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ABSTRACT

Among the many natural disasters that disrupt human and industrial activity in the United States each year, includ-
ing tornadoes, hurricanes, extreme temperatures, and lightning, floods are among the most devastating and rank second
in the loss of life. Indeed, the societal impact of floods has increased during the past few years and shows no sign of
abating. Although the scientific questions associated with flooding and its accurate prediction are many and complex,
an unprecedented opportunity now exists—in light of new observational and computing systems and infrastructures, a
much improved understanding of small-scale meteorological and hydrological processes, and the availability of sophis-
ticated numerical models and data assimilation systems—to attack the flood forecasting problem in a comprehensive
manner that will yield significant new scientific insights and corresponding practical benefits.

The authors present herein a set of recommendations for advancing our understanding of floods viathe creation of
natural laboratories situated in avariety of local meteorological and hydrological settings. Emphasisis given to floods
caused by convection and cold season events, fronts and extratropical cyclones, orographic forcing, and hurricanes and
tropical cyclones following landfall. Although the particular research strategies applied within each laboratory setting
will necessarily vary, al will share the following principa elements: (a) exploitation of those couplings important to
flooding that exist between meteorological and hydrological processes and models; (b) innovative use of operational
radars, research radars, satellites, and rain gauges to provide detailed spatial characterizations of precipitation fieldsand
rates, along with the use of this information in hydrological models and for improving and validating microphysical
algorithmsin meteorological models; (c) comparisons of quantitative precipitation estimation a gorithms from both re-
search (especially multiparameter) and operational radars against gauge data as well as output produced by meso- and
storm-scale models; (d) use of datafrom dense, temporary river gauge networksto trace the fate of rain from its starting
location in small basins to the entire stream and river network; and (€) sensitivity testing in the design and implementa-
tion of separate as well as coupled meteorological and hydrologic models, the latter designed to better represent those
nonlinear feedbacks between the atmosphere and land that are known to play an important role in runoff prediction.

Vital to this effort will be the creation of effective and sustained linkages between the historically separate though
scientifically related disciplines of meteorology and hydrology, aswell astheir observational infrastructuresand research
methodologies.
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1. Introduction

During the past 30 years, floods have—by virtue
of their often rapid onset, occurrence in highly popu-
lated areas, and difficulty of prediction and warning—
claimed on average 139 lives per year in the United
States (NOAA 1994); thisfigureis now approaching
200 (NRC 1996). The property damage during this
same period averaged some $1 billion per year (now
approaching $2 billion), which is nearly twice that
associated with tornadoes and hurricanes (NRC 1996).
Approximately 75% of all presidentially declared
natura disastersinvolve floods (Chapman 1992; Fread
1995; NRC 1996).

Numerous scientific and technological develop-
ments during the past several yearshave positioned the
research community to make significant advances not
only inits understanding and quantitative forecasting
of precipitation, but also in determining the fate of
precipitation upon its entry into the hydrological sys-
tem. They include, but are not limited to, emplacement
of the WSR-88D radar network; use of polarization di-
versity radars to discriminate hydrometeor type and
location, including the devel opment of automated al-
gorithms and the deployment of a dual-polarization
WSR-88D test bed; creation of algorithms for com-
puting precipitation intensity from satellite microwave
reflectance data; devel opment and operational testing
of storm-resolving models that use explicit micro-
physical parameterizations and are initialized with
finescal e radar and other observations; application of
advanced statistical downscaling techniquesto disag-
gregate radar-observed and modeled mesoscale pre-
cipitation to the fine resol utions needed by hydrologic
applications; development of distributed hydrol ogical
and coupled meteorol ogi cal-hydrol ogic model s based
on advanced physicsaswell as high resolution soil and
terrain data; and the deployment of in situ soil moni-
toring sites at high spatial density asameansfor com-
prehensive water budget accounting and the provision
of soil moisture information to both atmospheric and
hydrological models.

These and other advancesin meteorology and hy-
drology now make possible the use of modeled and/
or observed, spatially distributed and temporarily
evolving precipitation fields in hydrological models
designed to predict river discharge associated with
heavy precipitation events. To take full advantage of
these capabilities and, in particular, to develop new
ones, it isimportant to recognize that the atmospheric
and hydrological systems are intimately linked, and
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that any effort to create aresearch plan related to flood
prediction must consider this coupling.

The U.S. Weather Research Program (USWRP)
Prospectus Development Team on Hydrological As-
pects of Weather Prediction and Flood Warnings
(PDT 9) met in Honolulu, Hawaii, from 30 January
to 1 February 1998 to discuss those areas in which
coupled efforts in meteorology and hydrology could
be expected to lead to major advancesin one or both
fields asrelated to heavy precipitation and flood pre-
diction. The principal focus was high-impact meteo-
rological eventsthat have significant implicationsfor
the hydrological system, and for which forecasts plau-
sibly could beimproved through application of avail-
abletechnology in acoupled atmospheric-hydrological
framework. These events typically involve severe
flooding and include convective storms, snowmelt
events, rain-on-snow events, orographically forced
precipitation systems, and peak flow enhancement at
specific localities due to frontal-induced phenomena
and tropical stormsand hurricanesfollowing landfall.

The genera chargeto PDT 9 wasthe following.

e Toidentify and delineate critical scientific and
technological issues related to linkages among
quantitative precipitation estimation (QPE), quan-
titative precipitation forecasting (QPF), catchment
runoff, and other land surface processes in a
coupled meteorol ogical/hydrological framework.
Particular emphasiswas given in this context to the
prediction of floods and potential flood forecast
situations on timescal es from approximately 1 hto
10 days.

» To work toward establishing workshops or other
community-wide activitiesthat are deemed neces-
sary for achieving the above god, particularly with
regard to research strategies, institutional linkages,
and resource management.

» Todraft aresearch prospectusthat can be subjected
to community scrutiny and published and dissemi-
nated to appropriate groups such as the USWRP
Science Steering Committee and the National
Academy of Sciences. This prospectus will serve
asthe blueprint for ahydrometeorological research
plan related to flood prediction, and will be highly
synergistic with its previous PDTSs.

To deal most effectively with the broad spectrum
of issuesarising from this charge, the presentations and
discussionswere organized around the following prin-
cipa themes:
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estimation of surface precipitation;

data assimilation;

statistical downscaling;

validation of hydrological models;
land—atmosphere exchange processes,

coupled atmospheric-hydrologic models;

model sensitivity, observational uncertainty, and
parameter estimation; and

» hydrologic verification of atmospheric model
predictions.

Additionally, we addressed a number of phenom-
enological topicsin the context of heavy precipitation,
including intense convection, extratropical cyclones,
rain-on-snow and other cold season events, and tropi-
cal cyclones.

Wedescribein section 2 the current state of knowl-
edge and technol ogy in both meteorol ogy and hydrol-
ogy inthe context of flood prediction, identifying key
scientific challenges as well as emerging opportuni-
ties. Section 3 overviews the types of floods consid-
ered to be most pertinent to the recommendations
offered herein, as well as the associated challenges
from asystemic point of view. In section 4 we discuss
the primary recommendations of PDT 9including the
proposed use of “natural laboratories’ to address spe-
cificissues. Concluding remarksare offeredin section 5.

2. Historical perspectives and current
state of knowledge

a. Hydrology and meteorology in perspective

Membersof PDT 9 entered the Honolulu meeting
with ageneral recognition that, in the educational, re-
search, and operational frameworks, meteorology and
hydrology have evolved along independent and even
divergent paths. Indeed, although this“ gap” hasbeen
noted in numerousreports (e.g., NRC 1996), its depth
and significance—especialy in advancing the science
and technology of flood forecasting—becameincreas-
ingly evident throughout the meeting to the point
where the research methodol ogies, models, and use of
observations by meteorol ogists and hydrologistswere
sufficiently different asto warrant adiscussionin this
report. Thus, we devote this section to educating the
reader about the historical aswell as contemporary dif-
ferences between meteorology and hydrology, and
seek to identify key issues that must be addressed in
order to evolve acoherent scientific attack on theflood
forecasting problem.
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The Nationa Weather Service (NWS) hasthefed-
eral mandate for both wesather and flood prediction, the
latter implemented via 13 River Forecast Centersthat
are now collocated with Weather Service Forecast
Offices (NRC 1996). One of the most important as-
pects of the recently completed NWS Modernization
wastheintegration of hydrology and meteorology into
a single emphasis called hydrometeorology (NRC
1996). This and similar integrations taking place
within the academic community are a positive step
toward creating theinfrastructure that will be required
to moveflood forecasting ahead both scientifically and
operationally (e.g., Krzysztofowicz 1995).

Thediscipline of hydrology tracesitsrootsto civil
engineering, wheretopicssuch asriver hydraulic struc-
ture design, flood plane zoning, reservoir operation,
water availability, and ground water useand remediation
received attention during the second half of the twen-
tieth century. In the context of flood forecasting, hy-
drologists traditionally have relied upon simple
conceptual models (e.g., unit hydrograph and linear
reservoir theory) or simple physically based numeri-
cal models of both the lumped and distributed type
(e.g., Freeze and Harlan 1969). These models have
been justified in part by the fact that, unlike weather
forecasting, in which both observing systems and at-
mospheric properties are distributed rather uniformly
in time and space, hydrology suffers not only from a
paucity of in situ measurements, but also from the need
to characterize ageometrically complex physical sys-
tem whose properties can change by several orders of
magnitude over distances of only a few meters. To
meet these challenges, hydrologists haverelied heavily
upon statistical techniquesfor site-specific model cali-
bration, which isin sharp contrast to meteorol ogists,
who traditionally have taken alargely deterministic,
site-independent, and physically based approach to
modeling.

Many hydrologists share the opinion that hydro-
logic models will continue to require calibration for
some time because many properties of the catchment
system are not yet directly observable. For example,
hydraulic properties of the soil, the time-dependent
role of vegetation, and the non-stationary behavior of
channel characteristics (e.g., cross-section geometry
and bed roughness, especially in the presence of ex-
treme floods) have significant effects on predictions
yet are difficult to measure at the appropriate scale
(e.g., Beven and Sorooshian 1997). Indeed, calibration,
and its dependence upon scale, are important stum-
bling blocks to successful hydrologic modeling and
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flood prediction that the recommendations proposed
herein address. Additionally, the search for scaling
properties of hydrologic variables, their relationship
to the scal e of measurement asdetermined by the avail-
able technologies, and their effect on avariety of ap-
plications are important challenges for both research
and operational hydrology.

During the past two decades, meteorology and
hydrology have increasingly faced common chal-
lenges, driveninlarge part by scientific necessity. One
of the most important examplesinvolvestheorigin and
fate of precipitation. Although precipitationisthemain
forcing variablefor surface hydrologic processes, itis
poorly predicted by meteorological models, even at
space and time scales much coarser that those neces-
sary for flood and flash-flood forecasting. New efforts
are under way, as described below, to improve quan-
titative precipitation forecasting in models and to uti-
lizethisinformation effectively in hydrological models.

Significant advances have been made recently in
the spatially distributed numerical models of rainfall-
runoff processes. These models take into account de-
tailed variationsin topography, in hydraulic properties
of the soil, and even in vegetation that exists within a
basin and governs the surface and subsurface water
flow. They a so are capable of describing thetime and
space evolution of soil moisture, which now isrecog-
nized as vitally important to meteorologica predic-
tions. On the other hand, the main input to such models
is precipitation, which traditionally has been estimated
from rain gauges. In the United States, the national
network of WSR-88D radars, with the capability of
providing high-resolution estimates of accumulated
precipitation, has the potential to play amajor rolein
driving future developments and operational applica-
tions of distributed hydrological models in much the
same manner asit isnow doing for mesoscale numeri-
cal weather prediction models (Droegemeier 1997).

M eteorol ogists now recognize more than ever be-
fore the complex issues associated with atmospheric
variability and uncertainty and are applying more so-
phisticated statistical techniques to both numerical
modeling (e.g., ensemble forecasting, spatial down-
scaling) and the observations that define the model
initial state (e.g., radar-based estimates of precipita-
tion rate). Both meteorologists and hydrologists have
developed techniques for assimilating observations
(e.g., McLaughlin 1995; Ghil et al. 1997), including
datafrom radars and other remote sensing systems. At
the present time, however, few such methods have
been included in operational hydrological models.
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Additionally, although several efforts are under way
to couple atmospheric and hydrologic models (e.g.,
Georgakakos 1986; Shuttleworth 1996), this area of
research remains relatively new, as does the applica
tion of dataassimilation techniquesto coupled models.

One interesting difference between meteorology
and hydrology is that the former has along and suc-
cessful history of evolving major numerical modelsfor
use by the entire community (e.g., MM5, RAMS,
ARPS, and the climate model s supported by NCAR),
while many of the hydrological models are site-
specific and thus used in a more limited manner.
Indeed, the mesoscale meteorology codesare serving
asthe foundation for anew community-wide dua re-
search and operational forecast system known as
Weather Research and Forecasting (WRF; Dudhia
et al. 1998). Somewhat remarkably, more than
25 groupsin the United States are applying mesoscale
atmospheric models with varying degrees of sophis-
tication in daily real-timeforecasts. Recently, the hy-
drological community also has begun moving toward
a more unified approach to modeling and testing,
partly because of the need to understand the global
hydrologic cycle, and partly because the optimal use
of limited water resources necessitates a greater use
of remotely sensed data and the development of hy-
drologic modelsfor data-sparse regions.

The hydrological community is now assessing
strategiesto effectively deal with these new challenges
(Entekhabi et al. 1999). The ready availability of re-
motely sensed data, coupled with joint hydrological
and meteorological field programs and improved rep-
resentations of land—-atmosphere coupling in atmo-
spheric models, have set the stage for significant
advancement in numerical precipitation and flood
forecasting. Animplicit goal of the recommendations
provided herein is to support a community focus in
hydrological and hydrometeorological research and
modeling toward the use of physically based distrib-
uted models, along with the integration of determin-
istic modeling and statistically based approaches.

b. Hydrology overvien—Observations and

processes

The principal observing tools used by hydrol ogists
to characterize the movement of water over a catch-
ment pertain to the main input and output. The input
is rainfall, which traditionally has been observed as
point values provided by rain gauges. These dataare
interpolated to form estimates of mean areal precipi-
tation for the entire basin or its elements (subbasins
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or grid boxes). Recently, weather radars have begun
to provide quantitative estimates of accumulated pre-
cipitation. Although the value of radar dataisindis-
putable (e.g., Obled et al. 1994), particularly with
regard to space and time resolution for hydrological
models, the quantitative characteristics of its uncer-
tainty sources are not well known but must be estab-
lished for usein both meteorological and hydrological
models.

The main output of interest to hydrologistsisdis-
charge at the outlet of abasin, which typically ismea-
sured by stream or water stage gauges. The former
providesinformation on volumetric flow rate, the rep-
resentativeness of which for a point measurement in
a channel cross section must be taken into account,
while the latter records water elevation. Both areim-
portant for determining stream discharge rate, which
isthe key quantity used in flood forecasting. Surface
runoff throughout the basin, and the discharge at out-
lets of subbasins, typically are not observed.

Equally important to hydrology are the water con-
tent and hydraulic properties of the soil, along with the
vegetation state. Initial soil moisture, the infiltration
capacity of the soil at the surface, and the relative po-
sition of the ground water table determine surface run-
off, two modes of which arewidely recognized. Inthe
first, surface runoff occurs when the rain rate exceeds
the soil infiltration capacity. In the second, the soil
column becomes saturated when the groundwater table
rises al the way to the surface. Both modes may be
present in asingle basin, although typically certain soil
types and hydrogeologic and climatic conditions fa-
vor one over the other.

Most hydrologic processes are tightly coupled to
alocal landscape that can vary significantly at small
scales. Consequently, for surface runoff, theimpact of
small-scale surface structures tends to be significant
because the local flow is directed by it as the water
moves down slope. If the rainfall rate were uniform
over hundreds of kilometers, the effects on hydrographs
(time series of stage or discharge ratesat apointin a
stream or river) of the small-scalelandscape structures
could probably be treated via similarity and scaling
theories (e.g., Sivapalan et a. 1987). Unfortunately,
thisisrarely the case. In fact, at the 1-10-km scale,
spatial and temporal structures of the precipitation
field, and the topographic structure of the networked
landscape, begin to interact in amanner that exerts a
profound influence on the shapes of the hydrographs
downstream. Needlessto say, asimilarly important ef-
fectis played by the subsurface “landscape,” but it is
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even more difficult to measuredirectly. Thus, if tribu-
tary streams and rivers are phased such that their
discharge is additive under conditions of heavy pre-
cipitation, with the phasing afunction of the scalesand
motions of structuresin the precipitation field asthey
move across the terrain, then a severe flood becomes
possible.

¢. Hydrology overview—Numerical models

Hydrologic models can generally be classified as
distributed or lumped. The former use spatially dis-
tributed grids, usually situated over oneor morebasins,
to represent, with varying degrees of sophistication,
the spatial and temporal variationsin the physical sys-
tem both above and below the ground. They use as
input preci pitation estimates from radars, atmospheric
models, or combinationsthereof and output estimates
of runoff, infiltration, and evapotranspiration. Lumped
models take amore limited view of the basin by sim-
plifying the detailed hydraulic characterizations into
representations of bulk propertieson thelarge scale of
regions containing considerable heterogeneity. They
seek parametric rel ationshi ps between the given rain-
fall input and the discharge output that minimize some
measure of fit to discharge observations.

Once calibrated, existing flood forecasting models
must be used with data.of thetype and scalewith which
they were calibrated. Inputting accurate information
on smaller scales, asisthe casewith WSR-88D radars
replacing rain gauge based estimates of input (e.g.,
Foufoula-Georgiou and Krajewski 1995), can degrade
the output and lower the skill, even though the small-
scaleinformation might provide abetter characteriza-
tion of the actual physical system. Consequently,
lumped models should be completely recalibrated
every time the scale of the input data is changed.
Applying thisideato the entire country isamonumen-
tal task. Clearly, innovative approaches to the prob-
lem arecalled for.

Prior to the advent of comprehensive radar cover-
age and mesoscale model swith grid spacings of afew
kilometers, there existed littleincentive to develop and
apply detailed, process-based flood forecasting mod-
els. This led to highly parameterized models, cali-
brated using historical rainfall and discharge records,
which ignored both the terrain characteristics and the
gpatial variability of the rainfall. Distributed models,
on the other hand, are designed to take into account
the spatia variability of topography and all other rel-
evant inputs and parameters. Therefore, such physi-
cally based distributed models, in principle, requireno
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calibration because they attempt to predict physical
processes based on observable parameters at scaleson
which the processes operate. Unfortunately, many cru-
cia parametersvary at scales much smaller than those
resolvable with current observing technology.
Observations of inputs are subject to significant un-
certainty which, when combined with the highly non-
linear structure of hydrological processes, |eads to
uncertainty in the outputs.

Finally, hydrological models presently are handi-
capped by thelimited understanding of certain aspects
of water flow throughout abasin. Thissituation isex-
acerbated by the fact that model forecasts are verified
in avery limited manner, that is, by comparing dis-
charge rates at the outlet of abasin input. Innovative
approaches to distributed model validation are re-
quired in order to reduce the ability of “tuned” mod-
els to obtain the correct solution for the incorrect
physical reason. Futureimprovementsin remote sens-
ing technology, especially in the context of soil mois-
ture(e.g., Basaraet a. 1998), channel characteristics,
and flow, coupled with more sophisticated geographic
information systems and computing capabilities, will
undoubtedly trandlate into improved predictive capa-
bilities of distributed hydrological models.

d. Meteorology overview—Radar observations
Never before hasthe opportunity to provide effec-
tive meteorological input to distributed hydrologic
models, and especially to flood prediction models,
been so ripe with scientifically interesting possibili-
ties and achievable goals. One key to attaining these
goalsis the availability of nearly contiguous single-
Doppler radar data from the WSR-88D (NEXRAD)
network. However, even though this network has
vastly improved the detection and short-term warning
of severe weather, considerable work remains before
it can produce estimates of surface rainfall with the
resol ution and accuracy required by distributed hydro-
logical models. Some of the important issues follow.
Precipitation estimates from the WSR-88D are af -
fected by many factors including the calibration of
individual radars, attenuation (although this is mini-
mal for S-band radars, like the WSR-88D, in most
situations), ground clutter, beam blockage, beam
broadening with range, siting (especially at high alti-
tudes in significant terrain, which can lead to under-
estimation of precipitation, especially for shallow
systems), and brightband contamination. Perhapsthe
most fundamental contributor to uncertainty isthelack
of aunique Z-R (reflectivity—precipitation rate) rela-
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tionship that rel ates backscattered power to instanta-
neousrainrate. The Z-R-based estimates are especially
problematic in climatological regimes with highly
variablerainfall characteristics (e.g., over the eastern
slopes of the Rocky Mountains, which can exhibit
high-based continental convection oneday and moaist,
monsoonlike precipitation the next).

The contamination of WSR-88D reflectivity by
hail and other frozen species, especially over the Grest
Plains, alsoisproblematic. Theradar processing soft-
ware deals with these situations by truncating reflec-
tivity, typicaly at a value of 53 dBZ. Under certain
conditions, a severe underestimation of actual rain
rates may result since reflectivities associated with
rain-only situations can exceed the threshold value.

The systematic calibration of the WSR-88D,
coupled with research to refine the choice of Z—Rre-
|ationships to account more accurately for variability
in therainfall regime (which isfundamentally linked
to variationsin drop-size distributions), will permit full
realization of the rainfall-mapping capabilities of the
radar. Concurrently, research continuesto improvethe
estimation of both rain and snow precipitation rates
and to identify precipitation regimes (rain vshail, rain
Vs snow) using multiparameter (dual-polarized) radars
(e.g., Vivekanandan et al. 1999). The dual-polarized
rainfall estimators (especially those using specific dif-
ferential phase) are markedly less sensitive to varia-
tionsin drop-size distribution produced by changesin
the rainfall regime at a given location than are their
Z-R (WSR-88D) counterparts. Furthermore, the esti-
mators are less prone, and in some casesare evenim-
mune, to power calibrations, partial beam filling
conditions, clutter, and the presence of frozen
hydrometeors.

Research is presently under way to improve the
estimation of WSR-88D-based precipitation rates and
hydrometeor identification viathe collocation of op-
erational and dual-polarized research radars [e.g.,
CSU’sCHILL, NCAR's S-pol, and the National Se-
vere Storms Laboratory (NSSL) Cimarron]. Efforts
also are under way at National Oceanic and Atmo-
spheric Administration (NOAA)/NSSL to identify
optimal strategies for upgrading existing WSR-88Ds
to dual polarization capability. Estimation of rainfall
rateswould beimproved significantly by the availabil-
ity of dual-polarization capahilities on the WSR-88D
radarsinthat region.

All radarsare limited in regions of significant ter-
rain dueto beam blockage. Vertically pointing radars,
however, show significant promisein high terrain for
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estimating rainfall ratesand identifying rainfall regime
(e.g., convective vs stratiform). Future field work
aimed at merging radar estimates of precipitation rates
with hydrologic models should include this technol-
ogy. Short wavelength dual-polarized radars (e.g.,
X-pol, and the X-band radar operated by NOAA/ETL)
are well-established technol ogies that extend the dual -
polarization estimation of precipitation to low rain
ratesby virtue of larger propagation differential phase
shiftsat X-band versus S-band (afactor of 3for agiven
rain median). Short wavelength radars also afford a
smaller sample volume and are therefore suitable for
application to small-scale structures in the precipita-
tion field. However, they are correspondingly more
vulnerable to attenuation than S-band radars.

e. Meteorology overviev—Numerical models
Research meteorological models are now being
tested by the academic and other elements of the re-
search community at resolutions of afew kilometers,
and operational centers are using such resolutions to
support special operations (e.g., the Olympics, mili-
tary campaigns). Indeed, more than 25 groupsin the
United States alone are operating such modelsin real -
time, in most cases via collaborations with local
National Weather Service Officesor NOAA Coopera
tive Ingtitutes. Never before has the general research
community, especially within academia, taken such an
active interest and played such an important role in
operational meteorology. Such efforts have undeniably
been spurred in large part by the ready availability and
low cost of significant computing power, gridded data,
and display resources. Although many of these projects
arenot formally funded, they are serving asthebasisfor
valuable research in predictability, data assimilation,
ensemble forecasting, and numerical technique and
physical parameterization devel opment and testing.
Perhapsthe greatest challenge for numerical mod-
els, and certainly one of the most important in the con-
text of flood prediction, is quantitative precipitation
forecasting (QPF). As noted by Fritsch et al. (1998),
QPF skill by operational models remains relatively
low, particularly inlight of recent vast improvements
in observational and modeling technology, and espe-
cialy for extreme events. Not surprisingly, the skill
levelsarelowest during the warm season because over
80% of significant warm season preci pitation is associ-
ated with thunderstorms (Heideman and Fritsch 1988),
for which operational modelstend to perform poorly.
At the grid spacings now being tested by the re-
search community, model precipitation fields are ap-
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proaching the scales of practical relevance to hydro-
logic models. However, such resol ution enhancements
bring new challenges in the fundamental application
of numerical modelsto the atmosphere. First, in situ-
ations where topographic and other forcings are rela-
tively weak, high spatial resolution in the model will
likely require observations of similar resolution. For
example, Droegemeier et al. (1999) showed that, with-
out the retrieval and assimilation of WSR-88D base
data, an observed supercell hailstorm was essentially
absent 2.5 hinto aforecast using 3-km resolution. The
use of WSR-88D radar data to initialize storm-
resolving atmospheric models was the scientific un-
derpinning of the Center for Analysis and Prediction
of Storms (e.g., Droegemeier 1997) and has now be-
come aresearch focus of other efforts, particularly the
WRF model development project (Dudhiaet a. 1998).
While the lack of real-time base data from the
WSR-88D network hasinhibited such projects, efforts
are now underway to acquire and use such datafrom
numerousradarsin explicit real-time storm prediction
testing (Droegemeier et a.1999).

A second consideration isthat high model spatial
resolution provides for the explicit representation of
cloudsand their attendant microphysical processes (as
opposed to implicit treatments via convective
schemes), but also requires appropriate observational
data for both initialization and verification. While
many sophisticated microphysics schemes exist and
are being used successfully in research applications,
operational limitations usually require much simpler
forms. The simplification process is not well posed,
and only to alimited extent hasit been undertaken in
consideration of the potential for using model precipi-
tation fields in hydrologic models. To complicate
matters, no generally accepted methods have been put
forth for verifying model-generated precipitation fore-
casts of highly intermittent events (e.g., individual
convective storms), or for establishing the physical
realism of the predicted precipitation structures com-
pared to radar data, for example. These areasare cen-
tral to both meteorology and hydrology and are
included in the recommendations herein.

Finally, at high spatial resolutions, horizontal
variations in vegetation type and state, soil type, and
soil moisture can have aprofound influence on theini-
tiation and subsequent evolution of intense precipita-
tion-producing weather events. Once again, the
inclusion of advanced representations for these prop-
erties and processes in atmospheric models must be
predicated on asolid understanding of the underlying
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physical behavior, particularly exchange processes be-
tween the atmosphere and ground surface, and be ac-
companied by suitableinput aswell asverification data
(eg., Cheneta. 1997). Fortunately, new satellitein-
struments are making possible amuch more complete
and quantifiable analysis of the ground surface state,
and in situ measurements of surface heat and moisture
fluxes from large mesonetworks and instrumented
towers(e.g., Brotzge et al. 1999) is advancing the de-
velopment, calibration, and verification of suitable
surface physics parameterizations. A note of caution
is in order, however. With increased detail in any
physical or dynamical process comes the possibility
of decreased predictability owing to the greater uncer-
tainty in observations and weaker fundamental under-
standing of small-scale processes (e.g., Lorenz 1969).

3. Classification of floods and related
scientific challenges

a. General comments and prediction scenarios

Floods are notably diverse from both meteorol ogi-
cal and hydrological pointsof view. Someresult from
prolonged heavy precipitation over an extended region
while others are shorter in duration and morelocal in
origin. Thefocus of thisreport is on floods produced
by heavy precipitation events for which better atmo-
spheric predictions are expected to yield improved
hydrological forecasts. For seasonal floods, which
might be considered moreapart of the climate domain,
snowmelt runoff or persistent rainfall can set the stage
for flooding when shorter-term, intense precipitation
occurs over wet terrain crossed by rivers and stream
networks with bankfull or overbank flows.

In the western United States, floods of record of-
ten occur in early summer when the seasonal snow-
melt peak is delayed by cold, cloudy spring weather
followed by an unusually early period of intense sum-
mer convective rain. Prolonged seasonal rainfall can
establish antecedent hydrological conditionsfor which
additional precipitation can produce severe flooding.
In such cases, accurate local flood prediction depends
upon both an accurate precipitation forecast and an
accurate hydrological characterization of the anteced-
ent conditions. Infall or latewinter, the antecedent pre-
cipitation may havefallen as snow, and the antecedent
hydrologic condition may consist of alayer of satu-
rated snow covering abroad region of frozen or satu-
rated soil that is susceptibleto impact by intensewarm
rain. This scenario is common in the Coast and Cas-
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cade ranges of Washington and Oregon, and in the
SierraNevadas of California.

From a prediction point of view, the flood prob-
lem as treated in this report consists of five primary
components: 1) aprecipitation prediction, 2) an ante-
cedent soil moisture prediction, 3) arunoff calculation,
4) aflood routing calculation, and 5) ariver stage pre-
diction. The latter four are often coupled in asingle
hydrologic model, but for the purposes of the present
discussion are best thought of asindependent entities.

Precipitation can be predicted by ahigh-resolution
meteorological model or inferred from WSR-88D or
other radar data. In the former case, knowledge of the
three-dimensional water vapor distributionis of para-
mount importance, and satellites, commercial aircraft,
and ground-based Global Positioning System (GPS)
sensing systems hold promise for improving both the
spatial and temporal resolution of water vapor infor-
mation. Soil moisture and related quantities must be
obtained from a surface moisture (accounting) hydro-
logic model, or from a soil model embedded within
an atmospheric model. These surface and subsurface
models typically operate on timescales longer than
those of atmospheric models, but also on afiner spa-
tial scale. They require proper treatments of plant
physiological processes and evaporation, both of
which can vary considerably with thelocal topography.

Runoff calculations are the domain of hydrologic
models and require input from a surface moisture
model; however, runoff models need to operate on a
much shorter timescale for many if not most flood
problems. Coupling the moisture accounting and run-
off calculations has traditionally been detrimental to
both because of the substantial process and timescale
differences. Flood routing models for gauged basins
could be improved by the use of better predictive al-
gorithms of hydraulic properties in stream channels,
and by more highly resolved terrain and vegetative
features.

b. Heavy warm season convective rainfall

Floods associated with convective rainfal in flat
and hilly terrain are characteristic of the midwestern
United States. In such conditions, floods on largeriv-
ersare associated with spring melting, combined with
considerable deepening of the high springtime flows
in response to upstream convective precipitation. For
riversand streamsin smaller basins, flooding is asso-
ciated with heavy or sustained precipitation in all or
part of the basin. An example of the latter occursin
the upper Walnut River, situated in rolling terrain just
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east of Wichita, Kansas. The Walnut River occupies
a basin of about 60 km across and 100 km in length.
At Augusta, which is situated at the center of the ba-
sin, the Walnut River has reached flood stage during
about half of the last 40 years. The watershed drains
a Winfield, where the Walnut has reached flood stage
in about one-third of thelast 100 years, with morefre-
quent flooding in recent years. At both locations, most
of theflooding is associated with convective precipi-
tation in the spring and summer. For example, in the
Washita River, Oklahoma basin, singular spectrum
analysis in progress suggests that land use changes
(irrigation, grazing, reservairs, pumping, and baseflow)
are amaor factor in the interannual to decadal and
longer changes in runoff patterns (unpublished re-
search). Therelative effects of anthropogenic change
from terrestrial and atmospheric sources provides a
significant challenge to numerical models.

Local soil conditions and synoptic forcing both
play arole in determining the location and intensity
of precipitation. Surface fluxesinfluence the structure
of the boundary layer and determine when and where
convective temperature will be reached. Differential
heating and evaporation associated with adjoining dry
and moist soil conditions can enhance the likelihood
of precipitation either locally or downwind. Finaly,
preexisting wet soils can increase both the likelihood
of precipitation (by increasing evaporation from the
soil and evapotranspiration from the plant cover) and
the likelihood of flooding once precipitation occurs.
For accurate precipitation and flood predictionin this
situation, mesoscale model s need to include areason-
ably comprehensive representation of current soil and
vegetation conditions. Similarly, local forecast centers
will need to track soil moisture conditionsif flash floods
areto be predicted accurately from WSR-88D output.

Although the discussion so far has emphasized
intense, short-term precipitation events, it isimportant
to not overlook situations where persistent precipita-
tion occurs over alarge area (e.g., as in the recent
El Nifio in southern California). In such cases, flood-
ing results not from any particular storm, but rather
from the collective effects of a succession of storms.

c. Intense convective precipitation in the Front
Range
During atypical summer in Colorado, intense con-
vective storms propagate from the mountains toward
the plains. The Fort Collins, Colorado, flash flood of
1997 (Petersen et a. 1999) was an outcome of onesuch
storm. Under conditions of weak vertically averaged
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winds over the mountains, these storms can stall,
thereby delivering their precipitation to a small or
moderate sized drainage basin and resulting in severe
flooding. In these cases, the top soil isusualy dry and
the low-order tributaries also are dry or nearly so.

d. Rain on saturated snow

Prolonged periods of heavy rain on saturated snow
frequently cause severeflooding in the Pacific North-
west and northern California. Warm frontsladen with
moi sture move onto the coast from the Pacific Ocean
during the late fall and winter seasons, and it is not
uncommon for these eventsto follow periods of heavy
wet snowfall. Extratropical cyclones also can cause
heavy precipitation and flooding, for example, as a
consequence of El Nifio. In particular, moisture-laden
air transported from the eastern Pacific Ocean can lead
tovery intenserainfall in placesusually devoid of this
type of flooding.

e. Tropical cyclones

Although the mechanics of heavy precipitation
associated with tropical cyclonesdo not differ signifi-
cantly from those associated with moisture-laden ex-
tratropical cyclones, the amount of water availablefor
delivery inavery short period of timeis much larger,
and the precipitation often fallson low coastal regions
that are poorly protected from severeflooding, that are
overbuilt, and that often are difficult to evacuate.
Typicaly, such flooding aso results in a substantial
degradation of local water quality and in some areas
may have an adverse effect on the coastal fauna and
flora. Therainisof awarm tropical type and precipi-
tation fields probably can be resolved with reasonable
accuracy using the WSR-88D network. Because the
disturbances move quite rapidly, even after landfall,
and contain exceptionally heavy precipitation, moni-
toring the heavy rainfall and associated flooding re-
quires considerable use of existing instrumentation.
These platforms could be supplemented by highly
portable and rapidly deployable devices(e.g., the Dop-
pler on Wheels; Wurman et al. 1997).

4, Recommendations

The previous sections have introduced the chal-
lenges facing scientists in their quest for improved
flood predictions. With that in mind, PDT 9 provides
the following specific recommendations. We divide
them broadly into three categories that emphasize
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(a) improvementsin the quantitative estimation of pre-
cipitation; (b) improvementsin numerical modelsand
their associated elements; and (c) the creation of “ natu-
ral laboratories,” each having specific meteorol ogical
and hydrological characteristics, in which to undertake
intensive field experiments over sufficiently long pe-
riods of time.

a. Quantitative precipitation estimation

Recommendation 1: Improve algorithms for the
radar-based estimation of quantitative precipitation
and establish measures to quantify uncertainty.

An accurate quantitative estimate of surface pre-
cipitation (QPE) isone of the most important elements
in hydrologic modeling and flood forecasting. As
noted by PDT 8 (Fritsch et al. 1998), improved algo-
rithms are needed to estimate precipitation from the
WSR-88D radar over diverse climatic regions. Efforts
to discriminate preci pitation type from dua -pol arization
radars also must be enhanced. In addition to quantify-
ing the spatial, temporal, and amplitude accuracies of
precipitation estimates using all available observa-
tions, efforts must be directed toward establishing the
associated statistical uncertainty (e.g., representative-
ness of point measurements). It makes little sense to
consider forecast uncertainty until observational un-
certainty has been determined. Ultimately, probabilis-
tic estimates of QPE likely will berequired, and indeed
represent the most natural framework for this particu-
lar quantity.

Recommendation 2: Develop techniquesfor blend-
ing data from multiple sensors.

The most reliable QPE will be obtained by com-
bining, in an objective fashion, observations from
multiple sensors. The current National Centers for
Environmental Prediction “Stage V" precipitation
analysis, which calibrates WSR-88D radar estimates
of precipitation with surface gauge reports, isan im-
portant first step in that direction. The addition of sat-
ellite and other observations, along with improved
algorithmsfor combining multisensor output, perhaps
of thevariational type, isviewed ascritical to the ulti-
mate success of QPE.

The use of rain gauge data in evaluating the accu-
racy of radar- aswell as mesoscale model-based pre-
cipitation forecasts has been hampered by the
fundamental sampling-scal e differences between these
systems. Considering that the surface area of atypi-
cal radar pixel and arain gauge orifice differ by about
8 orders of magnitude, efforts are clearly needed to
quantify the natural variability of rainfall between
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them. This will enable estimation and prediction of
errors, and will requirethat clusters of rain gauges hav-
ing separation distances ranging from 10 to 1000 m be
placed at strategic locationsin theradar coverage pattern.

Recommendation 3: Establish acommunity infra-
structure for collecting and making available large
datasets of remote and in situ hydrometeorological
observations and products.

Both meteorological and hydrologic research in
general, and flood research in particular, are severely
hampered by the lack of inexpensive and easily obtain-
able high-resolution rainfall and other observations
during periods of intense precipitation. For example,
the WSR-88D radar network provides comprehensive
estimates of rainfall-rate fields at high spatial resolu-
tions so that, in principle, these data could be used in
combination with digital elevation mapsover largeand
hydrologically important areas of the United Statesfor
flood prediction and water management. Unfortunately,
NOAA data management procedures have created a
cost barrier that preventsthe use of these datafor most
hydrologic purposes. A mechanism needs to be cre-
ated to make valuable radar information available to
researchers at reasonable cost and time delays, and
initial efforts by the research community to do so
(Droegemeier et a. 1999) represent apositivefirst step
and should be continued.

In order for the hydrological and meteorological
communities to effectively attain the goals outlined
herein, efforts should be directed toward building ali-
brary of long and complete datasets in severa judi-
ciously selected locations. The need for long duration
isdriven by the response time for the soil and basins,
aswell asthe need to capture awide variety of weather
system types. These datasets should be composed of
both remotely sensed data, for example, from radars
and satellites, aswell in situ measurements from sur-
face sites and instrumented towers. The considerable
gpatial variability in rainfall, coupled with the non-
Gaussian nature of the errors, isastrong argument for
the availability of long time records. Finally, owing
to theintermittent nature of rainfall and the paucity of
in situ gauge observations, long-term records (i.e.,
many years) are needed to produce sufficiently large
samples, for statistically significant evaluation of
model and algorithm improvements under arange of
hydroclimatological conditions. In the context of
coupled hydrometeorol ogical model—based flood fore-
casting, event-based verifications are simply inad-
equate, especially considering the need for continuous
monitoring of soil properties.
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Recommendation 4: Enhance the current in situ
hydrological observing networksin the United States.

Asnoted by Entekhabeet a. (1999), thelandsurface
and subsurface observing infrastructure, like so many
others, has been diminished over the past few decades
owing to political and fiscal issues. Indeed, they point
out that less is known today about many important
parameters than in the recent past—a notable irony
since new observing systemsallow for the ready mea-
surement of important quantities such as soil moisture,
evapotranspiration, and surface fluxes. It istherefore
vitally important that steps be taken to stabilize and
improve the observational infrastructure. USWRP
funds should be directed toward this specific need.

b. Numerical modeling

Recommendation 1: Investigate the requirements
of and strategies for running atmospheric and hydro-
logic modelsin a coupled manner.

Many in the scientific community agree that
coupled atmospheric—hydrologic modelsarethe wave
of the future. Indeed, such efforts have now begun
(e.g., Bonan 1996). However, anumber of important
issues must be addressed before such efforts can be ex-
pected to succeed, including the degree of coupling
required, and strategies for dealing with the different
processtimescal esinherent in atmospheric and hydro-
logic systems. Additionally, atmospheric models
currently generate output at resol utions much coarser
than is nominally required by hydrologic models.
Consequently, the use of statistical downscaling tech-
nigues should be investigated to see if they provide
useful information at the required resolutions. Indeed,
such studies may suggest a practical lower limit for
atmospheric model resolution. Finally, to facilitate un-
certainty estimation for flood forecasts, uncertainties
in atmospheric model precipitation output must be
complemented with a characterization of their errors.

Recommendation 2: Conduct sensitivity and pa-
rameter estimation studies of hydrologic and atmo-
spheric models run individually and in a coupled
manner.

Systematic studies are needed to determinewhich
aspects of both hydrologic and atmospheric models
(e.0., representation of land cover, methods of using
input data), run individually or in a coupled fashion,
exhibit the greatest sensitivity as a means for identi-
fying those components and physical processes that
should receive the most attention and presumably yield
the greatest scientific payoff. Observing system simu-
lation experiments and adjoint-based sensitivity ap-
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proaches are ideally suited for this task, and for test-
ing the impact of and strategies for using “ observa-
tions’ that are not yet available (e.g., high-resolution
precipitation fields from deterministic atmospheric
prediction models). The effect of scale parameter es-
timation, along with the sensitivity of hydrologic
model output to spatial and temporal variationsin pre-
cipitation input, are especially challenging and rel-
evant problems, as is the sensitivity of atmospheric
models to land—-atmosphere exchange processes.
Itisan axiom of computationa fluid dynamicsthat
one never has sufficient computing resources to
achievethe spatid resolutions desired for agiven prob-
lem. While the notion of “higher resolution will pro-
duce better results’ is still generally true in most
meteorological and hydrological applications, efforts
must be directed toward investigating resolution sen-
sitivity, particularly in coupled models. Thereremains
considerable uncertainty regarding the detail actually
needed, particularly in observations but also in model
grids, inthe context of specific problems. Thisis par-
ticularly true for hydrologic models, which have not
enjoyed the long history of increasingly finer resolu-
tions associated with atmospheric models. Theimpli-
cations of thisissue are significant, and could lead to
amore rapid implementation of models and methods
inlight of available computing resources. For example,
if statistical downscaling can yield appropriate proba
bilistic estimates of surface precipitation from rela-
tively coarse-resolution atmospheric model output,
then the need to run atmospheric models at expensive
high resolutions may be averted, at |east in some cases.
Rel ati onshi ps between model resol ution and the physi-
cal scales being represented also need to be studied,
particularly in hydrology. The resulting information
also would be very useful in guiding the deployment
of new sensing systems (Ciach and Krajewski 1999).
Recommendation 3: Conduct extensive verifica
tion studies of atmospheric and hydrologic models,
with emphasison using the latter to verify theformer.
Verification is a sine qua non of forecasting, and
in contrast to operational atmospheric prediction mod-
els, no long-term systematic verification records ex-
ist for operational hydrologic models. Forecast quality
istherelationship that links observationsto forecasts,
and relationships between quality and value are non-
trivial and can be counterintuitive. Consequently, ef-
forts must be directed toward verifying forecasts
produced by hydrologic models across broad param-
eter spaces, and care should be taken to avoid boiling
down the information to one or afew statistical mea-
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sures. Rigorous verification of atmospheric precipita-
tion forecasts made at high spatial resolution (down
to 1-3 km) also must be agoal, particularly with re-
gard to the uncertainty described in recommendation
1. Specific measures of skill, and a determination of
the skill actually required for a coupled atmo-
spheric-hydrologic modeling system, must be estab-
lished and tested using both simulated and observed
data.

Recommendation 4: Improve the assimilation of
observations into hydrologic models.

Hydrologic models frequently are applied to a
singleevent. To extend their use for continuous simu-
lation, efforts must be directed toward a more effec-
tive use of observations and other inputs (e.g., from
atmospheric models) via data assimilation strategies.
Some of the greatest improvements in atmospheric
prediction have come from dataassimilation, asit of-
fers numerous ways for bringing observational error
statistics directly into the forecast system. In hydrol-
ogy dataassimilation, techniquesbased on Kalman fil-
tering have been used successfully with lumped and
semidistributed models. These techniques need to be
extended to detailed distributed models for assimila-
tion of remotely sensed and other data. Additionally,
other advanced approaches (e.g., adjoint, 3D varia-
tional assimilation) provide a coupled modeling
framework for using the quantities actually measured
by observing systems (e.g., radar reflectivity).

Recommendation 5: Assess the suitability of cur-
rent atmospheric model microphysical parameteriza-
tionsfor use in hydrologic forecasting.

Cloud microphysical parameterizations in atmo-
spheric models run the gamut from very simple and
computationally efficient to extremely elaborate and
tremendously expensive. All methods, however, in-
cluding both implicit and grid-scale explicit schemes
suffer from two problems: empirical formulation and
difficulty of initialization and verification using ob-
served data. Because precipitation, along with solar ra-
diation, surface properties, and wind, isone of the most
important inputsto hydrol ogic models, we recommend
that considerable emphasis be placed on methods for
initializing and validating microphysical process
schemes in atmospheric models. In particular, com-
parisons must be made between the spatial structures
of both model-generated and observed precipitation
fields, and verification of surface estimates—
especidly at high spatial resolution and including mea-
sures of uncertainty—should be rigorously pursued.
The use of dual-polarization radar datato initializeand
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verify moisture and precipitation fields of atmospheric
models also must be expanded.

Recommendation 6: Combine statistical and deter-
ministic approaches in modeling atmospheric and
hydrological processes.

When atmospheric models are unableto resolvethe
space-time structure of precipitation at scales of hy-
drologic importance to flood prediction, a combina-
tion of deterministic and stochastic approaches that
statistically parameterize subgrid scale rainfall might
be advantageous. For this reason, characterizing the
multiscal e space-timerainfall variability of observed
precipitation and testing its ability to be reproduced
by models at different scales is a high priority. This
approach to model verification, which is based on as-
sessing the model’ sability to captureimportant space—
time dynamics of observed storms, is distinctly
different from current approaches that use much sim-
pler verification metrics such asthreat scoresand rms
error. It is expected that multiscale space-time mea-
sures of forecast performance will provide more use-
ful feedback for model improvement aswell asprovide
the means for assessing precipitation predictions at
scales different from the model grid size but relevant
to the hydrologic applications.

Recommendation 7: Improve the characterization
of surface and subsurface properties and physica pro-
cessesin atmospheric and hydrologic models.

Land surface properties and associated physical
processes are vitally important to both meteorologi-
cal and hydrological models. In particular, soil type
and moisture content, aswell as vegetation cover and
state, play very important roles in the prediction of
heavy precipitation events, particularly those occur-
ring at or being forced by small scales. With high
spatial resolution and coupled models comes an in-
creased need to provide accurate specification of the
land surface features and energy exchanges, aswell as
soil properties not only at the surface but in the sub-
surface aswell. In many cases, parameterizations de-
veloped for usein coarse-resol ution modelsare unsuited
for application at smaller scales. Consequently, efforts
should be directed toward improving the treatment in
both atmospheric and hydrologic models of surface
and subsurface characterizations, and toward using
new datasets (e.g., from satellites) in place of the no-
tably limited data now available (e.g., NDVI) to ac-
commodate multiple vegetation and soil typeswithin
asinglegrid zone. Theimportance of scales at which
variationsin surface and subsurface propertiesimpact
flooding must be explored, and linkagesto the ecol ogi-
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cal community should be established as part of this
process.

c. Natural laboratories

In order to test a model of an important natural
phenomenon, a siteis required at which (a) that par-
ticular phenomenon frequently occurs as a dominant
signal, and (b) a comprehensive set of instruments
capable of resolving all important aspects of the phe-
nomenon can be assembled for an appropriate period
of time. Additionaly, it is advantageousiif such sites
aready are part of afield campaign, or are situated near
universities that have programs in hydrology and/or
meteorology. Such sitesmight appropriately be termed
“natural laboratories.” Although many high quality
atmospheric and hydrologic datasets now exist, their
measurement, coverage, or duration are not sufficient
to allow for comprehensive studies of the coupled
atmospheric—hydrologic system. The natural labora-
tories proposed below seek to overcome from these
limitations.

Recommendation 1: Utilize “natural |aboratories’
for studying a variety of natural phenomena in the
meteorology—hydrology coupled system

For specific types of floods, there exist particular
sites at which the aforementioned criteria can be sat-
isfied. Moreover, the need to test and improve all com-
ponents of flood prediction modelsis so great that we
strongly recommend establishing aset of natural 1abo-
ratoriesfor these purposes. The phenomenaof concern
here are of asca ethat exceedsthetypical watersheds
of the Agricultural Research Service and involve ter-
rain and land surface features that have not been dealt
with in most larger-scale watershed investigations.
Consequently, new sites of appropriate size and vari-
ety are needed.

In the context of floods, a reasonably large area
must be examined in order to insure a suitable occur-
rence interval within the domain. This makes instru-
mentation of the domain more difficult and requires
using one or more radars to capture the spatial distri-
bution of precipitation. In addition, areasonably dense
river gauge network would be required to verify the
locally predicted hydrographs. It would most likely be
composed of both permanent United States Geol ogi-
cal Survey as well as temporary stage gauges. Land
surfaceinformation (such asvegetation type and state)
could be obtained from satellite images calibrated to
measurements made at judiciously placed surface sta-
tions. Means of extracting soil moisture content from
plant imagery, surface energy exchange, and plant
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physiological models are available but need to be de-
veloped further. Techniques that relate the spatial
structure of land surface variablesto characteristics of
theterrain obtained from analyses of digital elevation
maps al so will need to be employed.

Recommendation 2: Hold aworkshop to establish
thelogistics and scientific framework for the “ natural
laboratories.”

The launching of any natural |aboratory initiative
should begin with aworkshop that takes the informa-
tion provided below as a starting point and evolves a
detailed scientific plan with testable hypotheses and
defined timelines. We therefore present below adis-
cussion of possible sites based upon the phenomena
to be studied and the unique geophysical settings re-
quired. Thislistisby no means exhaustive, but should
be viewed asthe starting point for anational workshop.

1) SiTe 1: FLOODS CAUSED BY INTENSE RAINFALL
FROM TOPOGRAPHICALLY INDUCED SUMMER
CONVECTION

For heavy summer convective rain at least two

types of natural laboratories are necessary. The first
would deal with the types of floods that originate in
the Front Range of Colorado, where moisture-laden
convective cells propagate slowly because of weak
winds aloft and become topographically trapped in
relatively small drainage basins. Owing to the large
number of such basins, flash floods of this type are
sufficiently common to make waiting for one aviable
option. Furthermore, the general meteorological con-
ditionsthat foster thistype of heavy precipitation can
beidentified easily, triggering amoreintensive watch
for particularly likely storms. When not on duty else-
where, the CHILL and S-pol radarswould presumably
be available to observe a great expanse of the Colo-
rado Front Range from their locations on the plains.

Because most of the Front Range streams are used

for irrigation or to supplement municipal water sup-
plies, areasonably dense net of stream gauges exists
and could be used for testing flood predictions. For
example, more than seven stage gauges are positioned
in the Boulder Creek watershed above Boulder for
water management and flood warning. These Front
Range gauges also provide sufficient information on
the preflood flow in the river network to make flood
routing possible. Finally, rainfall rates in this region
are sufficiently high, and the soil sufficiently imper-
meable, to providefor the construction of runoff mod-
els that are not highly dependent on poorly resolved
antecedent conditions.
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Assuming that precipitation can be predicted with
reasonable accuracy, this natural laboratory can be
used to test the runoff and routing aspects of flood pre-
diction, with the data sets applied to less severe events
in order to develop better infiltration algorithms. At
the same time, the calculated and measured surface
precipitation fields and runoff hydrographs can be
compared to those predicted by standard methods us-
ing the Denver or Cheyenne WSR-88D radars. This
comparison aready has been performed by Petersen
etal. (1999) for the CHILL and Cheyenne WSR-88D
radar-derived precipitation fields during the 1998
Spring Creek flood in Fort Collins, Colorado.

Once the hydrology of aflood has been studied,
meso- and storm-scale models can be employed for
addressing a variety of problems outlined in the pre-
vious section. If the hydrologic models perform suf-
ficiently well, then it might be inferred that the flood
prediction model is accurate enough to use the pre-
dicted flood hydrographs throughout the drainage ba-
sin, that is, to use them in the nongauged parts of the
basinto more critically evaluatethe detail s of therain-
fall algorithms. Downscaling techniques can be simi-
larly applied. Oncethe hydrologic model isknown to
be accurate under awide variety of precipitation condi-
tions, it can then be used with the gauige data to test the
dominant festures of the various precipitation agorithms
even when CHILL or S-pol data are not available.

TheFront Range natural |aboratory described inthe
previousthree paragraphs has most of the desired fea-
tures of an effective research site. Predictable atmo-
spheric conditionslead to aset of reasonably frequent,
high-intensity events, the precipitation from which can
be measured accurately with instrumentsthat normally
residein thearea. The nature of theriver networksand
land surface provides an opportunity for substantial
simplifications for the multicomponent flood-
predicting hydrologic model, and the river gauge net-
work issufficient to provide aset of good comparisons
of predicted and measured flood hydrographs.
Although the results of studiesin this natural labora-
tory would not be directly transferable to other areas,
the knowledge gained would be of general scientific
value. For example, small watersheds and shallow
soils are characteristic of the mountainous Hawaiian
Islands, which also are subject to flash floods.

2) SITE 2: FLOODS CAUSED BY INTENSE CONVECTIVE

RAINFALL THAT LANDS ON PRECONDITIONED GROUND
When heavy rain falls on more heavily vegetated
terrain than discussed above, the condition of the soil
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and vegetation at the time of the event becomes im-
portant in modeling the runoff. This complicates con-
siderably the hydrologic component of the flood
problem. Careful investigation of this aspect of flood
prediction is best done in a well-instrumented, re-
gional-scale drainage basin such asthe Walnut River
watershed, which was selected for instrumentation in
the Cooperative Atmospheric Surface Exchange Study
(LeMoneet al. 2000). The long-term instrumentation
in and around this watershed includes 75 rain gauges
(25 operational/climatological, 5 installed by Argonne
National Laboratory, and 45 installed by Oregon State
University); the Wichita, Kansas, WSR-88D radar
located 20 km to the west; 5 operational stream
gauges, and the Atmospheric Boundary Layer Experi-
mentsarray (ABLE; LeMoneet a. 2000), operated by
Argonne. The ABLE array includes three profiling
sitesat the vertices of a60-m equilatera triangle, each
equipped with a surface meteorological station, a
minisodar, and a 915-GHz wind profiler with radio
acoustic sounding system. Within the triangle liesan
operations center with afourth profiler and meteoro-
logical station and three flux sites, providing complete
surface energy budgets, along with soil temperature
and moisture.

Accurate spatial structures of the temporally
evolving precipitation field are essential, but not suf-
ficient to generate an accurate flood prediction when
heavy rain falls on heavily vegetated terrain. Rather,
an accurate surface moisture model that accounts for
the dominant atmospheric and biophysical processes
also is necessary. Moreover, when applied on a re-
gional scale, this surface condition model needs to
provide a hydrologic feedback to the mesoscale
model.

It is unlikely that soil moisture and other surface
conditionsever will be measured directly and continu-
oudly in space and time. Instead, surface conditions
will be sampled over severa areas(e.g., 100mx100m
in area) selected by virtue of their surface and soil
characteristics, plant cover, and location. For example,
soil moisture could be sampled using time-domain
reflectometry, for example, as in the Oklahoma
Mesonet, with fluxes determined using the eddy cor-
relation technique. However, sites and techniques
would likely vary depending upon data source and
acquisition capahilities. The measurements would be
integrated with satellite and other meteorological data
to obtain maps of surface skin temperature aswell as
heat and moisture fluxes. These, in turn, would be as-
similated into and updated by a mesoscale model.
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3) SiTe 3: FLOODS PRODUCED BY RAIN FALLING ON
SNOW-COVERED GROUND

Two ideal natural laboratories exist for this type
of flood problem: the mountai nous Pacific Northwest,
where low-€levation wet snow iscommon throughout
thewinter and can be subjected to prolonged warmrain
at any time, and the upper Mississippi River basin of
the GCIP Large Scale Area (IGPO 1999). While the
ground beneath the snow is sometimes frozen, it is
more commonly saturated. In either case, the state or
phase of moisture in the soil determines the anteced-
ent hydrologic conditions, and as such determinesthe
time scal e of the associated runoff. The primary diffi-
culty for this problem arises from the availability of
the radar observationsin complex terrain. This prob-
lem is offset somewhat by the increased correlation of
weather with terrain and the associated enhancement
in predictability.

4) SITE 4: FLOODS ASSOCIATED WITH TROPICAL AND
EXTRATROPICAL CYCLONES

Significant flooding can occur in association with
both tropical and extratropical cyclones, though the
location of thelatter is perhaps more highly variable.
Owing to the large variability in the tracks of land-
falling hurricanes, anatural laboratory that isfixed in
space probably is not feasible. However, mobile in-
strumentation, including Doppler radar (Wurman et al.
1997), provides aviable meansfor collecting relevant
data. Fortunately, WSR-88D-based rainfall ratefields
for thistype of event are reasonably accurate, and these
storms usually affect large areas so that alarge num-
ber of river gaugesisavailablefor comparing predicted
and observed hydrographs. The antecedent land sur-
face conditions most likely will have to be obtained
from limited surface station data combined with sat-
dliteimagery.

5) SITE 5: FLOODS CAUSED BY HEAVY RAIN IN THE
MONONGAHELA RIVER BASIN

During the next several years, the NWS Office of
Hydrology will use the Monongahela River basin up-
stream from Pittsburgh, Pennsylvania, to develop new
techniques and procedures for use by its River Fore-
cast Centers. The Monongahela is a hydrologically
interesting setting for studying floods because of the
complex topography and geology of the Appalachian
Plateau, the large annual precipitation, and the rela-
tively low regional evaporation rates. Floods in the
region appear to be particularly sensitive to anteced-
ent moisture conditions; therefore, improvement in the
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spatial and temporal resolution of precipitation would
yield a substantial improvement in antecedent soil
moisture estimates.

Substantial benefit could be gained by treating this
river basin, or partsthereof, asanatural laboratory and
conducting additional scientific studies within it ow-
ing to the extensive NWS presence and support. This
would, however, require adding both hydrol ogical and
meteorological instrumentation. Possibly one or more
multiparameter research radars could be deployed to
obtain accurate spatial precipitation structures
throughout the period of greatest flooding probabil-
ity. A major risk associated with the Monongahelais
the possibility that rain storms with sufficient inten-
Sity to overcome the antecedent hydrologic conditions
will not occur during the experiment period. In this
situation, amajor effort to characterize these anteced-
ent conditionswould become an important component
of any such effort.

5. Concluding remarks

It is not possible for areport of thistype to cover
all therelevant issues, or to credit the many studiesthat
have provided the strong foundation upon which the
community now has an opportunity to build. The many
significant advances made during the past few years
in observing technology, computational and network-
ing resources, and the fundamental understanding of
meteorological and hydrological phenomenahave set
the stage for what could be the greatest advances in
the history of meteorology and hydrology. Because
floods are among the most destructive and societally
disruptive of all natural phenomena, it is imperative
that the recommendations made herein be given care-
ful consideration and refined through specific action
plans and research efforts. It is the sincere desire of
the authors that this report serves to educate the hy-
drological and meteorological community about their
differences, their commonality, and the opportunities
resulting from both.
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