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Introduction
In February 1986, a series of storms struck central and northern California. Some
recording stations received 35-40 inches of rain in a 10-day period. (Hydrosphere,
1997) Flood control systems, particularly along the American River, were stretched to
their limits. Unprotected areas in the region experienced severe flood damage.
A little more than ten years later, during the last few days of December 1996 and the
first few days of January 1997, a similar series of intense storms pummeled central and
northern California. These unusually warm and moist weather systems dumped more
than 40 inches of rain in some areas in eight days. (California Department of Water
Resources, 1997) The resulting snowmelt and runoff caused devastating floods in
many Sierra-Nevada drainages. High flows overwhelmed levees throughout the
Sacramento and San Joaquin basin drainages in California's Central Valley.

During the intervening decade, flood-warning technologies changed significantly. For
example, the National Weather Service modernization program, highlighted by the
WSR-88D radar system, was implemented, automated gauge networks expanded, and
quantitative precipitation forecasts improved significantly. This paper compares and
contrasts the technological landscape for flood forecasting during the 1986 event in
California with the tools available to forecasters in 1997.

1986 Flood Forecast Technologies
The National Weather Service California-Nevada River Forecast Center (CNRFC)
developed many innovative computer automated and interactive techniques for flood
forecasting during the 1980's. However, flood forecasting during the February 1986
event was a mix of automated and manual procedures. Data collection and assimilation were mostly automated. Channel routings, reservoir inflow forecasting, and final
forecast reconciliation were largely manual processes.
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Data Collection and Storage
The primary data systems used in flood forecasting were the California Department of
Water Resources (DWR) microwave radio telemetry network, the US Bureau of
Reclamation (USBR) ALERT rain gauge network, and the NWS Service A and C first
order station data.
Microwave Network: The microwave network, operated by DWR, consisted
of a network of river and rain gauges covering major drainages of northern and central
California. The network was a mix of VHF and microwave radios communicating
through a network of mountaintop repeaters. Monitoring sites were automatically
interrogated hourly by DWR and the data were passed along to the CNRFC.

The USBR Central Valley Operations ALERT NetALERT Network:
work consisted of event-type VHF radio reporting rain gauges above Shasta, Folsom,
New Melones, and Friant Dams. There were also a number of rain gauges on the first
reach of the Upper Sacramento River below Shasta Dam. Higher elevation monitoring
stations had temperature sensors and snow pillows. The data were transmitted via oneway VHF radio to microcomputers connected to the RFC mini-computers.
NWS Service A and C:These data consisted of six-hourly precipitation
measured primarily at airport locations. These data were obtained from AFOS (Automated Field Operations and Services) mini-computers at the co-located Sacramento
National Weather Service Office (WSO) and transcribed to data forms manually. RFC
personnel keyed the data into the RFC computers. Service A and C data were transferred to RFC computers every six hours during high water periods. RFC hydrologists
also manually computed snowmelt levels from upper air soundings every 12 hours and
entered the data into RFC computers by hand.

Hardware and Software
The hardware used in flood forecasting consisted of serially connected Data General
S140/S200 minicomputers, CRT consoles, card reader, cardpunch, and high speed line
printer. The computers were also serially linked to the AFOS computer and the DWR
computer for transfer of data and forecasts. ALERT data from the Radio Shack
microcomputers was serially linked to the minicomputers. The hydrologists' forecast
console was innovative for the time and cqnsisted of three alphanumeric display
terminals. Terminal 1 displayed alphanumeric forecast plots. Terminal 2 provided
interaction with the hydrologic forecast program. Terminal 3 provided tabular displays
from the RFC database.

Hydrologic Models
The hydrologic model used for all rivers except the Russian and Napa Rivers was an
Antecedent-Index-type model. (Sittner et. al, 1969) The Sacramento Model (Burnash et.
al., 1973) was used for the Russian and Napa Rivers. A snow model using melt coefficients and computed melt levels provided for melt and accumulation in elevation bands.
Antecedent indices were calculated manually and entered into the forecast computer.

Forecast Process
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The forecast process consisted of data checking, headwater and local model runs and
adjustments, routing for main stem rivers, forecast preparation, and forecast dissemination. Forecasts were prepared using observed data with two or three 6-hour periods
of forecast precipitation and temperatures. River forecasts were sent to the AFOS
computer network that disseminated the information to the California Office of
Emergency Services. Forecast bulletins were also sent to the DWR computer for
dissemination to other state offices. Despite the heavy use of both micro and minicomputer processing, manual transcription, calculation, tabulation, and plotting
consumed significant amounts of staff time and energy.
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1997 Flood Forecast Technologies
Many significant changes were made to the National Weather Service's operational
program in the years between the 1986 and 1997 floods in California and western
Nevada. Notable improvements were made to data collection, processing, and observing systems, watershed modeling capabilities, interagency coordination and collaboration, weather forecasting, and dissemination to emergency services agencies and the
general public.
The enabling mechanism for most of the internal improvements was the NWS Modernization and Associated Restructuring (MAR). This program, which began in the
early 1990's, includes major technological advancements and strategically redeploys
NWS field offices to improve service. The MAR also provided for the reorganization
of several NWS Centers into the National Centers for Environmental Prediction
(NCEP).

Hydrometeorological Data Collection.
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While the vast majority of operational hydrologic data were telemetered to the CNRFC
in 1986, the volume and reliability of the system experienced significant growth. The
most significant factor has been the increased use and deployment of satellite based
telemetry. Following key telemetry outages during a significant 1995 flood episode,
DWR refitted mJy of its microwave telemetered sites with satellite transmitters.
Additionally, the USGS added many satellite transmitters to its stream gauging stations
that were previously untelemetered or available only by telephone interrogation. The
migration to this highly dependable method of data collection was catalyzed by
affordable Domestic Satellite (DOMSAT) receive stations. DOMSAT receive stations
can be established for a fraction of the cost associated with full multi-channel satellite
downlinks. As an added benefit, the deployment of satellite-based transmitters allows
real-time collection by anyone with a receive station which improves dissemination
and the sharing of hydrometeorologica1information.

NWS Staffing and Reorganization
The NWS MAR provided for improved staffing for the hydrologic services program in
several ways. First, an operational Hydrometeorological Analysis and Support (HAS)
function was established in the CNRFC. The HAS function is supported by three
professional meteorologists whose job involves the provision of observed and forecast
meteorological input to the river forecasting system. In this capacity the HAS forecasters act as an interface between NWS weather forecasters and RFC hydrologists. HAS
forecasters coordinate precipitation and temperature forecasts prepared at NWS
offices and ensure that within-period observations remain consistent with the current
guidance. The value and contribution of the HAS forecasters during the January 1997
flood event was very significant and served to improve the quality and timeliness of
river forecasts.
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The NWS MAR eliminated the two-tier NWS field office structure and replaced it
with a single layer of equally equipped and staffed Weather Forecast Ofices (WFO).
The transition to this environment is still underway but many of the designed benefits
were available and used during the 1997 floods. Two of the most important staffing
attributes of this system were an increased number of Service Hydrologists and the
advent of the Warning Coordination Meteorologist. These individuals worked together
to ensure that the hydrologic information and forecasts required by NWS customers
were identified, integrated into the operational program, and delivered in a timely and
accurate fashion.
The NWS MAR was also designed to take advantage of improvements in science and
technology. Each new NWS field office is associated with a WSR-88D radar that
continually assesses rainf&l, wind velocity, key atmospheric signatures and other
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conditions associated with severe weather. Much work remains before rainfall estimates from the WSR-88D can be routinely used in operational hydrologic models in
the West. Mountainous terrain, bright band, range effects, and the elevation of several
radar installations make direct application too uncertain. Despite this, the WSR-88D
radar data provided excellent and unique information under the right conditions.
Squall lines in the Sacramento ~alleflanuary1997 were well identified and extremely
valuable in assessing areal precipitation. Knowledge of the "footprint" of heavy
precipitation improved the interpretation of individual rain gauges. In late January
1997 another storm system brought renewed rises and severe local flooding just north
of Sacramento. In this case, the rainfall estimates from the WSR-88D were extremely
accurate and valuable. In nearly all cases, NWS forecasters were able to identify
conditions when the radar estimates could be relied upon and when they should have
been questioned.

Weather Forecasting
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It is fair to say that the science and application of weather forecasting improved during
the years that separated these two flood events. Improvements can be attributed to
three general areas. First, faster and more capable computers enhanced the ability to
model physical processes taking place in the atmosphere. Second, the models have
became more sophisticated and operated on a finer scale that took into account more
subtle features of the land-atmosphere interface. Third, observing systems that provide
the initial model states improved in quality, timeliness, availability, and density of
coverage. Geostationary and polar orbiting satellites provided a continuous feed of
information to both models and forecasters. Many surface observations are now
automated and information is routinely available from ocean buoys, commercial ships,
and aircraft.
The quality and certainty of mid-range weather guidance for the 1997 flood event in
California and western Nevada was unprecedented. As early as December 27"', the
word was out that "something big" was brewing in the Pacific. Quantitative precipitation forecasts in the range of 25 inches were discussed. The details of the series of
storm surges weren't perfect but the early indications allowed emergency services
agencies to elevate operational readiness and notify individuals at risk.
During the height of the flood event the guidance provided by NWS field offices for
use in hydrologic modeling systems were key to the CNRFCYsability to remain ahead
of developing conditions. Quantitative precipitation forecasting remains the most
challenging aspect of the hydrologic services program. Minor shifts in atmospheric
conditions can dramatically effect the spatial and temporal distribution of precipitation. Improvements in atmospheric models and analysis of the gridded model output
assisted weather forecasters in locating areas and periods of heavy rainfall. Assistance
from the National Center for Environmental Prediction (NCEP) in the form of model
support and large-scale analysis was essential.

Watershed Modeling Capabilities
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Significant improvements in the implementation of process simulation modeling have
been made in the years since the February 1986 flood event. A full transition was
made from the simpler antecedent precipitation index model to the more flexible
National Weather Service River Forecast System environment. (NWSRFS) (Fread,
1995) Within NWSRFS, all headwater basins were modeled with a snow accumulation
and ablation model and the Sacramento Soil Moisture Accounting Model (SACSMA). Unit depths of runoff were routed to the watershed outlet using a unit
hydrograph operation. All forecast procedures were calibrated using the latest archive
quality data for the past 25 to 30 years. While the forecast procedures and the environment were both fairly new to operational forecasters, the model performed well and
forecasts based on the mo el guidance were timely and accurate.
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Collaboration and Coordination
In 1995, several of the water resources forecasting agencies relocated into a common
facility known as the Interim Joint Operations Center (IJOC). Operational units
included the NWS California-Nevada River Forecast Center, the NWS Sacramento
Weather Forecast Office, the California DWR Division of Flood Management, the
California State Water Project, and the US Bureau of Reclamation (USBR) Central
Valley Operations Office. This collocation dramatically improved the ability of these
agencies to coordinate actions and share information. During several critical periods,
both State and USBR reservoir operators spent time in the CNRFC operations area to
resolve the latest thoughts on anticipated inflows and local contributions.
Operating agencies were also appraised of expected conditions through the provision
of direct NWSRFS model runs. Each time forecast models were run the expected
reservoir inflow scenarios for the next 3 to 6 days were automatically transmitted to
key operating agencies.
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In addition to adhoc coordination and the coordination at the twice daily formal
weather and river briefings, a major effort, guided by the US Army Corps of Engineers
(COE), coordinated information flow and authorized releases hom reservoirs in the
Sacramento, San Joaquin, Kings, and Kern River systems. Evacuation of flood control
space had to be carefully controlled and balanced in the San Joaquin where the channel capacities are relatively small and many levees were weakened, damaged, or
already broken. Coordination by the COE and the cooperation of the individual
operating agencies successfblly avoided what couid have been a far more disastrous
situation.

Forecast Dissemination
Dissemination to the point of application is a key component of the flood-forecast
process. If the forecast guidance cannot be put to use by those at risk or acting on the
behalf of those at risk, it is useless. Flood forecasts primarily reached customers
through emergency services agencies and the media. Media coverage during the 1997
flood event was essential to the public's awareness of developing conditions. Improved weather information presentation technologies, helicopter coverage, and
remote satellite transmission trucks employed by local media kept the public alert to
the rapidly developing event. On more than one occasion, both local stations and
national networks affiliates dropped regular programming and provided flood information and coverage on a continual basis.
While interagency coordination and cooperation improved significantly between 1986
and 1997, public and private access to weather related information increased even
more dramatically. The Internet, which didn't even exist in 1986, played a powerful
role in disseminating vital information as the 1997 flood event unfolded. All parties
involved including federal, state, and local government agencies, private companies,
radio stations, television stations, newspapers, and the public used the Internet to both
acquire and deliver information.
The Internet provided unprecedented public access to an incredible volume of weather
and river information. During the 1997 flood event, a member of the general public
with Internet access, had more information at his or her fingertips than professional
weather and river forecasters had access to in 1986. Internet access to a vast assortment of data sources included: current real-time and historical data in tables, graphical
plots, and maps, NWS watches, warnings, statements, and updates, radar and satellite
imagery, weather maps, meteorological discussions, flood reports and analysis,
weather cameras, video clips, and still photographs, flood response information, and
flood recovery information.

Summary and Conclusions
The 1997 New Year's flood in California provided ample evidence of the remarkable
shift in the technological landscape of flood forecasts. National Weather Service
modernization, modeling improvements, data network expansion, changes in interagency coordination, and improvements to flood forecast dissemination channels all
contributed to the change.
In addition to its value as a dissemination channel, the powerful presence of the
Internet has even begun to change the traditional role of newspapers in flood forecast
dissemination. Historically, newspapers by their very nature served a flood reporting
fbnction rather than a flood warning function. However, some newspapers now
operate Internet web sites with the ability to continuously update web site content.
This allows newspapers to promptly update stories and post new information minuteby-minute as conditions change.
It's clear that the flood-forecast system has improved since 1986 but the system still
needs work. For example, the application of radar in the mountains needs to be better
understood. Forecast models still need better resolution to capture the details that
impact local precipitation regimes. The quality and reliability of data monitoring
networks needs constant attention and improvement.
In addition, the unprecedented volume of information available to the public needs to
be examined. Information overload is a concern and techniques to sort through the
information to make effective decisions need to be deveioped.
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