence factors in the early 1950's and the use of probability of

precipitation in public broadcasts by the Traveler's Insurance Company

was started in the same decade.	 The reader is referred to the

detailed bibliography offered by Hughes (1980).	 Several of the

studies pertinent to this work in the application of probability to

weather forecasting are cited below and throughout the text as

necessary.

16
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Operational Use of Probability Forecasts 

Use of probability forecasts gradually gained acceptance

within the Weather Bureau until, in 1965, the first national public

releases were made of probability of precipitation occurrence.

However, it was the development and implementation of MOS in the mid-

1960's that led to the routine use of probability forecasts by the

Weather Bureau in its public forecasts (Glahn, 1979). The advent of

high speed digital computers, and an extensive data archival system,

and advances in numerical weather prediction models have allowed the

NWS (formerly the Weather Bureau) to develop automated procedures to

produce forecasts of numerous meteorological parameters. Among these

parameters are probability of precipitation occurrence, precipitation

type and amount, probability of thunderstorms and severe local storms,

heavy snow, total cloud amount, wind direction and speed, ceiling

height, visibility, storm surge, beach erosion, wind gust potential,

soil temperature, 3-hourly air temperature, and maximum and minimum

temperature (Glahn, 1979).

The MOS output is the statistical statement of predicted

weather features based on numerical weather prediction variables.

Most often, a statistical regression model is used to develop a

relationship between the variable to be estimated and the variables

output from the numerical weather models. For example, a

probabilistic prediction of forecast rainfall is made based on a

model's forecast of relative humidity, barometric pressure, and other

descriptive weather parameters. MOS produces forecasts of surface
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variables; numerical models produce forecasts of upper air variables

(Glahn, 1979). More recently, probabilities are being used in public

releases in severe weather situations. The NWS took a major step in

1984 with the first use of hurricane strike probabilities (Carter,

1983).

Thus, there is strong precedent for the use of probability to

describe the weather to the nation; and as will be shown below, many

reasons for its use.
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Value of Probabilistic Weather Forecasts 

The value of probabilistic forecasts has been investigated

frequently since the early 1950's. Thompson (1952) pointed out the

suitability of probability forecasts over categorical forecasts to

economic evaluation. Thompson and Brier (1955), Gringorten (1958,

1959), Gleeson (1960), and Nelson and Winter (1960, 1964) analyzed the

economic value of forecasts through the cost/loss ratio, a matrix of

economic payoffs. These economic evaluations are usually performed

using an ex post approach in which the value of the forecast is

measured after the forecasts and events have occurred (Winkler and

Murphy, 1979). Notable applications of the ex post approach are found

in a description of snow removal decisionmaking by municipalities

(Thompson, 1959); the use and value of precipitation forecasts to the

raisin industry (Kolb and Rapp, 1962); and use of frost (temperature)

forecasts by fruit growers (Katz and Murphy, 1979).

An ex ante approach to the value of probability forecasts is

described by Winkler and Murphy (1979). In this method, the expected

value of the forecast is measured before the preparation of the

forecast and the observation of the weather events. The economic

evaluation uses a model to minimize expected expenses resulting from a

response which depends on a weather forecast. The lowest expected

expenses are achieved by minimizing the costs of the response and the

probability of losses associated with the adverse weather forecast.

The analysis is carried through successive stages of decisionmaking by
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the forecast user as new forecasts are received. These are some of

the concepts which would be included in a flash flood decision model

noted in Chapter 1.

Krzysztofowicz and Davis (1983) determined the value of

categorical flood forecasts by calculating the expected annual

reduction of losses (costs of response plus flood damage sustained).

They modeled • the decision process as both a forecast and related

response system. And they tested the effect of various response

strategies on the worth of the systems from which the final response

was taken. In this framework, it is possible to model the worth of

improvements to either the forecast or response process and to

determine the most efficient economic solutions.

More recently, Alexandridis and Krzysztofowicz (1981)

simulated the application of a decision model in the framework of

Bayesian decision theory. They evaluated and use of categorical and

probabilistic forecasts to the short term scheduling of power

• generation based on a single-period power load forecast. The power

load forecast is transformed from a temperature forecast. The

Alexandridis and Krzysztofowicz study (1981) is the first to apply

decision models to the use and evaluation of continuous variables, in

this case a 12-24 hour categorical forecast of temperature.

In both the ex ante and ex post approaches the value of the

forecast is considered a function only of the forecast user's

decision. The work by Krzysztofowicz and Davis (1983) shows how

improvements to the forecast system may influence and possibly enhance
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the decision made by the user. None of the studies on the value of

forecasts has investigated the application of the objective use of

statistical decision theory by weather forecasters as

decisionmakers. In this context an investigation and optimization of

that process by which a forecaster arrives at the public product is

desirable.

Winkler and Murphy (1971) described the forecaster's

aggregation, assimilation and use of information as a subjective

forecasting process in the framework of Bayes' Theorem. They

speculated that the Bayesian process is used intuitively by

forecasters to make subjective evaluations of event probabilities. No

attempt has been made to apply the framework suggested by Winkler and

Murphy (1971) to a real-time forecast situation, or to adapt it to an

objective decisionmaking procedure for use by forecasters.
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Use of Probability Approaches in Hydrological Forecasting 

The operational need and possible solution for an objective

approach to the assessment of flash floods to aid forecasters grew out

of the NWS Southern Region's Manually Digitized Radar (MDR) program

(Moore, and Smith, 1979; Newton, 1984). The MDR effort relates the

occurrence of flash floods in the southern NWS administrative area to

the radar reflectivity values from which estimates of rainfall rates

(intensities) are taken. The system is manual because the

reflectivity values are plotted by hand on a grid overlaying the radar

scope. An MDR table indicates the probability relationships.

Tetzloff (personal communication, 1980) developed a computer program

which related the 3 hour accumulations of rainfall, based on MDR

values, to 3 hour flash flood rainfall criteria issued by NWS River

Forecast Centers (RFCs). This was the first link between the rainfall

observation system and the runoff prediction system for evaluation of

flash flood potential. A further refinement to this program was

proposed (Newton, 1984) to allow the forecaster to set the probability

threshold criteria for issuance of flash flood watches or warnings.

The MDR approach to assessing flash flood potential has gained

acceptance over the past several years, and is well received by many

meteorological forecasters. 	 The technique is now in use throughout

the central and southern U.S. weather forecast offices.	 These

forecasters would, otherwise, have no objective criteria on which to

base their watches or warnings. The MDR program and its subsequent
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relation to flash flood rainfall criteria was a major first step

toward incorporating objectivity into flash flood forecasting.

MDR and its enhancements, however, lack several important

elements for a comprehensive system such as described in Chapter 1.

First, the MDR program does not allow for the incorporation of

forecast rainfall. It does accept and account for errors in the

observation system, but does not allow integration of data from other

systems. Both a plus and a minus for the MDR is that it directly

relates rainfall to flash flooding, thus accounting for all the

uncertainty in models, measurements, parameters and initial conditions

in one probability distribution (NWS, 1977). So, it is simple,

efficient and computationally pleasing. However, lumping all of the

uncertainties takes away the flexibility of linking the program with

other observation and input systems. In addition, the sample of flash

floods on which the probabilities are based may have biases with

respect to location within a particular administrative region. That

is, for the Southern Region, for example, the sample of flash floods

is supposed to represent conditions from Texas to Florida, Oklahoma to

South Carolina. Therefore, it cannot handle local variations which

contribute to flash flooding.

Based on the popularity of the MDR approach and acceptance of

the in-house operational use of probabilities for objective

decisionmaking, a similar scheme has been proposed for inclusion in

the NEXRAD applications software package (NWS, 1984; Walton et al.,

1985). The NEXRAD proposal acknowledges the need expressed by Zevin
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et al. (1983) for a system to integrate hydrometeorological

information to produce probabilistic information on flash flood

potential. The scheme will be used with estimates of observed

rainfall, a QPF procedure, and a possible link to rainfall-runoff

criteria provided by NWS hydrologists. The program will produce

probability curves and maps of flash flood potential (Walton et al.,

1985). However, the NEXRAD procedure deviates from the proposal by

Zevin and Davis (1985) in the way the probabilities are computed

(Krzysztofowicz, 1985; Walton, 1985). And its linkage to a decision

system is questionable (Krzysztofowicz, 1985).

Other studies have addressed the individual components of a

flood forecasting system, either rainfall-runoff models, improved

measurement systems or forecast rainfall models. Johnson and Bras

(1978) describe the history of statistical approaches to the rainfall

prediction problem. They recognized the non-stationarity of rainfall,

an element lacking in previous statistical prediction systems of

rainfall. They accounted for this non-stationarity in a multivariate

statistical model for predicting future rainfall rates at specified

locations. Their model is set up in state-space form in order to

maximize computational efficiency. Unlike many state-space

formulations, the Johnson and Bras model can handle rainfall

predictions for multiple values of lead time.

Kitanidis and Bras (1978) envision the problems of prediction

and filtering intuitively as the solution of a marginal distribution,
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and as a Bayesian solution, respectively. They start with a system

dynamics equation

x(t+ A 0= (x(t),u(t))+ r (t)w(t)

where the state x(t) and the input u(t) are considered random vectors

and w(t) is a stochastic sequence representing the model or process

noise. The standard assumption for the additive model noise is that

it is zero mean and white, i.e., w(t) is independent of w( t ) for

t �T .

Then, for the probability system, the probability density

function of x(t+ A t) is solved given the pdf's of x(t), u(t) and

w(t). The suggested probability solution to the filtering equation

employs direct use of Bayes , Theorem:

p(z(t+ A t))1x(t+ A t))P(x(t+ A t))

P(x(t+ A t))1z(t+ A t)= 	

f p(z(t+ A t))1x(t+ A OP(x(t+ A t))dx(t+ A t)

where p(x(t+ A t)1z(t+ A t)) is the pdf of x(t+ A 0 conditional on

the result of the measurement z(t+ A t) while p(x(t+ A t)) is the pdf

of x(t+ A t) prior to a measurement. In defining the prior, they

assume x(t) and u(t) are jointly independent. However, with reference

to solution of both prediction and filtering pdf's, analytical

solutions to the general non-linear problems usually are not

available, and the form of the equations are not suitable for direct
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implementation on a digital computer. Numerical solutions require an

approximation of the pdf through a finite set of parameters. Instead,

as a practical solution, they suggest the use of a linear system

equation and Gaussian distributions, which require only the first and

second moments.

Kitanidis and Bras (1978) noted the extensive use of the

concept of state space modeling in modern mathematical systems

theory. They applied the concepts to the problem of forecasting river

flows. For short duration rainfall, Bras (1976), Johnson and Bras

(1978), and Georgakakos and Bras (1982) have demonstrated that the

state-space formulation of the QPF problem is valid and applicable.

Their work is being pursued toward implementation into NWS realtime

hydrologic forecasting operations.
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Summary

The numerous references show that considerable work throughout

this century has gone into the research, analysis and use of

probability concepts in meteorological and hydrological forecasting.

There are few such works dedicated to problems of flash flood

forecasting. However, the most recent work in the NWS shows a

definite trend toward probabilistic approaches to flash flood

forecasting. The work proposed here represents a major step toward an

integrated system for producing such forecasts and information. Based

on the system requirements given in Chapter 1, and incorporating many

of the ideas already documented in the literature, the theoretical

basis for such a system is discussed in the next chapter. The

deterministic concepts of the proposed system are given first. Then,

the probabilistic system is discussed, noting in particular

capabilities for integrating information from multiple sources and

updating in realtime.



CHAPTER 3

SYSTEM THEORY

This chapter first describes a deterministic system which

serves as a conceptual basis for a probabilistic flash flood system.

The system uses accumulated rainfall plus potential rainfall over a

specified area and time period, and assesses this amount against the

water holding capacity of the affected basin. These parameters are

then modeled as random variables in the probabilistic approach.

For purposes of this work a flash flood (F) is an event at

which the stage in any river in a defined forecast area exceeds

bankfull. A flash flood forecast p(F(k)) is the probability

determined at time k that bankfull will be exceeded during or after a

given time interval. Time k represents the time since the soil

moisture was last determined.

Krzysztofowicz (1985) has described three types of forecasts

as a basis for formatting probabilistic flash flood forecasts (figure

1). The perfect forecast (la) specifies the actual time to flood with

a probability of one. The ideal probabilistic forecast (lb) accounts

for uncertainty in the forecast using a continuous distribution

function. A feasible probabilistic forecast (10 approximates the

continuous distribution by providing probabilities for n discrete time

intervals at a specific forecast time T.
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Deterministic System 

A proposed system that produces feasible probabilistic flash

flood forecasts is envisioned first as a deterministic system that has

perfect information and results. As discussed in Chapter 1.0,

components of any flash flood prediction system are a rainfall

accumulation processor, a rainfall prediction system, and a rainfall-

runoff processor. Each of these processors tracks a state variable of

the system.

Let w(k) represent the cumulative rainfall amounts for any

specific area and discrete time period through the start of period

k. It is assumed that the accumulation was initialized at k=1.

Therefore w(1)=0. Let m(k,j) represent potential rainfall from the

start of period k for a specific area for j subsequent periods. Then

m(k,j) is potential rainfall from the start of period k for the next j

periods for j=1,...,J, where J is the furthest time period in the

future for which potential rainfall is known. Changes in the state

variable occur as moisture enters and leaves the system. During

period k, m(k,1) leaves the system either as atmospheric moisture or

is converted into rainfall; a portion of w(k) leaves the system as a

moisture loss through deep percolation. Let U(k,j) represent net

inflow or outflow of rainfall potential from outside the specified

area from the start of period k through j periods for j=1,...,J.

U(k,j) are the system input, positive or negative: U(k,j)
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j=1,2,3,..,J is the input to the rainfall potential during j

subsequent time periods starting with (k+1); U(k,O) is the input to

the cumulative rainfall at time (k+1).

Using this approach, several future states of nature can be

tracked simultaneously. The cumulative and potential rainfall (states

of the system) are treated as functions of time in a linear system.

The potential rainfall, m(k+1,j), is based on the change in the

previous hour's potential rainfall and the inflow or outflow of

moisture to the system

m(k+1,j)= m(k,j+1) - m(k,1) + U(k,j) for 3 =1,...J - 1.	 (1)

The deterministic system for one time period is shown in Figure 2. As

the system rolls forward in time, the potential rainfall, m(k+1,J), is

the previously determined potential rainfall which changes as a result

of the gain or loss of atmospheric moisture

m(k+1,J)=U(k,J)	 (2) and

m(k+1,J - 1) =m (k, J) - m(k,1 )+U(k,J- 1)	 (3).

The accumulated rainfall is the total rainfall until k, plus the

potential rainfall during k for the first j time period, and the

change in atmospheric moisture during k



32

k+I

m(k,i+ 1) ni(k+ 1,j)

bbbb
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-m (k + I , I)

w(k+ 1 )	 w(k+ 1 )

-U(k,O) -U(k+ I ,0)

1/4

w (k)

Figure 2. Deterministic System for One Future Time Period
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	w(k+1)=m(k,1)+U(k,0)+w(k)	 (4).

By definition, for convenience of computations later

w(k+1)=w(k)+ A w(k)	 (5).

The increase in soil moisture during the kth period is represented by

Aw(k) . Note that A w(k)=m(k,1)+U(k,0). An illustration for J=4

time periods is shown in Figure 3.

The state function for four future time periods is written in

matrix form:                        

m(k+1,4)

m(k+1,3)

m(k+1,2)

m(k+1,1)

w(k+1) 

000  0 0

1 0 0 -1 0

0 1 0 -1 0

0 0 1 -1 0

000  1 1 

m(k,4)

m(k,3)

m(k,2)

m(k,1)

w(k) 

U(k,4)

U(k,3)

U(k,2)

U(k,1)

U(k,O)

(6)                        

Then a flood is predicted at the beginning of (k+1) when

accumulated rainfall received plus potential rainfall is greater than

the soil moisture deficit G:

w(k+1) + m(k+1,i) > G for any j.	 (7)
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Probability System

Since none of the quantities discussed above are well known,

the deterministic system only serves as the basis for a feasible

probabilistic flash flood forecast system. 	 The parameters of the

deterministic flash flood forecast system may be defined as random

variables.	 However, information about them is available from

forecasts and observations. This information can be used to construct

probability distributions for these random variables.

Let 0 represent cumulative areal rainfall observed by an

imperfect observation and processing system. Observations may be

taken from i different systems. Then 12(k,i) represents the cumulative

rainfall to the start of period k determined by the ith observing

method, i=1,...,I. The probability of the true cumulative rainfall is

p(w). The probability of observing an amount of rain conditioned on

the true amount is p(Q(k,i)lw(k)). This represents how well the

observing system does its job over a period of time, the verification

of the observation system's performance.

Let M represent information about the potential rainfall in

the form of a forecast. Then (M(k,j)) is a precipitation forecast at

the start of period k for j subsequent periods.	 A probability

distribution on the true potential rain is p(m(k,j)).	 Long term

performance of the forecast techniques is represented by the

conditional distribution p(M(k,j)Im(k,j)).

The inflow or outflow (atmospheric and soil moisture) U(k,j),

j=0,1,...,J is not explicitly determined.	 Many NWS meteorologists
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agree, for now, this atmospheric information is included in estimates

of potential rainfall, commonly known as quantitative precipitation

forecasts (QPF's) (Belville, personal communication, 1986; Epstein,

personal communication, 1985; Olson, personal communication, 1985).

The effects of the uncertain measurements and forecasts on the state

variables from multiple information sources within each time period

and moving forward in time are resolved through the use of Bayes ,

Theorem. The effect of uncertain inflows and outflows of moisture on

the states of the system, the transformation of the variables, is

resolved in this system by use of convolution. These system concepts

are discussed below.
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Updating the States of Nature 

Uncertain information on accumulated and predicted rain may be

used to update p(w(k)) and p(m(k,j)) as the system moves from k to

k+1. Bayes' Theorem is used to effect the updating. In general,

Bayes' Theorem takes the form

P"(V)=P"(VII)= 	PT(V)L(IIV) 	(8)

J pi(v)L(ilv)dv

where V represents the parameter of interest; and I represents

information such as a forecast or an observation. Then p"(V), and

p"(VII) represent the posterior distribution of the parameter

conditioned on the information; pe(V) represents the prior

distribution on the parameter; and L(IIV) represents a likelihood of

the information conditioned on the parameter.	 In this work, the

parameters must be constrained to physical limits. 	 (A complete

discussion of constraints on parameter estimation is found in Bard

(1974)).

Winkler and Murphy	 (1971)	 suggested that forecasters

intuitively use a Bayesian model to aggregate information from a

number of sources into a probabilistic forecast of weather events.

For purposes of the flash flood forecasting system described here, the

states of the system are estimated by Bayes' Theorem. For the

forecast information
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p" (m(k+1,j ))=	 W(m(k+1,j))L(ffi(k+1,j)im(k+1,j)) 	(9)

f picm(k+1,i)mm(k+1,i)Imck+1,i»d(m(k+1,j))

where p'(m(k+1,j)) represents the prior distribution of potential

rainfall m(k+1,j); p"(m(k+1,j)) represents the posterior distribution

of potential rainfall m(k+1,j) conditioned on an imperfect forecast

m(k+1,j); and LMk+1,j)Im(k+1,j)) represents the likelihood of the

forecast RI(k+1,j) given the rainfall potential m(k+1,j).

For the observation information using the approach in which

w(k+1) =	 hw(t) , Bayes , Theorem is used to update A w(k):
T=I

ID"( A w(k))=P'( A w(k))L( A Q(k,1),...,( A 12(k,I)I A w(k)) 	(10)

f P'( A w(k))L( A û(k,1),...,( A Q(k,I)I A w(k))d( A w(k))

where p'( A w(k)) is the prior distribution on observed rainfall

A w(k); and L( A w(k,1),...,( A Q(k,I)I A w(k)) is the likelihood of

the accumulated rainfall during k for I observing systems.

If the cumulative rainfall information	 EA w(k,i) are

independent, the likelihood can be factored

L( A 9(k,1)...( A Q(k,I)I A w(k)) =

L( A Q(k,1)) A w(k))...L( A 12(k,I)1 A w(k)).	 (11)

Then the posterior distribution may be obtained by sequential

application of Bayes' Theorem with respect to each factor.

The distribution of the state variable w(k+1) is obtained by

convolution of the posteriors of A w(k), and w(k):
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P"(w(k+1)) =p"( A w(k))*P"(w(k))	 (12) since

w(k+1)= A w(k)+w(k).

The likelihoods and initial priors are developed from data.

Once the updating is begun, subsequent priors are developed from

previous posteriors following the transformation matrix shown

previously. The prior for the kth period rainfall is the posterior of

the potential rainfall for that time period

	P'( A w(k)) = P"(m(k,1)).	 (13)

The prior for potential rainfall is based on the posteriors

from the previous period and the transformation of the state variable

using observed rainfall during k as shown before. The distribution of

p , (m(k,j+1)) is known either from data on initial conditions or from

calculation.	 The value of m(k,1) is indicated by the increase in

cumulative rainfall during period k. The prior for m(k+1,j) is the

convolution of the posterior distributions of m(k,j+1) and (-m(k,1))

after m(k,1) has been updated with A w(k). This will be called

p"'(-m,(k,1)):

130(m(k+1),j)=p"(m(k,j+1))*p( -m(k,1)) for j=1,...,J-1.	 (14)
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The probability of a flood, p(F(k,j)), in the next j time

periods is the probability that w(k+1)+m(k+1,j) ?. G.

The probability distribution of the sum of the cumulative

rainfall and the potential rainfall is calculated by convolution:

P(w(k+1)+m(k+1,j))=p"(w(k+1))*P"(m(k+1,j)). 	 (15)

If G has a probability distribution, then p(F(k,j)) is determined by

negative convolution of G with p(w(k+1)+m(k+1,j)).

As noted earlier, the uncertainty in inflow or outflow of

moisture to the system, p(0(k,j)) currently is not explicitly known.

The information is assumed to be contained in the empirically derived

likelihoods and priors on forecast rainfall (Epstein, 1985). This

assumption does not hold, however, in circumstances during which there

are drastic changes in atmospheric conditions between updates. Such

drastic changes might occur when there is unpredicted explosive

convective development often associated with severe thunderstorms.

When such events occur, indicating a U significantly different from

conditions at the beginning of the period, then the parameter must be

explicitly accounted. The theory allows for this in two ways:

a) by allowing U to be addressed in the transformation step if

specific information about U is available; or

h) through restarting and reinitializing the procedure beginning

at an appropriate previous time step if the information about U

is not specifically known. The information about U may be



included in prior distributions of potential rainfall

subjectively conditioned for the meteorological situation or

using a uniform prior distribution with an appropriate likelihood

on the event.

The deterministic system as depicted in Figure 3 is shown as a

probability system in Figure 4 •

In summary, a deterministic system and a complementary

probability system to account for uncertainty with movement forward in

time have been described. The probability system is unusual in its

application of Bayes' Theorem in an a priori or ex ante forecasting

situation (Krzysztofowicz and Alexandridis, 1983) and in a structure

which allows forward movement in time. Therefore, it is amenable to

real-time flash flood forecasting operations. The theory uses an

integrated view of the atmosphere and ground systems accounting for

all of the essential information required for flood forecasting. In

addition, the probabilistic system may be rigorously applied given the

availability of the information; and is flexible to account for

unusual or unmeasurable changes in meteorological conditions between

updates. The next chapter describes the availability of information

for implementation of the theory--its probability distributions and

information required, and the information currently available and

planned for the future.
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CHAPTER 4

SYSTEM DATA REQUIREMENTS AND AVAILABILITY

A theoretical probabilistic system for flash flood forecasting

was shown in • the previous chapter. Its feasibility for application

rests on availability of information about the state variables and

their uncertainty. In considering the problems of data needed to

develop the distributions for input to the system, simple assumptions

based on current and planned NWS operations are made, with optimism

that future rainfall prediction methods will be accompanied by

estimates of their error variance. The author defers to a statement

by Bras (1976) as being applicable in this case:

"In short term forecasting we really do not have the

historical data from which to estimate statistically the model

parameters. We therefore, in order to satisfy the accuracy and

prediction criteria, must use all possible prior information about the

process to be able to define the structure and underlying behavior as

much as possible. The more we define an underlying structure, the

more our statistical requirements are reduced and accuracy

increases. Nevertheless, our model structure must be flexible and

simple enough to allow continuous parameter updating as data become

available."

43
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In the proposed system, the forecast and observation models

are described in Bayesian terms because the Bayesian approach

encompasses the most general form of error estimators. Bayesian

theory allows the use of historical information, and makes no

assumptions about the shape of the distributions. The theory also

accomodates multiple sources of information, each of which will

introduce its own error characteristics to the computation of flash

flood potential. And using Bayes' Theorem allows updating within a

time period as new information becomes available, and updating as

events progress from one time interval to the next. In addition, the

Bayesian approach is flexible to accomodate the subjective judgement

of the forecaster. Actually, the Bayesian approach and restrictions

on defining the priors and likelihoods present a good opportunity to

forecasters for using many kinds of information in assessing a flash

flood situation. Finally, provisions are made to account for

dependent data.

Issues concerning Bayes' data requirements, updating and

dependence are discussed below followed by an evaluation of the

sources of data to support the application of the theory. Some

alternative solutions to the continuous case and approaches to the

data base problems using discretization are mentioned later as

possible future research topics.
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Bayes' Distributions 

A generic form of Bayes , Theorem was shown previously. For

both prior and posterior distibutions, the random variables or

parameters of interest, the cumulative and potential rainfall,

represent the states of the system. In the likelihoods, the random

variable represents information conditioned on the states of the

system. The following priors and likelihoods are required in the

system:

a) priors on incremental rainfall;

h) priors on potential rainfall for each time interval;

c) likelihoods on incremental cumulative rainfall for each (k,i)

observation period, information source, and storm type; and

d) likelihoods on potential rainfall for each (k,j) forecast interval

for each information source, and storm type.

Initial prior distributions are derived from data, all other

priors are calculated within the system. Likelihoods are derived from

historical data.

Priors

It was shown in Chapter 3.0 how the prior distributions are

calculated from posterior distributions on the previous states of the

system, the transformation of the states and the information

conditioned on the states of the system (the likelihoods). Thus, the

problem of determining prior distributions is confined to finding the

initial distributions on potential rainfall, m(1,j) for all j; for
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m(k,J), the prior distribution for the next k time period; and prior

distributions and likelihoods on incremental rainfall.

For initial conditions, the prior data set should have two

distinguishing characteristics. First, the prior should be based on

the propensity for the potential or cumulative rainfall amount to

occur in the targeted location, or should be based on the forecaster's

judgement as to whether the rainfall could occur. For example, the

prior might contain information on the number or return periods of

rainfall of the given potential amount; or information that rainfalls

of a particular amount have been observed to fall mostly in late

afternoon or early evening, again based on the specified potential

amount. The prior also might reflect local conditions such as the

effects of an urban area on the production of heavy rainfall amounts,

or of local orographie effects.

A second criteria or characteristic of the prior is that it

should not use any information already included in the likelihood.

Thus, if the error or uncertainty of a particular QPF technique is

being used in the likelihood p(M(k+1),j)Im(k+1,j)) and the QPF

technique uses local orographie effects as part of the model, then,

the prior should not contain the information on local orographic

effects. In addition, most QPF's are based only on meteorological or

atmospheric parameters. Use of a prior allows the incorporation of

some extra information concerning "ground" characteristics--local

environment--which would not usually be included in QPF schemes.
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Therefore, the forecaster is not restricted to the information

contained in only one scheme of forecasting.

The initial prior also may contain some subjectivity. For

example, the prior could allow the incorporation into the potential

rainfall of an expert opinion (Morris, 1977) about the evolution or

characteristics of a heavy rainfall situation. In fact such pre-

conditioning tnay be necessary in rapidly changing meteorological

situations, as for example, the recognition of severe thunderstorm

precursors not previously accounted in initial priors.

Likelihoods

The information contained in the likelihood estimates how well

the forebast or observation mechanism represents the true state of

nature. It also answers the question: How well does this observation

or forecast for a particular elapsed time and amount mimic nature?

For example, the uncertainty in the radar estimated precipitation may

stem from a single or from multiple causes. In this case the

uncertainty of the radar data may be attributed to inaccuracy in

observing the precipitation field due to the distance of the

precipitation field from the radar; errors in radar calibration; grid

intervals (distance between grid points for computation of areal

precipitation) (Greene, 1971); and inter-grid variability of

precipitation. The likelihoods reflect the aggregate of these errors.

The requirement for likelihoods representative of varying

observation durations (1, 3, 6 hours, etc.) and amounts allows
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simulation of uncertainty in the cumulative or potential rainfall.

The likelihoods are fixed for the state variable--the rainfall amount,

duration, and source. The likelihoods will be set up in a format

similar to that shown in figure 5.

Use of likelihoods helps account for the different spatial and

temporal characteristics of meteorological phenomena as well as for

systematic biases in the information delivery system. Often, the

characteristics of the errors will vary in time and space. Huff's

work (1970, 1971) showed that the relative errors in mean areal

rainfall	 estimates	 increase	 with	 decreasing	 gage	 density,

precipitation amount and storm duration. Radar systems use an

empirical relationship between Z, a reflectivity factor which is a

function of the power returned to the radar set, and R, rainfall

intensity (Batten, 1979). This Z-R relationship tends to be different

for each radar set and is unstable in time, and in space (Hildebrand,

Towery and Snell, 1979; Hudlow, Farnsworth, and Ahnert, 1985). Thus,

a likelihood on a 1 hour radar observation probably will be different

from the likelihood on a 6 hour radar observation. These differences

may be due to changes in the raindrop size distribution within the

clouds, or may be due to "drift" in the accuracy of the radar itself

(Hildebrand et al., 1979). To avoid this problem on the accumulated

rainfall amounts, the uncertainty in moving from k to k+1 is added

incrementally using convolution, as shown previously.
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Updating 

A major advantage to the proposed system methodology is the

ability to use multiple sources of information, updating the states of

nature when the new information is received. Updating may occur

either moving from one time period to the next, or within a time

period. Updating as the system moves from k to k+1 is accomplished by

applying Bayes' Theorem, using the posterior distributions generated

during k as the priors at k+1. This was shown previously.

Updating information for a particular time period k is

accomplished in two ways.	 First, newly received information

pertaining to the previous time period's rainfall may be

incorporated. For example, gage readings applicable to k may come

into an office during k+1 or k+2. In this case, the new information

updates the observed information for time k-1, and the convolution

and posterior distributions on potential rainfall for that time period

are recomputed.

Updating probability distributions during the current flash

flood forecast period k is a problem because the priors and

likelihoods must be specific to the event (including time period)

covered by the rainfall forecasts and observations. For example, a

posterior distribution on rainfall computed from gage information for

a 1-hour rainfall may not be updated with 30 minute radar estimated

rainfall. It may only be updated with 1-hour radar estimated

rainfall. This type of situation is accounted by a second method of

updating.
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The second method of updating within a time period occurs

should the meteorological situation change so drastically during time

interval k that a new forecast is needed. In this situation, the

update is computed assuming independence between the old and new

forecast, throwing out the old forecast and using a new prior and

likelihood for the drastically changed forecast. Then at the next

k+1, to avoid the necessity for a prior and likelihood defined on the

time period of the second forecast computed during the current k time

period, this second (drastic) forecast is thrown out. However, the

information on which it was based is assumed to be incorporated into

the update at k+1; and the forecast originally used at the beginning

of the current k time period is that which is updated. For example, a

forecast of 0.0 inches of rain is forecast for (k,1). Thirty minutes

later a severe thunderstorm has developed and the forecaster chooses

to issue a new forecast for heavy (1-2 inch/hr) rain. The forecaster

issues a new probability distribution on flash flood potential using

the new information only. At the beginning of the next hour, rather

than updating this revised forecast with new 30 minute information,

the forecaster returns to the original forecast for k, updating it

with the observed rainfall during k, and incorporates the new

atmospheric dynamics either in component U(k) or in a new QPF for

m(k+1).
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Dependence of Data 

Use of Bayes' Theorem is simplified greatly if the assumption

is made that the updating is accomplished using independent data.

Specifically, independence is assured if each forecast is based on new

information. It must be determined if a new forecast is based only on

new information from the previous time period (independence), or

whether the new forecast explicitly or objectively accounts for all of

the previous forecasts that have been made (dependence). These

determinations are not easily made, but can be accounted for in the

system.

Intuitively, operational meteorologists always are

incorporating previous information into new forecasts (Winkler and

Murphy, 1971). Explicitly defining which information is used and how

it is used is rather difficult. If this could be done, multivariate

likelihoods based on previous forecasts would have to be developed.

However, the question of dependence between successive forecasts is

not the fundamental issue in this proposal. Rather, the question is

whether the successive forecasts conditioned on potential rainfall are

correlated. While the forecast values probably are correlated, the

extent to which their conditional likelihoods are correlated is

probably not verifiable. From another viewpoint, forecasters will

return to old information and look at it afresh as new atmospheric

information is received. They will reevaluate all of the information
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and issue a new forecast. However, they do not usually incorporate

the old forecast into the new. The old forecast itself is usually

thrown out.

Observation measurements taken at each time period and from

different systems are assumed to be independent to the extent that the

systems used to take the measurements are independent of each other.

However, with respect to the observations themselves, there is not

necessarily completely new information in nature, i.e. the conditions

that cause the rainfall in the aggregate may not change substantially

from one time period to the next. Thus, there may be physical

dependence in the data. In answer to this, theoretically, the

atmosphere is always in flux, and therefore, according to the laws of

momentum and continuity, observations will always contain new

Information. Therefore, while the observations from one time period

to the next may be correlated, the observations conditioned on the

true state of nature L( A Q(k)I A w(k)) are not.

Dependence of Information During k

When updating potential rainfall information during a time

period, the probability distributions for a new forecast for the time

period must be specific to the time period of the rainfall forecast.

Thus, it must be considered whether the new forecast is conditioned on

the same information used in the old forecast up to the beginning of

period k, and whether the priors and conditional probabilities in the

likelihoods are available to effect the update.
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In the matter of the relationship between a forecast M(k,1)

and M(k,2) or between M(k,1) and M(k,4) for example, the dependence is

accounted for in deriving the likelihoods on the cumulative potential

amounts. The likelihoods will be different depending on the type of

storm producing the rainfall. For example, likelihoods for m(k,1)

through m(k,4) for convective thunderstorm situations will be

different from likelihoods used to describe orographic rainfall

development or long term synoptic scale stratocumulus weather

producing systems.

Dependence Between k and k+1

The information on rainfall observations taken during period k

is assumed to be independent for reasons stated above. The notion of

dependence of information is more complex for forecast rainfall

because of conditioning on previous forecasts and information. For

this study, independence of information is assumed for the following

reasons.

The likelihoods are derived directly from verification data

which pertain to a sequence of forecasts moving forward in time.

Olson (1984) has stated that NMC QPF's are produced by, among other

things, evaluation of forecasts from numerical weather prediction

models "including comparison of present to earlier runs..." Therefore,

any conditioning should already be reflected in the likelihoods. In

this way, the likelihoods are assumed to be marginal distributions
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PRI(k,j)im(k,j))=

D(61(k,j)Im(k,j),m(k - 1,j 4- 1),m(k - 2,j+2),...]	 (16)

dm(k- 1,j+1),dm(k-2,j+2),...

The integration is accomplished implicitly by taking samples of

information on the forecasts and the true state of nature as

manifested in the verification data. The actual information that went

into the forecasts is contained in these data. Thus, given a proper

data set on which to base the likelihoods, the conditional

probabilities on previous realtime forecasts and information are not

needed to effect forecast updating from one time period to the next.

The effect of this is a likelihood with a wide dispersion allowing a

strong effect of the prior distribution to carry through.

Should more accuracy be required, the conditional probability

based on the immediate previous forecast could probably be computed

explicitly (Krzysztofowicz, 1986). The result will be a sharper

likelihood. However, as stated earlier, determination must be made as

to whether the conditioning is on the previous forecast, or on the

information which went into it.

The net difference in probability of flash flooding produced

by using the assumption of independence or conditioning is not

known. The difference will depend a great deal on how quickly the

forecast information decays. Hudlow (1967) has shown that in Oklahoma

there is little serial correlation in rainfall in a storm beyond 2

hours. Therefore, conditioning one step back for k=1 hour intervals
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could be desirable. Lebel and Guillot (1984) have shown very high

autocorrelation between 1 and 2 hour cumulative rainfalls in France,

as much as .70 and .40 with as much as .25 beyond 4 hours. However,

Krzysztofowicz (1986) shows that for a sequence of more than a few

forecasts, the estimation of likelihoods and the computation of

posterior distributions are intractable tasks. Future work should

explore the sensitivity of the proposed system to such conditioning,

especially for short (k 5. 3 hours) intervals. With the large number

of convolutions and updates taking place in each iteration of the

solution, the system seems to be designed to be insensitive to minor

variations in the distributions.

One final thought concerning conditioning must be mentioned.

Posterior distributions on the potential rainfall for k+1 are

calculated using a prior based on the observed rainfall during k. And

the new forecast for k+1 probably uses a technique which incorporates

the observed rainfall information. Thus, one might question whether

the new forecast incorporates the observed rainfall information

twice. This is not the case, however, since it is not the rainfall

amount but its uncertainty with respect to the observation system

which is used in the transformation. And it is the observed rainfall

amount as an indicator of future rainfall which is used in the new

prediction. Thus, the updated rainfall prediction uses two different

and independent sets of information with respect to the observed

rainfall.
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Other Considerations 

A key to this Bayesian approach is the assumption that

theoretically it is possible to know the probability distributions on

the amounts of predicted and accumulated rainfall for suitable time

periods. Use of Bayes' assumes every possible observed or predicted

rainfall amount has a prior probability distribution and a likelihood

associated with it. Uncertainty in predicted rainfall values is

complex, perhaps since these are based on a number of input systems--

models of the atmosphere, observations and a fair amount of

subjectivity. The professional subjectivity, which is fundamental to

operational weather forecasting, and is the element which is the

hardest to model in the continuous case, is the most difficult element

in determining the theory's probability distributions. Unlike

observational data errors which are more likely to be systematic and

which can be modeled (Krajewski and Georgakakos, 1985), errors in

forecasting rainfall may not be consistent for locally derived OPF's.

The discrete intervals for distributions of rainfall are

dictated by the temporal and spatial resolution of the observed and

predicted rainfall and soil moisture indices. In addition, a major

consideration is the computer storage capacity, both on-line and off,

and allowable computational time. The data base size will be

determined by the number of increments of rainfall, the number of j's

subsequent to k considered for each k (time period), the number of

sources of observed and predicted (and if available) atmospheric

information. In the case of likelihoods, there may have to be several
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different files depending on the forecast process and type of storms

they represent. It is easy to see then, the impact of reducing or

increasing the size of the data intervals (time and amount) on which

the calculations are based.

An additional consideration in discretizing the data is the

tradeoff between reducing the size of the intervals thereby increasing

by several factors the size of the data base, and the accuracy

gained. For fine resolution data, standard continuous distribution

models for the likelihoods and priors may suffice.

It is easily seen that evaluation of and provision for the

necessary information are essential to a credible application of the

theory. Availability of information to the system for implementation

is discussed below. The solution to the need for probability

distributions along a continuum in time and space represents a

challenge too large for this work. However, there are available data

sets from which likelihoods and priors may be drawn representing

errors for discrete intervals of accumulated and predicted rainfall.
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System Data Availability 

Problems	 of	 discretization 	 and	 data	 definition

notwithstanding, there are several sources from which some of the

necessary distributions may be culled. These are discussed briefly

below. For probability information not yet available to operate the

system some suggestions are made as to how the information could be

collected.

Priors

The establishment of an initial prior on the potential

rainfall for a local forecast presents the forecaster with several

choices. One suggested prior could be taken from the NMC QPF for a

given time window. Currently, the smallest time period for a

regularly produced QPF is 6 hours. Forecasts for shorter time periods

are available from NMC on an ad hoc basis. NMC's prior information

could be assumed to be uniform; the likelihood is available from

verification data which have been kept since 1960 (Olson, 1984).

The NMC QPF verification data consist of maps showing the

areal extent (isohyets) of predicted and observed rainfall. Thus, the

cumulative observed and forecast rainfall information is available.

The mapping allows some regionalization of the data set to tailor the

sample information to specific forecast areas, at least on a large

scale.

Another possible approach to an initial prior on the potential

rainfall is to use climatology. For example, recent studies of heavy
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rainfall events have contributed important historical information on

the meteorological, geographic and chronologie factors leading to

heavy rainfall events. Maddox et al. (1980) have made post storm

analyses of many flash flood producing storms, including statistical

information on the number of storms of specific rainfall amounts and

durations that produced flash floods. Other recent studies contain

information on the time of occurrence of heavy rains. Thus, there is

an increasing amount of information, though currently not highly

detailed, which could form the basis of a climatological prior on a

potential heavy rainfall. For example, evidence similar to that

prepared by Muller and Maddox (1979) in their study of heavy rainfall

events in central U.S. can provide probabilities of rains of specific

amounts. Muller and Maddox (1979) have shown that there were 1369

reported heavy rainfall situations in Missouri between 1968 and

1977. Of those events, 61 percent were rains between one and two

inches. Thus, in Missouri, a forecaster might use 0.61 as a beginning

prior on a forecast of 1-2 inch rains.

A possible drawback of using climatological information in the

beginning prior on potential rainfall is that the climatology may

dampen too much the true initial conditions, leading to a more diffuse

initial distribution than is really wanted.

Subsequent priors on forecast rainfall are generated within

the proposed system. Priors on observed rainfall could be taken from

the same sources as the priors for potential rainfall if they are

based on climatology. In order to begin system operation, one might
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use the climatological data as the initial prior on observed rain, and

use the NMC produced prior for potential rainfall. However, as will

be shown in the application of the theory, the NMC forecast may not be

always appropriate to start with.

Likelihoods

As discussed previously, likelihoods will be the most

difficult to produce for forecasts of rainfall at the local level.

For the present it is recommended that QPF's derived from local

techniques be verified in a manner similar to that described for the

NMC data.

Several local QPF techniques have been developed over the

years which may be good candidates for development of likelihoods.

QPF's are being derived from analyses of the synoptic and mesoscale

aspects of flash flood events (Maddox, Chappel, and Hoxit, 1979; Grice

and Maddox, 1984). This knowledge has been applied over limited areas

(Belville, Johnson and Ward, 1978; Belville and Stewart, 1984). Even

though production of the QPF's is highly subjective, results may be

verified for specific storm situations. The likelihoods will reflect

the conditioning as discussed earlier in this chapter.

Likelihoods for observed data are more easily available. It

is important to distinguish between a piece of information and its

source. In this study there are multiple pieces of information about

rainfall, in the form of observation and forecasts from multiple

sources.	 The assumption of independence between observations with
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respect to changes in nature was discussed above. Independence

between measurements from different observation systems is more

clear. Satellite derived precipitation estimates are not dependent on

radar observations, or vice versa. Nor are gage readings dependent on

either of the latter systems. The assumption of independence of the

information taken from the same source, i.e. several observations from

a single radar, is also reasonable since each observation is taken

separately and does not require or depend on the previous

observation. While independence with respect to observations maybe

assumed, it is well to point out the possible indirect conditioning

caused by gage networks designed either to support radar measurements,

or the calibration of the radar Z-R relationship.

In addition, it is convenient to assume stationarity in the

information systems. That is, the errors in the rainfall values are

assumed not to change for either a selected time period or amount.

For example, the likelihood for clock hour observations or variable

rainfall amounts is invariate for a given method of observation.

With these assumptions, there are several potential sources of

likelihoods for observations taken from different systems. First,

extensive work is ongoing in the NWS to evaluate and apply real-time

methods of estimating mean areal rainfall from multiple observation

sources (Greene, Hudlow and Farnsworth, 1979). The methods use

objective analysis techniques which result in the capability to

produce error statistics for various size areas and hourly or daily

durations (Krajewski and Hudlow, 1983; Krajewski and Georgakakos,
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1985).	 Use of these techniques is the preferred source for the

generation of likelihoods on observed rainfall.

Hudlow et al. (1984) showed errors in rainfall estimates as a

function of the number of gages used to correct radar data per radar

umbrella versus the use of gages alone. According to their study, a

radar calibrated by 30 gages per radar is equivalent to 300 rain gages

without radar over the same area. The rain gage - calibrated radar

estimates will be produced in real-time and will give a likelihood

which integrates all observation information at once. This

information would reduce computer processing and storage requirements

for this proposed flash flood forecasting system.

Other possible sources of likelihoods are verification of

gage, radar or satellite data alone. Huff (1970, 1971) showed that

areal raingage measurements should be accurate to within 10% for

network densities >1 gage per 160 km 2 and rainfall rates >4 mm/hr.

Atlas (1964) found that radar estimates of rainfall can be in error by

as much as 50%. Scofield and Oliver (1978) have shown that satellite

derived estimates of rainfall can overestimate light to heavy ( 2

inch/hr) rains by as much as 30% and underestimate extreme rains (>2

inch/hr) by the same amount.

This chapter has discussed the nature and possible sources of

probability information for the proposed probabilistic flash flood

forecasting system. The Bayesian approach to updating is a blessing

in its flexibility to allow the use of many types of information,

including expert judgements, and in allowing the solution of many
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forms of probability distributions. Bayes' is a curse in defining and

storing the data sets and in calculating results. However, several

sources of data on errors in observing rainfall are available for

adaptation to the system. Forecasts of potential rainfall by local

offices are the most difficult for which to obtain data. But,

verification of locally generated QPF's could provide the likelihoods

necessary for system operations.

Additionally, this chapter has shown that the data

requirements for a probabilistic flash flood forecast system can be

defined and satisfied. The next chapter will discuss the hydrologic

concepts on which the proposed flash flood forecast system rests,

including a discussion of possible solutions for implementation.



CHAPTER 5

SYSTEM SOLUTION

Two alternatives are proposed to produce the forecast of flash

flood potential. These alternatives are chosen because they can fit

the current and planned capabilities of National Weather Service

operations. The proposed system can be envisioned as a series of

interconnected processors (figure 6). The only difference between the

alternatives is in the soil moisture processor and the form of its

output (soil moisture deficit) to the forecast processor for

comparison with w(k+1)+m(k+1,j). Before proceeding with a description

of the alternative solutions, a short discussion of hydrologic

concepts is warranted.

65
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Hydrologic Concepts 

Usually in river forecasting, values of observed or forecast

rainfall are input to a rainfall/runoff model with the result a

discharge value which is converted to stage. The stage or discharge

is compared with a predefined flood criteria in order to determine the

seriousness or importance of the streamflow conditions. The concept

of a threshold rainfall amount representative of the deficit in soil

moisture of a hydrologic system, and its inverse, the storage capacity

representative of the maximum rainfall amount which can be absorbed by

the system, are basic tenets of river forecasting. By keeping track

of the cumulative and potential rainfall, and the soil moisture

deficit, the forecaster may continue to reevaluate the amount of water

in the system relative to the storage capacity of the system. Put

another way, the forecaster may track the minumum amount of water

which must be introduced to the system in a given time to produce

flooding. The minimum rainfall amount added to the system which will

produce flooding is, for purposes of this study, the soil moisture

deficit.

Concepts of a Rainfall -Runoff Processor

In this work, the hydrologic system is envisioned as a

combined soil moisture storage system and surface water flow

environment. The rate at which the system can absorb water into its

various storages (e.g. interception, depression, ground water, and

interflow) is a function of rainfall rate, characteristics of the soil
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mantle, and amount of moisture already in the system. If a uniform

amount of rainfall is applied to the system for a given period of time

at a rate not exceeding the infiltration rate, soil moisture

deficiencies must be satisfied before runoff takes place. As rainfall

continues, less of it satisfies storage demand and more becomes

runoff. The amount and time distribution of runoff is a function of

the rate at which the soil moisture storage demands are met, and the

rate and amount of water entering the system. The surface water flow

portion of the envisioned hydrologic system accounts for the time lag

between the start of runoff and the time to flood. Therefore, the

theory allows inclusion of the time lag between rainfall, runoff and

rise in streamflow. Thus, the theory contains all of the elements

contributing to the rising limb of the hydrograph. In this way, the

rainfall-runoff processor is viewed such that its total water holding

capacity is assumed to be known at any time, its moisture content and

deficit can be computed, and time lag is assumed almost zero. The

concept is, therefore, amenable to the introduction of potential

rainfall amounts as an indicator of the future states of moisture and

runoff in the system. And, requirements are fulfilled for a system

which tells whether a flood will occur or not, and the beginning of

the time of potential danger.
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Concepts of Soil Moisture Deficit

It is on these principles that NWS River Forecast Centers

(RFC's) prepare their so-called flash flood guidance. This guidance

is the amount of rain occurring over a specified amount of time which

will cause flash flooding. No information is given as to when the

flooding will occur; just that it will occur sometime after the

rainfall criterion is reached.

There are, in each river basin, specific river forecast points

for which a rainfall/runoff relationship has been derived and

calibrated. Using the previous 24 hour rainfall data for a given

catchment after soil moisture parameters have been updated, and based

on unit-hydrograph analysis, the RFC's introduce various hypothetical

3-hour rainfall amounts into the rainfall-runoff model to determine

the rainfall amount which will cause flooding. The rainfall is

introduced as a 3-hour total assumed to fall uniformly in time and

space over the forecast area. The guidance may be applicable to one

forecast point in a watershed, or may be assumed applicable to a

forecast area called a forecast zone. (NWS forecast zones cover

multiple county areas.) Temporal and spatial variations of rainfall

depths within a basin can be accounted for if the basin is divided

into subareas and as long as the storages and runoff thresholds for

the subareas can be calculated.

Thus, a system for evaluating flash flood potential based on

soil moisture deficit and incorporating basin time lag can be

applicable for 1) large areas where calculation of site-specific stage
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forecasts are infeasible and flash flood forecast products are the

general watch/warning type; or 2) small watersheds for which a model

has been calibrated and for which the probabilistic potential for

flash flooding is needed. This is especially useful when

precipitation forecasts of specific amounts are input to the system.

An added benefit of the deficit concept is that all basins

need not be calibrated for flood stage since it is assumed that flood

stage forecasts in a few basins will be applicable to other basins in

that region. This is in contrast to the Manually Digitized Radar

technique now employed by some MC offices, that relates directly the

radar reflectivity levels to flash flood producing rainfall. Using

the concept of deficit, the model may be calibrated for any river

stage, and the probabilistic potential for reaching that stage

calculated. Then, water managers and sophisticated users whose water

distribution or response systems are keyed to particular river levels

may use the potentials to analyze benefits and losses associated with

the various probabilities. For example, there may be some systems

which, depending on the river level, open gates or levees to allow

water to enter recharge or flood water storage areas. Some of these

thresholds for action were noted in Chapter 1.
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Operational Use of Flash Flood Guidance 

Under current NWS operations, usually at 7 am, the previous 24

hour rainfall is used to compute soil moisture and runoff

conditions. Using a rainfall/runoff model, a sequence of potential

flood producing rainfall values for a series of forecast periods is

derived. These are the guidance amounts explained in the previous

section. The amounts remain valid until soil moisture conditions

change due to wetting or drying.

Though soil physics dictates that moisture conditions are

constantly changing, it is not practical or necessary when applying

this technique to large basins to keep track continuously of the soil

moisture states instantaneously in real-time. However, a sufficient

number of guidance values (for example, for 1, 3, 6 or even 12 hour

time periods) may be used to reflect the changing soil moisture

states, or more frequent guidance updates may be required to follow

closely the changing soil moisture conditions. The 3-hour guidance

computed by most RFC's is updated only every 24 hours. This is not

frequent enough under heavy rainfall conditions to track the changing

states of soil moisture and runoff.

Since guidance values have an implicit assumption that

rainfall is distributed uniformly in space and time, a 3-hour guidance

value of 3 inches (for a given area) assumes a uniform intensity of 1

inch/hour for 3 hours. Figures 7a and 7b show theoretical curves of

instantaneous and discrete guidance values in terms of rainfall rate
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and cumulative amount. Note that figure 7a very closely approximates

a theoretical curve of the system's water holding capacity (Veissman,

1977).

The graph shows that a direct comparison can be made between a

precipitation amount forecast to occur in a given forecast period and

a guidance amount valid for the same time period. Thus, both forecast

and precomputed guidance represent uniform rainfall intensities or

totals which can be compared. For example, in a basin where no

rainfall has occurred for two weeks or more, the flash flood guidance

might be 2 inches in 1 hour, 3 inches in 3 hours, and 5 inches in 6

hours. Given a precipitation forecast of 2 inches to fall in 3 hours,

with no other information as to the time distribution of the forecast

rainfall, flooding will not be expected.

In routine flood forecasting procedures, rain is observed at

specified times, and the runoff based on the rainfall is computed.

The guidance amount is the rainfall deficit which must be satisfied in

order to produce flooding. This is the forecaster's measure of how

close the system is to flood conditions at any given precipitation

observation time. If the moisture deficit is less than or equal to

zero, flooding is imminent. Otherwise, the rainfall amount

corresponding to the moisture deficit must enter the system before

flooding will occur.
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System Solution--Alternative 1 

Based on these concepts one solution to the probability system

is to update the flash flood guidance using a rainfall-runoff

procedure at the end of each time interval. In this way, all of the

information contained in the accumulated rainfall will be accounted in

the computation of moisture deficit. Then the potential for flash

flooding conditioned on the state of soil moisture is the probability

that the difference between potential rainfall and the soil moisture

deficit G is greater than zero for j subsequent time periods:

p((F)IG(j))=p(m(k,j))*(-G(j)) >0. 	 (17)

The probability is calculated by convolution. Or, if the guidance is

used deterministically to express the state of soil moisture, then the

potential for flooding is based on the uncertainty in the potential

rainfall (Figure 8a):

p((F)IG(j))=P(m(k,j))>G(j) for all j.	 (18)

In this solution, observed rainfall continues to be used to update

p'(m(k)) and to account for transformation of future states of

rainfall. Future states of rainfall are updated similarly.

Forecasters may choose not to recompute guidance if a

rainfall-runoff model is available on-line. In this case, when

predictions of rain are received, they are run through the model to
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determine what river stages will be produced.	 These are called

contingency forecasts. 	 Then, the output of the system will be the

probability on each particular contingency amount of rain forecast

and, therefore, the stage that rainfall will produce (figure 8b). (The

probability of rain is the same as the probability of the event.)

However, this method does not indicate the potential for flooding.

Only if several contingencies are run to find the amount at which

flooding will occur will the potential for flooding be available. The

contingency method is useful to compute the probabilities of reaching

other river stages critical to forecast users. For example, a city

may want to respond to a forecast when the stream reaches 3/4

bankfull.
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System Solution--Alternative 2 

A second solution to the probability system uses guidance

updated via an approximation rather than through a rainfall-runoff

model. The system solution uses a time window of length T made of h

observation intervals and j predicted intervals where h<T and j<T and

h+j=T (Figure 9). The length of T is based on the time frame, or

number of hours for which the guidance i
	

valid G(T).	 Then,

potentials for flooding in each of the next j hours are computed as

P((F)IG(T))=p"( A w(k-1)+...+ A w(k-h)+m(k,j))>G(T).	 (19)

The probability is calculated by convolution.

The system accounts	 for	 the	 soil moisture deficit

probabilistically during h periods prior to period k using the

uncertainty in accumulated rainfall. This is because of the

assumption that observed rainfall goes directly into the buildup of

soil moisture. When the system moves forward to a new time period,

the time window of h+j hours rolls forward. However, in order for the

system to remain valid between updates of guidance using a rainfall-

runoff model, and for the time outside of the rolling time window, it

is necessary to preserve the information on conditions up to k- (T- 1).

In this case the guidance (soil moisture deficit) is approximated by

subtracting the rainfall amount observed before k-(T-1) hours ago.

Thus, the system tracks the soil moisture deficit deterministically

from the time the guidance is received from the rainfall-runoff models
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Figure 9. Rolling time window for C(T), T=6 hours
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up to k-h. This approach avoids accounting twice for the soil

moisture deficit which would occur from simply subtracting the

observed rainfall from the guidance at the end of each k time

period. Neither of these approaches accounts well for the non-linear

nature of the rainfall to runoff transformation. But, with no other

method of updating the soil moisture, the combination of the

probabilistic and deterministic methods is a reasonable technique of

soil moisture tracking.

The length of the rolling time window is restricted only by

the length of G(T) determined to be valid by a River Forecast

Center. A drawback of this procedure is that the longer time period

G(T) will be insensitive to intense short duration rainfall. However,

the procedure may be run for a number of guidance values G(T),

T=2,3,4,5,6, etc. in order to account for such storms. The result

will be multiple values of flash flood potential for a given guidance

value. Each of these probabilities will have to be processed before

they are input to a decision system (Krzysztofowicz, 1985).

In summary, two solutions to the probability system are

depicted. The only difference between the two is in the computation

and updating of the soil moisture deficit or flash flood guidance.

Updating may be effected through a rainfall-runoff model on-line, or

through an approximation which subtracts rainfall from the guidance

value. Both concepts are based on the concept of flash flood guidance

which is a precomputed rainfall amount which when exceeded will

produce flooding.
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The next chapter will demonstrate the practical use of the

proposed system based on a real flash flood event using some of the

forecast and observation data available to forecasters at the time of

occurrence.



CHAPTER 6

SYSTEM APPLICATION

A theoretical probabilistic system for flash flood forecasting

was presented in Chapter 3.0, its data requirements and sources of

information presented in Chapter 4.0, and hydrological concepts and

proposals for solution were presented in Chapter 5.0.

Throughout this work a continuing theme has been the system's

heavy requirements for information. Not only are the observation,

forecast and soil moisture values needed, but their associated prior

distributions and likelihoods must meet rigorous criteria to be

acceptable for use. Chapter 4 pointed to specific data sets, existing

and planned, from which the probabilistic information may be

derived. The number of current information sources from which the

probability information may be taken is limited, but seemed adequate

for a test application of the theory. Thus, rather than demonstrating

the theory with a completely "mock" set of data to show that it is

possible to produce results, a set of actual storm data augmented with

probabilities based on reasonable assumptions has been used for a test

case. The performance of the proposed system is compared against

performance of the operational forecasting system (circa 1981) during

an actual flash flood event.

Before describing the test case and data sets used for it, a

short discussion of the demonstration forecast program software is

81
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given. The forecast program software implements system Solution 2

proposed in Chapter 5. This solution includes provisions for tracking

the accumulated and potential rainfall, and soil moisture guidance

deterministically and probabilistically. The application of Solution

2 uses an approximation (described in Chapter 5) to satisfy

requirements for the rainfall-runoff processor. So that data-derived

prior distributions and the likelihoods of the system states are

immediately available to the forecast program for simulation of an

automated real time forecast process, an on-line database was created

to hold this information. Also, a program was written to fill this

on-line database according to whatever attributes are desired for

generating the probability distributions. Discussion of this database

filler program sets the stage for a description of the simulated storm

event.
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System Software

The software system developed to demonstrate the theory

consists of three software modules. The Interactive Flash Flood

Forecast Program is designed for interactive data input in this

development phase. (For operational use, data input will come

directly from on-line data sources.) A set of files holds the initial

and A w(k) priors, and likelihoods. The database filler program

contains algorithms to generate priors and likelihoods and to store

these in the set of files - the database noted above. Provision is

made to generate the probability information either according to

particular probability models, or manually inserted values to

accomodate information in the form of non-parametric probability

distributions. Each of these system modules is highlighted below.

Interactive Flash Flood Forecast Program

The interactive flash flood forecast program is the

implementation of Solution 2 described in Chapter 5.0. When the

program begins, initial values of cumulative and potential rainfall

values for w(k), w(k-1),...,w(k-(T-1)) and m(k,j), j=1,...,J are input

at a predetermined resolution of time and amount. In addition, the

flash flood guidance value is initialized for the particular forecast

zone to be tested. The flash flood guidance value may be changed

manually at the beginning of any k time period during the program

execution. The system implementation for the test case uses a .25

inch data resolution with hourly time increments and a 3 hour flash
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flood guidance value.	 Thus, the rolling time window described in

Chapter 5 is 3 hours long.

The software program automatically generates a flash flood

watch or warning depending on preset watch or warning probability

criteria. These criteria should be established in concert with city

and emergency response people as part of the development of a decision

system depending on an assessment of their particular response

needs. Criteria should reflect verification of the occurrence of

flash floods against forecasts (or non-forecasts, as the case may

be). A "good" or credible probability for one area may not suffice

for another. Thus, the criteria may be different for each area

forecast.

These preset criteria should be stable over long periods of

time and, therefore in the software, are changeable only with

recompilation of the forecast program. For purposes of this exercise,

a criteria of .30 is set for generating flash flood watches; a

criteria of .60 is set for generating flash flood warnings. These

criteria are based on guidelines once used in NWS operations and after

discussion with NWS personnel (Barrett, personal communication, 1986).

In the program, the probability of a flash flood may be

updated within a time period given new information, or updated at the

beginning of a new time period as described in Chapter 3. As new

information becomes available, the probabilities are updated

sequentially using Bayes' Theorem.
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Database Files

The database files are set up to contain priors and

likelihoods on cumulative and potential rainfall and atmospheric

information, for a number of flash flood areas. Rainfall observation

and forecast data are associated with a particular observation system,

or forecast process so that the probability characteristics of the

information are traceable to the data source. Thus the program

provides for data and probability distributions linked to multiple

sources of data. The database also can contain the atmospheric

information p(U(k,j)) described in Chapter 3 should it become

available in the future.

For the test software, up to 10 flash flood guidance areas can

be accomodated. The rainfall observation data may have three sources

of associated information, namely, areal information from raingages,

radar or satellite systems. Forecast information also may come from

three various sources. Atmospheric information was not used in the

test case.

In addition, the database files are structured to contain the

data derived priors for p(w(k)). For the demonstration program,

hourly time intervals were chosen, and priors are accomodated for

cumulative rainfall amounts of from 1-3 hours duration.

Similarly, the database contains a likelihood on each value of

the states of the system. For purposes of the test case, likelihoods

on potential rainfall are for 1-3 hour future amounts

p(M(k,j))1p(m(k,j)), j=1 ,2,3. Likelihoods of Aw(k) represent
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p( A w(k)I A w(k)). For each time interval there are 21 likelihood

values representing forecast or observed precipitation amounts

(conditioned on each discrete potential or cumulative rainfall amount)

ranging from 0.0 to 5.0 inches in .25 inch increments.

Database Filler

The database filler program opens the files created in the

Database File program, generates the probability distributions and

writes the information into the files. The program uses subroutines

so that software may be included easily to generate automatically

whatever parametric distributions may be desired. An adaptation of

the program allows forecasters to create the distributions manually if

the characteristics of the distribution are not easily modeled, or for

specialized historical information. The Database Filler program is

designed to be used rarely, only when the database must be

reinitialized completely. For occasional and special modifications to

particular distributions the specialized version is recommended.

As stated earlier, the system test case presented here was

limited by the availability of archived data from an actual event.

And the probability information associated with whatever data were

available was non-existent. In addition, material concerning error

characteristics of observation systems, in general, is scarce.

However, based on conversations with NWS personnel (Johnson, personal

communication, 1985; Krajewski, personal communication, 1986) and

considering the references cited previously in Chapter 4, it was felt
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that reasonable assumptions could be made concerning the general

shapes of the distributions. Thus, a parametric approach to the data

distributions was taken.

Based on the information available, the files were initialized

according to a log normal distribution (Obled and Cuentrin, 1982;

Krajewski, 1986). The means of the prior distributions on potential

rainfall are .assumed to be m(k,j) for rainfall between 0.0 and 5.0

inches with a standard deviation of .20. Thereafter, the standard

deviation increases by .10 for each j subsequent period cumulative

forecast rainfall value. The means of the observed precipitation

values are assumed to be A w(k) for rainfall between 0.0 and 5.0

inches with a standard deviation of .25. The standard deviation is

increased by .10 for each h period observed rainfall value. (Though

these values are arbitrary, they were based on consideration of recent

works by Krajewski and Hudlow (1983) and Krajweski and Georgakakos

(1985), with hopes that more work will be undertaken soon in this area

(see Chapter 8)). Thus, the coefficient of variation decreases

asymptotically with increasing j's with a corresponding reduction in

relative error. These assumptions acknowledge the integration of

systematic errors and decreasing relative uncertainty of the

cumulative and potential rainfall over time (Krajewski, 1986).

Likelihoods on cumulative and potential rainfall also are

generated with log normal distributions. This assumption was taken

from an analysis of NMC QPF's for Missouri during April-July, 1981.

This historical data showed that for areas where the rainfall was
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predicted, the distribution of observed values conditioned on the

forecast value had a higher probability about the forecast value, and

that always there was a probability of observing higher rainfall

values for the given forecast.

Admittedly, considerable work will be required to study the

historical verification data before the database distributions are

generated with confidence. However, even the little information

available served well for a first approximation to the database needs

of the proposed flash flood forecast system. The distributions

generated based on the above assumptions and data were used in the

simulation of a flash flood forecast event which occurred in Missouri

in 1981. The simulation and results are discussed in the next

section.
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System Test Run 

A storm event of May 17-18, 1981 in Missouri was chosen to

test the flash flood forecasting program. The event was chosen based

on the best available data set, including flash flood guidance values,

rain gage data, and QPF information. Flash flood guidance values were

available from the Missouri Basin River Forecast Center (MBRFC);

hourly rain gage data were taken from published records (NOAA, 1981);

and QPF records were available from NMC and were extrapolated

qualitatively from archived radar data. For purposes of this

exercise, information on atmospheric moisture U(k,j) was assumed to be

reflected in the likelihoods on potential rainfall. The system is set

up to incorporate these data into the database filler and forecasting

program if should they become available.

The storm event illustrated was chosen from documentation

found in the NOAA publication Storm Data (1981). Rainfall occurred

over Missouri from early morning of the 17th and continued through the

18th of May. The meteorological system produced rainfall over much of

Nebraska, Kansas and Missouri with locally heavy rainfall of 4.00

inches registered in some localities. The rain was widespread over

the state and storm reports included numerous accounts of severe

weather such as large hail, tornadoes and damaging winds.

In order to test the probabilistic approach, hourly rainfall

from 7 stations in Missouri Zone 5 beginning at 6 am on May 17th were

tallied. This zone, in east central Missouri, covers approximately

8100 square miles and 9 counties (Figure 10). Thiessen weights were
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used to determine mean areal precipitation (MAP) the zone. For the

hour by hour program input, the areal rainfall amounts were classified

into .25 inch increments or multiples thereof by accumulating the

areal amounts hour by hour until the .25 inch amount was reached. Any

amount remaining was carried over into the next time period and

accumulated with the next hour's MAP. Using this scheme, .25 inch

observed rainfall amounts were assigned to the hours of 7, and 8 am,

1, 8, 10 and 11 pm, with .50 inches assigned to the 12 and 1 am

observations on the 18th. After 1 am on the 18th, the 2, 7, 10 am and

12 pm hours were assigned .25 inch MAP amounts. Station precipitation

values, hourly calculated MAP'S and hourly assigned MAP's are shown in

Table 1.

In the system test, flash flood guidance values were

initialized at 8:00 am on both the 17th and 18th, meaning that

observations taken up to 7 am CDT were included in the flash flood

guidance.

There was a paucity of forecast precipitation information for

use in the system test. The QPF from NMC for May 17 (7pm CDT May 16

to 7 pm CDT May 17) for northeastern Missouri was for 0.00 inches of

precipitation with Zone 5 just on the eastern portion of the .25 inch

isohyet. The QPF map showed a potential 1.00 inch center in western

Nebraska, and a potential 4.00 inch center over east Texas and western

Louisiana (Figure 11). The QPF for the 18th (Figure 12) issued on the

17th moved the storm eastward to western Missouri. QPF's for the 18th
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Station
weights	 (.0942)
Hour
Ending	 Colmbia
May	 17
0300
0400

Zone	 5	 Gauged	 Observations

(.2094)	 (.1597)	 (.0602)	 (.1152)
Hi

Fultn	 Point	 McCrdie	 Mddltn

.04

.07

(.3613)
New
Frnkln

Calc
MAP

.0064

.0112

Inpt
MAP

0500 .01 .01 .10 .0392
0600 .04 .12 .07 .30 .1485
0700 .38 .25 .50 .10 .2045 .25
0800 .31 .11 .29 .0985 .25
0900 .11 .10 .13 .20 .0751
1000 .05 .01 .04 .0140
1100 .02 .03 .10 .0451
1200 .01 .02 .15 .10 .0652
1300 .02 .06 .30 .10 .10 .1100 .25
1400 .05 .06 .05 .10 .10 .0729
1500 .01 .07 .04 .10 .0335
1600 .02 .02 .0060
1700 .10 .0015
1800 .01 .01 .0037
1900 .01 .02 .0033
2000 .01 .01 .12 .40 .1554 .25
2100 .04 .04 .30 .10 .1002
2200 .01 .10 .07 .10 .10 .0737 .25
2300 .42 .40 .77 .43 .10 .30 .3921 .25
0000 .51 .45 .38 .09 .10 .60 .4367 .50
May
18

0100 .17 .60 .47 .40 .30 .40 .4199 .50
0200 .51 .20 .36 .32 .40 .20 .2850 .25
0300 .07 .04 .05 .59 .50 .1161
0400 .01 .15 .0106
0500 .02 .0032
0600 .02 .02 .0074
0700 .07 .04 .0179 .25
0800 .01 .18 .12 .10 .0939
0900 .15 .24 .13 .10 .1213
1000 .16 .04 .04 .20 .10 .10 .0895 .25
1100 .30 .26 .31 .40 .10 .2052
1200 .13 .01 .30 .0484 .25
1300 .11 .09 .10 .0273
1400 .0000
1500 .0000
1600 .0000
1700 .0000
1800 .0000

Table 1.	 Station Precipitation Values,
Hourly Calculated MAP's and

Hourly Assigned MAP's for Missouri Zone 5
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(Figure 13) called for a 4.00 inch center near Cairo, Ill., with the

entire state of Missouri within the 1 inch or more QPF isohyet.

The archived QPF information for the storm period proved not

to be useful in the system application. The hourly rainfall data

reveal that light precipitation started falling in the western portion

of Zone 5 at around 4 am. By 8 am the zone had a cumulative MAP of

.50 inches. In consideration of these events, to have used the NMC

QPF of .25 or less to initialize the system test run at 8 am seemed

illogical.

Thus, the NMC QPF's were not seen as applicable initial

values. In order to provide as realistic a data set as possible of

information that was available to forecasters during the event, hourly

national maps of digital values of Video Integrator Processor (VIP)

were retrieved from archived radar data tapes. Objective analyses

(manual conversion of VIP levels to rainfall estimates) of these data

are not archived. However, it was assumed reasonable to assess and

project the 1, 2, and 3 hour cumulative potential rainfall m(k,j) for

the system test based on the archived digital VIP values. The

following paragraphs explain the assumptions on which these radar

based QPF's were derived.

The digital VIP values represent radar reflectivity values for

1600 square mile grid boxes covering the nation. Thus, there are

about 5 grid boxes covering the Missouri zone in question. The VIP

levels are related to rainfall rates using a standard relationship of

Z=55R 1 • 6 , considered a standard relationship for detecting showers
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with convective activity (Saffle, personal communication, 1986;

Belville, personal communication, 1986; Clark, personal communication,

1986). The VIP levels and associated precipitation rates are shown in

Table 2.

The digital values given on the national map are instantaneous

intensities taken each hour, showing the highest reflectivity values

registered in the particular grid square. Therefore, a grid value of

6 might represent a very small, extremely intense cell somewhere in

the 1600 sq. mi. grid box. In these instances the surrounding grid

boxes are scanned noting the VIP levels to determine whether such

intense activity was widespread or just an isolated cell, applying the

average VIP value as appropriate.

QPF's were qualitatively assigned to the system test run

simply by averaging the VIP grid values over the zone and projecting

this value into the next hour. A closer look at the data indicate

that by 6 am on the 17th VIP level 3 (1.32-1.94 in/hr) showers were

developing in the southern part of the zone with extensive areas of

level 2 and 3 showers to the west and south. These showers continued

to develop in and to the west of the zone, moving through the forecast

area during the morning and early afternoon at VIP 2 levels (.39 - .97

in/hr).	 The persistent development and propogation of such showers

indicates that the ground is becoming saturated, and it indicates high

rainfall efficiency with temperatures at or near the dewpoint with

little evaporation taking place.
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For the system test, 1, 2, and 3 hour forecast rainfall of

.25, .50, and .50 inches, respectively, were used to indicate the

persistent level 2 rainfall in the morning and early afternoon

hours. By 2 pm, the radar data indicate more intense rain, with 4 of

the approximately 5 grid boxes over the area showing VIP level 3

storms. By 4 pm the grid boxes were filled with level 2, 3 and 4

rains. And these values were averaged for each hour and used as the

projected QPF for the next hour. The rains in the zone slacked off

between 5 and 8 pm, leading to smaller QPF's for the test in this time

period. But intense storms were developing to the northwest and

propagating southeastward toward the zone. The propogation of the

storms was incorporated into the 9 pm test QPF's with VIP level 3

rains already showing in the northwest corner of the zone. This QPF

is validated, considering the 10 pm chart which shows level 2, 3, and

4 storms over the zone. The rains taper off again between 11 and 1 am

on the 18th at which time extremely heavy rains developed and remained

in the area for the next 3 hours. The commensurate QPF's were used in

the simulation. Again, by 5 or 6 am on the 18th rains had diminished

somewhat, but regenerated in the morning between 8 and 12 pm with VIP

level 2 and 3 storms observed at 10 and 11 am, and 12 pm. By 1 pm the

storms had disappeared and no major outbreaks of activity were

reported for the rest of the afternoon.

The analysis given above was incorporated into the hourly

forecast estimates of rainfall in the system test run. For each hour

of values analysed, forecast values for M(k,1), M(k,2), and M(k,3)
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were input to the test. Observations of rainfall used in the test

were described previously, as were the source of the guidance

values. The table of test input values and their chronology is shown

in Table 3. Using this data set, the test program generated a flash

flood watch at 4:00 pm CDT on May 17 with a flash flood probability of

.32, and a warning at 9:00 pm with a probability of .94. Hourly

probabilities -of flash flooding generated during the system test run

are shown in Figure 14. The warnings continued to be generated until

4 am on the 18th, followed by a watch at 5 am. Sample system output

is shown in Appendix A.



Zone 5 - Observed and forecast rainfall
for a guidance value valid for 3 hours

Observed Rainfall	 Forecast Rainfall

Hour
Ending
May
17

w(k) w(k) w(k) m(k,l) m(k,2) m(k,3)

0600 .00 .00 .00 .50 .75 .75
0700 .25 .25 .25 .25 .50 .50
0800 .25 .50 .50 .50 .75 .75
0900 .00 .25 .50 .25 .50 .50
1000 .00 .00 .25 .25 .50 .50
1100 .00 .00 .00 .25 .50 .50
1200 .00 .00 .00 .25 .50 .50
1300 .25 .25 .25 .25 .50 .50
1400 .00 .25 .25 1.00 1.25 1.25
1500 .00 .00 .25 .50 .75 .75
1600 .00 .00 .00 1.00 1.25 1.25
1700 .00 .00 .00 '-
1800 .00 .00 .00
1900 .00 .00 .00 .00 .00 .00
2000 .25 .25 .25 .00 .50 .75
2100 .00 .25 .25 1.25 1.75 2.00
2200 .25 .25 .50 2.00 2.50 2.50
2300 .25 .50 .50 .25 .25 .25
0000 .00 .25 .50 2.00 2.50 2.50
May
18
0100 .00 .00 .25 2.00 2.50 2.50
0200 .00 .00 .00 2.50 2.75 2.75
0300 .00 .00 .00 3.00 3.00 3.00
0400 .00 .00 .00 1.50 1.75 2.00
0500 .00 .00 .00 .25 .50 .75
0600 .00 .00 .00 .00 .00 .00
0700 .25 .25 .25 .00 .00 .00
0800 .00 .25 .25 .00 .00 .00
0900 .00 .00 .25 .50 1.00 1.25
1000 .25 .25 .25 .75 1.25 1.50
1100 .00 .25 .25 1.25 1.75 2.00
1200 .25 .25 .50 .25 .50 .75
1300 .00 .25 .25 .00 .00 .00
1400 .00 .00 .25 .25 .25 .25
1500 .00 .00 .00 .00 .00 .00
1600 .00 .00 .00 .00 .00 .00
1700 .00 .00 .00 .00 .00 .00
1800 .00 .00 .00 .00 .00 .00
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Table 3.	 Input values to the system test run
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Figure 14.	 Test Generated Hourly Probabilities
of Flash Flooding Compared with Actual Releases

of NWS Watches and Warnings
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Discussion 

The results of the system application test are very

encouraging.	 First, the test program software demonstrates that

implementation of an automated system for assessing flash flood

potential over large areas is feasible. The Interactive Flash Flood

Forecast program required less than 64,000 bytes of memory for

execution. The on-line database could be rather sizeable depending on

the number of forecast areas to be tracked and the resolution of the

data. However, with a parametric approach to the distributions the

database would be very small.

In addition, the theory is sound in modeling the process by

which flash flood forecasting currently is carried out, while being

designed for the new weather detection technology and mesoscale

meteorological forecasting techniques of the future. For example,

forecasters on duty normally would not use an initial QPF of 0.00

inches when it has been raining already for 4 hours and is still

raining when the flash flood guidance is initialized at 8 am.

Forecasters will make their own assessment of expected rainfall, not

as a formal QPF, but more as a heavy rainfall vs. no heavy rainfall

prediction. Thus, the NMC QPF's probably were not used by forecasters

during the actual events.

In a sense, the test was a worst case scenario of operations,

based on a sparse set of rainfall data, representative of only a small

portion of the observations which may be available during a rainfall

situation (cooperative reports, spotter reports, local warning system
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reports, etc.). Also, it is not known if at the time of the event

objective analyses (manual conversion of VIP information was available

to forecasters at WSFO St. Louis. But the VIP values and radar

imagery were. And, archived radar data for the 17th that was

available to forecasters at the time of the storm show clearly the

showers developing and persisting in the area. Considering these

current operational concepts and conditions, and using the assumptions

given previously for local QPF estimates, priors and likelihoods, the

probability system improves forecasting capability considerably over

the current system.

The May 17 and 18, 1981 chronology of product releases from

WSFO St. Louis and WSO Columbia shows that flash flood watches were

issued early in the day on the 17th for Mo. Zone 9, in the south

central part of the state. A watch was not issued for Zone 5 until 9

pm, after which it was followed within 5 minutes by a warning. This

indicates that the flooding probably was observed at 9 pm, and

confirmed at 9:05 pm. (The current definition of a warning requires

that the flooding be imminent or observed. With no objective

techniques for determining imminence, warnings are almost always

issued based on flood observations.)

According to the Storm Data (1981) description, a flash flood

in Cooper County, Mo. was reported to have swept a car off the road on

the 17th at 9:00 pm. The driver was rescued after clinging to a tree

limb for some time. The flash flood in Cooper County was the only one
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reported, although major urban flooding (Figure 15) was reported in

the cities of Hannibal and Franklin and in Jefferson County in the

eastern part of the state.

Thus, the system test run duplicated the correct timing and

nature of the 9 pm NWS releases, and in addition, gave a potential 3-5

hours of lead time to emergency personnel in the 9 counties of Zone

5. The 4 pm flash flood probability was generated for the 3rd hour in

the set of 1,2, and 3 hour flash flood potentials generated each

hour. A decision model was previously discussed with reference to

establishing watch/warning criteria. This same decision system should

incorporate features to evaluate when to issue the forecast products

and their times of validity. In the test case the question would be

whether to issue the watch at 4 pm valid at 4 pm for the next 3 hours,

whether to revise the watch downward at 5 pm and whether to extend the

watch beyond the 3 hours for which it was originally issued.

In an additional significant result, the system produced the 9

pm warning "blind," i.e. no observation of flooding was used to

generate it. Warnings based on observed flooding are the rule rather

than the exception in the NWS's current program.

And, noting Figure 14, the flash flood system tracked the

evolution of the event as evidenced in the trajectory of flash flood

potential probabilities. Again, a formal decision system will be

needed to dampen any wide fluctuations from hour to hour in the

probabilities; however, the trajectory of probabilities clearly shows

the trends toward high potentials during the late afternoon and late
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US9 KWBC 182010
THE NATIONAL FLOOD SUMMARY

THE NATIONAL WEATHER SERVICE SILVER SPRING MD.
4.15 PM EDT MON MAY 18 1981

MISSOURI.
A FLASH FLOOD WARNING WAS ISSUED FOR THE CENTRAL PORTION OF THE STATE
...WHERE NUMEROUS HEAVY SHOWERS DURING THE LAST 24 HOURS PRODUCED
RAINFALL AMOUNTS RANGING FROM 2 TO 4 INCHES OVER MUCH OF THE CENTRAL
PORTION. STREET AND CREEK FLOODING WAS REPORTED ALSO IN AREAS OF POOR
DRAINAGE.
MAJOR FLOODING WAS REPORTED IN THE CITY OF HANNIBAL AND FRANKLIN
...AND JEFFERSON COUNTIES.
HIGHWAY BETWEEN ROUTES 21 AND 61 IN JEFFERSON COUNTY RECIEVED A REPORT
OF 4 FEET OF WATER OVER THE HIGHWAY.
A FLOOD WARNING WAS ISSUED THIS MORNING FOR THE CUIVRE RIVER AT
TROY...AND THE SALT RIVER AT NEW LONDON.
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Figure 15. National Flood Summary for May 18, 1981
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evening hours on the 17th, with another period of high potential

during the morning of the 18th.

The system results reflect the sensitivity of good flash flood

forecasting to quantitative precipitation data. Reliance only on

rainfall observations would not have triggered any watches or warnings

from the test run. And in the real event, the rainfall observations

probably did not trigger the actual warning. A second test run, using

persistence to determine the QPF's (i.e., forecasting only as much

rainfall as was observed in the previous hour), generated a flash

flood warning at 9 pm but no watch.

In addition, if this system only accounted for the actual

observed and forecast values at current levels of accuracy, comparing

these deterministically to the flash flood guidance, no flash flood

watch would have been issued at 4 pm. This is because the combined

observed and forecast total was 1.25 inches compared with a guidance

value of 1.40 inches. However, by acknowledging the uncertainty in

the input data, the NWS allows itself and its users to gain lead time

before a potential flood. While it is a never ending goal of the NWS

to perfect its observation and forecast systems, and even with major

improvements to these, use of the probabilistic approach still will

generate the watch or warning earlier than waiting for the threshold

to be exceeded.

One software design weakness biases the results of the system

test run. While the cumulative rainfall totals for the storm are

correct, for those hours when the observations are not processed, the
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system input automatically was registered as zero rainfall. And the

probability distributions for zero rainfall were used to effect the

updating. Thus, the flash flood potential probabilities are biased

toward zero in that the output distributions contain all of the

historical information amassed throughout the storm. Future versions

of the real time program will have to contain provisions to adjust for

these non-zero, non-input hours.

In summary, a general software package was developed to see

whether the theoretical basis for a probabilistic flash flood forecast

system is applicable to forecast operations. Probability data for

developing priors and likelihoods currently is limited. But enough

information is available, and there is a growing body of literature,

to support a reasonable set of assumptions to approximate a data set

to test the theory. These assumptions were used to fill a database

with probabilistic information on observed and forecast rainfall for a

system demonstration. Distributions were generated using the log

normal distributions. However, the software allows generation of

other model distributions, and is amenable to manual insertion of

multivariate or specialized data distributions when available.

A documented flash flood event was simulated using the

software package, actual observed rainfall data, derived forecast

rainfall, and assumed probability distribution. Results demonstrated

that application of the proposed theory is feasible. Also, though



109

designed for future NWS operations, the system could provide

significant improvement over today's methods of determining flash

flood watches and warnings.



CHAPTER 7

CONCLUSIONS

The National Weather Service long has targeted flash flood

forecasting as a major area of needed improvements. Current

statistics show that 80-90% of the 200 annual flood related deaths are

from flash floods.

As part of its program to provide weather and flood forecasts

to save lives and property, the NWS is responsible for services to

approximately 20,000 flood-prone communities. Currently, about 3000

of these communities receive site specific river forecasts; and about

1000 additional communities benefit from local self-help schemes. The

remaining 16,000 flood-prone locales are provided general services

consisting of areawide (county and multicounty) flash flood watches

and warnings.

The NWS record on issuing flash flood watches and warnings

shows a major problem in providing these services with sufficient lead

time for meaningful response. Verification data from a sample of

flash flood events show that 75% of flash flood warnings are issued

with less than 1 hour lead time; more than 50% are issued when the

flood already has been observed.

In order to provide improved services the NWS has made and is

planning major advances in numerous areas having impact on the flash

flood problem. These improvements are being made in advanced

110
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observation systems, better rainfall prediction systems, and through

automated, basin-specific, community operated flood warning systems.

Complementary to the NWS improvements is a growing awareness

of the needs of local communities to minimize damages from severe

local storms. Decisions for storm responses must be made, not as a

reaction to, but preceding the event. Advance information is crucial

for determining how and when personnel and equipment will be deployed.

One to 6 hour probabilities of flash floods could satisfy the

needs of community emergency response officials to act on criteria

based on local requirements. With the NWS advances in technology, and

considering the high costs of repair versus those of response

preparation, the time is coming when the NINTS can better serve

sophisticated users of its generalized watch and warning program

through flash flood probability forecasts.

The elements of a probabilistic system for flash flood

forecasting were given in Chapter 1. The system proposed in this work

meets all of these criteria with the exception of the utility function

or decision system. However, the system has been designed for linkage

to such a decision system. For the rest of the criteria mentioned

above, this work shows clearly the theoretical and practical basis for

a probabilistic approach to flash flood forecasting.

Though statistically based, the system foundation is

deterministic and is supported by sound meteorological forecasting

principles and atmospheric physics. The major forecast parameters of

observed and future rainfall linked to a rainfall-runoff algorithm are
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accounted.	 In addition, the proposal supports the inclusion of

information to account for the dynamics of the atmosphere as a

forecast situation evolves.

The proposed system is based on sound probability theory,

adhering to the strict rules demanded by Bayes , Theorem in defining

prior distributions and likelihoods. Use of Bayes' gives flexibility

not available using other conventionally used updating techniques

since it allows for unrestricted shapes in the distribution of the

random variable. Historical or verification data may be used to

determine priors and likelihoods which then may follow whatever

probabilistic form may be applicable. The use of convolution accounts

for the transformation of variables, a probabilistic expression of

atmospheric change in potential and observed rainfall. The system

also affords the opportunity for future use of other atmospheric

information not presently accounted in rainfall forecasting. A major

contribution of the proposal is the coupling of statistical

techniques, Bayesian updating with convolution, to accomplish a

forward time shift so that the system is amenable to real time

forecasting.

With a good theoretical physical and probabilistic basis, the

system also accomodates the data and information existent and planned

for the next 10 years. Archived data sets of observed rainfall, both

gage and radar data could used to produce likelihoods for A Q(k) and

( A Q(k)I A Q(k)). Archived radar reflectivity values even could be

used to construct likelihoods on future rainfall p(8(k)im(k)). Also,
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NMC QPF verification data could form the basis for likelihoods on

potential rainfall. Considerable work will be needed to develop these

data sets and probability distributions. Proper archival and data

retrieval systems, if developed commensurate with new systems

technology, could make analysis of the needed information quite

easy. Thus, considerable attention will have to be paid to the entire

data collection, processing, analysis and archival effort in order to

bring the system to implementation and fruition.

Ten year NWS plans call for new fine resolution observation

systems and forecasting concentrated on mesoscale meteorological

phenomena. NEXRAD will provide 4 km2 grid cell estimates every 5

minutes of rainfall with high accuracy (Hudlow et al, 1985). Digital

satellite data will be available at each NWS Warning and Forecast

Office. NWS mesonets will grow to a few hundred with data from the

ALERT-type rainfall networks collected from as many as two thousand

gages. In the future, a sophisticated method of integrating rainfall

data from multiple sources and evaluating its error characteristics

will be run in real time at each local office. Thus, the error

variance of the rainfall could be computed in real time and passed to

the flash flood forecasting system as likelihoods. This type of

algorithm would obviate the need for separate development and off-line

storage of the likelihoods on observed rainfall.

Rainfall forecasting improvements will be focused on mesoscale

(	 500 km waves) phenomena. The work of Georgakakos (1983) will be

important in point forecasting for single stations.	 In addition,
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forecasters will develop their own precipitation forecasting skills

through special training courses (Robinson, personal communication,

1986) through the use of new observation technology, and through a

greater awareness and sensitivity to flash flood forecasting problems.

In terms of forecasting systems, this theory fits the urgent

need for a generalized flash flood watch/warning capability. Numerous

advances have been made in flash flood forecasting, probably the most

important of which is the high level of awareness now given by lead

forecasters to potential flash flood producing rains. However, as

pointed out in Chapter 1, the advances have concentrated on individual

pieces of the problem--either the specific observation systems, the

retrieval process, or the QPF's.

The only other attempt to link the observed and forecast

rainfall together with the runoff component in an objective and

integrated way for the general NWS flash flood program is in

Georgakakos's work (1984). As pointed out before, his work is

specific for a forecast point and is especially suited for chronic and

critical flash flood locations. His technique requires a rainfall-

runoff algorithm to be calibrated for a specific forecast point.

Georgakakos' technique does not apply to large areas, nor does it

allow manual forecaster intervention. Other systems which integrate

the components are linked to basin specific gage and computer systems

designed for acute and chronic local flash flood problems. These

systems are purchased by local communities from private sources, and

are not required to interface with NWS systems.
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The approach taken here links all of the flash flood system

components, is applicable to large areas, and is amenable to automatic

data entry and manual forecaster override or input. The proposed

system satisfies requirements for ungaged watersheds for which simple

rainfall-runoff assumptions can be made or for which the resources are

not available either in the NWS or in the local community for

procurement of private services for a more site specific forecasting

effort. Thus, the proposed probabilistic approach is one in a suite

of systems which can satisfy a wide range of flash flood forecasting

problems.

Using rain gage observations and simple persistence for

potential rainfall the system duplicates the present capability of the

NWS watch/warning program which relies on observations of flooding for

issuance of warnings. Implementing the technique now, and using more

skill in precipitation forecasting, the system can surpass the present

forecasting capability. The proposed system improves forecasting

capabilities over the present MDR-based flash flood forecasting

technique which, though using probability techniques, relies only on

rainfall observations. In addition, through Bayes' the system offers

a simple way of integrating the error characteristics of data not now

available in NWS techniques. And the system supports updating from

multiple sources of information within a time period and from one time

step to another.

Use of the proposed system necessitates the development of a

decision system to accomodate the probability system output.
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Implications of using probabilities are that each locale will require

calibration with respect to the thresholds at which watches or

warnings are issued or released to the public. These probabilities

should not necessarily be issued to the public via mass media and NWS

dissemination systems. Rather the values should be given to local

community emergency operations centers, police or fire departments, or

any group directly responsible for implementing community disaster

response plans.

A decision system should incorporate techniques to minimize

the Hyo-yo" effect, i.e., the possibility that the output

probabilities will fluctuate widely from one time period to the next,

produced by the natural variability of rainfall patterns, or by a lack

of incoming data from one time period to the next. Such a system

could look for trends in probability values, or could have mandated

time periods for which watches and warnings must be in effect.

Use of probabilities and a decision system also will allow the

NWS to calibrate its operations, since the probabilities are a

reflection of errors in the forecast process. The thresholds for

issuance of a warning will not only be based on the natural

environment in the forecast area, nor only on a community's ability to

respond. Thus, the criteria for issuance of flash flood products may

change, in fact, should change, as NWS technology and scientific

progress and become manifest in improved services.

In conclusion, this work represents what could be a major

development in flash flood forecasting technology. Both theoretically
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and operationally sound, this approach to generalized watches and

warnings is built on previous work in the NINIS involving the use of

probabilities in forecasting, in general, and to a limited degree, in

flash flood forecasting. Therefore, the concepts contained herein

represent a large step in the evolution of forecast techniques. Where

the other methods are linked to specific observation systems or site

requirements, this approach may be used with multiple information

sources. While other systems may concentrate on observations, or

forecasts, or rainfall-runoff models, this system incorporates all of

these. When other methods are deterministic, requiring forecasters to

wait until flooding is verified before issuing a flash flood product,

the probabilistic approach affords lead time by acknowledging the

uncertainty in observations and forecasts. While other systems may

require manual intervention in order to integrate new data, this

system is designed for automatic updates of data and probabilities.

Implementation of the system will require considerable work

both at the national level and at local NWS offices in order to ready

the operational databases and probability distributions. And

development of a decision system to complement the probability system

is essential.

The author is under no allusion that this work is a panacea

for solution of the flash flood problem. However, this system

contains all the elements necessary for a complete forecasting

system. The method fits in with overall NWS plans for technology and

concentration on forecasting mesoscale storm events. And it is
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commensurate with the Hydrologic Services program plans for analysis

and integration of high resolution observation data, and development

of coupled QPF and rainfall-runoff models. Therefore, with flash

floods remaining one of the most lethal of weather related events, it

seems worthwhile, in fact, imperative, that the NWS invest in a system

like the one proposed here.
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FUTURE WORK

Considerable work will be needed to further verify the system

and ready it for operational implementation. A major effort is

required to organize and analyze data sets of observed and forecast

rainfall so that the probability distributions discussed in Chapter 4

can be produced. This approach being completely new to forecast

operations, no probability distributions exist that are applicable

explicitly to this system. As discussed previously however, there are

existing and planned sources of data from which the likelihoods and

priors may be derived. In addition to a major data and probability

effort, further tests using these data, both similar to the one

described in Chapter 6, and online testing will be required as the

system evolves into an operational one. In order to perform such

tests, software will have to be developed linking data sources and

databases in an automatic online mode of operation, with provisions

for manual intervention by forecasters. These system tests should

include sensitivity analyses of the effect of discretization of the

distributions on the resulting flash flood potentials and time of

generation. A third major area essential for development and study is

a decision system to convert the probabilities into useable and useful

products. Areas for future work briefly are discussed below.

119
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Database Analysis and Preparation

Derivation and extraction of likelihoods and priors is by far

the most challenging aspect of the future research required to support

the proposed system. Once these analyses are done, at least to a

degree, then the datasets and probability distributions should be

structured for operational use.

Likelihoods

Chapter 4 discussed in detail the requirements for data and

probability distributions required by the proposed flash flood

system. Research is needed into the classification of the potential

rainfall (QPF's) information into likelihoods representative of

various meteorological situations, and the impact of local

conditions. For instance, likelihoods should reflect whether

potential rainfall is forming in a large synoptic weather system

characterized by stratiform clouds or whether it is forming from

towering cumulus created from orographie lift, convection, or frontal

lifting. Significant work will be needed to research past records of

QPF's and to match these to the originating meteorological

circumstances. This may mean researching hundreds of storms.

However, similar work has been performed by Maddox et al. (1980), who

compiled basic data and analyzed the meteorological characteristics

of flash flood producing storms. Also, there is the possibility of

classifying likelihoods by seasons or months of the year. This is

similar to NMC's use of warm and cold season equations, and the
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stratification of upper air (radiosonde) data to support the

development of atmospheric Profilers. Therefore, the work does not

seem an unreasonable task for NOAA scientists to undertake.

Probabilities on potential rainfall produced by NMC should be

derivable from existing data sets of 6 and 24 hour information. In

addition, plans should be made for archival and analysis of less than

6 hour QPF's as these become available, both from local offices and

from NMC.

As research into the likelihoods of potential rainfall

progresses, there are two major areas beyond the meteorological

classification which should be explored. First, more effort must go

into determining the dependence among forecasts with respect to

errors. A close examination is needed of the nature of dependence,

whether this dependence is measurable and, if so, how it can be shown

in the likelihoods. If it can be shown that there is dependence, then

an attempt must be made to derive the conditional likelihoods as

described in Chapter 4. And the sensitivity of the forecasting system

to this dependence should be explored.

A second related area for research into the likelihoods on

potential rainfall is in the nature of the U(k), the atmospheric

inflow and outflow of moisture. What are the meteorological

parameters of U(k); how do these relate to likelihoods of potential

rainfall? Some meteorologists believe it is not possible to separate

this information from the QPF's. Others feel that upper air data from

new atmospheric sounding systems combined with better moisture balance
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algorithms will enable forecasters to better define the dynamics of

atmospheric moisture. If the U(k) is not explicitly definable based

on meteorological evidence, what is the best way to express this

randomness of nature?

For observations, rather than expending considerable time and

resources on the database analysis, a very desirable work would be

developing linkages to algorithms which integrate data from multiple

sources and which produce estimates of data errors. As stated

previously, these integrating techniques already are under development

in the NWS, representing a multiyear piece of research in themselves.

Priors

Though not as complex to derive as likelihoods, initial priors

on A w(k) and m(k,j) may be extracted from archived data sources.

Care must be taken to ensure these priors are derived independently of

likelihoods.

Database Preparation

A result of the research should be a standard procedure by

which local databases of probability information may be generated

fairly easily by non-research meteorologists. As the probability

distributions are researched and information on their content is

gathered, the possibility of parametric approaches to the generation

of likelihoods and priors should be pursued. Such approaches will

alleviate the necessity for an online probability database as
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described in Chapter 4 and developed in Chapter 6. Rather, the

likelihoods and or priors could be generated within the operational

forecasting program given the appropriate meteorological storm

characteristics.

Already alluded to earlier is the need to investigate the

sensitivity of the system to discretization and data resolution. For

example, will it make a difference in the overall system performance

if the data resolution is .10 inch rather than .25 inch? If a

parametric approach to the probability distributions is possible, then

the system maybe implemented representing the continuous rather than

the discrete case. If finer resolution observed data are available,

will this mean a difference in the afforded lead time? Will this

effect be realistic in the sense that QPF's probably will not be

released in increments of less than .25 inches for many years? As new

NWS technology is implemented and higher resolution data become

available, the system can evolve to accomodate these. Steps should be

taken now by the NWS to archive some of these higher resolution

datasets for later analysis.
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Testing 

The application of the theory shown in Chapter 6 showed

clearly that use of the proposed probability system is feasible and

could be a desirable addition to NVB operations. Further applications

using archived storm data and forecast product histories are

essential. These should reflect a wide range of flash flod situations

from various locations across the country, including events for which

watches or warnings were issued but for which the event was not

verified. These test cases should represent a "semi-permanent"

foundation for evaluating the sensitivity of priors and likelihoods,

and discretization. These also could serve as test cases for

development of the decision system referred to several times

throughout the document.

After suitable off-line testing of the program arrangements

should be made for a real-time test. This phase of system evaluation

should have 2 parts. First, the system should be run non-

operationally in parallel with the present forecast system.

Operational implementation of the system will require that data be

made available to the system in real-time. Links to data sources or

data-bases should be automated with provisions for forwarding the data

on an event or criteria basis. Special care would have to be taken to

verify the current and simulated operations.

Given a successful conclusion to the non-operational online

test, the system should be run at an operational location in parallel

with current operations. It will be very interesting to see the
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"looking-glass" effect of such a test. That is, what will be the

effect on the forecasters of knowing they are "competing" against an

objective technique, and how will this impact an evaluation of their

operations during the test? Such tests are not unusual in the NWS,

and the net result probably will be an improvement in forecasts as a

result of raised awareness of the program! In fact, forecasters

compete against MOS products all of the time - and frequently beat

it. So, even if the test is a failure, it will be a success.
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Decision System 

The need for a decision system to complement the probability

system proposed has been a continuing theme throughout this work. It

already has been stated previously that development and testing of

such a system should occur in parallel and complement the evaluation

of the flash flood forecasting system. The writer defers to the work

of Krzysztofowicz (1985) for a description of the components of such a

system. Hopefully, work such as this will continue.



APPENDIX A

SYSTEM TEST OUTPUT

Two test hours of output are included in this Appendix. The

May 17, 1981,.4 pm output shows a flash flood watch generated for the

j=3 hour time period. The 9 pm output shows flash flood warnings

should be issued for the 2nd and 3rd forecast hours. Observed data

are cumulative for the last 3 hours although their probability

distributions are calculated by convolution. Forecast data are

cumulative for the next 3 hours. In the display of the final forecast

probabilities at the end of each test hour, TEST AMOUNT refers to the

forecast amounts for j=1, 2, and 3. The THRESHOLD AMOUNT refers to

the guidance value G(T); and PROBABILITY SUM refers to the forecast

probability of flash flooding.

127
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BEGIN : TIME PERIOD 11

OBSERVED DATA
(Rainfall observed in the past X hrs.)

	1 HRS
	

2 HRS. 	3 HRS

	

.00	 .00	 .00

FORECAST DATA
(Rainfall expected in the next X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

1.00
	

1.25	 1.25

ATMOSPHERIC DATA
(Rainfall expected in the next X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

.00	 .00	 .00

OBSERVED DATA

SOURCE	 TIME	 AMOUNT
GAUGE	 HR. #1	 .00 INCHES

	0.0	 PROBABILITY	 1.0

	

0.0" + 	 * .9906Y
1* .0061

0.5" 1* .0015
1* .0006

1.0" 1+ .0003
1* .0002

I 1.5" 1* .0001
1* .0001

N 2.0" * .0000
* .0000

C 2.5" * .0000
* .0000

H 3.0" * .0000
* .0000

E 3.5" * .0000
* .0000

S 4.0" * .0000
* .0000

4.5" * .0000
* .0000

5.0" * .0000
X
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OBSERVED DATA

SOURCE	 TIME	 AMOUNT
GAUGE	 HR. #2	 .00 INCHES

0.0
0.0" +	 

PROBABILITY 1.0
* .9812-Y  

1* .0120
0.5" 1* .0030

1* .0013
1.0" 1* .0007

1* .0004
1.5" 1* .0003

1* .0002
N 2.0". 1* .0001

1* .0001
C 2.5" 1* .0001

* .0000
H 3.0" * .0000

* .0000
E 3.5" * :0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000  

0.0

OBSERVED	 DATA

SOURCE	 TIME	 AMOUNT
GAUGE	 HR. #3	 .00 INCHES

PROBABILITY	 1.0
0.0" 	+ * .9720-Y

1 * .0179
0.5" 1* .0045

1* .0019
1.0" 1* .0010

1* .0006
I	 1.5" 1* .0004

1* .0003
N 2.0" 1* .0002

1* .0001
C 2.5" 1* .0001

* .0000
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

,t .0000
5.0" * .0000

X



130

0.0

SOURCE
JIM

FORECAST	 DATA

TIME	 AMOUNT
HR. #1	 1.00 INCHES

PROBABILITY	 1.0
0.0" * .0000 	 	Y

* .0000
0.5" 1 * .0216

1 * .3127
1.0" 1 * .4020

1 * .1907
I	 1.5" 1 * .0564

1* .0131
N 2.0" 1* .0027

'1* .0005
C 2.5" 1* .0001

* .0000
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

FORECAST DATA

SOURCE	 TIME
JIM	 HR. #2

0.0
0.0" * .0000

* .0000
0.5" 1* .0043

	

1	 * .1099

	

1.0" 1	 * .2891
* .2877

	I 1.5" 1	 * .1756

	

1	 * .0820
N 2.0" 1 * .0329

1* .0120
C 2.5" 1* .0042

If .0014
H 3.0" 1* .0004

If .0001
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

AMOUNT
1.25 INCHES

PROBABILITY 1.0
	Y 
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FORECAST DATA

SOURCE	 TIME
	

AMOUNT
JIM	 HR. #3
	

1.25 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

* .0000
0.5" 1 * .0284

* .1660

	

1.0" 1	 * .2564
* .2251

	I 1.5" 1	 * .1494
* .0854

N 2.0" 1 * .0449
1 * .0225

C 2.5" 1* .0110
1* .0053

H 3.0" 1* .0026
1* .0012

E 3.5" 1* .0006
1* .0003

S 4.0" 1* .0001
* .0000

4.5" * .0000
* .0000

5.0" * .0000

TRANSFORMATION
(Rainfall expected in the next X hrs.)

	

1 HRS
	

2 HRS	 3 HRS

	

.75	 .75	 .75

UPDATED PSTFROBS
(Rainfall expected in the next X hrs.)

	

1 HRS
	

2 HRS	 3 HRS

	1. 00
	

1.25	 1.25

RESULTING TSTPRB
(Total rainfall expected for a 6 hr time period beginning X hrs ago.)

	

1 HRS
	

2 HRS . 	3 HRS

	1.00
	

1.25	 1.25
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TRANSFORMATION

0.0" 	
0.0
+

SOURCE
CNVLTN TH

* .1840	

	TIME	 AMOUNT
HR.	 #1	 .75 INCHES

PROBABILITY	 1.0
-+	 Y

* .4450
0.5" 1 * .2608

* .0833
1.0" 1 * .0207

1* .0046
I	 1.5" 1* .0010

1* .0002
N 2.0" * .0000

* .0000
C 2.5" * .0000

* .0000
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

TRANSFORMATION

SOURCE	 TIME	 AMOUNT
CNVLTN TH	 HR. #2	 .75 INCHES

0.0" 	
0. 0
+ * .2287

PROBABILITY	 1.0
	Y

* .3066
0.5" 1 * .2123

1 * .1198
1.0" 1 * .0641

1 * .0341
I	 1.5" 1 * .0184

1* .0102
N 2.0" 1* .0057

1* .0033
C 2.5" 1* .0019

1* .0011
H 3.0" 1* .0007

1* .0004
E 3.5" 1* .0002

1* .0001
S 4.0" 1* .0001

* .0000
4.5" * .0000

* .0000
* .0000
X
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TRANSFORMATION

SOURCE	 TIME	 AMOUNT
CNVLTN TH	 HR. #3	 .75 INCHES

0.0	 PROBABILITY	 1.0
0.0" +	 * .2287  	Y

* .3066
0.5" 1	 * .2123

* .1198
1.n" 1	 * .0641

1 * .0341
I 1.5" 1 * .0184

I* .0102
N 2.0" I* .0057

lw .0033
C 2.5" I* .0019

I* .0011
•H 3.0" lw .0007

14 .0004
E 3.5" I* .0002

I* .0001
S 4.0" I* .0001

* .0000
4.5" * .0000

* .0000
5.0" w .0000

X

UPDATED PSTPROBS

SOURCE	 TIME
	

AMOUNT
BAYES THM	 'HR. #1
	

1.00 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

* .0000
0.5" I	 * .1375

1.0' I 	* .2034
1 * .0216

I 1.5" I* .0013
.* .0000

N 2.0"	 .0000
* .0000

C 2.5" * .0000
* .0000

H 3.0" * .0000
* .0000

E 3..5" * .0000.
* .0000

S 4.0" * .0000
* .0000

4.5" * .0000
* .0000

5.0" * .0000

* .6358
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UPDATED PSTPROBS

SOURCE	 TIME
	

AMOUNT
BAYES THM	 HR. #2
	

1.25 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

* .0000
0.5" 1 * .0198

	

1	 * .2813

	

1.0" 1	 * .3962

	

1	 -* .2101
	I 1.5" 1	 * .0693

1* .0178
N 2.0" . 1* .0040

1* .0008
C 2.5" 1* .0001

* .0000
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

UPDATED PSTPROBS

'SOURCE	 TIME
BAYES THM*	 HR. #3

AMOUNT
1.25 INCHES

0.0
0.0" * .0000

* .0000
0.5" 1 * .0284

	

1	 * .1660

	

1.0" 1	 * .2564

	

1	 * .2251
	I 1.5" 1	 * .1494

* .0854
N 2.0" 1 * .0449

1 * .0225
C 2.5" 1* .0110

1* .0053
H 3.0" 1* .0026

1* .0012
E 3.5" 1* .0006

1* .0003
S 4.0" 1* .0001

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

PROBABILITY	 1.0
	Y
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SOURCE	 TIME
CNVLTN TH	 HR. #1

0.0
0.0" * .0000

* .0000

	

0.5" 1	 * .1350
1

	

1.0" 1	 * .2077
1 * .0257

I 1.5" 1* .0031
1* .0009

N 2.0".1* .0004
1* .0003

C 2.5" 1* .0002
1* .0001

H 3.0" 1* .0001
* .0000

E 3.5" * :0000
* .0000

S 4.0" * .0000
* .0000

4.5" * .0000
* .0000

5.0" * .0000
X

AMOUNT
1.00 INCHES

1 .0

*

PROBABILITY

RESULTING TSTPRB

SOURCE	 TIME
	

AMOUNT
CNVLTN TH	 HR. #2
	

1.25 INCHES

0.0
	

PROBABILITY
	

1.0
0.0" * .0000  	Y

* .0000
0.5" 1 * .0196

	

1	 * .2788

	

1.0 1	 * .3942" 

	

1	 * .2110
	I 1.5" 1	 * .0707

1 * .0188
N 2.0" 1* .0045

1* .0011
C 2.5" 1* .0003

1* .0001
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
0 4.0" * .0000

• .0000
4.5" * .0000

* .0000
5.0" * .0000

X
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SOURCE	 TIME
	

AMOUNT
CNVLTN TH	 HR. #3
	

1.25 INCHES
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0.0
0.0" * .0000

* .0000
0.5" 1 * .0284

	

1	 * .1660

	

1.0" 1	 * .2564

	

1	 * .2251
	I 1.5" I	 * .1494

* .0854
N 2.0".I * .0449

I * .0225
C 2.5" I* .0110

1* .0053
H 3.0" I* .0026

I* .0012
E 3.5" I* .0006

I* .0003
S 4.0" 1* .0001

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

PROBABILITY	 1.0
	Y

GIVEN .00 IN. OBSERVED WITH
	A 3 HR. TEST AMOUNT =	 1.00

	

1 HR THRESHOLD AMOUNT =	 1.40
1 HR PROBABILITY SUM = .0058

GIVEN .00 IN. OBSERVED WITH
	A 3 HR. TEST AMOUNT =	 1.25

2 HR THRESHOLD AMOUNT = 1.40
2 HR PROBABILITY SUM = .0962

GIVEN .00 IN. OBSERVED WITH
A 3 HR. TEST AMOUNT = 1.25

3 HR THRESHOLD AMOUNT = 1.40
3 HR PROBABILITY SUM = .3239

*** ISSUE FLOOD WATCH ***
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BEGIN : TIME PERIOD 16

OBSERVED DATA
(Rainfall observed in the past X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

.00	 .25	 .25

FORECAST DATA
(Rainfall expected in the next X hrs.)

	HRS
	

2 HRS	 3 HRS

	

1.25
	

1.75	 2.00

ATMOSPHERIC DATA
(Rainfall expected in the next X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

.00	 .00	 .00

OBSERVED DATA

SOURCE	 TIME	 AMOUNT
GAUGE	 HR. #1	 .00 INCHES

	0.0	 PROBABILITY	 1.0

	

0.0" + 	 * .9906Y
1* .0061

0.5" 1* .0015
1* .0006

1.0" 1* .0003
1* .0002

I 1.5" 1* .0001
1* .0001

N 2.0" * .0000
* .0000

C 2.5" * .0000
* .0000

H 3.0" * .0000
* .0000

E 3.5" * .0000
* .0000

S 4.0" * .0000
* .0000

4.5" * .0000
* .0000

5.0" * .0000
X
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0.0

SOURCE
GAUGE

OBSERVED	 DATA

TIME	 -AMOUNT
HR. #2	 .25 INCHES

PROBABILITY	 1.0
0.0" 	+ * .4438  	Y

1 * .3770
0.5" 1 * .1040

1 * .0381
1.0" 1* .0167

1* .0082
I	 1.5" 1* .0044

1W .0026
N 2.0" 1* .0015

1* .0010
C 2.5" 1* .0006

1* .0004
H 3.0" 1* .0003

1* .0002
E 3.5" 1* .0001

1* .0001
S 4.0" 1* .0001

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

0.0

SOURCE
GAUGE

OBSERVED	 DATA

TIME	 AMOUNT
HR. #3	 .25 INCHES

PROBABILITY	 1.0
0.0" 	+ * .4396  	Y

* .3761
0.5" 1 * .1060

1 * .0392
1.0" 1* .0173

1* .0086
I	 1.5" 1* .0047

1* .0027
N 2.0" 1* .0017

* .0010
C 2.5" 1* .0007

1* .0005
H 3.0" 1* .0003

1* .0002
E 3.5" 1* .0002

1* .0001
S 4.0" 1* .0001

1* .0001
4.5" * .0000

* .0000
5.0" * .0000
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0.0

SOURCE
JIM

FORECAST	 DATA

TIME	 AMOUNT
HR.	 #1	 1.25 INCHES

PROBABILITY	 1 . 0
0.0" * .0000	 	Y

* .0000
0.5" * .0000

1 * .0309
1.0"	 1 * .2969

1 * .4009
I	 1.5"	 1 * .1996

1 * .0571
N 2.0" 1* .0118

1* .0020
C 2.5" 1* .0003

* .0000
H 3.0" * •0000

* .0000
E 3.5" * .0000

't .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

0.0"

0.5"

1.0"

I	 1.5"

0.0
*
*
*
1*
1*

1

FORECAST	 DATA

SOURCE	 TIME	 AMOUNT
JIM	 HR.	 #2	 1.75 INCHES

PROBABILITY	 1.0
.0000  	Y
.0000
.0000
.0001
.0122

* .1120
* .2665

1 * .2863
N 2.0" 1 * .1867

1 * .0878
C 2.5" 1 * .0331

1* .0107
H 3.0" 1* .0031

1* .0008
E 3.5" 1* .0002

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X
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FORECAST DATA

SOURCE	 TIME
	

AMOUNT
JIM	 HR. #3
	

2.00 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0  

* .0000
0.5" * .0000

* .0000
1.0' 1* .0048

1 * .0482
	I 1.5" 1	 * .1485

	

1	 * .2274
N 2.0". 1	 * .2230

	

1	 * .1624

	

C 2.5" 1	 * .0964
1 * .0495

H 3.0" 1 * .0229
1* .0099

E 3.5" 1* .0040
1* .0016

• 4.0" 1* .0006
1* .0002

4.5" * .0000
* .0000

5.0" * .0000 •
X 

TRANSFORMATION
(Rainfall expected in the next X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

.50	 .75	 .75

UPDATED PSTPROBS
(Rainfall expected in the next X hrs.)

	1 HRS
	

2 HRS	 3 HRS

	

1.25
	

1.75	 2.00

RESULTING TSTPRB
(Total rainfall expected for a 6 hr time period besinnins X hrs ago.)

	1 HRS
	

2 HRS	 3 HRS

	

1.50
	

1.75	 2.00
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SOURCE
CNVLTN TH

TRANSFORMATION

TIME
HR.	 #1

AMOUNT
.50 INCHES

0.0 PROBABILITY 1.0
0.0" * .0000 	 	Y

1 * .8272
0.5"	 1 * .1372

1 * .0262
1.0"	 1* .0064

1* .0018
I	 1.5"	 1* .0006

14 .0002
N 2.0" * .0000

* .0000
C 2.5" * .0000

* .0000
H 3.0" * .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000

X

TRANSFORMATION

SOURCE	 TIME
	

AMOUNT
CNVLTN TH	 HR. #2	 .75 INCHES

0.0 PROBABILITY	 1.0
0.0" * .0000	 	Y

1 * .1684
0.5" 1 * .3244

1 '* .2307
1.0" 1 * .1310

1 * .0701
I	 1.5" 1 * .0373

1 * .0201
N 2.0" [* .0110

1* .0062
C 2.5" 1* .0035

1* .0020
H 3.0" 1* .0012

1* .0007
E 3.5" 1* .0004

1* .0002
4.0" 1* .0001

1* .0001
4.5" * .0000

* .0000
5.0" * .0000

X
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TRANSFORMATION

SOURCE	 TIME	 AMOUNT
CNVLTN TH	 HR. #3	 .75 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

	1 	 * .1684

	

0.5" 1	 * .3244
* .2307

	

1.0" 1	 * .1310

	

1	 * .0701
I 1.5" 1 * .0373

1 * .0201
N 2.0" 1* .0110

1* .0062
C 2.5" 1* .0035

1* .0020
1-1 3.0" 1* .0012

1* .0007
E 3.5" 1* .0004

1* .0002
S 4.0" 1* .0001

1* .0001
4.5" * .0000

* .0000
5.0" * .0000 •

X

UPDATED PSTPROBS

SOURCE	 TIME
BAYES THM	 HR. #1

AMOUNT
1.25 INCHES

0.0	 PROBABILITY	 1.0
0.0" * .0000  	Y

* .0000
0.5" 1* .0009

1	 * .2249
1.0" 1	 * .5282

* .2090
I 1.5" 1 * .0332

1* .0032
N 2.0" 1* .0002

* .0000
C 2.5" * .0000

* .0000
H 3.0" 1,4 .0000

* .0000
E 3.5" * .0000

* .0000
S 4.0" * .0000

* .0000
4.5" * .0000

* .0000
5.0" * .0000
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UPDATED PSTPROBS

SOURCE	 TIME
	

AMOUNT
BAYES THM	 HR. #2
	

1.75 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

* .0000
0.5" * .0000

1* .0008

	

1.0" 1	 * .0572

	

1	 * .2809
	I 1.5" 1	 * .3558

* .2062
N 2.0" 1	 * .0740

1 * .0196
C 2.5" . 1* .0042

1* .0008
H 3.0" 1* .0001

* .0000
E 3.5" * .0000

'V.0000
S 4.0" * .0000

* .0000
4.5" + .0000

* .0000
5.0" * .0000

X

UPDATED PSTPROBS

SOURCE	 TIME
BAYES THM	 HR. #3

AMOUNT
2.00 INCHES

0.0
0.0" * .0000

* .0000
0.5" * .0000

* .0000
1.0" 1* .0048

1 * .0482
	I 1.5" 1	 * .1485

	

1	 * .2274
N 2.0" 1	 * .2230

* .1624

	

C 2.5" 1	 * .0964
1 * .0495

H 3.0" 1 * .0229
1* .0099

E 3.5" 1* .0040
1* .0016

S 4.0" 1* .0006
1* .0002

4.5" * .0000
* .0000

5.0" * .0000
X

PROBABILITY	 1.0
	Y
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RESULTING TSTPRB

0.0"

SOURCE
CNVLTN TH

0.0
* .0000 	

	TIME	 AMOUNT
HR.	 4 1	 1.50 INCHES

PROBABILITY	 1.0
	Y

* .0000
0.5" I* .0004

* .1002
1.0" 1 * . -3193

* .3153
I	 1.5" 1	 *	 .1571

1	 * .0596
N 2.0" 1	 * .0234

1* .0105
C 2.5" I* .0053

I*	 .0030
H 3.0" 1* .0017

1*	 .0011
E 3.5" 1* .0007

1*	 .0004
S 4.0" 1* .0003

1* .0002
4.5" 1* .0001

1*	 .0001
5.0" 1* .0003

RESULTING TSTPRB

SOURCE	 TIME
	

AMOUNT
CNVLTN TH	 HR. #2
	

1.75 INCHES

0.0"

0.5"

1.0"

I	 1.5"

0.0
*
*
*
1*
I

1

.0000	

.0000

.0000
.0008
* .0567

PROBABILITY	 1.0
	Y

* .2786
* .3542

* .2069
N 2.0" 1 * .0753

1 * .0205
C 2.5" 1* .0047

1* .0010
H 3.0" I* .0003

I* .0001
E 3.5" * .0000

• * .0000
S 4.0" * .0000

* .0000.
4.5" * .0000

* .0000
5.0" I* .0001
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RESULTING TSTPRB

SOURCE	 TIME
	

AMOUNT
CNVLTN TH	 HR. #3
	

2.00 INCHES

0.0
0.0" * .0000 

PROBABILITY	 1.0
	Y 

* .0000
0.5" * .0000

* .0000
1.0" 1* .9048

1 *.04.92
I 1.5" 1	 * .1485

* .2274
N 2.0". 1	 * .2230

. * .1624
C 2.5" 1	 * .0964

1 * .0495
H 3.0" 1 * .0229

1* .0099
E 3.5" 1* .0040

1* .0016
S 4.0" 1* .0006

1* .0002
4.5" * .0000

* .0000
5.0" * .0000 • 

GIVEN .25 IN. OBSERVED WITH
	A 3 HR. TEST AMOUNT =	 1.50

	

1 HR THRESHOLD AMOUNT =	 1.40
1 HR PROBABILITY SUM = .2646

GIVEN .25 IN. OBSERVED WITH
	A 3 HR. TEST AMOUNT =	 1.75

2 HR THRESHOLD AMOUNT = 1.40
2 HR PROBABILITY SUM = .6638
*** ISSUE FLOOD WARNING ***

GIVEN .00 IN. OBSERVED WITH
A 3 HR. TEST AMOUNT = 2.00

3 HR THRESHOLD AMOUNT = 1.40
3 HR PROBABILITY SUM = .9469
*** ISSUE FLOOD WARNING ***
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