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WATERWAY - Al the flood's peak on August 1, more than 1,000,000 cubic feel of water
rushed past the Gateway Arch in St Louis every second.







Water, Water Everywhere




ENGULFED -The Mississippi River widens into the flood plain of Monroe County, lllinois.




ANGUISH - Christina Hein, 24, weeps as she 488
during the President’s visil o a water-distri

Mall on July 14. Hein, who is from Des Mc
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LNot a Drop to Drink

DRAINED - Pam Chriskd® of W m:!tm Heights! lowa, |L!-.

exhausted on a sandifae dikelin We Hl Des Moines, Lo
she and othe @R lcers foughl bag \.I‘-l. ing lood walees

.

OVERWHELMED - Acrial view of w .:l.':: works plant al
West Des Moines, lowa, on July 17, 1995,
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SURROUNDED - The sun illuminates the current of the Mi%i&r@ippifﬁ?;r:i;

-

flowing through a residential area of Valmeyer, Hlinois. Fhe towid ol alsout 900
last flooded in 1947 before a levee was built. '




"“'u PROPHETIC - Floodwater from the
Missouri River at 5t. Charles,
Missouri, on July 21, 1993.

IS{}LHL —..A'l:mi”q. west of Columbia, South Dakota, has a long Wﬁ'
[nmrl:: span the sap across this hall-mile or=se ol I[mu il =

CLOSED - The Lou Fusz Ford
dealership in the Chesterfield
Valley of 5t. Charles, Missouri,
[ was one of 500 businesses

. inundated when a Missourl
River Jevee failed..




All Creatures Great & Small
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REFUGEE - A fawn inches across a swamped Missouri River levee in St Charles County,
Missouri, in Julv. While deer, raccoons and other wild animals fled llooded bottomland,

cgrets and other normally scarce wading birds began reappearing in the river's reclaimed
Nood plain.




RECAPTURED -
Kaskaskia Island, Illinois,
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CONSTERNATION -
Larry Katz braves fast
moving flood waters
to save his cat, Tom,
in West Des Moines,
lowa. A dike holding
back a nearby river
failed during the
night, making Kalz
dash hastily for
higher OIOLlnd Tom
was left behind in
the confusion and is
shown being rescued.




Transportation

SNAGGED - Flood walers
scooped up two planes at
the Spirit of St. Louis
Airport in Cheslerfield,
Missouri.

WASHOUT - A Burlington Northern Railroad
manager walks on granite roadbed material washed
out from under rails by flood waters near Rock Port,
Missouri.




LEADER - A pilR

P g — = J L
r leads traffic north into Webster, North Dakota, along flooded

Highway20 irfﬁm'm-}' County. The road was closed for two weeks due'to high water.
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STALLED - Multicolored barges
stalled in the Mississippi River near
Portage des Sioux, Missouri, wait
for llood waters to recede.



DEFIANT -
Ed Macarthy checks his crew’s handiwork near Lemay, Missouri.




WISHFUL - A painted
senliment north of the
Missouri Botanical Garden
proves that citizens of

St. Louis' high and dry center
are thinking of residents

to the north and south

of its flood wall.

MESSAGE - A line wrilten in sandbags marks Marty Sontheimer's
home on Iffrig Road in St. Charles County, Missouri,




BATTLEGROUND - Members of the lowa National Guard
me th.h.\.luuwb fortify a levee along the Des Moines River aleg,
( "Eimwu on July 17, 1993;

SCRAMBLING - A barge crane struggles to gouge a hole in a
levee large enough to make the Army Corps Of Engineers’ last-
ditch plan to save Prairie du Rocher , lllinois,.work. The city was
sparred.




Levees

RIPTIDE - The Mississippi River drives a wedge ofwater through the Fountain Creck
levee just north of Valmevyer, [llinois. Residents, National Guard troops and volunteers
had fought for 24 days to reinforce it.




THWARTED - A few lonely stalks peek above the
Missouri River from Jerry Huber's corn fields.




TOSSED - The receding Mississippi River reveals its former
power in the positions of two tanker trucks near Highway 567
cast of West Alton, Missouri. A farmer had moved the vehicles to
what he thought was high ground.

MAROONED - An inland sea surrounds
a farm in north St. Charles County,
Missouri, in early July, 1995, Even farmers
Vi) on high ground were hurt as diseases,

— weeds, and insects flourished in the
soaked soil and moist air.

AWASH - A farm near Winfield,
Missouri, gradually loses more and
more of its crop to the Mississippi
River in July.
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RRMERNVIEW-—Tim Lenk peeks into his flooded garage in
P | & -y G W :
Olgl Monrge, Missodr, in late July 1995,
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CONTRAST -

issouri area, and

the confluence of the Illinois,
Mississippi, and Missouri

rs. The top image was
acquired on July 4, 1988
during a severe drought.
The bottom image was
acquired on July 18, in the
midst of The Great Flood of
1993, Vegetation Is green,
bare soil appears as tan, and
hite areas are cloud

formations.

ON - Aerial mosa N aircraft on July 29, 1993, showing the
confluence of the Illinois (upper-left) and Missouri Rivers {bottom-center) with the
Mississippi River. Metropolitan St. Louis is visible to the left ot the Mississippi River in the
lower-right.
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BOAT RAMPS -
Kansas City's interstate
system was
interrupted by the
floodwaters.
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PROLOGUE

The U.S. Department of Commerce’s National Oceanic and Atmospheric Administration
(NOAA), through the National Weather Service (NWS), has broad Federal responsibility to
provide to the public severe storm and flood warnings and weather forecasts, as well as river
flow and water resource forecasts. Timely and accurate forecasts and warnings of river and
weather conditions are critical to protect life and property and to help support the Nation’s
economic and environmental well-being.

The Great Flood of 1993 constituted the most costly and devastating flood to ravage the United
States in modern history. This disaster survey report on The Great Flood of 1993 that struck the
Upper Midwest identifies opportunities to improve NOAA’s weather and flood forecast and
warning systems, not only for the affected region but also throughout the Nation. These
improvements to NOAA'’s environmental prediction capabilities will: (1) advance the agency’s
overall contributions to environmental services, (2) expand the payback on current investments,
and (3) improve and/or extend the benefits to many more segments of the public. An enhanced,
modernized hydrologic forecast and warning system will help to achieve several of NOAA'’s
goals and objectives as outlined in the 1995-2005 Strategic Plan that specifically include:

1. Reducing fatalities and injuries due to hazards from weather and floods,
2. Improving the flow of more accurate environmental data and predictions to
the public,

3. Enhancing the ability of planners to use hydrologic forecasts in the range
of days to months,

4, Providing better information for management of fresh water resources,

5. Preventing avoidable damage to private, public, and industrial property
over land, in coastal areas, and along rivers, and

6. Improving efficiency, reliability, and savings in industry, transportation,
agriculture, and hydro-energy systems.

Although The Great Flood of 1993 has caused devastating human, environmental, and economic
impacts, the lessons learned will guide us in providing improved services and benefits to the
Nation in the future.

D. James Baker
Under Secretary for Oceans and Atmosphere
and Administrator viii



PREFACE

The size and impact of The Great Flood of 1993 was unprecedented. Record river stages,
areal extent of flooding, persons displaced, crop and property damage, and flood duration
surpassed all floods in the United States in modern times. During the event, 95 forecast
points in the Upper Midwest exceeded the previous floods of record, many by 6 feet or
more. Approximately 500 forecast points on major rivers and tributary systems exceeded
flood stage at some time during The Great Flood of 1993.

Throughout the event, the NWS generated and issued many river and flood forecasts and
distributed numerous products to the public as well as to various Federal, state, and private
agencies across the affected region. NOAA routinely conducts a survey of each major
hydrometeorological natural disaster to assess thoroughly all aspects of its forecast and
warning system including data collection and assimilation, forecast product creation and
dissemination, and, ultimately, effective user response.

A NOAA disaster survey team was formed and initially met in Minneapolis, Minnesota, on
Sunday, August 22, 1993. The team surveyed all aspects of the weather and flood warning
and forecast systems--from data acquisition to user response--to determine the effectiveness
of the NWS during the flood and to recommend any required improvements. The survey
team interviewed more than 120 individuals representing more than 60 Federal, state, and
private organizations across the flood-stricken region.

The consensus of opinion was clearly that the NWS provided exceptionally good services
throughout this unprecedented event. As the team visited the many NWS field offices that
provided hydrologic warning and forecast services to the flood-stricken area, the unparalleled
human effort by NWS personnel became conspicuously apparent. NWS employees worked
long hours to provide high-quality forecast products to the Upper Midwest during the
prolonged flood event. The timely information contained in NWS forecast products
dramatically helped to minimize the loss of life and property. Special thanks are due to the
NWS employees whose conscientious efforts and dedication to excellence provided
outstanding service to the Nation during The Great Flood of 1993.

This report summarizes 106 findings resulting from the survey team’s investigation as well as
the associated recommendations for improvement where deficiencies were found. Relevant
findings and recommendations are contained in each chapter. A summary of all 106 findings
and recommendations is contained in Chapter 9.

b\\mv\ \k N \;Z:Q{P{Llu,—\
Diana H. Josephson
Deputy Under Secretary for Oceans and Atmosphere
and Team Leader
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FOREWORD

The NOAA disaster survey team, with the support from many NWS offices, assessed the
impact of The Great Flood of 1993 on the Nation and on the NWS itself. Severe flooding
began in the Upper Midwest before March 1993 and continued through November 1993.
The massive flooding in the region, however, occurred principally during June, July, and
early August.

In August and September, after the most devastating flooding receded, the survey team
visited much of the nine-state region affected by the disaster. The team visited NWS offices
that provided flood warning services to the affected region. It interviewed many Federal,
state, local, and private officials, as well as print and broadcast media representatives, from
more than 60 different offices across the region.

This report summarizes 106 findings and recommendations that, when implemented, will
improve the NWS hydrologic forecast services for the Nation in the future. The NWS will
implement these recommendations whenever possible. Additionally, we will systematically
track the implementation status of all appropriate recommendations to capitalize on the many
lessons learned from The Great Flood of 1993.

The survey team deserves thanks for compiling the data and information and for preparing
this report. The U.S. Army Corps of Engineers, the Federal Emergency Management
Agency, and the Illinois State Water Survey deserve special thanks for providing expert
scientists who served on the disaster survey team and who contributed valuable sections to
this report. Additionally, I express the special gratitude of the NWS to the many Federal,
state, and local officials and media representatives (summarized in Appendix A) who
provided data, information, and insight to the survey team. In addition to assisting the
survey team in its assessment of the hydrologic forecast and warning services provided by
the NWS, personnel from many Federal, state, local, and private organizations served the
Nation admirably during The Great Flood of 1993.

Elbert W. Fnday, |

Assistant Admlmstmtor
for Weather Services
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2. DISASTER SURVEY TEAM ITINERARY

The team was divided into groups so that the wide geographic area of interest across the nine-
state region could be covered as efficiently as possible.

Entire Field Survey Team

August 22: (evening)

NWS National Operational Hydrologic Remote Sensing Center,
Minneapolis, Minnesota

August 23:

Minneapolis Weather Service Forecast Office (WSFO)
North Central River Forecast Center
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Minnesota State Emergency Management Agency
KARE-TV and WCCO-TV

August 24:
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Des Moines City Manager
West Des Moines City Manager
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Group 2 - Carroll, Brandon, Eiben, Slattery, Williams, Lewis, Woodall
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Group 1
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EXECUTIVE SUMMARY

Unique and extreme meteorological, climatological, and hydrological conditions led to
The Great Flood of 1993. The stage was set in 1992 when a wet fall resulted in above-
normal soil moisture and water storage conditions in the upper Mississippi and Missouri
River basins. These conditions were followed by meteorological patterns in the spring and
summer months of 1993 that were more reminiscent of patterns typically experienced during
the late winter and early spring months when storms often follow more northerly tracks. The
persistent, repetitive nature of the storm systems, and their broad areal extent throughout the
entire late spring and summer months, bombarded the Upper Midwest with copious rainfall
amounts. Some areas received more than 4 feet of rain during the period.

The duration, extent, and intensity of the flooding uniquely defines this event in the
20th century. Measured in terms of economic and human impacts, The Great Flood of 1993
will be recorded as the most devastating flood in modern U.S. history. Nine states, more
than 15 percent of the contiguous United States, were catastrophically impacted. Initial
assessments of the economic damages of The Great Flood of 1993 indicate that losses will
range between $15-20 billion, rivaling those of Hurricane Andrew. The impact of social
disruption is beyond measure. Experts estimate that more than 50,000 homes were damaged
or destroyed and that approximately 54,000 persons were evacuated from flooded areas.

The principal objective of the disaster survey team’s assessment of the National Oceanic and
Atmospheric Administration’s (NOAA) services was to identify significant deficiencies, if
any, in the overall hydrologic forecast and warning system and to make recommendations to
improve the system. In this context, it is important to differentiate the superior performance
of the National Weather Service (NWS) employees from the inherent deficiencies in the
technology of the current system that, in some ways, diminish the accuracy and timeliness
of today’s forecast and warning services.

The performance of the NWS employees was superb. Their extraordinary and unprecedented
efforts, exerted under extremely stressful conditions, continued for literally months. Their
devotion to high quality services and protection of life and property was outstanding. In
many cases, human judgment and expertise compensated for serious deficiencies in the
current technological capabilities of the forecast and warning system. The services provided
during this historic event constituted a major team effort by 3 River Forecast Centers,
9 Weather Service Forecast Offices, and 20 Weather Service Offices with support from
multiple NWS national centers.

This team effort was momentous, and the collaborative effort by all offices was outstanding.

Perhaps a specific illustration will help to put in perspective the dedication of NOAA
employees and their human contributions to the forecasting for this cataclysmic event: One
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of the hydrologic forecasters at 2 a.m., unable to sleep, realized he was uneasy about the
latest river stage forecast for St. Louis. After days of extended hours of duty, the forecaster
got up, took a shower, and returned to the River Forecast Center (RFC) to examine
additional information and to further confer with his colleagues. After considerable debate,
this forecaster convinced himself and other staff members that the forecast stage at St. Louis
should be raised. In retrospect, the decision was correct and consequently resulted in
significantly improved mitigation actions. Arriving at a decision to change a forecast of this
importance is stressful and places the forecaster in an extremely lonely position when he/she
knows that the ultimate decision will likely impact directly on life and property. This
anecdote epitomizes the dedication of the men and women on the NOAA team and is only
one illustration of the countless, magnanimous efforts made throughout the event.

By and large, most of the deficiencies identified by the NOAA survey team resulted from
inadequate technological capabilities within the current forecast and warning system. In large
measure, the identified deficiencies can be corrected through implementation of more
advanced hydrologic prediction capabilities. A substantial number of these deficiencies will
be corrected as part of modernization and associated restructuring (MAR) of the NWS. In
fact, a major recommendation of the team is that MAR must be maintained on schedule or
accelerated wherever possible. The modernization has progressed to the point that limited
benefits were clearly capitalized upon during The Great Flood of 1993.

The installed base of Weather Surveillance Radar 88 Doppler (WSR-88D) systems under
MAR provided major benefits during the flood event. At least two specific instances were
documented in which radar rainfall estimates from the Chicago and Kansas City WSR-88D
systems saved lives during flash flood conditions on July 18, 1993, and on August 11-12,
1993, respectively. Maximum use of WSR-88D data for hydrologic forecast and warnings,
however, awaits completion of the Next Generation Weather Radar (NEXRAD--now called
the WSR-88D) network over the upper Mississippi River basin. In addition, Advanced
Weather Interactive Processing System (AWIPS), or AWIPS-type capability under MAR, is
needed at the RFCs to process and mosaic the information from multiple radars in their areas
of forecast responsibility. Such capabilities are currently being implemented as part of the
AWIPS contract at the Missouri Basin RFC at Kansas City, Missouri. It is important to
implement similar capabilities at the North Central RFC in Minneapolis, Minnesota, in
preparation for the high potential of spring snowmelt flooding in 1994.

Of equal importance to the technological enhancements are the advances in human resources
also planned as part of MAR. These include training on modernized NWS technology and
advanced hydrometeorological functions as part of the RFC operations. These new RFC
hydrometeorological capabilities will facilitate the closer coupling of meteorological and
hydrological operations required to effectively include quantitative precipitation forecasts and
climate information in the hydrologic prediction models.
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Other elements needed to improve deficiencies beyond those addressed by MAR include
substantial advances in NOAA'’s capabilities to model and to predict the complex hydrologic
and hydraulic conditions experienced in the Missouri and Mississippi River basins during
The Great Flood of 1993. Prediction of streamflow conditions on these major rivers and
tributaries requires the best possible physical representation of all phases of the water cycle.
This includes proper accounting for soil moisture conditions, levee effects, and transport of
water through complex river channels, reservoirs, and locks and dams. In addition, achieving
the greatest forecast and warning accuracy, with the longest lead-times possible, requires
incorporation of future meteorological and climatological forecasts, especially the
incorporation of future rainfall estimates in the forecast methodology. Finally, hydrologic
forecasts require greater quantification that includes bracketed confidence limits, or
associated probabilities, that provide likelihood of occurrences for a range of specific stage
forecasts. These more specific and timely forecasts would enable emergency managers and
water facility operators to make more accurate, precise, and informed decisions required to
carry out their routine operations and emergency flood mitigation actions effectively.

The Department of Commerce and NOAA are committed to develop and to implement an
advanced hydrologic prediction system for the entire Nation. This activity constitutes a
major component of the NOAA 1995-2005 Strategic Plan to improve NOAA'’s role in
environmental prediction. Part of this effort clearly will be critically dependent on major
collaborative efforts with many of NOAA'’s partners at the Federal, state, and local levels, as
well as in the academic and the private sectors. Improvements in the Nation’s capabilities to
predict more accurately the hydrologic extremes of droughts and floods, as well as to provide
day-to-day information for improved water management decisions, will translate into
enormous economic and environmental benefits for the Nation. Improved decision-making
information for The Great Flood of 1993 alone could have easily translated into savings of
hundreds of millions of dollars through improved mitigation actions. Moreover, the
associated human suffering could have been dramatically reduced with more timely, accurate,
and improved decision-making information.

Other areas of deficiency identified by the survey team in the overall prediction and response
system included inadequate computer processing and telecommunications capabilities, as well
as problems associated with timely and complete dissemination of appropriate products. Any
single forecast is of value only if it is disseminated in a timely fashion and appropriate
actions are taken. During The Great Flood of 1993, effective communication of critical
information was inadequate on several occasions. In other instances, conflicting
communications and the absence of suitable preparedness response plans by local officials
hampered mitigation actions. The findings and recommendations pertaining to these and
other areas of concern are contained in the relevant chapters of this report. Also, for ease of
reference, all 106 findings and recommendations are consolidated in Chapter 9.
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In conclusion, it is clear that appropriate actions should be taken in the short term to
strengthen the hydrologic service capabilities of the NWS and to prepare for the potentially
devastating spring floods that may develop in 1994 over precisely the same region of the
country impacted by The Great Flood of 1993. Moreover, it is imperative that, over the
longer term, NOAA take systematic actions to capitalize on the NWS MAR and on the
proven, advanced hydrologic prediction capabilities required to improve NOAA'’s services
during future flood and drought events. More detailed findings and recommendations to
seize on opportunities for improvements based on lessons learned from The Great Flood
of 1993 are contained in Chapter 2 of this report.  Additionally, the impacts; the
hydrometeorological setting; the hydrologic and hydraulic forecast methodology; the data
acquisition, telecommunications, facilities, and computer systems; the warning and forecast
services; the coordination and dissemination; and the preparedness and user-response issues
related to The Great Flood of 1993 are discussed in considerable detail in Chapters 1, 3, 4,
5, 6, 7, and 8, respectively.
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CHAPTER 1

GENERAL DESCRIPTION OF THE EVENT AND ITS IMPACT

1.1 INTRODUCTION

The Great Flood of 1993 was an unprecedented hydrometeorological event since the United
States started to provide weather services in the mid-1800s. In terms of precipitation amounts,
record river stages, areal extent of flooding, persons displaced, crop and property damage, and
flood duration, this event (or sequence of events) surpassed all floods in the United States during
modern times. The purpose of this chapter is to provide a cursory overview of
The Great Flood of 1993 and some of its impacts. Its contents are by no means all-inclusive.
Full meteorologic and hydrologic analyses of this event, as well as a complete study of the flood
impacts, will be the subject of many reports and studies conducted by Federal, state, and private
agencies for years to come.

Record and near-record precipitation during the spring of 1993, on soil saturated from previous
seasonal precipitation, resulted in flooding along many of the major river systems and their
tributaries in the Upper Midwest. Rivers climbed above flood stage at approximately
500 forecast points in the nine-state region. Moreover, record flooding occurred at 95 forecast
points in the Upper Midwest during the summer of 1993. Flood records were broken at
44 forecast points on the upper Mississippi River system, at 49 forecast points on the Missouri
River system, and at 2 forecast points on the Red River of the North system. Within the
Mississippi River system, 1993 floods of record include those set at 15 forecast points on the
main stem, at 4 forecast points on the Iowa River, at 5 forecast points on the Des Moines River,
and at 2 forecast points on the Raccoon River.

Within the Missouri River system, 1993 floods of record include those set at 14 forecast points
on the main stem and at 4 forecast points on each of the Saline, Smoky Hill, and Grand Rivers.
During the event, near flood of record stage occurred at an additional 23 forecast points on the
Missouri River system alone. Record flood stages surpassed old record stages by more than
6 feet in some cases. For example, in 1993, flood records set more than 42 years ago on the
main stem of the Missouri were broken by more than 4 feet at multiple forecast points. In at
least one case, a new flood of record was established early in the event only to be broken by
higher water later in the event. The historic flood of record on the Mississippi at St. Louis was
established on April 28, 1973, at 43.2 feet; reestablished on July 21, 1993, with a flood stage
of 46.9 feet; and reestablished again 11 days later on August 1, 1993, with a record flood stage
of 49.58 feet. Figure 1-1 gives an overview of the areal extent of The Great Flood of 1993,
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Figure 1-1. General area impacted by heavy rainfall and/or flooding during
The Great Flood of 1993.

The duration of The Great Flood of 1993 was as overwhelming as the areal extent of flooding
and the number of record stages established. Spring flooding began in March as a result of a
previous wet fall, normal to above-normal snow accumulation, and rapid spring snowmelt
accompanied by heavy spring rainfall. On May 8, record flooding occurred in South Dakota
on Split Rock Creek at Corson and in Minnesota on the Rock River at Luverne. On May 22-24,
heavy thunderstorms produced 3-7 inches of rain in 3 hours over Sioux Falls resulting in major
urban and residential flooding across the city. The Big Sioux and Vermillion Rivers in
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South Dakota went above flood stage in late May and remained in flood through mid-June.
Major flooding continued throughout the summer along the Missouri and Mississippi Rivers.
For example, on September 1, 1993, the towns of Hannibal, Louisiana, and Clarksville,
Missouri, had experienced 153 consecutive days of flooding. Flooding at levels above flood
stage continued through the middle of September in many regions along the Mississippi River.

The duration and magnitude of The Great Flood of 1993, as well as its antecedent conditions,
strongly support the premise that this event was a significant climate variation rather than simply
a sequence of meteorological events. It is quite possible that one or more climate-driving forces
(e.g., El Nifio/Southern Oscillation) significantly contributed to this climate variation. A more
thorough analysis of this situation is expected to result in improved understanding of the roles
contributing factors may have played.

1.2 INTERAGENCY FLOOD RESPONSE

The forecasting services provided by the National Weather Service (NWS) is but one of many
activities undertaken by the Federal Government in responding to The Great Flood of 1993. The
high quality and timeliness of these forecasts were critical to the success of evacuation and
emergency mitigation actions initiated at all levels of government, as well as by voluntary groups
and private citizens. The Federal Response Plan was signed by 26 Federal departments and
agencies, who participated in a coordinated effort to address the basic needs for the victims of
The Great Flood of 1993. Nearly 4,000 Federal personnel from the various Federal agencies
were committed to assist in the response activities. Two major Federal contributors to the
response operations included the U.S. Army Corps of Engineers (COE) and the Federal
Emergency Management Agency (FEMA).

The COE provided technical assistance to states and local authorities to prevent loss of life and
property damage during The Great Flood of 1993. In addition, the COE maintained and
operated navigation and flood control facilities on the flooded river systems. Response and
recovery assistance was provided by the COE under two laws, Public Law 84-99 and Public
Law 93-288 (Stafford Act). The COE received $20 million from FEMA to supply emergency
sanitary and water supply facilities, bridge and pier inspections, damage survey report, and other
technical support to local authorities. In addition, the COE distributed more than 31 million
sand bags and more than 400 water pumps. At the height of the flood, the COE committed
800 personnel to these efforts. The COE and FEMA worked together to evacuate flood water
in low areas and impounded behind levees, to remove debris, and to restore public facilities.

With the first Federal disaster declaration issued on June 11, 1993, for several counties in
Minnesota, FEMA immediately mobilized response and recovery operations authorized under
the Stafford Act (Public Law 93-288). This initial response included the establishment of a
Disaster Field Office (DFO) which coordinated the operations in the affected areas, and several
Disaster Application Centers (DAC) where applications for individual assistance were processed.
At the peak of the response operations, FEMA had established 11 DFOs and numerous DACs
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Numerous miles of railroad track were flooded, halting rail transit along many rail systems.
Furthermore, the flow of flood waters eroded the rail beds, and it will require significant funds
to return these tracks to operation. At one time, seven of the eight rail lines across the state of
Missouri were closed to rail traffic. It has been estimated that the rail industry suffered
operating losses in excess of $300 million loss and $100 million in flood damages in Missouri
alone. Finally, 12 commercial airports were closed by the flood, including the Spirit of
St. Louis Airport, which is a major executive airfield located in Chesterfield, Missouri.

Locks, dams, and levees on the affected river systems must all be inspected and repaired in the
aftermath of the flood. Approximately 6,000 miles of non-Federal levees protect cities, towns,
and farm land along many of the major rivers affected by the flood. The COE reports that
40 of 229 Federal levees and 1,043 of 1,347 non-Federal levees were overtopped or damaged
during the flood. Damage to locks and dams will be fully assessed only after the rivers fall well
below flood stage. The major courses and beds of the rivers themselves may be significantly
altered as a result of the flood that will affect future river navigation and commerce.

The agriculture industry experienced major economic losses as a direct result of
The Great Flood of 1993. In large areas inundated by the flood, the harvest of 1993 was a total
loss. More than 600 billion tons of topsoil erosion by the river flow and vast deposits of sand
and silt on farm land will have long-term impacts on future farm productivity. Much of the soil
removed from agricultural land has been deposited in the major rivers and may affect the flora
and fauna that form the various river ecosystems. Pollutants and raw sewage released as the
flood spread inland will cause additional stress on the river environment.

The Great Flood of 1993 began well before the devastating flooding that occurred during June,
July, and early August. Moreover, disastrous flooding continued in the late summer and fall
across portions of the Upper Midwest. This report, however, focuses on the forecasts and
services provided by the NWS during June, July, and early August when the most catastrophic
flooding occurred across the region. Nonetheless, late-summer and fall flooding was quite
significant. One example occurred on August 29, 1993, when the city of Des Moines, Iowa,
received enough precipitation to force once more thousands of people out of homes to which
they had recently returned in the aftermath of previous flooding. Above-normal fall soil
moisture conditions provide serious potential for new flooding should significant rainfall occur.
Fall soil moisture conditions coupled with normal snow accumulation and spring precipitation
help constitute a significant threat of major spring snowmelt flooding across the Upper Midwest
in 1994.



CHAPTER 2

MAJOR LESSONS LEARNED
AND OPPORTUNITIES FOR THE FUTURE

2.1 INTRODUCTION

The unique meteorological, climatological, hydrological, and hydraulic conditions that led to
The Great Flood of 1993 provide many lessons that can lead to future improvements in the
services provided by the National Weather Service (NWS). All aspects of the performance of
the NWS river forecast and warning system were evaluated as part of the field survey.

Almost all the findings and associated recommendations stem from lessons learned and point
toward refinements for the future. The purpose of this chapter is to highlight some of the more
fundamental, global findings and recommendations.

2.2 SCOPE AND BENEFITS OF THE NATIONAL WEATHER SERVICE
RESPONSE

As illustrated in Figure 1-1, the area impacted by flooding covered major portions of nine states.
This area, comprising approximately 15 percent of the 48 contiguous states, contains 2 River
Forecast Centers (RFC), 9 Weather Service Forecast Offices (WSFO), and 20 Weather Service
Offices (WSO) located within the Central Region of the National Oceanic and Atmospheric
Administration’s (NOAA) NWS. The staffs of these forecast and warning offices worked
tirelessly to provide high-quality services over a period of several months. Their continuous
contributions clearly saved many lives and prevented substantial increases in property damage.

The duration and magnitude of the event placed enormous stress on both humans and the forecast
system infrastructure. Given current resources and system limitations, the forecasts and warnings
were incredibly good. For example, at the peak of the flood along a stretch of the Mississippi
River near Hannibal, Missouri, approximately 50 percent of the estimated 4 million gallons of
water per second was flowing outside the "main channel" of the river and behind the levee
systems. In spite of these complex hydraulic conditions, the North Central RFC provided
forecasts for the city of Hannibal that were sufficiently accurate and timely to allow the
U.S. Army Corps of Engineers (COE) and the city of Hannibal to take action to reinforce the
major levee system protecting the city. Although numerous anecdotes of major mitigation
actions, such as this one, could be presented, there are still substantial opportunities for
improvements that will provide significant benefits during future flood events and that will pay
even larger dividends to the Nation.



2.3 ADVANCED HYDROLOGIC PREDICTION SYSTEM

Figure 2-1 illustrates the major components or functions of a river forecast system. The
disaster survey team identified ways to improve all components of the current forecast
system. Chapter 4 discusses the hydrologic and hydraulic models and procedures employed
in the current forecast system.

Users indicated great interest in improving hydrologic prediction to help mitigate the impacts
of future floods. The staggering loss of $15-20 billion in The Great Flood of 1993 clearly
indicates a need to cut future losses. The key to providing improved river and flood
forecasts in the future will depend on establishing and maintaining an Advanced Hydrologic
Prediction System (AHPS). The Department of Commerce and NOAA, in partnership with
other major cooperators, are committed to the development and implementation of an AHPS
to improve services to the Nation. This effort is a key component in the NOAA 1995-2005
Strategic Plan to enhance NOAA'’s role in environmental prediction. The basic components
of an AHPS are illustrated in Figure 2-2.

Provide
Output

Collect

Data Products

Figure 2-1. Major functions of a river forecast system.

2.3.1 NATIONAL WEATHER SERVICE RIVER FORECAST SYSTEM

Figure 2-2 shows that the first major building block critical to the foundation of an AHPS is
the current NWS River Forecast System (NWSRFS), including all of the supporting
personnel and service infrastructure. Both the North Central and Missouri Basin RFC staffs
expressed concern that sufficient depth of expertise and training be maintained at both NWS
Headquarters and the RFCs to support properly the NWSRFS. The NWSRFS consists of
software modules totaling several hundred thousand lines of computer code used to execute
all functions shown in Figure 2-1. It is a modular software system that allows the addition
of more advanced data processing and modeling techniques as they become available. A
more detailed description of NWSREFS is given in Chapter 4 (Section 4.3).
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A critical component required to improve model development and calibration is the capability
to archive routinely the real-time, operational, hydrometeorological data in digital format.
This capability does not currently exist at the RFCs, nor at the National Meteorological
Center (NMC), for much of the hydrometeorological data needed to support hydrologic
research and development.

FINDINQ 2.3: A large suite of soft- 'RECOM{ENDATION 2.3 i The
ware ‘and hydrologlc: procedures |'NWS Office of Hydrology should |
especially- 'NWSRFS, js critical to 'systemamally evaluate the operatlonal |
_eurrent RFC operafions and even more | readiness of NWSRFS and other |
critical to future operations.. There is | software wused in hydrologic |
51gmﬁcant concern about mamta;mmg | forecasting. :

‘the requlred depth of ‘expertise and
support at both the field and |
headquarters levels reqmred for thlS

'complex system |

W RFCs do not routmcly | RECOMMENDATION 2.4; Routine
store - river and flood forecast | procedures must be implemented at the
1nformat10n ‘and products in digital | NMC and the RFCs, -as- part . of |
form. Similarly, the NMC does not | modernized " system capabilities, . o0
routinely * archive quantitative | archive all data and products in digital:
-precipitation forecast products in' digital | format that are pertinent to ongoing
form. These data and forecast products | developmental, operauonal and
are critical for post-event analyses, | verification ‘programs.
research  and - development, model
calibration, -extended streamflow
prediction and simylation tequ1rements
climatological studies, and forecast
‘verification.
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2.3.2 NATIONAL WEATHER SERVICE MODERNIZATION

A second major building block for the AHPS is the capability provided by the NWS
modernization and associated restructuring (MAR). The NWS MAR includes organizational
and human resource components needed to take advantage of modernization technologies,
principally the Next Generation Weather Radar (NEXRAD) network, the Advanced Weather
Interactive Processing System (AWIPS), and the next generation of geostationary
environmental satellites. NWS modernization contributes to improved hydrologic prediction
through:

1.  On-site, powerful, interactive computer processing that supports:
- a modemn, interactive river forecast system; and
- interactive precipitation analysis using data from radar,
satellite, aircraft, and automated surface gages;

2. Rapid, wide-band communications; and
3. More effective use of human resources.

Even in the early stages of the implementation of NWS modernization technologies, it is
clear that the payoff in improved forecasts and warnings will be enormous. Several
examples were noted by the disaster survey team when Weather Surveillance Radar 1988
Doppler (WSR-88D)--the nomenclature for NEXRAD radars--rainfall estimates were used to
provide flash flood warnings. One example is illustrated in Figure 2-3, where the Chicago
WSR-88D detected a heavy rainfall area between DeKalb and Crystal Lake, Illinois. The
radar display provides an estimate of the storm total ending at 5:42 p.m. CDT on July 18,
1993. Precipitation accumulations exceeded 6.5 inches. These radar observations led to the
issuance of a flash flood warning. A greater lead-time, however, could have been given if
the flash flood potential (FFP) algorithm had been implemented in the WSR-88D Radar
Product Generator. Implementation of the FFP has been under configuration management
review for an extended period.

Current RFC computer resources lag the state of the art considerably and impact forecast
operations in many ways. One critical example is that AWIPS-type computer resources will
be required at RFCs to process and to mosaic the radar rainfall estimates from multiple
radars providing coverage of the RFC’s area of responsibility. At WSFOs, little or no local
hydrologic forecast capability exists now. AWIPS-type computer resources will also be
needed at the Weather Forecast Offices (WFQO) of the modernized NWS to provide a
Hydrometeorological Forecast and Warning subsystem to assist WFO personnel to forecast
for small, quick-responding basins.
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Critical also to the modernization effort is the professional staffing of personnel trained in
both the hydrologic and meteorologic sciences.  The disciplines are distinct but
interconnected. It is critical that NWS offices be staffed with qualified personnel trained to
provide the hydrometeorological support required by the AHPS. The modernized hydrology
program provides for Hydrometeorological Analysis and Support positions in the modernized
RFCs and for new qualification criteria for hydrometeorologists. Although these new
hydrometeorologist criteria have been defined, suitable changes in the personnel, recruitment,
qualification, and promotion process have not yet been implemented.




2.3.3 PARTNERSHIPS WITH COOPERATORS

The third building block critical to the successful implementation of an AHPS is external
cooperator support. It is important to continue the high priority of developing and
maintaining even closer partnerships with NOAA’s many cooperators. This undoubtedly is
the most important component of the AHPS as depicted in Figure 2-2, since NOAA'’s
partners at Federal, state, and local levels, as well as in the academic and private sectors,
contribute directly and indirectly to many aspects of an effective prediction system.
Specifically, closer coordination and cooperation with the COE and the Federal Emergency
Management Agency, which clearly had a major role in mitigating and responding to the
effects of The Great Flood of 1993, is especially critical.




NWS River Forecasting System

Hydro- .
meteorological Modeling — —{ Meteorological
Data Predictions

Prediction

v

River Levels

Forecast

v

Figure 2-4. Current NWS River Forecasting System (NWSRFS).

Advanced NWS River Forecasting System

Hydro- Advanced .
meteorological : eteorological
Datafn'Jg Modeling Predictions

Prediction * Simulation
River Level River Level

Probabili
Forecast Foreca s:y Climatological
‘ v formation

Figure 2-5. Advanced NWS Water Resources Forecasting System (WARFS).
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2.3.4 WATER RESOURCES FORECAST SYSTEM

The fourth major building block of an AHPS is the capability provided by the Water
Resources Forecast System (WARFS). Almost every user visited by the disaster survey team
expressed a desire for river forecasts with greater lead-times. Some also wanted forecast
ranges, or probabilities of occurrences, to accompany river forecasts that, in some way,
consider future precipitation possibilities. WARFS will accommodate these requirements
through the use of:

1. Advanced hydrologic and hydraulic models,

2. Integrated data management and analysis techniques,

3. Coupled rainfall and temperature forecasts,

4. Advanced remote sensing and analysis of snow water equivalent, and
5. A consortium of cooperative efforts with NOAA’s partners.

A comparison of Figures 2-4 and 2-5 illustrates the major enhancements that WARFS will
provide over the current NWSRFS capabilities. The most important changes will be the
application of more advanced hydrologic and hydraulic models using improved
hydrometeorological data and the capability to incorporate both short-term meteorological
predictions and longer-term, climatological information (Figure 2-5). Quantitative
precipitation forecasts (QPF) are not being used directly and objectively in Central Region
RFC forecast procedures, but an AHPS with integral WARFS components will allow
scenarios to be run that can quantify the probabilities of various hydrologic conditions
occurring up to several months in the future. This simulation capability is illustrated in the
lower right portion of Figure 2-5.

Figure 2-6 schematically depicts an integrated, operational concept of many of the
components of an AHPS including WARFS. Shown in Figure 2-6 are data flowing into an
RFC from multiple WSR-88Ds located at WFOs, satellites, aircraft, local flood warning
systems, data collection platforms, automated surface observing systems, and cooperative
observers. Also shown are QPFs flowing into an RFC from multiple WFOs and from the
NMC; other graphical and gridded products also will be provided by the WFQOs, the NMC,
and the National Operational Hydrologic Remote Sensing Center. These vast amounts of
data and information will be processed and managed by AWIPS. Advanced models and
analyses will be executed interactively on AWIPS. A whole new generation of products will
be produced for use in a broad array of applications, including many that will directly impact
major water management decisions for the Nation. WARFS has been designed precisely to
provide predictions that will give water managers information critical for more effective
decisions that mitigate the effects of floods or droughts.
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Figure 2-7 compares the type of forecast that could have been produced at St. Louis with an
AHPS, including integral WARFS components, to the type of forecast that was made with
current capabilities. The current basis for river predictions is only the first portion of the
forecast hydrograph shown as the blue line in Figure 2-7. Especially important is the added
lead-time and the quantification of forecast uncertainty provided by the advanced prediction
system. Figure 2-8 contrasts the accuracy, lead-time, and resolution of current forecast
services with those that could be achieved with an AHPS that includes integrated WARFS
components.
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Figure 2-7. Comparison of observed stage (yellow line) at St. Louis, Missouri, during
The Great Flood of 1993 with hypothetical forecast made on June 30 (blue line), using
AHPS, including WARFS. Varying confidence intervals around the hypothetical forecast are
shown by pink shading (one-half standard deviation above and below the forecast) and green

shading (one standard deviation above and below the forecast).
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2.4 NEAR-TERM HYDROLOGIC OUTLOOK AND NEEDS

Finally, it is necessary to take all appropriate actions to prepare for the high potential of
additional flooding in the Upper Midwest during the spring of 1994, Above-normal soil
moisture conditions over large regions of the Upper Midwest and fall rains coupled with
winter snow accumulation increase the probability of potential spring flooding in 1994,

.Img of 1993 has created large: regmns;
| with “above-normal -seil” moisture’ condi-
‘dﬁest Con- |-
. ‘spring snow-- |
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f‘ithrough at least” the spnng ef 1994,
- Special hydrochmatologlcal assessments_ E
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”Iff.fment of 3011 mmsture conditlons and”
| ‘potential - future *flooding =~ across the "
" [ Upper. Midwest: - Moréover, - the NWS.
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and: gngoing assessments of potential

2-16




CHAPTER 3

HYDROMETEOROLOGICAL SETTING

3.1 INTRODUCTION

Flood stage (i.e., the water level at which a river goes into flood) was exceeded at
approximately 500 forecast points, and record flooding occurred at 95 forecast points throughout
the nine-state region. Some forecast points remained above flood stage for as long as 5 straight
months. As shown in Figure 3-1, St. Louis experienced river stages that exceeded the previous
flood of record for more than 3 full weeks!

451 Previous Record |

Stage (Feet)
5

351 5 5

30 | FloodStage ||
20_

15 TTTTIIITIIIIIIIIIllilllllllllllll[ IIIII i IIIIIIIIIIIIIIIIIII i IIIIIIIIIIIIIIIIIII I."I IIIIII
Jun 1 Jun 21 Jul 11 Jul 31 Aug 20

Figure 3-1. Hydrograph at St. Louis, Missouri. (A hydrograph shows the changes of
river stage with the passage of time.)
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Figure 3-2. Flood-affected counties which received Federal disaster assistance.
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The flood event was exceptional due to the combination of several factors:

1.

The antecedent hydrometeorology: the scene was set for flooding across the
flood-impacted area long before major flooding actually developed.

The meteorology: the meteorological pattern that caused the excessive rainfall
over the region from mid-June into August 1993 was uncommonly persistent.

The magnitude of the flooding: the areal extent of the flooding was unusually
large.

The severity of the flooding: major to record flooding occurred along dozens of
rivers, including portions of the main stems of both the Mississippi and Missouri
Rivers.

The season of the flooding: major flood events in the upper Mississippi River
basin typically occur in spring while this occurred throughout the summer.

The duration of the flooding: most significant floods last on the order of days-to-
weeks, while this flood lasted on the order of weeks-to-months.

The damage: preliminary estimates establish this as the costliest flood event in
United States history.

All or parts of nine states were declared Federal disaster areas: North Dakota, South Dakota,
Minnesota, Wisconsin, Nebraska, Iowa, Illinois, Kansas, and Missouri. Within these nine
states, some 500 counties received some form of Federal assistance (see Figure 3-2).

3.2 METEOROLOGICAL ANALYSIS

The flood had its origins in an extended wet period starting 9-10 months prior to the onset of
major flooding. This wet period moistened soils to near saturation and raised many stream
levels to bankfull or flood levels. This set the stage for rapid runoff and record flooding that
followed excessive June and July rainfall. The precipitation was the direct result of major,
global-scale circulation anomalies which can be attributed to significant climate variations
(see Section 3.2.4).

3-3



"UOMOISPIUL §, UOIDU Y1 SSOLOD SUOMIPUOD J10S IS10W KJjonsnun up

Uit Y1 ISV2UL [ONPDLT Y1 JION "§661 ‘8T ININY (P) PUD ‘€661 ‘LT YOOI (2 ‘TE6] ‘8T 42quiaaoN (@) ‘7661
‘¢ 1sndny (B) :Suipud syaam vy 4of sdow xapu] K31ianas WENOLJ (WHDL-SUOT) Jaulpgd Pa1da]as *¢-¢ amSi

150l Ajawex3 . [BULION J63h _ WBno.q arRIapo ﬁ 1_
n8ds 151000 Aap . ywBnoug asanasg M d
1dg 15101 |BNBNLN AR JuBineig swalxa 7

oo |

34




3.2.1 ANTECEDENT CONDITIONS

Soil moisture conditions, as measured by the long-term Palmer Drought Index (PDI), for
selected times over the preceding year are shown in Figure 3-3. In August 1992, wet soil
conditions began to appear in the central Great Plains (Figure 3-3(a)), then increased
dramatically by late 1992 (Figure 3-3(b)), encompassing portions of the central, eastern, and
southeastern United States. As shown in Figure 3-4, July, September, and especially November
1992 were much wetter than normal over the upper Mississippi River basin; winter precipitation
was near normal.

By late March 1993, extremely moist conditions (PDI > 4) covered much of Kansas,
South Dakota, Iowa, eastern Nebraska, southern Minnesota and Wisconsin, and northern Illinois
as a result of the combination of the wet fall and spring snowmelt (Figure 3-3(c)). This was
followed by above-normal precipitation over the upper Mississippi River basin during April and
May (Figure 3-4). Consequently, even before the onset of heavy summer rains, most of the
Upper Midwest had saturated soil and well above-normal streamflows.

Precipitation(inches)

7/92 9/92 11/92 1793  3/93  5/93  7/93
8/92 10/92 12/92 2/93  4/93 6/93  8/93
Month

|-Av-roo- ] Observed |

Figure 3-4. Comparison of average and observed monthly precipitation totals
for the upper Mississippi River basin.



(¢)

Figure 3-5. June-July 1993 500-mb: (a) heights, (b) anomalies, and (c) percentage of days
when anomalies were negative (hatched) or positive.
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3.2.2 CIRCULATION PATTERNS DURING THE GREAT FLOOD OF 1993

A highly anomalous and persistent atmospheric pattern of excessive rainfall occurred across
much of the upper Mississippi River valley and the northern and central Great Plains during
June, July, and the first half of August 1993, generating devastating record flooding along the
upper Mississippi and lower Missouri Rivers and many of their tributaries. Much of the major
river flooding originated from several synoptic-scale, copious rainfall events during mid-June
through late July.

This large-scale and repetitive rainfall pattern was just one of many anomalous weather features
that affected not only most of the United States but much of the Northern Hemisphere.
Elsewhere in the country during June and July, warmer-than-normal conditions persisted
throughout Alaska, cooler and wetter-than-usual conditions dominated the Pacific Northwest and
northern Great Plains states, and hot and dry weather plagued much of the southeastern and
eastern United States. These weather patterns were all related to a highly anomalous circulation
that covered much of the Northern Hemisphere, as evidenced by the mean June to July 1993
500-mb height and anomaly field (Figure 3-5), with particular emphasis on the central
North Pacific, the United States, the North Atlantic, and Europe.

Climatologically, a low-pressure trough is located near the Gulf of Alaska during the summer
months. In April 1993, below-normal sea-level pressures were established in the central and
western North Pacific Ocean. This pressure anomaly pattern persisted through June. During
June and July 1993, the mean position of the Pacific low-pressure trough moved west to the
international dateline. Below-normal sea-level pressures also covered the western United States
and much of the North Atlantic from Newfoundland to Scandinavia. Corresponding shifts
occurred in the mean position of the jet stream.

By the summer of 1993, the mean position of the jet stream had become firmly established over
the northern portion of the Mississippi River basin with a southwest-northeast orientation. To
the northwest lay a deep trough of low pressure, while an unusually strong, clockwise circulation
lay over the eastern United States. Hot and dry conditions were characteristic of the surface
conditions beneath the ridge. The quasi-stationary jet stream aloft was associated with a
stationary surface front that allowed frequent and nearly continuous overrunning of the cooler
air to the north by the moisture-laden air from the south (Figure 3-6(a)). The front also served
as a preferred location for unusually strong and frequent cyclones, spawned by the combination
of the unseasonably vigorous jet stream overhead (Figure 3-7) and the relatively strong frontal
boundary at the surface.
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Figure 3-6. Dominant weather pattern for the periods: (a) June-July 1993 and (b) early
August 1993. Note the changes between (a) and (b), particularly across the central
United States.
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Figure 3-7. Mean 250-mb flow (approximately 6.5 miles aloft) for the
period June 5-July 19, 1993, of: (a) vector wind and (b) departure from
normal (base period 1979-1988). Arrows represent the direction and
relative strength of the wind or anomaly.
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Figure 3-8. Mean 850-mb flow (approximately 1 mile aloft) for the period
June 5-July 19, 1993, of: (a) vector wind and {b) departure from normal
{base period 1979-1983). Arrows represent the direction and relative
strength of the wind or anomaly.
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North-south transport of moisture was enhanced by strong low-level advection brought about by
the unusually large contrast between the trough of low pressure over the northwestern section
of the Nation and the ridge of high pressure over the Southeast. Much of this low-level moisture
originated in the subtropics in the vicinity of the warm Caribbean Sea waters (Figure 3-8). The
increased moisture transport and the presence of the front supported production of widespread
areas of prolonged and excessive precipitation throughout large portions of the north-central
United States.

Finally, by late July and early August, a change in the upper air circulation pattern brought drier
conditions to the Midwest as the trough shifted eastward, simultaneously increasing rainfall and
decreasing temperatures in the East while warmer weather returned to the Pacific Northwest
(Figure 3-6(b)). Unfortunately, locally heavy thunderstorms generated some additional flooding
problems in parts of the soaked Midwest during mid-August; however, these rains were
associated with more typical summertime convection caused by frontal passages that were
enhanced by strong advection of southwestern monsoonal moisture.

3.2.3 RAINFALL PATTERNS DURING THE GREAT FLOOD OF 1993

During the summer (June-August 1993), rainfall totals surpassed 12 inches across the eastern
Dakotas, southern Minnesota, eastern Nebraska, and most of Wisconsin, Kansas, Iowa,
Missouri, Illinois, and Indiana. More than 24 inches of rain fell on central and northeastern
Kansas, northern and central Missouri, most of Iowa, southern Minnesota, and southeastern
Nebraska, with up to 38.4 inches in east-central Jowa (Figure 3-9). These amounts were
approximately 200-350 percent of normal from the northern plains southeastward into the central
Corn Belt. Since the start of the growing season (April 1), precipitation amounts through
August 31 were even more impressive (Figure 3-10): totals approached 48 inches in east-central
Towa, easily surpassing the area’s normal annual precipitation of 30-36 inches.

There was considerable variation, both in timing and distribution of heavy rainfall throughout
the event. Figure 3-11 shows rainfall and the amount in excess of normal for four selected cities
(Sioux Falls, South Dakota; LaCrosse, Wisconsin; Salina, Kansas; and Des Moines, Iowa). By
early May, all four cities started to experience excess precipitation; in each area, the surplus
increased as the summer wore on. For almost a month, starting in late June, the precipitation
excess at Salina, Kansas, was especially dramatic (see Figure 3-11).
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Figure 3-9. Total precipitation (inches) across the Midwest for the
period June I-August 31, 1993.

Figure 3-10. Total precipitation (inches) across the Midwest for the
period April 1-August 31, 1993.

3-12



Sioux Falls, SD LaCrosse, WI
750 = 30 750 - 30
Above Normal
s2s 4  Above Normal 625 - 25
E E E 20
E 500 = _E: £ 5007
5 = s 15
= 375 o 2 g 375 = B
= o] =
=3 = B
2 | = 53 = 10
a 250 E_: 5 250}
Normal L 5
125 125
Below Normal
0 T g T T =T - 0 0 4 = 0
APR MAY JUN JUL AUG APR MAY JUN JUL AUG
Date (a) Date (b)
Salina, KS Des Moines, IA
1000 40 1000 o 40
— Above Normal
4] —
= Above Normal 2 £
E 750 - 30§ E 7504 30
=] = =
5 5 2
= [}
% 500 20 B E 500 - 20
] B ]
2 ] g
o c.;_". o
10
e 10 250 1 Normal
Normal
Below Normal
0 0 0+ T T T r 0
APR MAY JUN JUL AUG APR  MAY JUN JUL AUG
Date (¢) Date (d)

Preclpitation (inches)

Precipitation (inches)
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Figure 3-12. Monthly precipitation as a percent of normal for: (a) May
1993 and (b) June 1993.
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From a seasonal standpoint, above- to much above-average rainfall fell over the entire Upper
Midwest from May through August 1993 (Figures 3-12 and 3-13). The May-August 1993
rainfall amount is unmatched in the historical records of the central United States. In July, there
were broad areas in North Dakota, Kansas, and Nebraska, as well as a smaller pocket in Iowa,
that experienced more than four times normal precipitation. Rainfall amounts, and their return-
interval frequencies for selected midwestern states, are listed in Table 3-1. The April-July
values are exceptional in all states but Missouri, and the June-July values have return intervalis
of 75 years or more. The June-July precipitation amounts are remarkable not only in magnitude
but also in their broad regional extent. Record wetness existed over 260,000 square miles. The
Missouri July values were tempered by below-normal rainfall in the extreme south, although
some areas of northwestern Missouri had more than 30 inches of rain in July alone. Seasonal
rainfall records were shattered in all nine states.

3.2.4 POSSIBLE CAUSES OF 1993 MIDWEST HEAVY PRECIPITATION

An El Nifio/Southern Oscillation (ENSQO) episode occurred during 1992 and 1993. In 1992,
similar but less intense circulation features were observed; however, no extreme flooding
occurred in the United States. Nonetheless, the current, long-lived ENSO event probably
contributed to the large-scale atmospheric features associated with the persistent 1993 Mississippi
and Missouri River valley flooding.

Table 3-1. Cumulative precipitation amounts and return periods for several
midwestern states.

APRIL-JULY JUNE-JULY
STATE Amount Frequency Amount Frequency
(in) (years) (in) (years)
Towa 27.1 300 18.1 260
Illinois 229 45 14.7 85
Wisconsin 22.0 200 12.3 75
Minnesota 18.9 70 12.2 100
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There has been some speculation that the 1993 flooding may have been associated with
greenhouse-gas-induced global warming and related circulation changes. Although results from
most numerical climate models have suggested that central North America would be drier in a
warmer climate, this has also been interpreted as a possible indicator of more variable and
extreme weather conditions. Thus, both extreme flooding and extreme drought could be
interpreted as being consistent with the global warming hypothesis. Accordingly, the 1993
floods do not add conclusive evidence to the present debate on the possibility of greenhouse gas
warming.

In like manner, the eruption of Mt. Pinatubo in June 1991 has likely affected the global mean
temperature, but the exact nature of the changes in circulation are not known. It would be
difficult to directly link the current Mississippi floods to that, or any other, volcanic eruption.
It is only through the entire global heat balance that volcanic aerosols could have an effect on

storm tracks and persistent anomalies in the atmospheric circulation. As with the global
warming hypothesis, experiments with numerical models in conjunction with further data
analysis may shed some light on the role of the Mt. Pinatubo aerosols in shaping the global
circulation and specific rainfall patterns.

It may be that the ultimate “"cause” of the extreme and persistent precipitation in the central
United States is a combination of all the factors discussed above in conjunction with natural
variability in the climate system. All of these mechanisms combined, however, seem less likely
than the direct influence of the sea surface temperature (SST) anomaly in the tropical Pacific
associated with the ENSO.

Preliminary tests using the current ENSO-related SST anomalies in a numerical climate model
at the National Meteorological Center show a response in North America that resembles the
observed precipitation and temperature anomaly pattern fo a considerable extent. It will take
more in-depth and thorough analyses involving both observations and coupled ocean/atmosphere
global circulation models to get a definitive understanding of the role of the tropical Pacific in
the current, extreme precipitation events.
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3.3 HYDROLOGIC ANALYSIS

Extreme flooding of major river systems like the Mississippi and Missouri Rivers seldom occurs
in the summer because of the highly variable nature (in space and time) of convective rainfall
in the Midwest, coupled with high rates of evapotranspiration. Typical midwestern summers
experience a few localized heavy rain events with as much as 6-12 inches in 1-2 days extending
over a few thousand square miles. They are usually randomly distributed, producing localized
flash floods on streams and tributaries but are not normally sufficient to produce major river
flooding of any consequence.

Another common aspect of the precipitation climate of the midwestern summer involves
atmospheric conditions capable of producing above-average rainfall over sizable (state-scale)
areas across the Midwest. When these conditions do not occur, the Midwest has summer
droughts; an extreme drought occurred in 1988, These "wet periods” typically persist for
2-5 weeks and sometimes last up to 8 weeks, creating the "wet summers" found in the climatic
record. Excessively heavy rain extending over wide, multistate areas and lasting more than
8 weeks, however, is a rare event. The combination of long-lasting and spatially extensive wet
conditions in the summer of 1993, along with exceptionally wet antecedent hydrologic
conditions, were necessary to produce the massive summer flooding of this magnitude and
duration.

The Mississippi River flood at St. Louis approached the 100-year return period. The flood
return period exceeds the rainfall return period (see Table 3-1) because the flood at St. Louis
was the culmination, or combination, of the heavy, record rains on the lower Missouri basin
being closely timed with those on the upper Mississippi basin. The floods 200 miles above
St. Louis on each river broke historical records; when the rivers merged just above St. Louis,
they created an even more exceptional flood.

3.3.1 ANTECEDENT CONDITIONS AND HYDROLOGIC SETTING

Since late in the summer of 1992, conditions were wetter than normal over much of the lower
Missouri and upper Mississippi River basins. Minor flooding began as far back as December
1992 in some locations as a result of very heavy November rainfall over the upper Mississippi
basin (see Figure 3-4). Soils were very wet at the onset of winter (Figure 3-3(b)). These high
moisture levels were locked into the soils as the ground froze.

Although winter precipitation was near normal (Figure 3-4), with moist antecedent conditions,
due in large part to the heavy November rains, flooding began in late March with snowmelt.
Because of the frozen ground, and then later because of the moist soils, runoff could not be
absorbed by the soils. Rivers in the Dakotas, Minnesota, Nebraska, Iowa, Illinois, Kansas, and
Missouri rose rapidly. In late March, the National Hydrologic Qutlook identified the impacted
areas as having "above-average flood potential” (see Figure 3-14).
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Figure 3-14. National Hydrologic Outlook issued March 29, 1993, identified above-
average flood potensial for much of the area affected by The Great Flood of 1993.

April saw the start of a prolonged period of very wet weather (see Figure 3-4). The period from
April through June was the wettest observed in the upper Mississippi basin in the last 99 years.
The moisture conditions across the north-central United States on May 1, 1993, can best be
described as "saturated.” The extremely wet, cool spring of 1993, coupled with normal to
above-normal precipitation in the summer, fall, and winter of 1992-93, caused significant spring
flooding in the upper Mississippi River basin. Soil moisture conditions, from the surface to a
depth of 6 feet, across most of the nine-state region were at "field capacity” (90-100 percent
where 100 percent equals field capacity for any given soil type) by the end of May when values
are normally less than capacity.

The Midwestern Climate Center, located in Champaign, Ilinois, provided maps of plant
available moisture (expressed in percentages) at the 12-inch soil depth (Figure 3-135) to illustrate
the evolution of the wet soil conditions during the spring and summer of 1993. Values matching
field capacity were regionwide on April 1, decreasing somewhat during April as evapo-
transpiration from new plants and growing crops began to be realized. Note, however, that by
June 1 most of the Midwest had values of 100 percent or higher, indicating widespread
saturation of most soils due to the extremely heavy May rains.
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Figure 3-15. Percent of plant available moisture at 12-inch depth for: (a) March 1, 1993,
(b) April 1, 1993, (c) May 1, 1993, (d) June 1, 1993, (e) July 1, 1993, and () August 1,
1993,
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In addition, the Midwestern Climate Center has been issuing, on a monthly basis, since the end
of August 1993, monthly assessments of soil moisture. When the soil moisture model is coupled
with historical climate data for the upper Mississippi River basin, it can provide estimates of the
probability of future soil moisture conditions and related flooding potential outlooks for periods
during the coming fall, winter, and spring. As indicated in Section 3.3.3, this information will
be central to providing early warning of potential flooding in the spring of 1994.

3.3.2 REVIEW OF MAJOR FLOODING

The record-breaking, heavy, late-spring/summer rainfall amounts and the ensuing record-
breaking summer floods evolved from six factors during the spring and summer of 1993, These
factors combined in a unique fashion to cause record-high flows on the lower Missouri and
portions of the upper Mississippi Rivers, as well as on many of their tributaries. On June 1, all
conditions in the hydrologic cycle favorable for flooding were present:

1. Persistence of Satu r Nearly Sat Soil

Already nearly saturated soils on June 1 (see Figure 3-15) became more saturated
during the month. By July 1, when typical midwestern values are 60-70 percent,
the plant available moisture values were at total saturation as reflected by the
enormous area of 120 percent or higher across Iowa, much of Missouri, central
and northern Illinois, southwestern Wisconsin, and southern Minnesota. Values
by August 1 were still abnormally high (50-60 percent is typical), indicating that
near saturated soils prevailed in a large, northwest-southeast zone paralleling the
upper Mississippi River.

2. High Incidence of Rain Events

A critical factor affecting the record flooding was the near continuous nature of
the rainfall. Many locations in the nine-state area experienced rain on 16-22 days
in July, compared to an average of 8-9 days with rain. There was measurable
rain in parts of the upper Mississippi basin on every day between late June and
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late July. The persistent, rain-producing weather pattern in the Upper Midwest
(see Figure 3-6), often typical in the spring but not summer, sustained the almost
daily development of rainfall during much of the summer.

I _Sized Rain #
The semi-stationary nature of the convectively unstable frontal conditions across
the Upper Midwest from June through early August not only caused the near
continuous occurrence of daily rains but also frequently created extensive areas
of moderate to heavy rains. Frequently, a day in June or July 1993 would have
rain areas that were 100-200 miles wide and 400-600 miles long (typically about
75,000 square miles) across parts of the nine-state area. Most of these rain areas
included zones with 1-2 inches of rain over 5,000-15,000 square miles. An
excellent example of such rain areas is the isohyetal map of July 7 rain across
central Missouri (Figure 3-16). A few such large-sized areas of convective
rainfall normally occur in most midwestern summers, but their high frequency in
1993 (at least 73 such cases) with quite large dimensions capable of affecting both
the Missouri and Mississippi River basins was exceptional.

Orientation of Rain Areas

Several multi-day periods in June and July had large rain areas (see previous
section) that were oriented along the major rivers. In late June, several large rain
areas were aligned northwest-southeast over the Mississippi River from northern
Illinois into central Minnesota. Then, in early July, similar systems became
aligned southwest-northeast along the Mississippi’s course from Quincy, Illinois,
to southern Wisconsin, at the time the flooding was maximizing in this reach of
the river. In early to mid-July, several large rain areas were oriented west-east
along the Missouri River and across Missouri. Such alignments deposited
enormous amounts of water directly into the main stems of the rivers without any
delay for runoff and in-stream storage in the tributaries.

Extremel Number of ized H Rain le of ucing Fl

Floods
Intermixed with the frequent incidence of large areas of moderate to heavy
rainfall, as described in (2) and (3) above, were many intense rainstorms having
"flash flood" characteristics. These rainstorms are defined here as discrete areas,
typically 1,000-5,000 square miles in size, where as much as 6-12 inches of rain
falls in 24 hours or less. The isohyetal map of the large July 7 rain area across
central Missouri (Figure 3-16) contains three such intense, 6-inch centers.
Another version of this type of storm is depicted in the isohyetal map for a 4-hour
rainstorm that occurred in south-central Wisconsin on July 18 (Figure 3-17). The
early count of such storms indicates that at least 175 occurred in the nine-state
area of excessive flooding from early May through August. This number of
intense, short-lived rainstorms is probably a record for the Upper Midwest.
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Figure 3-16. Analysis of total observed precipitation in central Missouri for the 24-hour
period ending 7 a.m. CDT, July 7, 1993.

6. nal Ev iration Bel rm.
The near continuous cloud cover of the June-August period (50 percent of the
days were cloudy compared to a normal of 20 percent), coupled with
temperatures which were 2-3 degrees below average and a very moist lower
atmosphere, reduced actual evapotranspiration to below-normal levels. This
reduced the upward movement of moisture from the soil and increased the flood

potential.
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Figure 3-17. Analysis of 24-hour precipitation event ending at 7 a.m. CDT on July 18,
1993, in south-central Wisconsin. Most rain fell in 4 hours or less.

In summary, the genesis of The Great Flood of 1993 had been set by June 1 with saturated soils
and filled streams across the Upper Midwest. The water from the ensuing persistent heavy rains
of June, July, and August had no place to go other than into the streams and river courses.
Record summer rainfalls with amounts achieving 75- to 300-year frequencies thus produced
record flooding on the two major rivers, equalling or exceeding flood recurrence intervals of
100 years along major portions of the upper-Mississippi and lower Missouri Rivers.

3.3.2.1 MAJOR FLOODING IN JUNE
Rainfall during the first half of June was typical of late-spring conditions in the upper

Mississippi and lower Missouri basins: scattered pockets of heavy, convective precipitation.
As discussed throughout Section 3.2 above, in mid-June a stable, high amplitude, upper-level
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pattern, more typical of late-winter or early-spring conditions, created persistent, excessive rain
over much of the Upper Midwest. Major flooding began after a particularly heavy rainfall
period (June 17-20; see Appendix B, Section B.2.2.1) in southwest Minnesota and northwest
Towa. This included record flooding on the Minnesota River.

The next major precipitation impulse occurred June 23-25. This water combined with flood
flows from the Minnesota River to initiate the first major flood crest that moved down the
Mississippi.

3.3.2.2 MAJOR FLOODING IN EARLY JULY

Following a short, dry period, a prolonged siege of heavy rainfall extended from June 30 to
July 11, This included extreme precipitation on July 9 in Towa, which resulted in record
flooding on the Raccoon and Des Moines Rivers (see Appendix B, Section B.2.2.2). Just as the
crests from these two rivers reached Des Moines, a relatively small, convective pocket dumped
several inches of rain on the crests rapidly boosting the river levels and flooding a water
treatment plant. This rainfall event also led to record flooding on portions of the lower Missouri
River and combined with the crest already rolling down the Mississippi, ensuring record river
stages from the Quad Cities area, through St. Louis, and as far south as Thebes, Illinois.

3.3.2.3 MAJOR FLOODING IN LATE JULY

Another major precipitation impulse occurred July 21-25 (see Appendix B, Section B.2.2.3).
The heaviest rains were focused farther south than the earlier events, with especially heavy rain
falling over eastern Nebraska and Kansas, leading to second major crests on both the Missouri
and Mississippi Rivers. An example of the river stages at Kansas City is shown in Figure 3-18.
The hydrograph at the Quad Cities (Figure 3-19) shows only a single crest, demonstrating the
generally southern focus of this second event. At St. Louis, both crests are clearly evident in
the hydrograph (see Figure 3-1). While flooding did not extend as far upstream on the
Mississippi, new record crests were observed at many locations downstream, as well as on much
of the portion of the Missouri River that flows through the state of Missouri.

The crests on the Missouri and Mississippi Rivers are summarized in Figure 3-20. The solid
squares in both Figure 3-20(a) for the Missouri River and Figure 3-20(b) for the Mississippi
River show the previous floods of record. The highest stage reached on each river during the
first record-breaking crest in early to mid-July is indicated by the solid line. Similarly, the
dashed line is the highest level reached during a second flood wave that occurred in the later part
of July and into early August. On the Missouri River, the second flood wave was higher than
the first at most locations south of Omaha, where many new records were set. The river levels
of the two flood waves were more similar on the Mississippi River. Every gage, from the
Quad Cities to below St. Louis, set new, all-time record stages!
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Figure 3-18. Hydrograph for Missouri River at Kansas City, Missouri.
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Figure 3-19. Hydrograph for Mississippi River at Quad Cities.
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Figure 3-20. Summary of flood crests on the (a) Missouri and (b) Mississippi Rivers during
The Great Flood of 1993.
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A striking feature of Figure 3-20(b) is the rapid drop in the flood crest about 200 miles south
of St. Louis. The large channel capacity of the Mississippi below the confluence with the Ohio
River contributed to this dramatic reduction as the crests moved into the lower part of the
Mississippi River (see Figure 3-21), The first four bars in Figure 3-22 show the normal
seasonal variation of discharge in the Mississippi River system and the relative contributions of
the major tributaries to flow at the mouth of the river as it empties into the Gulf of Mexico.
While flows in the upper portion of the Mississippi basin were record breaking (about five times
the seasonal norm at St. Louis on August 1, as shown in the right bar in Figure 3-22), the
discharge on the lower Mississippi was only modestly higher than typical springtime flows but
more than twice the seasonal average.
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Figure 3-21. Schematic showing typical relative contributions to flow of large rivers in the
Mississippi River system.
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Figure 3-22. Normal annual variation of discharge near the mouth of the lower
Mississippi River compared to the discharge on August 1, 1993 (right bar), which
includes the exceptional flow from both the Missouri and upper Mississippi Rivers.

3.3.2.4 FLASH FLOODING

Flash flooding is a rapid, localized rise in water levels in smaller streams or in low spots.
While flash flooding can be caused by ice jams and dam breaks, it most commonly occurs as
a result of intense, shorter-duration, convective rainfall. As mentioned above, The Great Flood
of 1993 included numerous precipitation events that would typically be associated with flash
flooding. However, as is the case in quite a few major floods, the distinction between flash
flooding--short duration (6-12 hours) and smaller areal extent (several hundred square miles)--
and major river flooding becomes blurred. During the summer of 1993, many of the events with
rainfall intensities typical of flash flooding were far more widespread and lasted considerably
longer than "classical" flash floods. Indeed, The Great Flood of 1993 (and other historical
floods) can be considered to result from the cumulative effect of unusual numbers of substantial
flash flood events (combined with anomalous antecedent climatological conditions). There were
at least 15 flash floods that caused dam breaks; the majority occurred in Wisconsin during
The Great Flood of 1993.
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Figure 3-23. Corps of Engineers Districts and their boundaries.

3.3.2.5 WATER CONTROL STRUCTURES

Flood Control Reservoirs

Throughout the upper Mississippi and Missouri River basins, 66 flood control reservoirs exist.
Many of the reservoirs were developed for flood control purposes but were not designed for the
magnitude of The Great Flood of 1993. For example, inflow into the U.S. Army Corps of
Engineers (COE) Coralville Reservoir, located in Iowa, during the summer of 1993 was several
times its total storage capacity. Reservoir storage was quickly maximized during the early
portion of The Great Flood of 1993. Persistent, heavy rain led to uncontrolled discharges over
spillways of some reservoirs during the later stages of the flood.

A major exception to the pattern of overfilled reservoirs occurred in the upper reaches of the

main stem of the Missouri River basin, where the COE operates six enormous reservoirs for
multiple purposes. When operated for flood control, these projects provided relief to the
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downstream reaches of the Missouri River by releasing less water than normal. One benefit
associated with The Great Flood of 1993 was that additional amounts of water retained in the
upper reaches of the Missouri River refilled the main projects ending the long-standing drought
effects.

Levees

Many people made valiant efforts to prevent levees from overtopping on the Red River of the
North, upper Mississippi, and Missouri River basins. Farmers, residents of both small and large
towns, COE employees, out-of-state volunteers, Emergency Management Agencies, and
contractors spent countless hours struggling to protect homes, farms, towns, bridges, and cities.
In spite of these efforts, as shown in Table 3-2, 18 percent of Federal levees and 78 percent of
the non-Federal levees failed or were overtopped. The districts identified in Table 3-2 are
shown in Figure 3-23. The difference in the failure rate is due to the fact that most Federal
levees are designed to withstand a 100-500 year flood, while non-Federal levees, predominantly
protecting agricultural lands, are frequently designed for a flood with return periods of 50 years
or less. Such a failure rate for a flood such as The Great Flood of 1993 is not surprising.

Table 3-2. Distribution of levee failures by Corps of Engineers Districts.

NUMBER OF FAILED OR OVERTOPPED LEVEES

COE DISTRICT Federal Non-Federal
St. Paul 1 of 32 20f 93
Rock Island 12 of 73 19 of 185
St. Louis 12 of 42 39 of 47
Kansas City 6 of 48 810 of 810
Omaha 9 of 31 173 of 210
Totals 40 of 226 1043 of 1345

Note: In some cases, a single levee has been divided into a series of levees according to
local levee district and is counted as more than one levee.
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It is noteworthy to mention the flood-fighting efforts that took place in the COE Rock Island
District. Major levee systems were saved by scalping dirt landward of the levee and compacting
it on top of the levee. Flash boards made of plywood and supported on the dry side of the
levees provided an additional 4 feet of protection.

The COE has begun damage assessment directed by Public Law 84-99 to determine the cost of
rehabilitating levees governed by this law. Under this authority, the COE may rehabilitate
publicly sponsored flood control projects damaged or destroyed by floods to their pre-flood
condition. Congress has appropriated $120 million to perform Public Law 84-99 activities.

3.3.3 FUTURE FLOOD POTENTIAL

A central issue for responding to and recovering from The Great Flood of 1993 is the potential
for future flooding in the flooded areas. Floods of almost any dimension would be detrimental
to efforts in rebuilding levees, highways, homes, towns, and even in raising crops in 1994.

At the end of August 1993, soil moisture remained well above normal throughout most of the
nine-state area. While some grain crops were harvested in 1993, the summer’s grain production
was seriously depressed. Evapotranspiration and surface runoff were inadequate to restore
conditions to normal as winter approached.

Flooding could easily occur if a period of heavy rain develops in parts of either basin. The
onset of winter with above-normal soil moisture conditions presents a situation very conducive
to spring snowmelt floods. If the amount of winter precipitation is normal or above, spring
flooding in the Upper Midwest in 1994 is quite likely.
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CHAPTER 4

HYDROLOGIC AND HYDRAULIC FORECAST METHODOLOGY

4.1 INTRODUCTION

Operational software systems required to generate hydrologic forecasts for river basins of the
magnitude of the Missouri and upper Mississippi Rivers, as well as the Red River of the North,
are extremely complex. The National Weather Service River Forecasting System (NWSRFS)
contains a variety of models, procedures, and techniques. This chapter describes the hydrologic
and hydraulic components included in operational river forecasting systems, the methodology
used to forecast river stages during The Great Flood of 1993, and the forecast methodology that
is planned for the future.

4.2 PHYSICAL DESCRIPTION OF MAJOR RIVER BASINS AFFECTED BY
THE GREAT FLOOD OF 1993

The upper Mississippi River basin, located in the north-central United States, extends about
775 miles south from its headwaters in Minnesota and stretches in width about 650 miles from
northeastern South Dakota to northwestern Indiana (see Figure 4-1). The length of the upper
Mississippi River is 1,366 miles with a drainage area of 189,000 square miles. The basin covers
parts of eight states (Minnesota, Illinois, Iowa, Wisconsin, Missouri, Indiana, South Dakota, and
Michigan) but does not include the Missouri River and its tributaries. From its headwaters in
Lake Itasca to Minneapolis-St. Paul, the Mississippi River drops at an average rate of almost
2 feet/mile. From Minneapolis-St. Paul to Cairo, Illinois, the Mississippi has an average slope
of only 0.6 foot/mile. Table 4-1 lists the major tributaries of the Mississippi River and their
drainage areas. The North Central River Forecast Center (NCRFC) in Minneapolis, Minneota,
is responsible for forecasting the upper Mississippi River basin.

The Red River of the North is formed at the confluence of the Otter Tail and Bois de Sioux
Rivers below the cities of Wahpeton, North Dakota, and Breckenridge, Minnesota. The river
flows north for about 400 miles before reaching the United States-Canadian international
boundary where it continues north into Canada. Drainage into this river includes parts of
North Dakota, South Dakota, Minnesota, and Manitoba, with 40,200 square miles of the basin
located in the United States. Most of the basin is extremely flat. The NCRFC is responsible
for forecasting the parts of the Red River basin located in the United States.
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Figure 4-1. Areal extent of the Missouri River, Red River of the North, and upper
Mississippi River basins.

The Missouri River flows over 2,460 miles from its beginning at the confluence of the Gallatin,
Madison, and Jefferson Rivers in Montana to its confluence with the Mississippi River just above
St. Louis, Missouri. Draining all or parts of 10 states (Montana, Wyoming, Colorado,
North Dakota, South Dakota, Nebraska, Kansas, Minnesota, Iowa, and Missouri), it has a total
drainage area of 529,350 square miles, which represents more than 42 percent of the total area
drained by the Mississippi River system. Table 4-2 lists the major tributaries of the Missouri
River and their drainage areas. With a total fall of 3,630 feet, the slope of the Missouri River
is mild (0.2-4.3 feet/mile) with an average of 1.5 feet/mile. Except for the Milk River, every
major tributary in the upper and middle portions of the basin is a right bank (looking
downstream) tributary flowing to the east or the northeast. Storms that typically move in an
easterly direction can potentially cause a large concentration of flows. The Missouri Basin River
Forecast Center (MBRFC) in Kansas City, Missouri, is responsible for forecasting the Missouri
River basin.



Table 4-1.

TRIBUTARY

Minnesota
Cannon
Chippewa
Zumbro
Black
Root

Iowa
Cedar
Wisconsin
Turkey
Maquokata
Wapsipinicon

DRAINAGE
AREA M1

16,920
1,420
9,480
1,402
2,390
1,670
4,770
7,870

11,705
1,696
1,903
2,563

Rock
Skunk

Des Moines
Fox
Wyaconda
Fabius

Salt
Illinois
Kaskaskia
Big Muddy
Meremac

Major tributaries of the Mississippi River and their drainage areas.
|

DRAINAGE
AREA MI

10,850
4,325
14,540
502
458
1,570
2,920
28,200
5,840
2,360
3,980

Table 4-2. Major Missouri River tributaries with drainage areas of 6,000 square miles or

more.

TRIBUTARY

Jefferson River
Milk River
Powder River
Yellowstone River
Little Missouri
River
Cheyenne River
James River
Big Sioux River
Niobrara River
North Platte River

DRAINAGE
AREA (SQMI

9,277
22,332
13,194
69,103

8,310
24,500
21,500

9,810
12,600
34,900

TRIBUTARY

South Platte River
Loup River
Elkhorn River
Platte River
Republican River
Smokey Hill River
Big Blue River
Kansas River
Grand River
Osage River

DRAINAGE
ARFEA (SQ.MI.

24,300
15,200

6,900
85,800
24,542
19,261

9,640
60,060

7,883
14,500



The Red, upper Mississippi, and Missouri River basins have a number of hydraulic structures
including reservoirs for flood control, water supply, power generation, and recreation; locks and
dams for navigation; transmountain diversions; and flood control levees. The upper Mississippi

River, from St. Anthony Falls in Minneapolis-St. Paul to St. Louis, has a 9-foot minimum depth
navigational channel. This depth is maintained by a system of 27 locks and dams, which have
minimal effect on flood control efforts. Of the 14,000 dams in the Missouri River basin, 70
have a significant affect on streamflow and, consequently, are accounted for by MBRFC in its
forecast schemes. Major reservoirs operated by the U.S. Army Corps of Engineers (COE) on
the Missouri River ensure flows sufficient to maintain navigation from its confluence with the
Mississippi to Sioux City, Iowa. A total of 226 Federal and 1,576 non-Federal flood control
levees are located throughout the three basins. Because the Red River drainage is so flat,
diversion structures are necessary to carry water from agricultural land into drainage ditches
which carry the water to the river.

The Red, Mississippi, and Missouri River systems encompass several complex hydrologic and
hydraulic conditions, including some created by The Great Flood of 1993, that challenge river
forecasters’ abilities. Heavy rainfall in concentrated areas may cause flash flooding. On very
flat rivers (e.g., the Red) small changes in stages may cause overland flow for miles. In a
system where levees are being overtopped and/or breached throughout, it is very difficult to
account for the volumes of water (which determine the discharge to downstream points) that are
in the rivers at any given time. Additionally, backwater conditions along tributaries, changes
in the river bed from sedimentation, and locally stored water in inactive floodplain areas may
also cause significant forecasting problems.

4.3 RIVER FORECASTING OVERVIEW

The basic steps in forecasting streamflow can be simplified as:

1. Use observations (precipitation, temperature, etc.) to estimate the net amount of
water entering the basin from rainfall and/or snowmelt. If precipitation forecasts
are available, they may also be used as input. Larger basins are typically broken
into smaller subbasins where the assumption of uniformity of the precipitation,
temperature, and basin hydrologic characteristics is more likely to be valid.

2. Convert the net input of water (from rainfall or snowmelt) into a volume that
enters the stream (runoff), accounting for surface slope, soil characteristics, soil
moisture, infiltration, evaporation, etc. The inflow into a stream causes it to rise.
A plot of the time variation of the stream level or volume of water flowing past
an observation point is called a hydrograph (e.g., Figures 3-1, 3-18, 3-19).

3. Calculate the volume rate of water (discharge) that flows from a point in the

stream to points farther downstream. The process of calculating this flow from
one point along a stream to another is called routing.
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Figure 4-2. Locations of, and areas served by, the 13 NWS River Forecast Centers.

4.3.1 NATIONAL WEATHER SERVICE RIVER FORECASTING SYSTEM

The objective of river forecasting is to predict water levels (stages) at specific locations along
a river by simulating various components of the hydrologic cycle. A river forecasting system
should include: (1) hydrometeorological data analysis procedures to determine the areal
distribution of precipitation, temperature and evaporation; (2) hydrologic models to compute the
amount of runoff; and (3) hydraulic models to account for the movement of water down the
channel system. For large areas (such as those forecast by the NCRFC and MBRFC) with many
data collection stations and forecast points, a river forecast system also requires efficient
procedures for managing large amounts of information, as well as a user interface that allows
the forecaster to easily select from available options and to adjust the models based on
observations and hydrologic insight.

The National Weather Service (NWS) supports, at a national level, an operational river
forecasting capability known as the NWSRFS. The NWSRFS was released in the mid-1980s
for implementation by the 13 River Forecast Centers (RFC) shown in Figure 4-2. The
NWSREFS is now being used completely by seven RFCs for operational forecasting, while the
other six offices are in varying stages of making the transition from their locally developed
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Table 4-3. Selected models available in the NWS River Forecast System.

FUNCTION TYPE OF NWSRFS
MODEL OPERATION
Unit Hydrograph Empirical UNIT-HG
Runoff Models
Sacramento Soil Moisture Accounting Conceptual SAC-SMA
Xinanjiang Soil Moisture Accounting Conceptual XIN-SMA
Continuous API* Empirical API-CONT
Central Region API Rainfall-Runoff Empirical API-MKC
Ohio RFC API Rainfall-Runoff Empirical API-CIN
Middle Atlantic RFC API Rainfall-Runoff Empirical API-HAR
Colorado RFC API Rainfall-Runoff Empirical API-SLC
Baseflow Generation Empirical BASEFLOW
Snow Accumulation and Melt Conceptual SNOW-17
Routing Models
Dynamic Wave Routing Physical DWOPER
Muskingum Routing Empirical MUSKROUT
Tatum Routing Empirical TATUM
Lag and K Routing Empirical LAG/K
Layered Coefficient Routing Empirical LAY/COEF
Channel Loss Empirical CHANLOSS
Single Reservoir Simulation Empirical RES-SNGL

Rating Curves/Tables
Stage-Discharge Conversion Empirical STAGE-Q

* API stands for antecedent precipitation index
L -]
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systems to NWSRFS. The NCRFC uses NWSREFS for river and flood forecasting and uses local
procedures to issue spring flood outlooks. The MBRFC uses NWSRFS to generate mean areal
precipitation and mean areal temperature data sets and uses local procedures for river and flood
forecasting and generating spring flood outlooks. There are four major components of the
NWSREFS operational forecast system:

1. Data analysis procedures are used to compute mean areal estimates of
precipitation, temperature, and potential evaporation from point observations.

2, Modules (referred to as operations) are used to compute and display runoff, river
discharges, and stages. These operations include hydrologic and hydraulic
models, data manipulation algorithms, and display procedures.

3. Utility programs and databases are required to manage the large volumes of data
used by an RFC. In addition to observed data, information on numerous other
parameters must be maintained. This parametric information includes rating
curves, unit hydrographs, rainfall-runoff curves, channel routing constants, etc.
(See below for discussion of these terms.)

4. An operational forecast program command language is required to allow the
forecaster to define modeling options, to make adjustments to model state
variables (i.e., current state of the river, soil moisture, etc.) and data values, and
to recompute forecasts.

Selected models available in the NWSRFS are shown in Table 4-3. The RFCs decide which
models are most appropriate to forecast their basins and determine the hydrologic parameters
needed in the models. The RFC forecast procedures are normally executed once a day in the
morning, after all available precipitation and stage data have been received. Generally, the
models simulate hydrologic conditions every 6 hours at synoptic times'. During flooding
situations, the RFC forecast system is executed at other times during the day as conditions
change and new data are received.

4.3.1.1 RUNOFF

Streamflow is an integral part of the hydrologic cycle and is driven by precipitation. Rain that
falls can become surface runoff as it travels overland or horizontally through the upper layers
of soil to the stream channel; it can sink into the soil and enter the channel as ground water
flow; or it can evaporate either directly or indirectly through plant transpiration. Surface runoff
is the most significant component for river forecasting. The amount of surface runoff depends
on soil moisture content, soil type, terrain slope, and vegetation. The two primary methods of

! Synoptic times are 6-hour intervals, starting at 00:00 UTC (Universal Coordinated Time). By convention,
hydrometeorological observations are simultaneously made around the globe at these times to allow creation of
"synoptic maps" that provide a "snapshot” of the state of the atmosphere at the observation times.
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estimating surface runoff use: (1) conceptual models that simulate the physical processes and
(2) empirical methods based on time of year, storm duration and intensity, and initial soil
moisture content.

Because of the complexity of the physical processes, most current models are "lumped
parameter” models. These models assume that a single value can adequately characterize the
quantity within the modeled area. For example, an average precipitation value can be used to
determine runoff volumes over a small basin. The assumption is that the small spatial and time
variations do not adversely affect model computations. For this reason, large basins are usually
divided into smaller subbasins.

Conversion of rainfall-runoff to the volume rate of water (discharge) that flows into a stream is
commonly done using "unit hydrograph" theory. A unit hydrograph specifies at a particular
location the typical time variation of the discharge resulting from 1 inch of runoff averaged over
a drainage basin. It assumes that the basin characteristics are homogeneous and that runoff is
uniformly distributed over time.

Unit hydrographs may be developed on the basis of observations. Because of limited availability
of data and the need to match storm durations with river forecast model time-steps, a different
unit hydrograph is needed for each storm duration. The most common unit hydrographs
developed and used by the NWS are for 6-hour durations. Figure 4-3 shows an example of a
unit hydrograph. RFCs generally develop a unit hydrograph for each basin (and subbasins, if
any) in their areas.

Unit hydrograph theory assumes that the discharges generated by runoff amounts other than
1 inch can be produced by using the ratio of computed runoff to the 1-inch storm. As shown
in Figure 4-3, a total storm hydrograph results from adding the properly scaled unit hydrograph
volumes to base flow. Base flow results from rainfall that infiltrates deeply into the soil and
moves laterally within the ground to the stream channel. Because of the retarding effects of flow
through the ground, base flow varies slowly and continues long after the rainfall has stopped.
As shown in Figure 4-3, during heavy rainfall events, base flow is only a small percentage of
the total flow. However, during dry periods, groundwater-driven base flow sustains river levels.

While surface characteristics of a basin, such as soil types (affects infiltration rates), slopes
(controls speed of surface runoff), depressions, etc., generally do not vary from storm to storm,
soil moisture does. Because soil moisture measurements are not normally available, runoff is
adjusted based on estimates or model calculations of soil moisture.

For storms lasting longer than the duration of the standard unit hydrograph (normally 6 hours),
successive calculations as described above are made. Each 6-hour interval uses precipitation
from previous intervals to adjust soil moisture. The total discharge from a long-duration storm
is the summation of hydrographs resulting from the application of the unit hydrograph theory
to a series of 6-hour segments that span the total storm duration.
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Figure 4-3. An example of a unit hydrograph, a base flow hydrograph, and
the resulting storm hydrograph.

4.3.1.2 RATING CURVES AND TABLES

While hydrologic modeling is based on flow volumes, most public forecasts are made for river
levels or stages. The relation between river stage and flow volume is called a rating curve or
a stage-discharge relation. These stage-discharge relations are critical to forecasting the river
stages at gaged locations along rivers.

Rating curves are influenced by inertial effects creating unsteady flow (e.g., backwater, water
flowing overbank into or out of the main channel, etc.) and by roughness effects (e.g., seasonal
changes in vegetative growth, bedform changes, scouring, and sedimentation). When inertial
effects become dominant, the relation between stage and discharge can be quite variable. Water
within the channel’s banks flows faster than overbank flow due to roughness differences.

Roughness effects generally cause rating curves to shift. For example, a given stage will have
a larger discharge in early spring when vegetative growth in the channel is minimal than in the
summer when heavy growth retards discharge. Also, discharges in rivers heavily laden with
sediment, that are continuously scouring and filling, generally produce lower stages during
scour.
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Figure 4-4. Examples of rating curves: (a) observation points and smooth line representing
best estimate of rating curve and (b) loop rating curve.
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Stage-discharge relations are usually developed from a series of field measurements. To
measure streamflow, water velocities are measured at a number of locations along a line
transversing the river width (cross-section) in the stream using a current meter. The
discharge is computed by multiplying segments of the cross-sectional area of the stream
channel by the segment average water velocity. A series of measurements are made at many
different stages. The measurements are plotted and a smooth line, drawn through the
observations, is considered the best estimate of the rating curve. When this information is
presented in tabular form, it is called a "rating table.” An example of a rating curve, drawn
through a typical series of observations, is shown in Figure 4-4(a).

The official rating curve at a gaged location is a single-valued curve which implies a one-to-
one relation between stage and discharge. Unfortunately, the discharge associated with a
given stage may differ depending on whether the river is rising or falling. For a given stage,
the discharge will generally be greater for the rising stage (when the water surface slope is
greater than the channel slope) than for the falling stage (when the reverse is true). This
effect is particularly pronounced on very mild sloping rivers. Under these conditions,
modest changes in stage or current can lead to dramatic differences in discharge. This gives
rise to a "looped" rating curve as shown in Figure 4-4(b). The middle curve is intended to
represent the single-valued "official" rating curve, while the upper and lower lines show the
actual discharge as the river rises and falls. Another reason for lower discharge as the river
falls is that the flood crest fills the channel and impedes the flow associated with the falling
stages. ‘

The U.S. Geological Survey (USGS) has responsibility for measuring streamflow throughout
the United States. The USGS makes discharge measurements and develops most official
rating curves used by the NWS. When significant rises occur, the USGS often makes
additional discharge measurements and provides this information to the NWS, the COE, and
other cooperators. These measurements are used to update rating curves.

4.3.1.3 RIVER ROUTING

As a flood wave travels down a stream that has no intervening tributary flow, the peak flow
may be delayed and attenuated. Figure 4-5 schematically shows these effects at three
locations along the stream (Location 1 is upstream, Location 3 is downstream). Note that,
in this idealized case, the total volume in each hydrograph is constant; as the peak falls, the
hydrograph broadens.

While computer models have been developed to simulate the volume and momentum of water
as it moves down a stream, the significant amount of information needed to implement such
models currently limits their operational use in most cases. Instead, empirical information
is used to develop procedures that describe flow from one point along a stream to another.
This process is referred to as "storage routing" and relates inflow, outflow, and storage by
a "storage function." The determination of the routing constants used in the storage function
is based on observations from a range of flow conditions.
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Figure 4-5. Schematic showing reduction in flood crest as flood wave moves
downstream.

4.3.1.4 RESERVOIR OPERATIONS

When dams and reservoirs exist along a stream, the forecast procedures cannot be applied as
described above. Typically, forecasts are made at inflow points for major reservoirs. This
information can be used to manage flow through the reservoir. To forecast at points
downstream, reservoir releases must be known. The needed information exchange occurs
between the NWS and operators of many major reservoirs.

4.4 CURRENT FORECAST METHODOLOGY AT THE NORTH CENTRAL
AND MISSOURI BASIN RIVER FORECAST CENTERS

The NCRFC uses the NWSRFS as its operational forecast system. The MBRFC uses the
NWSREFS for data analysis and runoff calculations and uses a locally developed forecast system
for channel routing, reservoir control, and stage-discharge relations. For runoff, both RFCs use
an API model to compute storm runoff using precipitation amounts, an index to antecedent
moisture conditions, time of the year, and rainfall duration (API-MKC, see Table 4-3). Mean
areal precipitation is computed and runoff calculated on a 6-hourly basis. The storm runoff is
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converted to discharge using a unit hydrograph. Baseflow amounts are added to the storm runoff
hydrograph to get total discharge.

Although the RFCs use different river modeling systems, both rely primarily on the same
procedures to route the discharges and obtain river stages. Both RFCs rely on the Tatum routing
procedure that is based on storage-routing methodology. River stage is obtained by using the
routed discharge and a stage-discharge relation (rating curve), which is generated using observed
data. While NCRFC uses a log-log interpolation/extrapolation procedure to manipulate the
rating curve (STAGE-Q, Table 4-3), MBRFC uses a linear technique to handle rating curve
extensions. Reservoir operations are handled by NCRFC using a procedure that has several
schemes and utilities to simulate reservoir conditions (RES-SNGL, Table 4-3). MBRFC uses
a technique developed by Goodrich for reservoir operations.

Both RFCs can make various types of adjustments to simulated variables. Runoff volume errors
are typically accounted for by changing the volume computed by the runoff model before the
unit hydrograph computations. Discrepancies between observed and simulated discharge
hydrographs may be handled by blending the two hydrographs together. Rating curves are
constantly being adjusted during flood to accommodate the changing hydraulic conditions in the
river. Currently, these adjustments are accomplished manually.

4.5 WEATHER SERVICE OFFICES WITH HYDROLOGIC
RESPONSIBILITIES

While hydrologic guidance is provided by the RFCs, hydrologic forecasts based on this
information are issued to the public by selected NWS offices (generally WSFOs) having
hydrologic service area (HSA) responsibilities. See Figure 4-6 for HSA areas of responsibility.

HSA offices currently have very limited forecasting tools. Most RFCs provide their HSA
offices with headwater tables. These tables provide estimates of the flood peak for any specified
amount of precipitation and an index that characterizes soil moisture conditions. These tables
can be used on selected basins to generate preliminary forecast crests on fast-responding streams
before the RFC hydrologic forecast is provided to the HSA offices. Although some HSA offices
have simple crest-stage forecast techniques, there are no sophisticated hydrologic procedures for
routing flow or for handling complex systems.

HSA offices provide the RFCs with information used in the river forecast system. This includes
observations of precipitation and river levels. HSA offices also provide other key hydrologic
information including gage locations, historical flood (and low-water) records, impacts of floods
at various levels, etc. Much of this information comes from other agencies and is summarized
on a standard NWS form E-19. The HSA office is responsible for keeping the E-19s current.
Much of the E-19 information must be updated as a result of the altered conditions produced by
The Great Flood of 1993.
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Figure 4-6. Locations of, and areas served by, the NWS offices with Hydrologic Service
Area responsibilities.
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4.6 FORECASTING CHALLENGES DURING THE GREAT FLOOD OF 1993

The Great Flood of 1993 presented many challenges to NWS river forecasters. The following
sections highlight limitations in the current data and procedures used by the NWS.

4.6.1 DATA INPUT

Precipitation is one of the most important input quantities to any hydrologic forecast system.
To date, precipitation observations are obtained from point sources or rain gages. The area of
a representative runoff zone (i.e., subbasin) forecast by NCRFC and MBRFC is 300-500 square
miles. Typically, an average of 3-5 rain gages are used to represent the amount of precipitation
over that area. Because of the comparatively few rain gages, heavy precipitation areas can be
missed (especially in convective thunderstorm patterns that occurred during The Great Flood
of 1993).

Another important consideration is the lag between times when precipitation occurs and when
it is available to the forecast system. Forecast preparation at the NCRFC and MBRFC is closely
tied to precipitation measurements made by the cooperative network at 12:00 UTC every
morning (7 a.m. CDT). These measurements represent a 24-hour period between 12:00 UTC
the previous day and 12:00 UTC for the current morning. It is at this time when forecast
models have the maximum amount of precipitation data available. Forecast models can be
executed at other times during the 24-hour period, usually on synoptic 6-hour periods; but
precipitation observations for these periods are far fewer. Taking observations in the
cooperative network is a manual process, requiring a person to take and transmit an observation.
Remote Observation System Automation (ROSA--see Section 5.2.1) has helped in transmitting
these data and in reducing manual intervention but not in improving the frequency at which
observations are taken. Observations made more than once a day (12:00 UTC) currently are
very limited over much of the area affected by The Great Flood of 1993. This hinders the
forecasters’ ability to use the forecast system to prepare updated forecasts.

The NCRFC and MBRFC can also receive precipitation data from automated data collection
platform (DCP) sites (see Section 5.2.2.1). These automated sites are equipped with "tipping
bucket" rain gages and transmit precipitation data often accompanied by river stage data. Both
RFCs indicated that rainfall data received from tipping buckets were suspect and difficult to use.

River stage observations are also very important input to the forecast system. Many river stage

locations are now automated (e.g., DCPs) and provide more timely data. Some DCPs, however,
are still not programmed to transmit randomly, or on significant events (see Section 5.2.2.1).
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4.6.2 RATING CURVES

Changes in the river bed caused by sedimentation and scouring, backwater conditions’> along
tributaries, and locally stored water in inactive floodplain areas may result in the continuous shifting
of the rating curves.

Rating curves play an important part in the forecast methodology used by NCRFC and MBRFC.
The NWS river forecast system routes volumes of water to locations downstream. These discharges
are converted to river stages using rating curves. RFC forecasters can also use stage measurements
to estimate discharge as an aid in evaluating volumes predicted by the models. The official rating
curve at a gaged location (based on USGS measurements) is a single-valued function that describes
a one-to-one relationship between stages and discharges. Unfortunately, in many cases, the
relationship between stages and discharges is not one-to-one. Generally, the relationship on very
mild sloping rivers shows a looping effect where, for a given flow, the stage on the rising limb of
the hydrograph may be different from the stage on the recession side (see Figure 4-4(b)).

Any extension of a rating beyond measured flow values can result in inaccurate stage-discharge
relationships. The NCRFC and MBRFC use log-log and linear extrapolations, respectively, to
extend rating curves. Neither of these techniques take into account the channel conditions (e.g,
cross-sectional geometry, roughness, etc.) and, if used without adjustment, would probably
overestimate the stage. A more appropriate way to extend the rating curves would be to apply a
hydraulic extension procedure. Both a hydraulic extension and a loop rating option are being
developed for the procedure that relates stage to discharge (STAGE-Q) in NWSREFS.

During The Great Flood of 1993, rating curves underwent continuous, manual adjustments that were
primarily based on special or emergency stage-discharge measurements and the hydrologists’
experience and intuition. At times the hydrologists felt as though they were forecasting rating curves
instead of stages.

2 Backwater effects result from a downstream build up that prevents normal flow of water. A common
situation leading to the backwater phenomena occurs when a main stem stream experiences high stages. In the
vicinity of tributaries that flow into the main channel, the water level in the main channel can be higher than stages
of the tributaries. This results in flow out of the main channel into the tributaries. The flow is in the opposite
direction to normal flow on the tributaries, resulting in a backwater effect.
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4.6.3 FLOOD ROUTING

The Great Flood of 1993 encompassed many hydraulic conditions that made the operational
routing procedure inadequate. Backwater effects were a serious problem throughout the flooded
area. These effects were due to a multitude of reasons including channel constrictions (e.g.,
since the levees held around the city of St. Louis along the Mississippi River, the water
converged there and caused backwater effects upstream); inflows from large tributaries (e.g.,
the confluence of the Missouri and Mississippi Rivers); and off-channel storage of water trapped
behind levees. Levee overtopping and failures (discussed in Section 4.6.5) made it very difficult
to account for the volume of water (discharge) in the system. Sedimentation (which causes
changes in the channel geometry) in the Missouri River also made forecasting of river stages
difficult. Storage routing models are not able to handle situations where flows were subject to
such complex hydraulic conditions.

4.6.4 RESERVOIR EFFECTS

Numerous, multipurpose reservoirs maintained by the COE and several Bureau of Reclamation
reservoirs were highly effective in reducing stages during The Great Flood of 1993. The
magnitude of the reductions depended on many factors including location of storms and
reservoirs, available reservoir storage, type of reservoir, and intervening local area between
damage center and reservoir. Although the actual stage reductions have not been finalized, the
volume of water stored in many midwestern reservoirs during The Great Flood of 1993 set
records.

Flood control operations at projects in the Missouri and Mississippi River basins helped regulate
the contributions by those basins to the Mississippi River at St. Louis and downstream.
Missouri River main stem and tributary projects also significantly reduced stages along.the
Missouri River itself. Other projects closer to damage centers provided reductions at key levees
and other critical locations. With approved deviations from standard operating procedures, many
projects were regulated to further reduce downstream stages.
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Detailed analyses of the effectiveness of these flood control operations is beyond the scope of
this survey report and generally falls to the agency directly responsible for facility operations.
For example, the COE plans to publish a post-flood report in approximately 4-6 months detailing
project operations, downstream stage reductions, and resulting benefits of COE projects. The
effectiveness of the NWS forecast and warning service and the associated coordination between
the NWS and water control facility operators is, however, an important part of this survey.

The COE uses NWS river forecasts to plan the regulation of their reservoirs. In some instances,
contingency forecasts were made by the NWS for the COE based on quantitative precipitation
forecasts (QPF) (see Sections 5.2.4.2 and Appendix B). At present, NWS forecasts at both the
NCRFC and MBRFC do not normally use QPF directly to account for future rainfall. Upon
request from the COE, forecasts were run at the MBRFC with bands of 1 or 2 inches of
potential rainfall so that the COE could look at alternative reservoir operations.

4.6.5 LEVEE EFFECTS

The Great Flood of 1993 was influenced (and to some extent, caused) by more than 1,500 levees
throughout the Mississippi and Missouri River basins. While the effects of specific levees and
their failures during the flood can be argued, general effects can be briefly discussed.

As water leaves the channel and flows into the overbank (floodplain) areas on the rising limb
of the hydrograph, levees prohibit floodplain storage. This concentrates greater volume in the
higher velocity channel segment and produces a higher peak discharge downstream since the
flow cannot be stored in the overbank area protected by the levees. At the same time, however,
levees restrict the amount of flow passing a point on the river, thus tending to increase the
velocity and deepen the channel.

Again, depending on location and configuration, a levee breach could occur and make significant
storage suddenly available. The breached levee could "regulate” flow by rapidly removing water
from the channel and reducing downstream discharges. The magnitude of this effect obviously
depends on many factors. Some of these include the levee elevations and breach widths, the
height of the water level (head) over the breach, and the storage volume available behind the
levee.

All of these effects occurred, to some degree, along the lower Missouri and upper Mississippi
Rivers during this record event. Other effects occurred, including multiple breaches of levees,
that dramatically decreased the flow in the river by forming high-flow relief channels in the
floodplain behind the levees. This significantly reduced both upstream and downstream flood
heights.
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When levee breaches occurred, RFC forecasters generally assumed that water flowing into areas
behind the levees would only temporarily reduce the discharge on the rising limb of the flood
hydrograph. As the area behind the levees filled, the effect of the breaches on river stages
decreased. This was followed by water returning to the channel once the flood peak had passed.

To better define the specific effects of levees and their breaches during this flood, it is necessary
to use dynamic routing models that account for unsteady flow effects, levee breaching, flow
conveyance on the floodplains behind breached levees, and floodplain storage. Such models use
the continuity and momentum equations and account for both the conveying (carrying) capacity
and the available storage of the floodplain (see Section 4.7.2). Two major, undefinable factors
during this flood were: (1) the location and size of levee breaches, particularly before the failure
occurred, and (2) the ability to quantify the available storage behind the levees and the amount
of return flow over time.

4.6.6 USER INTERACTION WITH FORECAST SYSTEM

Currently, river forecasts are typically made on a mainframe computer at the NOAA Central
Computer Facility (NCCF) in Suitland, Maryland. Input information is prepared at each RFC
and submitted via phone lines for batch processing at the NCCF. Once the batch job is
executed, model output is returned via phone lines to the RFCs.

4-19



ST LOUIS MO - MISSISSIPPI R NOV 1993 CST EADM7 ¥kk ENGLISH UNITS ***

0 = EADM7 QIN (CFS ) F = FLOOD STAGE NWS-I1D = EADM7

* = EADM7 QINE (CFS ) U = RATING UPPER LIMIT DATUM = 379.94

+ = EADM7 SQIN (CFS ) M = MAX OF RECORD

A = ALNRTD  SQIN (CFS )

M = MOCONRTD SQIN (CFS )

FLOOD STAGE = 30.0 FLOOD FLOW = 497599.9 MAX OF RECORD STAGE = 43.2

WARNING STAGE = -999.0 BANKFULL STAGE = -9999.9 FLOW =1300000.0

PLOT STAGE = 30.0 FCST CRITERIA = DAMA SOoP DATE = 4-28-1973
COMMENTS: RATING INPUT ON 7-25-93... PN

STAGE-7.0 2.7 12.7 19.5 25.0 30.1

DA HR SSTG EADM7G EADM7.000 100000.0 200000.0, 300000.0 400000.0 500000.0 ADJQ(*) SIMQ(+) RO ROQ
BF( 868.)
11 18 13.9 13.67 0.00 1 MIA Al 1 1 FI 215367. 209377. 0.00 0. 1.
12 6 13.8 13.39 13.85 1 MIA +0 1 1 F1 215353. 207691. 0.00 0. 1.
12 18 13.8 13.78 0.00 I MIA I* I 1 FI 214239. 210671. 0.00 0. 1.
13 6 13.7 13.72 13.72 1 MIA 10 1 1 FI 213660. 214306. 0.00 0. 1.
1318 13.9 13.83 0.00 1 MA | & 1 1 F1 216012. 215126. 0.00 0. 1.
14 6 15.4 15.16 15.44 | MA 1 o0 1 1 FI 235860. 233236. 0.30 2850. 1.
14 18 18.7 18.59 18.75 I 1A 1 +01 I F1 288255. 263003. 0.28 5960. 1.
15 6 20.8 20.81 20.85 1 1 AM 1 +10 1 F1 324134. 287640. 0.00 5330. 1.
15 18 22.8 22.84 22.84 1 I AM 1 + 0 1 F1 359921. 304312. 0.00 4500. 1.
16 6 23.2 23.27 23.25 1 I AN 1 I+ 0 1 F1 367353. 318102. 0.00 4190. 1.
16 18 22.8 22.62 0.00 I I A M1 1+ * 1 FI 358633. 324443. 0.01 3415. 1.
17 6 22.4 22.38 22.39 1 1 A M1 I +0 1 F1 351786. 333151. 0.10 3510. 1.
17 18  23.8 23.39 0.00 I I A M I + * 1 FI 376510. 346430. 0.01 2850. 1.
18 6 25.3 25.35 25.35 1----- I---A----- IM--=----- 1----- +---0------ FI 405780. 363044. 0.00 1800. 1.
18 18 26.3 0.00 0.001 1 A 1M I +1* F1 424007. 381804. 0.00 1220. 1.
19 6 27.0 0.00 0.001 I A I M 1 +1 * FI 437214. 395546. 0.00 780. 1.
19 18 27.1 0.00 0.00 1 1 A I M 1 +1 * FI 437955. 396821. 0.00 600. 1.
20 6 26.2 0.00 0.00T1 I A I M 1 + 1 ¥ FI 422093. 381493. 0.00 420. 1.
2018 24.7 0.00 0.001 -1 A IM I + %] F1 394645. 354579. 0.00 245. 1.
21 6 23.0 0.00 0.001 IA MI 1+ * 1 FI 363597. 324065. 0.00 120. 1.
2118 21.5 0.00 0.001 1A M 4] ¥ 1 F1 335538. 296541. 0.00 10. 1.
2 6 20.2 0.00 0.001 IA M 1 + I* I FI 311878. 273415. 0.00 0. 1.
2218 19.0 0.00 0.001 IAM 1 + ¥ 1 F1 292420. 254491. 0.00 0. 1.
23 6 18.1 0.00 0.001I 1AM 1+ * 1 I F1 276974. 239580. 0.00 0. 1.
23 18 17.4 0.00 0.00 1 1A I+ * 1 1 F1 265668. 228808. 0.00 0. 1.
26 6 16.9 0.00 0.001 MA I+ ¥ I 1 FI 257872. 221546. 0.00 0. 1.
24 18 16.6 0.00 0.00 ! MA I+ * 1 1 F1 252457. 216665. 0.00 0. 1.
25 6 16.4 0.00 0.001 MIA I+ * 1 1 FI 248801. 213543. 0.00 0. 1.
25 18 16.2 0.00 0.001 MIA I+ * 1 1 F1 246384. 211661. 0.00 0. 1.
26 6 16.1 0.00 0.001 MIA 1+ * 1 I FI 244636. 210447. 0.00 0. 1.

Figure 4-7. Example of current NWSRFS batch output available at RFCs.

A forecaster must examine forecast output on large amounts of printer paper or, in the case in
the NCRFC, on a monitor (CRT). An example of the type of output provided for a single
location is shown in Figure 4-7. This output format typically does not show enough detail or
other information that would be useful to the forecaster. The forecaster may have to flip line-
printer output (or CRT screen images) "back-and-forth" to examine upstream basins that may
affect the downstream forecasts.

If the forecaster determines that data-input or model variables need to be altered, it can be a

cumbersome and time-consuming process to resubmit the job to the NCCF, wait for the results,
and work through a second pile of line-printer output. Additionally, the current mainframe,
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batch-oriented technology supported by the NCCF and used to make operational hydrologic
forecasts at the MBRFC and the NCRFC does not facilitate real-time interaction between
forecasters. The ability of forecasters to review visually the graphic, hydrometeorologic data
sets between RFCs would have dramatically facilitated inter-RFC communications.

4.7 MODERNIZED RFC/WSFO HYDROLOGIC FORECAST METHODOLOGY

The forecast methodology in the modernized NWS at both the RFCs and WSFOs will change
dramatically (see Chapter 2). Changes will occur in all functions of the River Forecast System
shown in Figure 2-1.

4.7.1 INPUT

One of the most significant changes will be in the way precipitation observations are processed
and used in the forecast system. Point precipitation observations will be merged and processed
with precipitation estimates from multiple Weather Surveillance Radar 88 Doppler (WSR-88D)
radars and information received from satellite observations. The result will be frequently
updated, multisensor, high-resolution precipitation estimates. It is anticipated that RFCs will
have these high resolution data sets for their entire areas of responsibility. The availability and
use of these data sets will change the way hydrologists interact with and use hydrologic forecast
models. Many of the problems associated with having only "point-source" precipitation data will
be reduced or eliminated. Forecasters will change their "mind-set” from executing forecast
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systems based on 12:00 UTC, or at 6-hourly intervals, to running interactively the model in near
real-time as estimates of precipitation fields change hourly or even more frequently. RFCs will
also have access to gridded QPF estimates for use in their forecast systems.

4.7.2 MODELING

After modernization and associated restructuring (MAR) of the NWS is complete, RFC
Advanced Weather Interactive Processing Systems (AWIPS) will have sufficient computing
power to run NWSREFS locally. RFCs will be able to run NWSRFS with time steps smaller than
the 6-hour intervals currently used. This will allow effective integration of WSR-88D rainfall
estimates. With MAR, NWSRFS will run in an interactive mode, allowing RFC hydrologists
to easily change input to the hydrologic models and make river and flood forecasts in a more
timely manner.

High-resolution precipitation data will allow the hydrologist to reexamine how models are
implemented. Rainfall/runoff models and runoff distribution models (e.g., unit hydrographs)
will eventually change from "lumped parameter” models to distributed parameter models based
on gridded data. This will be a gradual evolution, nevertheless feasible due to the eventual
availability of gridded precipitation estimates.

A major challenge along the way to implementing distributed, physically based
hydrologic/hydraulic models that take maximum advantage of the new observation systems (e.g.,
WSR-88D radars) is the massive amount of time and effort needed to assemble the information
required to calibrate these models. The complex spatial variations across the soil surface and
within the soil zone are integral to the solution of the hydrologic modeling problem. It is
imperative that resources be found to accomplish the transition from statistical/empirical
modeling to modeling the relevant physical processes. Otherwise, the quantum leap in
observation systems, communications links, and computer power provided by MAR will never
be fully realized by the NWS hydrology program.

The Dynamic Wave OPERational (DWOPER) model is a physically based, distributed,
hydraulic routing model that simulates flow along a river using equations describing mass
continuity and momentum of the water for unsteady flow. It allows the flow rate, velocity, and
water level to be computed as functions of time and distance along the river, rather than time
alone as in the hydrologic method. Calibration® of the model requires a large amount of

3 Almost all models, whether empirical or physically based, are not able to account fully for all aspects of the
phenomena being modeled. This comes about either because we do not completely understand all the relevant physical
processes or, if known, adequate mathematical representation cannot be found. In addition, the mathematical represen-
tation of the processes may be so complex that current computational capabilities may not be adequate to make the needed
calculations. Finally, data needed to adequately define the starting conditions to be modeled are often not available.
Because of these problems, most models can only approximate the phenomena being modeled. The process of applying
a model to real data and adjusting the difference between the prediction and actual observations by modifying model
parameters is called calibration. Depending on the sophistication of the model, calibration can be a difficult process.
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historical data, including stages, discharges, and cross-sectional geometry. Roughness
coefficients are obtained in the calibration process. Additional capabilities that are unique to the
dynamic wave method include: routing flows through hydraulic structures, such as bridges and
dams (including breaches); routing water over floodplains, levee overtopping, and failure
(including storage or flow of water behind levees); backwater effects due to channel
constrictions, dams, bridges, tributary inflow, mildly sloping river beds, and tides; off-channel
storage of water due to ponding; and flow diversions. Implementation of the DWOPER model
on portions of the river systems affected by The Great Flood of 1993 would enhance NWS
forecasting capabilities.

Since the DWOPER model in NWSRFS computes water levels and discharges simultaneously
at every location along the rivers in the system for each time step, the rating curves generated
include all of the hydraulic effects that are incorporated in the model. Although DWOPER is
capable of simulating rating curves beyond the period of record and at ungaged locations, the
forecaster must exercise judgment when using the results.

The DWOPER model has levee capabilities; however, it is not currently designed to forecast
levee failures in real-time or on rivers with levee systems as extensive as those on the
Mississippi and Missouri Rivers. The levee option in DWOPER is being enhanced to improve
its forecast capabilities. These enhancements include storage routing in the floodplain once a
levee has been overtopped or failed and adding run-time modifications to allow the breaching
characteristics to be changed in real-time.

The accurate calibration of the NWSRFS hydrologic/hydraulic models, including DWOPER, is
critical to their effective use in hydrologic forecasting. Many of the procedures use spatial data
sets for calibration and implementation. The advanced techniques and procedures provided by
Geographic Information Systems (GIS) make available valuable tools that can be used in the
hydrologic model calibration and implementation process.
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Figure 4-8. Example of modernized forecast system output that will become available at
RFCs in the fiture.
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4.7.3 HUMAN INTERACTION WITH THE FORECAST SYSTEM

The way a forecaster interacts with the forecast system will also be changed dramatically with
MAR. Forecasters will be able to interact easily and quickly with the forecast system. The
forecast system will run on local workstations using a local database management system to
handle observations and parametric data. Forecasters will interact with the system using
interactive "point-and-click" technology in a windowed environment. If changes are needed in
data input or adjustments needed to model variables, they can be made easily with an on-line,
interactive forecast system. During rapidly changing hydrometeorological events (e.g., heavy
precipitation events, dam breaks, or levee failures), forecasters will be able to interact quickly
with the forecast system and to produce updated forecasts. Output will be graphical and provide
much greater detail and more information than is currently available, as shown in Figure 4-8
(compare with Figure 4-7). A pictorial view of modernized RFC hydrometeorological
operations is shown in Figure 2-6.

Another major change will occur at the Weather Forecast Office (WFQO). These offices will
have on-site, local processing enabling them to produce and update forecasts for most headwaters
in their areas. Hydrologists and meteorologists at the WFO will be able to interact with the
local hydrologic models using point-and-click technology. They will be able easily to view and
to use the latest forecasts received from the RFCs and to disseminate these forecasts to their
users.

In summary, the hydrologic forecast methodology will change in many ways in the modernized
RFC and WFO. High-resolution precipitation data, the use of QPF, the change to distributed
hydrologic/hydraulic models, and the use of an interactive forecast system will greatly improve
the way that hydrologic forecasts are made. Forecasters will have much more spatial
information, e.g., inundated floodplain areas along rivers, rather than a single water elevation
that currently represents the flooding situation along many miles of the river. In addition, the
forecaster will be able to convey far more information to the end-user. Forecasts with explicit
probabilities, or confidence bands, will convey to the end-user the confidence, or level of
certainty, that the forecaster has in any specific forecast. In this way, the modernized
hydrologic forecast methodology will provide not only the forecaster with a mechanism to impart
more hydrologic forecast information to the end-user but also will provide more information to
the end-user to construct a risk analysis for alternative hydrologic scenarios.
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CHAPTER 5

DATA ACQUISITION, TELECOMMUNICATIONS, FACILITIES,
AND COMPUTER SYSTEMS

5.1 INTRODUCTION

This chapter describes the data acquisition systems used by the National Weather Service (NWS)
and their performance throughout the flooded area. It also outlines the status of the facilities,
telecommunications networks, and computer systems used by NWS offices.

Maintaining reliable precipitatio