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1    Scope 

1.1 Identification 

This document constitutes the final technical report of Phase I for AER Project 871 (P871) on 
"Robust weather radar algorithms for hydrometeorological forecasting and analysis" funded 
by the Army Research Office (DAAD19-99-C-0051). 

The reporting period is September 1999 through September 2000. 

1.2 System Overview 

1.2.1 Objectives of the Project 

The primary objective of P871 is to develop and implement a state-of-the-art system for 
hydrometeorological and hydrological forecasting, which we call the Rain and River Forecast 
System (R2FS). 

River forecasting has many uses and benefits. Floods affect civilian populations, Army 
Corps operations, forward army units, and others. Flash-flood events, the 1993 midwest 
river flooding, and the recent flooding in western and upper midwestern states are reminders 
of the havoc that extreme hydrometeorological events can cause. Floods and flash-floods are 
the leading realization of weather hazards. Deaths and damage by floods are in excess of 
those by lightning, tornadoes, and hurricanes. Predictions of flood stage and soil moisture 
fields have additional applications in mobility and ground deployment planning. 

Clearly, the technology developed under this topic will have broad applicability to gov- 
ernment and private sectors. Furthermore, longer-lead forecasts also benefit water resources, 
reservoir control, and river navigation management activities. As population and pollution 
increase, clean, fresh water becomes an increasingly prized resource. Rivershed management 
tools, such as R2FS, will find ever widening applications, both in the U.S. and in other parts 
of the world. 

1.2.2 Major Functions 

The prototype R2FS system developed during Phase I integrates the functions of pre-existing 
modules to produce high quality precipitation estimates from NEXRAD and NWP forecasts 
and to use these to drive the physically based hydrological forecast. These modules include: 

PRECIP: The WSI mosaics of NEXRAD precipitation. 

Eta: The NCEP regional scale NWP model. 

CASC2D: The U. Conn, distributed-parameter hydrologic model. 

WMS: Graphical interface to CASC2D and other hydrologic models. 
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The use and integration of these system modules has provided a working prototype for 
model testing and comparison during Phase II, which will included model development plans 
that build upon and improve the existing prototype. 

1.3    Document overview 

This document reports the development of the prototype Rain and River Forecast System 
(R2FS) during the Phase I project effort. 

We begin with an introduction describing the opportunities and issues that motivate our 
approach (§2). Then we describe our overall approach to the problem in §3. The final 
results from the Phase I effort are summarized with respect to precipitation in §4.2 and 
with respect to hydrology in § 4.3. 

2    Introduction 

This project for "Robust real-time distributed hydrometeorological forecasting and analysis 
from radar and satellite observations" is a collaboration between Atmospheric and Environ- 
mental Research, Inc. (AER) and the Ralph M. Parsons Laboratory of the Civil Engineering 
Department of the Massachusetts Institute of Technology (M.I.T. Parsons), with the coop- 
eration of the Massachusetts Institute of Technology Lincoln Laboratory (M.I.T. Lincoln 
Lab), and Weather Services International Corporation (WSI). The "Rain and River Fore- 
cast System" (R2FS) that we are developing is built on integrating: 1) multi-source weather 
sensing including NEXRAD radar, 2) a suite of tested data quality-control and interpreta- 
tion procedures, and 3) advanced distributed hydrological models for complex terrain. The 
distinguishing features of the project are the approaches to data fusion and system inte- 
gration (Fig. 1). Specifically, the skillful extension of the hydrological prediction lead-time, 
by including robust quantitative precipitation forecasting capability within the framework 
of the system, is a key component of the proposed project. The team includes technical 
expertise and experience for the implementation of the key components of the project. The 
team leaders are Dr. Hoffman of AER, and Prof. Entekhabi of M.I.T. Parsons. Dr. Hoffman 
is an expert in the use of remotely sensed data for NWP. Prof. Entekhabi is an expert in 
hydrological modeling. The project also included cooperation with M.I.T. Lincoln Lab for 
short-term precipitation forecasting using feature tracking, and from WSI for the analysis of 
precipitation from NEXRAD. 

Modern approaches to precipitation estimation and hydrological forecasting have the 
potential to provide significant improvements in flood hazard mitigation through advanced 
warning. The forecast of flash-flood potential and river flooding requires the integration of 
precipitation estimates and distributed hydrological models. Precipitation is the ultimate 
source of all water in a river. Hydrological models simulate the processes by which pre- 
cipitation is stored and transmitted in a river basin. These processes include evaporation, 
infiltration, percolation, runoff, and subsurface flows, and, in some climate regimes, snow- 
pack accumulation and snow melt.   Clearly, to forecast river flow is a complex problem. 
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From a physical point of view, river flow depends on the upstream topography and soil 
characteristics; the initial ground water, soil moisture, snow cover, and river stage; and the 
precipitation (Fig. 2). In flood situations these are the controlling factors, but in general, 
evaporation must also be modeled. Additional requirements are therefore forecasts of the 
moisture, temperature, and wind speed just above the ground and the temperature of the 
surface. All these factors must be estimated for modern, state-of-the-art distributed hydro- 
logical modeling. The most important factor is usually the forecast precipitation, although 
in special situations the factors contributing to snow melt can be the most important. 

A major problem facing operational precipitation and flood forecasting is the incom- 
patibility of the hydrometeorological forecast data products with the requirements of flood 
forecasting. The skill associated with flood hydrograph or flash-flood forecasts is critically 
dependent on the precipitation input at high spatial and temporal resolution; in flood situ- 
ations, the hydrology model is essentially only partitioning the precipitation into runoff and 
infiltration. Quantitative Precipitation Forecast (QPF) may be used to extend the lead-time 
of hydrological forecasts. Current QPF procedures are however not well-suited for many 
hydrological applications because they have been developed with focus on areal coverage at 
regional scales rather than amount (especially at higher intensities) at basin scales. 

The recently commissioned national network of Doppler weather sensing radars (WSR- 
88D units owned and operated by NOAA, DOD, and FAA, hereafter referred to as NEXRAD) 
provide data with unprecedented space-time resolution of precipitation storm structure and 
amount. The development and testing of robust operational radar algorithms for all types of 
hydrometeorological regimes (convective rainfall, stratiform precipitation with bright-band, 
snow, etc.) is now fairly mature. Over the last few years there have been major advances in 
processing the NEXRAD data. We use NEXRAD precipitation estimates produced opera- 
tionally in real-time by WSI. This product is compared favorably to gauges in § 4.2, and has 
previously been validated by Vollrath (1996 [49]). 

In addition to NEXRAD nowcasting, the impact of quantitative precipitation and tem- 
perature forecasts on longer lead hydrological predictions of streamflow and flood crest is 
crucial. Therefore, a requirement exists for improved gridded quantitative precipitation fore- 
casts (QPF) with time-resolution and for lead-times, that are consistent with hydrological 
applications. A major component of the activities for this project is the development of a 
QPF system that is capable of ingesting multiple weather sensing systems and incorporating 
the best features of different predictive models at various lead-times. For example, for small 
basin flash-flood events the time range is 0 to 6 hours and for larger basin main-stem flooding 
events the time range is 0.5 to 3 days. 

The approach to robust QPF determination is to merge or fuse forecasts derived using 
various tools and techniques, weighting the individual estimates depending on their accuracy 
as a function of lead-time. In this manner the best features of each technique are integrated, 
thereby extending the lead-time of hydrological forecasts. In the short-term, extrapolation 
of current observed conditions possess some skill. The proposed QPF system will use, as 
precipitation estimates up to the present time, mosaics of WSR-88D estimates (the WSI 
PRECIP product described in §3.1).   These estimates of the precipitation field will then 
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Estimation (Past) Forecast (Future) 

Figure 1: The R2FS data flow for the QPF component. Before the forecast starts at time t0, 
the observed radar precipitation is assimilated by the hydrological model. The radar data 
is also used by the storm tracker to extrapolate the precipitation pattern. This forecast is 
merged with the NWP forecast, with weight varying with forecast time. 

be extrapolated using an advection algorithm based on a timelapse correlation technique 
developed for the FAA at M.I.T. Lincoln Lab. The skill of this contribution to the QPF will 
be very good for very short lead-times up to 30 minutes, but it will rapidly deteriorate as 
the lead-time is increased beyond one hour. (See Fig. 3.) For longer lead-times, we propose 
to use NWP precipitation fields. In addition, other fields needed to model evaporation will 
be provided by the NWP model. 

The current generation of operational hydrometeorological forecasting procedures and 
real-time hydrological prediction models are incapable of taking advantage of the full in- 
formation content of current radar observations. Conceptual hydrological models used in 
operational settings are derived from empirical frameworks developed over thirty years ago 
(NRC 1996 [34]). These lumped models were designed to work with sparse point obser- 
vations by rain gauges. New and innovative spatially-distributed hydrological models and 
hydrometeorological assimilation procedures are needed to realize the full potential of the 
modern observation networks. 

The new generation of hydrological models is based on digital topographic data. The 
Army's Waterways Experiment Station (WES) has invested considerable resources in the 
CASC2D distributed watershed model, and the Watershed Modeling System (WMS) hydro- 
logical model interface (§3.5). CASC2D solves the equations of conservation of mass and 
momentum to determine the timing and path of runoff in the watershed. Another model of 
this sort is the M.I.T. Parsons Model. The M.I.T. Parsons Model treats additional physical 
processes including full infiltration front tracking and groundwater redistribution based on 
two-way coupled saturated and unsaturated soil zones. 

In summary, our response to this opportunity is to propose the development of a "Rain 
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Figure 2: The R2FS data flow for the river flow component. The precipitation estimates and 
forecasts are a principal input to the hydrological model. The digital elevation and initial soil 
moisture modulate the response to the precipitation to produce spatially varying forecasts 
of riverflow and flooding. 

Limit of predictability 

Forecast lead time 

Figure 3: Predictability of precipitation (after Zipser (1990 [56])). At different forecast 
ranges, different forecast techniques have varying skill. The theoretical limit to predictabil- 
ity is caused by the chaotic nature of the atmosphere. Note that numerical weather predic- 
tion models are poor at predicting precipitation at short lead times, because of imbalances 
between the moisture and mass and momentum initial specifications. 
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and River Forecast System" (R2FS). The basic components (schematically illustrated in 
Fig. 1 and Fig. 2) are precipitation analyses, precipitation forecasts, a distributed hydro- 
logical model, and verification tools. The hydrological model should include the effects of 
melting snow and subsurface flows of water. Baseline, and in some cases operational, versions 
of these components exist. The ones we propose using are described in § 3. Currently, the 
weakest link is the precipitation forecast. Our proposal centers around optimizing the use 
of available precipitation forecasts, and assembling the components into a system in such a 
way that refinements and improvements can be accomodated in an evolutionary approach. 

3    The R2FS 

Our plan for the R2FS provides a flexible, realistic, low-risk, robust, and integrated approach 
to precipitation and hydrological forecasting. This approach: (a) exploits the enhanced ca- 
pability of the NEXRAD system to provide accurate high-resolution rainfall maps over the 
CONUS; (b) utilizes state-of-the-art precipitation and hydrological forecasting techniques; 
but (c) overcomes the inherent limitations of these approaches by optimally merging the 
results of the different techniques. The R2FS design stresses flexibility, modularity, and 
extensibility leading to a system with low developmental risk and low operational mainte- 
nance costs. The overall R2FS is depicted in Fig. 1 and Fig. 2. The elements of R2FS are 
introduced in the following paragraphs and described in more detail in the subsections that 
follow. The completion of the working R2FS prototype during a relatively short period, has 
demonstrated the possibilty of integrating pre-existing modules into an forecasting system 
for hydrometeorologic purposes. Improvements to the baseline system during Phase II have 
been designed by taking into account the key findings from the Phase I effort. 

The standard operational NEXRAD products suffer from a number of problems which 
make them less accurate than is desirable for hydrological forecasting. For example, a single 
reflectivity to precipitation (Z/R) relationship is used. However, it is known that the Z/R 
relationship depends in general on the type of situation (e.g., frontal rain, steady wide- 
spread rain, convection). The operational NEXRAD products are oriented to a single radar 
site—coverage for an individual watershed may require a mosaic of several sites. R2FS will 
overcome these various problems by using the WSI PRECIP product (§3.1). This is a 
state-of-the-art, value-added, operational NEXRAD rainfall analysis with national coverage. 
PRECIP is compared favorably to gauges in §4.2, and has previously been validated by 
Vollrath (1996 [49]). 

No single precipitation forecast technique is optimal for all forecast ranges or synoptic 
situations. Consequently, R2FS encompasses a number of techniques and methods of com- 
bining them. A number of individual techniques are described in section § 3.2, and methods 
for blending the individual forecasts are discussed in section § 3.3. Not all individual fore- 
cast or blending techniques mentioned in these sections will be immediately implemented 
in R2FS—some are too risky, some are too developmentally or computationally expensive, 
some require unavailable historical data sets. An important aspect of selecting, tuning, and 
blending precipitation forecast techniques is assessing their accuracy.  The R2FS approach 
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to precipitation verification is discussed in section § 3.6. 
A large number of empirical-physical models of river flow have been proposed as tools for 

hydrologic modeling. Many are used operationally today for a variety of purposes and in a 
variety of scenarios. Lumped and conceptual hydrologic models represent a watershed as a 
small number of interconnected buckets or storages that transmit water flux through certain 
explicit processes. Modern distributed hydrological models attempt to directly model all 
relevant physical processes using physically-based equations of mass, momentum and energy 
conservation. We use the WMS/CASC2D as our baseline hydrological model during Phase 
I(§ 3.5). CASC2D is a distributed-parameter model for simulating the hydrological response 
of a watershed subject to an input rainfall field for infiltration-excess or Hortonian flow 
basins. CASC2D includes the most important physical processes for modeling river flow in 
regions dominated by the Hortonian runoff production mechanism (i.e. infiltration capacity 
of the soil is exceeded by the rainfall intensity). WMS is a comprehensive software package 
for developing computer simulations of watersheds and provides a graphical interface and 
model preprocessor to CASC2D. 

3.1    Accurate, Robust Radar Precipitation 

The NEXRAD system has great potential to monitor precipitation. However, current stan- 
dard precipitation products have a number of problems including a simplified Z/R relation- 
ship, bright band effects, range effects, anomalous propagation, and others. The accuracy of 
the single site, radar-based precipitation estimates is particularly contingent on the choice of 
the right Z/R relationship. Well over 100 such relationships have been identified in research 
over the years. The best Z/R relationship is dependent on a number of factors including 
the nature of precipitation (e.g. convective versus stratiform) and the type of precipitation 
(drizzle, rain, snow, sleet, hail). 

Considerable work by government, university, and for-profit organizations have already 
produced greatly improved NEXRAD precipitation products. To avoid duplication of effort 
we will make use of the WSI PRECIP, which is an operational real-time product. The 
algorithms for WSI PRECIP are proprietary and will not be a project deliverable, but WSI 
PRECIP is COTS and readily available. Coverage is available over the entire CONUS at 15 
minute intervals and at ~ 2 km resolution. Examples of 3 hour accumulations of PRECIP 
data are shown in Fig. 4. Cumulative totals appear in color contoured bands. 

PRECIP is based on WSI's NOWrad radar mosaics. NOWrad mosaics are quality assured 
every 15 minutes, 24 hours-a-day, 7 days-a-week using a three-step process that combines 
automated algorithms and manual review and adjustment by a trained meteorologist. The 
automated algorithms ensure the latest data is received from all the sites as quickly as 
possible, and filter out obvious false echoes (large areas or even individual pixels). The final 
step of quality assurance is done on an advanced workstation: A meteorologist compares 
the radar mosaic data to other data, including satellite, lightning, surface observations, in 
order to identify and remove areas of remaining false echoes. The radar mosaic is released 
on average about 7 minutes after data capture. The compositing of all the radar sites fills in 
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Figure 4: Precipitation forecasts and observations for 12 March 2000 over Southern New 
England. Shown are the Eta model (top row) and MM5 model (middle row) forecasts from 
00 UTC, and verifying WSI PRECIP (bottom row) 3 hour accumulations (mm) ending at 03 
UTC (left column) and 06 UTC (right column). Note the different levels of detail available 
from Eta, MM5 and PRECIP. 
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the holes from ground clutter subtraction and because of the overlap of radar sites, largely 
overcomes the effects of attenuation and range. 

WSI's precipitation algorithms choose a specific rain rate (Z/R) for every NOWrad pixel 
(2x2 km) based on a unique empirical model developed and refined over a 6 year period. 
This model uses surface and atmospheric weather conditions in each 2x2 km pixel recom- 
puted each hour from both observations and short term model forecasts. This approach is 
important since, it is not uncommon for precipitation to vary in nature and even form across 
the region covered by a single radar during a heavy precipitation event (e.g., convective to 
stratiform and rain to sleet to snow). By using a weather condition based approach, PRECIP 
is able to recognize and even compensate in situations involving hail or bright bands. 

As a final step, each day, WSI meteorologists compare PRECIP output to official rain 
gauge observations and have the ability to apply a correction field to adjust for any biases 
or other factors that contribute to errors in estimates. WSI's PRECIP product is the best 
real-time operational blend of radar and other precipitation data available today. 

During the first two years of operation (1991/1992) TASC compared PRECIP to rain 
gauge. That study found that 6 hour differences were less than 0.25 inches in 85% of all 
cases in which precipitation occurred and less than 0.50 inches in 92% of such cases. The 
mean departures were less than 20% for significant events (over .50 inches). Significantly, 
for rainfall in excess of one inch, the difference was less than 0.50 inches inch in 85% of the 
cases, and less than 0.25 inches in 65% of cases. 

The PRECIP data have also been validated by Vollrath (1996 [49]). Vollrath analyzed 
the accuracy of PRECIP for an entire year (1 May 1994 thru 30 April 1995) over the CONUS 
by comparing PRECIP to the National Climate Data Center archive of hourly precipitation 
gauge records. Over 750,000 point comparisons were included in this study from 2,528 
individual gauges. Vollrath showed that PRECIP at that time was most reliable in the 
Eastern and Central time zones. In the Mountain and Western time zones, topography and 
delayed installation of NEXRAD units results in an underestimation of the precipitation. 
Improvements were seen as the algorithm was updated. 

3.2    Precipitation Forecasting Approaches 

In principle, the NWP model precipitation should be ideal in all situations: NWP data 
assimilation can make use of all available data, and NWP models include the most complete 
description of the dynamics and physics of the atmosphere. In practice, a solution based 
solely on NWP modeling is risky, due to the loss of information in converting moisture 
parameters to the NWP model parameters, the problem of spin-up (Nehrkorn et al. 1993 
[33]), and the inadequate methods of representing and assimilating moisture (Sundqvist 1978 
[46]). Different techniques are superior at different time ranges and in different meteorological 
situations. To a certain extent, which techniques are superior at a given time range in a given 
situation is determined by the tradeoff between the sophistication of the physical processes 
represented by the technique and the loss of information when converting observations to 
the parameters needed by the technique. Thus at the very short range (approximately 0-6 
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h), extrapolation of radar precipitation imagery using correlation techniques is expected to 
be superior. The problems of the coarse resolution of NWP models and initialization of 
the precipitation in NWP models are demonstrated in the comparisons shown in Fig. 4. At 
longer ranges, depending on location and situation, NWP-based forecasts may be superior. 
At very long range, the best estimate may be climatology. (See Fig. 3.) 

3.2.1 Advanced tracking algorithm for short-term precipitation 

M.I.T. Lincoln Lab research has shown that convective storms in the CONUS can be broadly 
categorized into "air mass" and "line" storms. Air mass storms are small scale, seemingly 
random, fairly unorganized convective elements. Line storms are a collection of cells much 
like air mass cells, but they are maintained in a linear pattern, or "envelope." (See Fig. 5a.) 
Line storms maintain this pattern because they are typically forced at a large scale by a 
frontal discontinuity. In the summer months, the percentage of line storms is large in the 
north, while air mass storms dominate in the south. Line storms tend to dominate everywhere 
during the spring, fall, and winter months. 

To determine line storm motion correctly, the large scale "envelope" motion must be 
found separately from the storm "cell" motion. Conventionally, people have forecast storms 
by extrapolating the motion of individual cells. For very short term predictions the cell 
motion is accurate, but for longer term predictions, the envelope must be tracked. The large 
scale (or envelope) motion is actually indicating the movement of the forcing mechanism 
for the convection, not the convective elements themselves. By separating the scales in 
the original weather radar image and tracking the large scale and small scale components 
separately, the motions of the envelope (large scale) and cells (small scale) can be found. In 
Fig. 5b, the large scale signal is moving southeast at 34 knots, while the small scale signal 
is moving northeast at 21 knots. The aviation weather group at M.I.T. Lincoln Lab has 
tested the new forecast technique on hundreds of hours of weather radar data. The Growth 
and Decay Tracker performs 52% better than the conventional cell tracker on line storms 
(Wolfson et dl. 1999 [52]). Demonstration projects are currently continuing at four major 
U.S. airports. 

3.2.2 Eta model 

At longer forecast times beyond 3 hours we will use NWP model forecasts of precipitation 
from the Eta model, run operationally by NCEP at 00 and 12 UTC. An example precipitation 
forecast is depicted in Fig. 4. Currently, the Eta model, provides the best numerical guidance 
for precipitation forecasts over the U.S. While Eta is far from perfect, it is a considerable 
improvement over NGM (Mesinger 1996 [30]). 

Eta includes all relevant dynamical and physical process (Janjic 1990, Zhao et dl. 1997, 
and references therein [24, 55]). Convective precipitation is modeled using the Betts-Miller 
(1986 [5, 6]) convective adjustment scheme. The scheme was modified by Janjic (1994 [25]) 
to make it suitable for the extratropics. Nonconvective clouds are modeled using an explicit 
prediction of cloud water/ice mixing ratio (Zhao et dl. 1997 [55]). The phase of the cloud 
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Figure 5: Short term precipitation forecasting. Typical cases of air mass and line storms are 
shown on the left (a). The separation of scales used by the "Growth and Decay Tracker" 
for the case of 1 June 1996 is shown on the right (b). The motion of line storms is better 
characterized by correlating the filtered or large scale images. 
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water and the precipitation rate are diagnosed from the predicted temperature and cloud 
water/ice mixing ratio in the column. Operationally, the cloud water is initialized from the 
first guess forecast. 

At all forecast times, and for hindcasting tests, the Eta model will also provide the 
required fields other than precipitation, such as air temperature and humidity near the 
surface which are needed to parameterize evaporation. AER has developed various tools 
for real-time acquistion, decoding, and visualization of the Eta data. These tools were 
developed for an internal project to use Eta data as initial and boundary conditions for 
mesoscale atmospheric forecasts using the MM5 model. 

3.3 Forecast Blending 

To effectively use the different forecasts within R2FS, a method of forecast synthesis is 
required. One approach is to choose one of the specific forecasts for each forecast time. 
A possibly more effective alternative is to blend the individual forecasts. The blending 
should be a Bayesian combination of the various forecasts. However, various approximations 
concerning the relevant statistics lead to different approaches. 

Initially we will use the decision tree and accuracy adding techniques. In accuracy adding 
the blending weights are defined in terms of a priori information. Each specific forecast must 
have an accuracy, defined as the inverse of the error variance. Then, assuming uncorrelated 
errors between the specific forecasts, it is easy to calculate the blending weights. Further, 
the accuracy of the result is the sum of the accuracies of the specific forecasts. Accuracies 
vary with synoptic situation. A running estimate may be obtained by using persistence to 
forecast accuracy. For example, we could estimate errors of a 3 hour extrapolation forecast 
by comparing the current PRECIP field with a forecast initialized from the PRECIP fields 
of 3 hours ago. 

3.4 Downscaling 

Downscaling is important because the ratio between runoff and infiltration depends non- 
linearly on rainrate. Therefore a forecast only accurate in term of space time averaged 
quantities is not sufficient. While scales of precipitation observed by the current generation 
of weather radars (~ 2 km) are fine enough for the hydrology model, the NWP precipitation 
fields should be downscaled. The current operational grid spacing for Eta is 32 km. A purely 
stochastic approach was developed by Gong et al. (1994 [17]), in which the fractional area 
of each grid cell covered by precipitation is estimated from hourly precipitation records of 
individual observing stations. This method can be applied separately for each month of the 
year and thus indirectly takes into account the different statistical properties of stratiform 
and convective precipitation events prevalent during different seasons. 

This approach can be extended by considering hybrid stochastic-dynamic and dynamic 
approaches to downscaling. Perica and Foufoula-Georgiou (1996 [38]) proposed a scheme in 
which the relationship between the scaling parameters and the amount of convective precipi- 
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tation is explicitly modeled based on the convective instability of the prestorm environment. 
The scheme was applied to mesoscale model simulations with resolutions of 36 and 12 km 
by Zhang and Foufoula-Georgiou (1997 [54]). 

A conceptually simpler approach to downscaling is purely dynamical: to run a mesoscale 
model with a finer grid over the watershed. The benefit of higher resolution for mesoscale 
precipitation forecasting was recently demonstrated by Colle et al. (1999 [10]) for the case 
of the Pacific Northwest. There are subtle technical issues, however, which need to be care- 
fully considered in such high-resolution model integrations: the physical parameterizations 
routinely used at coarser resolutions may no longer be appropriate at the higher resolution; 
the partitioning between explicitly resolved and parameterized ("convective") precipitation 
is highly dependent on model resolution, resulting in potentially very different model spinup 
characteristics (e.g., Zhang and Foufoula-Georgiou [54]). 

We routinely run the MM5 mesoscale model in real time over the New England area (with 
nested grids at 30 km and 10 km resolutions) using Eta model fields as initial and boundary 
conditions. These model runs serve as a testbed for software and algorithm development. 
An example from a recent forecast is shown in Fig. 4, which shows the large-scale Eta model 
forecasts (produced at a 32 km resolution), the corresponding MM5 model forecast, and the 
verifying precipitation from the WSI PRECIP product for a 3 and 6 hour forecast. At both 
forecast lead times, the model fields are smoother and less intense than the corresponding 
observations, less so for the MM5 than the Eta. In addition, there is evidence of a spin-up 
problem in both the Eta and MM5 model fields for the first 3 hours of the forecast. At 3-6 
hours, the MM5 field more closely reproduces the observed pattern of precipitation, although 
there are some differences in the details. In applications of the MM5 for downscaling of NWP 
model QPF to the basin level, even higher resolution runs of the MM5 (closer to the resolution 
of the radar data) could be used. Mesoscale models in general, and the MM5 in particular, 
have been successfully used to add detail to large-scale NWP model output by a number of 
researchers, e.g. Yu et al. (1999 [53]), Chen et al. (2000 [8]). While this dynamical approach 
is computationally expensive, it is feasible and should be tested. 

3.5    Hydrological Model 

CASC2D is a physically-based, two-dimensional, distributed-parameter, time-dependent, un- 
steady, infiltration-excess hydrological model for simulating the hydrological response of a 
watershed subject to an input rainfall field. CASC2D solves the equations of conservation 
of mass and momentum to determine the timing and path of runoff in the watershed. More 
traditional approaches rely on more conceptualizations of runoff production. The physically- 
based approach is superior when the modeler is interested in runoff process details at small 
scales within the watershed. Physically-based hydrological models are also superior when 
trying to predict the behavior of ungauged watersheds where calibration data do not exist. 
Major components of the model include: 

Overland Flow: Two-dimensional, St. Venant equation using explicit finite difference. Uni- 
form or spatially-distributed roughness based on land cover. 
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Channel Flow: One-dimensional explicit diffusive wave or implicit dynamic wave. Stream 
channel network through links and nodes. 

Infiltration: Green and Ampt with or without moisture redistribution. Soil hydraulic char- 
acteristics based on soil texture. 

Rainfall: Uniform or Spatially Distributed in Space and Time. Rain gauge and Radar 
estimated rainfall and combinations. Thiessen polygon or Inverse Distance Square 
interpolation. 

Continuous Simulation: Hydrometeorology data (WES, SAMSON or NOAA/NCDC). 
Evapotranspiration (Deardorff or Penman-Montieth). Soil Moisture Redistribution. 

CASC2D is included in the suite of hydrological models supported by the Watershed 
Modeling System (WMS) developed by Jones and Nelson at Brigham Young University. 
WMS is a comprehensive software package for developing computer simulations of watersheds 
which provides an interface to the hydrological model. (See Table 1.) The WMS software 
package is used at many sites, including federal, state, private, and educational institutions. 
WMS can be used for visualizing and delineating sub-basins in a watershed; computing 
hydrological and geometric parameters for each sub-basin; defining hydrological parameters 
that cannot be automatically computed; running several hydrological models; viewing the 
results of these hydrological models; and importing and exporting Geographic Information 
System (GIS) data. 

Table 1: The CASC2D required inputs and outputs. 

Inputs Outputs 
Digital Elevation Model Outlet Hydrograph 
Watershed Mask Interior stream Hydrograph 
Roughness Overland Discharge 
Retention Depth Channel Discharge 
Storage Capacity Overland flow Depth 
Initial Depth Infiltration Depth 
Interception Coefficient Soil Water Content 
Conductivity Infiltration Rate 
Wetting Front Capillary Head 
Porosity 
Soil Water Content 
Pore Distribution Index 
Residual Saturation 
Links and Nodes 
Rainfall rate 
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CASC2D does not include redistribution of water through the groundwater system. This 
and other processes, are included in the M.I.T. Parsons Model and should be included in 
the next generation of operational hydrological models. Because the present formulation of 
CASC2D is completely modular, it should be easy to add such new processes. For example, 
we will consider how the redistribution of groundwater over complex landscapes results in 
varying depth to the water table over terrain. The surface hydrological flux (evaporation and 
runoff) are in turn enhanced in convergent areas surrounding the dendritic drainage network. 
Coupled modeling of hydrological processes in the saturated and unsaturated zones yields 
the spatial patterns of depth to the water table. Near the dendritic drainage network, the 
water table is shallow and there is a net discharge of moisture from the groundwater to the 
unsaturated zone. Conversely, in uphill regions, the water table is deeper (below the surface) 
and there is a net recharge to the groundwater system. 

Lateral redistribution of water in the saturated zone is computed using approximation 
similar to the approach of Tarboton et al. (1995 [47]). For efficiency, this approach mixes 
analytical and numerical solutions. For example, transmissivities are obtained from the depth 
integration of hydraulic conductivities. Assuming transmissivities decay exponentially with 
depth leads to a simple analytical result dependent on depth to the saturated zone. 

In the future the M.I.T. Parsons Model will be enhanced with evapotranspiration, snow 
accumulation and melt and canopy interception computations based on simple physical mod- 
els. Evapotranspiration can be calculated using a Penman-Monteith approach with different 
formulations for dry or wet conditions and vegetated or bare surfaces. Bare surface evapora- 
tion can be calculated using a threshold method along the lines of Entekhabi and Eagleson 
(1989 [12]). Aerodynamic and canopy resistance can be calculated using wind velocities and 
vegetation properties. Snow accumulation and melt can be calculated through mass and 
energy balance considerations as in Wigmosta et al. (1994 [50]) and Anderson (1968 [2]). 
The above formulation has been preliminarily tested in a single model cell or pixel, with 
arbitrary, but reasonable forcing and conditions (Ganguly et al. 1997 [15]). 

3.6    Verification Approach 

To verify precipitation forecasts, we take the NEXRAD-based PRECIP estimates as truth. 
These data will be sufficient to validate the precipitation forecasts and can be used in hindcast 
mode to drive the hydrological model. As a preliminary we will verify the accuracy of 
PRECIP versus gauge data. Of course further enhancement to PRECIP are possible, but 
for current work, PRECIP provides a uniform, complete data set which is continuous in 
space and time. In this context, hindcasts using only the PRECIP estimates can be used to 
validate the hydrology model alone. 

Verification of the MIT distributed model is presently taking place with the support of 
NASA and the National Weather Service Office of Hydrology. The traditional performance 
criteria developed for lumped hydrological models (matching hydrographs at a single out- 
let) is not adequate for a spatially-varied system. The classical verification and forecast skill 
evaluation methodology used in weather forecasting is spatial but it lacks temporal dynamics 
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(Murphy and Winkler 1987, Charba and Klein 1980 [32, 7]). Furthermore, the amount of ver- 
ification (observed) data is limited in the case of runoff generation and hydrological response. 
In future work the verification task will consist of both long-term water balance components 
and event-based (for both storm and interstorm events) hydrological response. Procedures 
for naturalized flow generation will be used for those river gauges that are downstream of hy- 
draulic structures. Although necessary, this approach to verification is not rigorous enough 
to fully discriminate the performance of a distributed model. In this project we will also 
test the event response of the model in order to test components of the distributed system. 
For example, the categorical, event oriented, flood forecast verification and skill evaluation 
scheme of the National Weather Service will be used to verify components of the flood hy- 
drograph at a river gauge location (Morris 1988 [31]). During the interstorms (following 
storm events that are well-captured), the rate of decline of the hydrograph recession limb is 
used to test the groundwater discharge component of the distributed model. The ensemble 
performance of the model over the river basins across a number of forecasted precipitation 
and temperature events will then be estimated. In addition, methods for quantifying the 
skill in reproducing the spatially-varied flood response will be developed. With appropriate 
validation data sets for extreme hydrologic events (i.e. floodplain indundation from satellite 
imagery), the distributed hydrologic model can be truly tested as a flood forecasting tool. 

3.7    Satellite measurement of rainfall 

Satellite-derived precipitation can replace radar estimates in our system, but initial R2FS 
development will be based on NEXRAD. Research on space-based rain estimation has been 
continuing for several decades with a large number of methods appearing in the literature. 
Many of these methods use combinations of either visible, infrared, and passive microwave 
measurements applied in statistical, physical, or combined statistical-physical approaches. 
The results of several international algorithm intercomparison studies (e.g. Smith et al. 
1998 [44]) have yielded little consensus on the optimum approach, with no method showing 
a consistently superior performance. However, one feature which emerges from these studies 
is that most methods exhibit some degree of "climatological bias". That is, each method 
performs better on the data to which it was tuned, than on other independent data sets. 
This is manifested in regional and seasonal biases, and is true not only for purely statistical 
methods, but also for physical methods which are based on cloud and hydrometeor models 
and on radiative transfer calculations which are biased implicitly due to various modeling 
assumptions. 

Typical infrared-based algorithms are Arkin (1979 [3]); Arkin and Meisner (1987 [4]); and 
Janowiak (1992 [26]). Algorithms making use of passive microwave measurements include 
Wilheit and Chang (1980 [51]); Spencer (1986 [45]); Olson (1989 [35]); Kummerow et al. 
(1989 [27]); Grody (1991 [21]); Liu and Curry (1992 [29]); and Petty (1994 [39]). Adler 
et al. (1993 [1]) used a combination of infrared and microwave data, in fact using SSM/I 
data to recalibrate a simple IR scheme, while Ferraro and Marks (1995 [14]) used SSM/I 
data to calibrate a microwave emission and scattering algorithm against ground-based radar 
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rain rates. Recently, Grassotti et al. (1999 [20]) used SSM/I rain rates to tune a VIS-IR 
threshold method for application to heavy rain flagging of scatterometer wind data. In 
the context of numerical weather prediction Grassotti and Garand (1994 [18]), and Garand 
and Grassotti (1995 [16]) used a multifeature classification approach to combine visible and 
infrared imager data with rain rate fields from an operational forecast model. Researchers 
at AER continue to be actively engaged in novel ways to combine satellite and ground-based 
radar measurements (Grassotti et al. 1999 [19]). 

The recently launched TRMM satellite (Simpson et al. 1988 [43]) addresses the need for 
more accurate rainfall measurements in the lower latitudes. The TRMM suite of instru- 
ments includes an active precipitation radar, passive microwave sensors, as well as visible 
and infrared imaging sensors. Recent work by Kummerow and collaborators (Olson and 
Kummerow 1996; Olson et al. 1996; Kummerow et al. 1996 [37, 36, 28]), has focused on 
combining the passive and active microwave measurements from TRMM to improve the 
characterization of the cloud and hydrometeor profile, and the surface rain rate. However, 
the TRMM orbit coverage is only in the region between roughly 35°N and 35°S. 

For coverage in the midlatitudes, polar orbiting satellites such as the NOAA KLM series 
which contain both well-calibrated VIS, IR, and passive microwave sensors, or microwave 
data from the DMSP SSM/I sensor are available. The newer geostationary meteorological 
satellites also have useful VIS and IR channels for rainfall estimation, and full disk coverage 
every 30 minutes or better. Because the VIS-IR methods of rainfall retrieval are less direct 
than microwave-based algorithms, it is critical that they be frequently retuned to remove, to 
the extent possible, the regional and seasonal biases which are likely to occur. In the case of 
microwave data, the most serious limitation is the lack of sensitivity over higher emissivity 
land surfaces. 

3.8    Ensemble forecasting 

Currently we focus on the deterministic forecast. In general, however, meteorological fore- 
casts, and precipitation forecasts in particular, are probabilistic in nature. In later phases 
of this project, R2FS could be used to produce probabilisitic QPF and probabilistic flood 
forecasts based on NCEP's ensemble NWP products. Although computationally expensive, 
the ensemble forecast technique is appropriate because both the NWP and hydrology models 
are very nonlinear. The ensemble forecast method is now useful in NWP at long range. It is 
noted that the pool of potential forecasts increases dramatically if somewhat older forecasts 
verifying at the correct time are included in the ensemble (Hoffman and Kalnay 1983 [22]). 
Currently ensembles of NWP model runs are available operationally. Thus probabalistic 
forecasts may be simply based on the NWP ensemble and an associated ensemble of runs of 
the hydrological model. 
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4    Phase I Accomplishments 

The Phase I effort resulted in the development, testing and application of a prototype R2FS 
for hydrometerological modeling. In this prototype, pre-existing system components were 
used in conjunction to model the watershed response to a rainfall event obtained from the 
WSI value-added NEXRAD product. The baseline hydrologic model WMS-CASC2D was 
implemented with a realistic channel geometry, soil moisture distribution, and channel net- 
work. Distributed rainfall inputs from the actual 2 /era x 15 min WSI rainfall data were used 
to produce a model runoff response which was compared to a U.S.G.S. streamflow observa- 
tion at the watershed outlet. A series of sensitivity studies performed during the calibration 
and validation series revealed the model sensivities to particular parameters. This exercise 
constitutes substantial progress in integrating, testing and applying the R2FS prototype. 

The specific technical goals which have been accomplished during Phase I to implement 
the R2FS prototype are: 

1. Set up a ground station to receive WSI data products. 

2. Acquire NCDC gauge data. 

3. Capture and archive Eta forecasts. 

4. Capture and archive WSI PRECIP fields. 

5. Acquire USGS streamflow data. 

6. Develop software to decode gauge, forecast and radar data. 

7. Validate PRECIP data against gauge data. 

8. Obtain and implement the CASC2D and WMS. 

9. Obtain model data (DEM, soils, landuse) for watershed application. 

10. Analyze data using Geographical Information System (GIS). 

11. Model calibration and sensitivity exercises. 

12. Application of prototype to synthetic and WSI PRECIP rainfall data in selected test 
watershed. 

These accomplishments are described in more detail in § 4.2 and § 4.3. 

4.1    Data Acquistion 

For model testing and validation, three sources of precipitation data were obtained during 
the reporting period: rain gauge measurements from NCDC, gridded radar data from WSI 
(based on original NEXRAD scans), and Eta forecasts from NCEP. 
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Figure 6: NCDC rain gauges present in the data base for the CONUS. 

4.1.1    NCDC rain gauge data 

The first precipitation data we have obtained are the hourly surface rain gauge observa- 
tions for the entire U.S. Fig. 6 shows the coverage available from this dataset. The dataset 
was obtained from Hydrosphere, Inc. through an existing purchasing arrangement between 
Hydrosphere and MIT, and involved no additional expenditure. The data are the same as 
those available publicly from NCDC, but in a more readable format. These data cover the 
period from 1948 through September 1998. We have also developed software to reformat, 
and visualize these data to facilitate validation of the WSI precipitation data. 

4.1.2    WSI PRECIP 

Under agreement with WSI we purchased and installed a WSI data ground station on site 
at AER. Under this agreement, WSI provides access to the data stream at no cost, for the 
duration of the project. The advantage of using the WSI product is that the data have 
already been quality controlled, reducing and removing known radar artifacts such as range 
fading and ground clutter. Examples of the WSI data are shown in Fig. 4, and in Fig. 8, 
discussed below. 

Considerable effort was required to create new codes and to modify existing decoding 
software to ensure regular reliable archiving of the data. These data are broadcast every 15 
minutes, and since mid-December we have received data nearly continuously. M.I.T. Lincoln 



20 AER, Inc. P871, Hydrometeorological forecasting and analysis 

Lab provided us with software for archiving and decoding the WSI data and with copies of 
the WSI data that they had archived previously. We modified the decoding and archiving 
software for our use. We also have developed codes to visualize the rainfall data, based 
on user-specified time and location selection criteria. These are necessary to aid in case 
selection. We also have developed software to convert the archived 15-minute and hourly 
data to formats suitable for input to CASC2D. 

The WSI NEXRAD precipitation data are available in several forms. For our work the 
most appropriate version is called "SPECIAL", while the name "PRECIP" is reserved for 
another version, the accumulated total precipitation. In this document we use the term 
PRECIP to refer to all these data generically or to the SPECIAL data specifically. The 
PRECIP data are gridded, covering the CONUS. Because so many values are zero, PRECIP 
is run length encoded. The grid is 2 km N-S by ~ 1.7 km E-W (depending on latitude) by 
15 minutes. The reported values are valid for the interiors of the grid cells defined by the 
following grid parameters: 

start      end     number 
latitude 

longitude 
53N     20N       1838 

130W   60W      3662 

where number is the number of grid cells. For SPECIAL, the rainfall is quantized in units 
of 0.05 inches/15 minutes, so values of 0, 1, 2, 3 correspond to rainfall of 0, 0.05, 0.10, 0.15 
inches for the 15 minutes ending at the reported time. To convert the integers values to 
mm/hr, multiply by 5.08. Note that SPECIAL includes only rain—snowfall amounts are set 
to zero. 

We began archiving WSI PRECIP and SPECIAL data since mid October 1999. Appendix 
A contains an inventory of what we have for SPECIAL data. For each calendar day we list 
the number of files per day. A complete day would have a count of 96. Overall the holdings 
are spotty. Since 19 December 1999 we have been doing very well at collecting these data at 
AER. Before October we have filled in with the archived data from M.I.T. Lincoln Lab. 

4.1.3    Eta model output 

The Eta model output has been captured and archived in real-time at AER, starting in 
August 1999. A near-complete archive of GRIB files has been accumulated, consisting of 00 
UTC and 12 UTC forecast fields out to 48 hours, at 3 hours intervals. All model fields are 
available on a 40 km grid, at a variety of vertical levels, including the surface, near-surface 
(shelter and anemometer level heights), and pressure levels (every 25 hPa). 

There are a number of fields directly applicable to QPF and downscaling: accumulated 
precipitation (stratiform and convective), precipitation type (rain, snow, ice pellets), and 
convective indices (CAPE, lifted index). Others are of relevance for the surface energy and 
water budget calculations (near-surface winds, humidity, and temperature, surface radiative 
and turbulent fluxes). 
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4.2    Precipitation Depiction and Validation 

In order to verify the accuracy and observational characteristics of the WSI SPECIAL data 
we conducted a limited validation study by comparing these data with surface rain gauge 
observations in the 4-state region (Oklahoma, Arkansas, Missouri, and Kansas) surrounding 
one of our case study river basins, the Baron Fork. The locations of the gauge and radar 
sites are shown in Fig. 7. We performed validation for several storms which occurred during 
January and March of 1998, and looked at validation results for each of these four states. 
In particular, we identified three precipitation events occurring on 3-8 January, 7-8 March, 
and 15-20 March. The time series of WSI SPECIAL maps for 4 January, shows the motion 
and development of a frontal rain band across the region (Fig. 8). 

We validated the WSI radar estimates by comparing against gauges for both accumulated 
rainfall and instantaneous rain rates. We first consider storm total accumulations for the 
three selected precipitation events. Fig. 9 shows scatterplots of radar versus gauge total 
accumulated rainfall during the 6-day 3-8 January event broken down by state. Each point 
in the plot is a radar-gauge collocation. In all states, the agreeement between radar and 
gauge observations is good, albeit with a tendency for the radar to slightly underestimate 
rainfall with respect to the gauges. 

Fig. 10 and. Fig. 11 show results for the remaining storm events. Results are similar to 
those for the 03-08 January event, indicating a tendency for radar underestimation with 
respect to gauges and correlation coefficients in the range 0.3-0.9 depending on the state 
and storm event. 

Fig. 12 shows the spatial distribution of the radar-gauge differences overlaid on a map of 
the total radar accumulation during the storm. We note the largest differences are associated 
with areas of heaviest rainfall, and the presence of a large positive outlier in Arkansas. Closer 
examination of the outlier revealed what was clearly a bad gauge which reported no rainfall 
during the entire period. 

Fig. 13 and Fig. 14 show results for the 7-8 March and 15-20 March storms, respectively, 
using the same convention as in Fig. 12. Except for an area in southwest Arkansas where 
radar accumulations exceed those for gauges, the radar is generally seen to underestimate 
rainfall with respect to gauges. Both figures show clear artifacts of the radar processing, 
due perhaps to range fading and ground clutter. Note, for example, the circular patterns 
in the accumulation fields near (38N,90W), (37N,93W), (37N,98W), and (35N,102W). Also 
note the erroneously high values in Kansas near (39N,95W), probably due to ground clutter. 
These indicate that the WSI data need to used with care in certain regions. Also interesting 
are the small scale wave-like patterns which are evident in all three accumulation images. 
The fact that they occur in slightly different areas in each storm makes it less likely that 
they are radar-site artifacts. However, they may possibly indicate terrain or storm-induced 
mesoscale waves. 

For forcing the hydrological model, it is important to have credible rainfall estimates 
for shorter timescales. Therefore we also examined results for near-instantaneous rainfall 
estimates. Fig. 15 shows a number of time series for the 6-day period 3-8 January at gauge 
sites over Oklahoma. It is encouraging that even at this time scale the radar (black curves) 
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Figure 7:  Data coverage centered on Baron Fork.   Gauge locations are in red.   NEXRAD 
locations and nominal coverage are in green. 
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Figure 8:  The PRECIP time series for 4 Jan 98, in mm per 15 minutes.   The individual 
images are separated by 3 hours. Note the overall eastward drift. 
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Figure 9: Radar versus rain gauge scatterplots for the storm of 3-8 January 1998. There is 
generally good agreement between these two estimates of precipitation. 
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Figure 10: Radar versus rain gauge scatterplots for the storm of 7-8 March 1998. 
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Figure 11: Radar versus rain gauge scatterplots for the storm of 15-20 March 1998. 
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Figure 12: Gauge and radar map intercomparison for the storm of 3-8 January 1998. The 
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Figure 14: Gauge and radar map intercomparison for the storm of 15-20 March 1998. Plot- 
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Figure 15:  Gauge (red) and radar (black) time series are compared for the storm of 3-8 
January 1998, at selected sites. 
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Figure 16:  Gauge (red) and radar (black) time series are compared for the storm of 7-8 
March 1998, at selected sites. 
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Figure 17: Gauge (red) and radar (black) time series are compared for the storm of 15-20 
March 1998, at selected sites. 
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and gauges (red curves) are in extremely good agreement. However, as was the case for 
storm-accumulated rainfall, the general characteristic of the radar to underestimate peak 
rain intensity for individual rain events is also quite evident. 

Similarly, Fig. 16 and Fig. 17 show results for selected Oklahoma gauges during 7-8 
March and 15-20 March. Again we see fairly good agreement between radar and gauge. 
Nevertheless, there are notable exceptions. During 15-20 March, the initial 20-hour burst of 
rain recorded by most of the gauges is not observed by the radar at any of the gauge sites 
shown, despite the fact that the gauges were reporting rates in excess of 5 mm/hr. 

Finally, Fig. 18 shows a jittered scatterplot of the radar vs. gauge instantaneous rainfall 
for the 3-8 January storm over all four states. Only modest agreement is seen at this time 
scale, with correlation coefficients below 0.5. Moreover if the "no rain" points are excluded 
from the plot the correlations generally drop below 0.2. Nevertheless, this is consistent with 
numerous other studies which have compared instantaneous rainfall measurements. The 
high spatio-temporal variability of precipitation, and the inherent sampling differences of 
the gauge and radar observing systems makes closer agreement unlikely. Also note the effect 
of the gauge reporting discretization of 0.1 in (2.54 mm/hr). 

Table 2: Contingency table for 3-8 January 1998. 

Gauge-No Rain    Gauge-Rain 
Radar-No Rain 

Radar-Rain 
4320 340 
361 472 

Table 2 contains a rain/no rain contingency table for the 3-8 January storm. If points in 
which both radar and gauge record no rain are excluded, then there is agreement between 
radar and gauge for raining points slightly over 40% of the time. 

4.3    Hydrological Modeling 

Significant progress was made in implementing the hydrological component of R2FS. Due to 
the distributed nature of the model, CASC2D requires the user to characterize the topogra- 
phy and soil surface features of the watershed under study. In the preliminary application 
of R2FS, four watersheds were chosen based upon considerations of data availability and 
heterogeneity in climatic and topographic factors. Two of these watersheds are located in 
the northeastern corner of Oklahoma (Baron Fork and Peacheater Creek basins, see Fig. 19), 
while the other two are located in the Appalachian region of northern West Virginia (Cheat 
River and Dry Fork basins, see Fig. 20). The latter basin in each pair is nested within 
the former basin, allowing for the investigation of spatially distributed radar rainfall over 
selected portions of the larger basin. Due to modeling efforts using the Sacramento Model 
and the M.I.T. Parsons Model on the Peacheater Creek basin, this watershed was chosen 
as our calibration case study. We concentrated on calibrating CASC2D for this particular 
basin using synthetic and storm radar rainfall from the WSI PRECIP product. 



34 AER, Inc. P871, Hydrometeorological forecasting and analysis 

Kansas sites Missouri sites 

o 
I 

5 10 15 20 

Gage Hourly (mm/h) 

E 
E 

o 
I 

r= 0.455 
rmsd= 1.05 
bias=-0.14 

5 10 15 20 

Gage Hourly (mm/h) 

25 

Oklahoma sites Arkansas sites 

r= 0.497 
r"msd=1.79 
&ias= -0.18 

10 15 20 

Gage Hourly (mm/h) 

25 

lO    . 
OJ 

o   . 
CO • • y'            • 

.—». s= 
p • . 
E • 
>. •    • 
n o 
X 
m o   . ",* 

•      • 
• •   f 

•  • • 
• 

• t'* v%.  y 
DC «•r • • • 

U5    - 

fir» ^ 
• 

«* r= 0.498     " 

*.    • • rmsd= 1.86 

O    - ft**' 
• • • • 

• bias=-p.13     * 
• 

5 10 15 20 

Gage Hourly (mm/h) 

25 

Figure 18: Radar versus rain gauge scatterplots of near-instantaneous rain rate for the storm 
of 3-8 January 1998. 
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Figure 19: Baron Fork location maps. In the map of Oklahoma and Arkansas, the counties 
containing the Baron Fork are shaded. These counties are expanded below and identified. In 
this map the Baron Fork is shaded, and the Peacheater Creek Basin is darker. The map to 
the right shows the stream network making up the Baron Fork. Here the Peacheater Creek 
Basin is shaded. 
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Figure 20: Cheat River location maps. As in Fig. 19 for the Cheat River and Dry Fork. 
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The required input parameters to CASC2D include topography, soil infiltration char- 
acteristics, surface roughness, stream network and channel geometry. Watershed data for 
the four test basins were abstracted from the available geographical data sources for the 
CONUS. These data sources included United States Geological Survey (USGS) 7.5 minute 
Digital Elevation Models (DEM), United States Department of Agriculture-National Re- 
source Conservation Service (USDA-NRCS) State Soil Geographic Survey Data, Land Use 
Land Cover (LULC) Data and 1995 Topologically Integrated Geographic Encoding and Ref- 
erencing (TIGER) census Data. In addition, the USGS daily and hourly stream discharge 
data for all relevant streamflow gauges were compiled. Selected field surveyed channel cross 
sections were used in estimating stream network geometry (Dutnell 2000, Tortorelli 2000 
[11, 48]). 

A Geographical Information System (GIS) served as the interface between the relevant 
data layers (elevation, soils, land use) and the input parameters required by the distributed 
hydrological model. Data management and manipulation was performed efficiently through a 
suite of available functions for terrain and hydrological modeling in ARC/INFO and Arc View 
(ESRI1999 [13]). GIS modeling allowed for the derivation of hydrologically-corrected DEMs, 
determination of overland flow directions and accumulations, calculation of terrain slope and 
aspect and the extraction of the stream networks and watershed boundaries for the four 
basins. The GIS was used to reclassify the soil texture and land use data to the appropriate 
infiltration and overland flow parameters required for the hydrological model based upon 
published relationships (e.g. Rawls et al. 1983, Chow 1959 [40, 9]). The results of this task 
are shown in Fig. 21 and Fig. 22. 

The GIS data manipulation and management was coupled to the Watershed Modeling 
System (WMS) which contains an interface specifically designed to format the raster-based 
inputs for the CASC2D model. This software package allowed for the creation of the specific 
stream network files, including the modifications necessary for proper channel routing. It 
also assists in composing the model run files and checking for potential error sources. 

We conducted a thorough test of the CASC2D model sensitivity to input parameters for 
a simplified synthetic rainfall in the Peacheater Creek basin. We consider this a crucial step 
in evaluating model performance prior to use of the distributed radar rainfall. The sensitiv- 
ity to storm duration and intensity, model time step, spatial variation of soil moisture and 
roughness, channel geometry and stream network density were all tested using a uniform 
rainfall pattern. Examples of the responses to these synthetic storms are shown in Fig. 23. 
These sensitivity tests resulted in improved model initialization. In particular, the distribu- 
tions of three critical parameters were updated in this off-line model calibration: the initial 
soil moisture, the stream network density and the channel geometry. Initial soil moisture is 
critical for a surface hydrological model such as CASC2D. An improved representation was 
obtained using a TOPMODEL approach to ensure spatial heterogeneity in the watershed 
infiltration response. The channel network density and cross sectional geometry is a major 
factor in calibrating CASC2D due to the emphasis placed on routing channel flow through 
the stream network. Various objective approaches were undertaken to obtain the appropriate 
channel head definition and the geometry was derived using an empirically tuned theoretical 
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Figure 21: Baron Fork properties maps. CASC2D makes use of detailed maps of elevation, 
soil texture and land use. 
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Figure 22: Cheat River properties maps. 
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Figure 23: Response to step function storm. On the left are storms of duration 4 hours and 
intensities of 16, 18, 19 and 20 mm/hr. On the right are storms of 20 mm/hr and 3, 3.5 
and 4 hours. (The top most curve is the same case in the two panels.) 
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model relating channel area to watershed contributing area. These three off-line calibration 
schemes led to great improvements in model performance. The details of these analyses are 
discussed in Hoffman et al. (2000 [23]). 

Based upon the implementation of the synthetic rainfall data for the Peacheater Creek 
watershed, the most recent portion of the hydrological effort consisted of modeling the re- 
sponse to spatially varied radar rainfall input. Fig. 24 shows the relationship of the radar 
grid to the basin. By comparing the available streamflow and WSI PRECIP records, various 
storms were identified for the period of 1996-1999. A storm experiment was setup for one 
storm (3-8 January 1998) and the basefiow recession analysis performed to obtain the storm 
runoff over the storm period. The results of this experiment are shown in Fig. 28. The time 
origin for this figure is 0300 UTC, so that the peak rainfall, plotted along the top of the 
figure, occured during the 0900 - 2100 UTC period, in agreement with Fig. 8. Calibration of 
the model parameters based upon the comparison of the outlet hydrograph from the stream- 
flow record and model was then performed in various logical steps following knowledge of 
the effects of model parameters on the hydrograph response. 

Comparisons of the model response and the observed hydrograph for the baseline case 
(i.e. parameters obtained directly from literature cited values) suggested the need for changes 
to model parameters that control both runoff volume and peak runoff time. Due to the infil- 
tration scheme used in CASC2D, incident rainfall that does not infiltrate, due to exceedence 
of an infiltration capacity, becomes overland runoff that is directly routed to the outlet (al- 
though reinfiltration can occur along the overland flow path). In order to increase the runoff 
volume in the model response, the infiltration needed to be reduced by lowering the value 
of the saturated hydraulic conductivity (Ks in cm/hr ). Changes to Ks below the accepted 
values for the soil type in Peacheater Creek were required in order to match the runoff vol- 
ume during the calibration tests. Fig. 25 shows two of the calibration tests for Ks based on 
typical values for silt loam and clay soil types. Using the Ks value (0.068 cm/hr) for clay 
matched the observed runoff volume despite the fact that the watershed is characterized 
by a silt loam soil type. This discrepancy is due both to the CASC2D model formulation 
as an infiltration-excess type model and the generalizations made when assigning a model 
parameters based on a specific soil type uniformly over the basin. 

The runoff volume is also controlled by the antecedent moisture conditions in the wa- 
tershed. If a large rainfall event occurs over a saturated soil surface, less infiltration will 
occur and consequently more runoff is expected. By increasing the antecedent soil moisture 
9i uniformly over the basin, an increase in the runoff volume was obtained. Furthermore, 
a spatially-distributed antecedent moisture conditions was developed through the use of a 
TOPMODEL approach to wetness and applied as the initial condition. This provided an 
improved runoff volume computation and a more realistic distribution of wetness over a 
larger range of possible wetness states in the basin. Results of these sensitivity tests during 
the calibration phase are shown in Fig. 26. 

Once the model runoff volume was comparable to the observations, changes were required 
to the timing of the peak flow. Testing of the model sensitivity to the overland and chan- 
nel roughness parameters suggested that runoff peak time was controlled primarily by the 



42 AER, Inc. P871, Hydrometeorological forecasting and analysis 

1.7 km 

2 km 

10 12 3 4 Kilometers 

Figure 24: The PRECIP grid in relationship to the Peacheater Creek. 
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Figure 25: WMS-CASC2D sensitivity and calibration test for a model parameter controlling 
infiltration under a Green and Ampt scheme: saturated hydraulic conductivity Ks. (a) 
spatially-uniform Ks = 0.068 cm/hr for clay textural class (b) spatially-uniform Ks — 
0.68 cm/hr for silt loam textural class (Rawls et al. 1983 [40]). Model response is discharge 
(m3/s) at the Peacheater Creek stream gauge station for the winter storm event of 3-8 
January, 1998. 
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Figure 26: WMS-CASC2D sensitivity and calibration test for a model parameters controlling 
infiltration: antecendent soil moisture conditions 0j. (a) spatially-uniform 0j = ne = 0.486, 
where ne is the effective porosity for silt loam (b) spatially-distributed through TOPMODEL 
wetness index for range 0j = 0 - ne (c) spatially-uniform 0j = 0.5ne = 0.243. 
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roughness characteristics (Manning n) of the channel routing scheme. Small changes in the 
Manning n produced significant variations in the modeled hydrograph. The overland Man- 
ning n, on the other hand, exhibited a smaller degree of control over the routed hydrograph 
and also presented problems in the numeric stability of the overland routing scheme. In or- 
der to obtain realistic peak runoff times, the Manning n was increased from typical channel 
values of 0.035 to 0.2, a value associated with channels that contain large obstructions to 
flow. A reasonable match was obtained with a uniform Manning n of 0.16 over the entire 
channel network. Fig. 27 shows the high sensitivity that the model hydrograph showed to 
the Manning n parameter. 

By using a trial and error calibration technique on these three important parameters, 
saturated hydraulic conductivity, antecedent soil moisture and channel roughness coefficient, 
the model runoff response was able to match sufficiently well the observed hourly hydrograph 
from the USGS streamgauge. Fig. 28 shows the comparison among the model output and the 
observed hydrograph for the storm event over the Peacheater Creek Basin. Notice that the 
rising hydrograph limb is well reproduced, but neither the peak flow rate or recession limb 
match appropriately. Although, this calibration exercise was not exhaustive (e.g. Senarath 
et al. 2000 [42]), it does demonstrate the sensitivity of the model to particular changes 
in parameters that control runoff volume and peak timing. In addition, this exercise also 
shows the limitations of using an infiltration-excess type model for the Peacheater Creek 
watershed during a winter storm event. To properly reproduce the observed response, values 
of saturated hydraulic conductivity (Ks) and channel roughness coefficient (n) had to be 
altered beyond the range of realistic estimates. 

The hydrologic modeling results from Phase I were presented at the AGU Spring 2000 
meeting in Washington, DC, during a session dedicated to lumped and distributed hydrologic 
model intercomparisons sponsored by the National Weather Service, Office of Hydrology 
(Hoffman et al. 2000 [23]). Future work during Phase II of the project addresses some of 
the issues explored during the implementation of CASC2D in the prototype R2FS for the 
Peacheater Creek Basin in northeastern Oklahoma. 

5    Phase II Plans 

Our approach for the Rain and River Forecast System (R2FS) is extensible, scalable, and 
flexible. In our Phase I effort, the initial focus was a robust baseline system consisting of 
WMS-CASC2D as a hydrologic model and the WSI PRECIP product as our distributed 
rainfall data source. Enhancements or additional modules may now be replaced or added 
to refine and to extend the system in a step-by-step process during the latter phases of 
the project. This approach mitigates risk, providing an early proof of concept operational 
product at low initial cost, which at the same time provides the basic building blocks for the 
evolutionary development of the system. The lessons learned during the Phase I effort can 
be fully integrated into the development plans in Phase II. 

Key points for the continued development of R2FS are the following: 
Development of spatially-distributed hydrologic model to replace WMS-CASC2D within 
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Figure 27: WMS-CASC2D sensitivity and calibration test for a model parameter controlling 
flood routing: channel roughness coefficient n. (a) spatially-uniform n = 0.1 for channel 
network grid cells (b) n = 0.16 and (c) n = 0.2. These high roughness values are more 
characteristic of overland flow than in-channel streamflow (Chow, 1959 [9]). Note the high 
sensitivity to n in terms of hydrograph translation and attenuation. 
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Figure 28: Comparison of WMS-CASC2D calibration with observed streamflow discharge 
at the Peacheater Creek streamgauge (07196973) in Adair County, OK, for the storm of 3-8 
January, 1998. The top panel shows the area-averaged rainfall rate (in mm/hr ) over the 
Peacheater Creek catchment obtained from the WSI PRECIP product. The bottom panel 
shows the comparison of the observed (a) and modeled streamflow (b) using the calibration 
parameter set: Ks = 0.068 cm/hr, 9i = 0 — ne, n = 0.16. 
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R2FS. We will use the M.I.T. Parsons hydrological model as a baseline system due to its cou- 
pling of unsaturated and saturated zone process dynamics and capability of modeling various 
runoff generation mechanisms including saturation and infiltration-excess types. Significant 
modifications to the flow routing scheme will be implemented to allow for a physically- 
based hydraulic routing in the river network and floodplain. This will permit modeling of 
the spatially-varied flood response in terms of flow depth, discharge and inundation extent. 
The new tool will permit novel approaches to distributed model calibration and validation 
with the use of distributed flood inundation data available from satellite imagery and flood 
mapping studies. In addition, the model interphase and spatial data analysis capabilities 
of the M.I.T. Parsons hydrological model will be enhanced by coupling it to a geographic 
information system, as outlined by Rybarczyk (2000 [41]). 

The WSI PRECIP product is our baseline precipitation data source. The PRECIP 
data have already been validated by Vollrath (1996 [49]), and we have begun to extend his 
analysis. In the future, refinements and improvements to PRECIP automatically become 
part of the R2FS. Note that PRECIP will be used both for data assimilation and for rainfall 
forecast verification. In later phases of the project, the capability to ingest ground-based 
and satellite-based precipitation estimates will be added. 

The baseline precipitation forecast techniques are three which already exist: 

1. Persistence will be implemented as a baseline and a starting point for further refine- 
ments. 

2. The M.I.T. Lincoln Lab extrapolation method is expected to be our most useful short 
range technique. 

3. Operational Eta forecasts will provide useful longer range techniques. 

For forecast blending, we will prototype a simple decision tree blending technique. In 
practice, this will amount to using the extrapolation forecast until a critical time is reached, 
and then switching to the Eta (NWP) forecast. At times near the critical time, when multiple 
forecasts are useful, the decision tree will be refined to blend the individual forecasts. The 
critical times for changing forecast methods, as well as the relative weights for merging 
different forecasts, will be determined by verifying each method against PRECIP. 
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A    WSI SPECIAL data holdings 

For each calendar day we list the number of files per day.  A complete day would have a 

count of 96. 1997 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1 — — — — — — — — — — — 96 

2 — — — — — — — — — — — 96 
3 __ __ __ __ __ — __ — — — — 96 

4 __ __ __ __ — — — — — — — 58 

5 __ __ __ — __ — — — — — — 93 

6 __ __ __ — — — — — — — — 93 

7 __ __ __ __ — __ — — — — — 96 

8 __ __ __ __ __ — __ — — — — 96 

9 __ __ __ __ — — — — — — — 95 

10 __ __ __ __ — __ — — — — — 96 

n __ __ __ __ — __ — — — — — 96 

12 -- — — — -- -- -- — — — — 96 
13 — — ~ — -- -- — — — — — 94 
14 __ __ __ __ — — — — — — — 95 

15 __ __ __ __ __ __ __ — — — — 96 

16 — — — — — — — — — — — 96 
17 __ __ __ __ __ — — — — — 96 96 

18 — — — — — — -- — — ~ 34 96 
19 — — — — — — — — — — 96 96 

20 — — — — — — — — — — 90 93 
21 — — — — — — — — — — 96 96 

22 — — — — — -- — ~ ~ — 92 95 
23 — — — — — — — — — — 64 — 
24 — — — — — — — — — — 25 37 

25 — — ~ — — — — — — ~ 96 96 
26 — — — — — — -- -- — — 96 96 
27 — — — — — — — — — — 96 96 

28 — — — — — ~ -- — — — 95 96 
29 — — — — — — -- — — — 96 95 
30 -- — — — — -- ~ — — — 95 95 
31 __ __ __ __ — — — — — — — 92 
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1998 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 95 95 96 -- 70 43 ~ — — — — — 
2 96 95 96 -- — 95 — — ~ — — -- 
3 95 95 96 — — 96 87 -- — ~ — — 
4 96 95 77 ~ 43 48 93 — — — — — 
5 75 96 90 — 96 89 7 — — — — — 
6 92 92 31 — 95 93 34 — — — ~ — 
7 96 88 90 — 96 80 96 — — ~ — — 
8 91 — 95 — 94 96 96 — — — — ~ 
9 94 95 70 — 96 96 96 — -- — — — 

10 94 96 95 — 96 70 94 — — — — — 
11 95 96 96 -- 91 42 88 — -- — ~ — 
12 96 96 95 — 72 93 87 — — — — — 
13 95 95 81 96 34 76 26 — ~ — — — 
14 96 94 — 96 80 30 96 — — — — ~ 
15 96 96 — 96 84 82 96 -- — — — — 
16 96 96 38 95 94 83 96 — — — — — 
17 95 94 96 95 96 71 96 — — — ~ ~ 
18 96 95 46 — 95 96 96 — — — — — 
19 95 95 95 — 89 93 92 — — — — ~ 
20 96 95 95 — — 94 83 — — — — — 
21 96 93 95 34 — 96 96 — — — — — 
22 96 91 96 95 — 94 93 — — — — -- 
23 96 96 96 91 — 96 — — — — — ~ 
24 96 95 96 ~ — 96 — — — — — ~ 
25 95 95 ~ — — 95 — — — — — — 
26 96 96 ~ — — 96 — — — — ~ — 
27 96 95 — -- — 94 — — — — — — 
28 96 94 — — 24 95 — — — — — — 
29 96 — — 13 95 87 — — — — — — 
30 77 — -- 95 94 — — — — ~ — — 
31 95 — -- — 47 -- -- -- ~ — — — 
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1999 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 __ __ __ __ — __ 96 — — — 96 96 

2 — — — — — 96 96 — — -- 96 95 
3 __ __ __ — — 96 96 — — — 95 57 
4 __ __ __ __ __ 96 — — — — 86 — 
5 __ __ __ __ __ 96 — — — — 48 — 
6 __ __ __ __ __ 96 — — — — 48 — 
7 __ __ __ __ — — — — — — 8 44 

8 __ __ __ __ — — — — — — 35 96 

9 __ __ __ __ __ — — — — — 47 96 

10 — — — — — — -- — ~ — 64 96 
n __ __ __ — — — — — — — 96 96 

12 — — — — — -- -- -- — — 96 96 
13 — — — ~ -- -- -- — — — 95 96 
14 __ __ __ — — — — — — 37 96 96 

15 — — — — — — — — — 96 96 96 
16 — — — — — — — — — 94 96 95 
17 __ __ __ __ — — — — — 96 96 89 

18 -- — — — — — -- — — 86 96 — 
19 — — — — — — — — — — 96 96 
20 -- — — — — — -- — -- — 95 96 
2i — — — — — 35 — — — — 96 96 

22 -- — — — -- 96 — — — -- 96 96 
23 — — — — — 96 — — — — 96 96 
24 — — — — — 96 — — — — 96 96 

25 — — -- -- — 96 -- — — — 96 96 
26 — — — — 96 96 — -- — — 96 96 
27 — — — — — 96 -- — — — 55 96 

28 — — — ~ — 96 -- -- — — — 96 
29 — — — — — 96 — — — 32 23 96 
30 — — — — — 96 — — — 96 83 96 
31 __ __ __ — 96 — — — — 96 — 96 
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2000 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

1 95 96 96 96 96 96 96 96 96 — — — 
2 96 96 96 96 96 95 96 96 65 — — — 
3 95 96 96 96 96 96 96 96 75 — — — 
4 92 96 96 96 96 96 96 96 70 — — — 
5 94 96 96 95 96 96 96 96 83 — ~ — 
6 96 96 96 96 96 96 96 96 96 — — ~ 
7 96 96 96 96 96 96 96 95 96 — — — 
8 95 96 96 96 96 96 96 96 96 ~ — — 
9 96 96 96 96 96 96 96 96 96 ~ — — 

10 96 96 96 96 95 96 96 96 95 — — — 
11 96 96 96 96 95 96 96 96 — — — — 
12 95 96 96 96 96 96 96 96 — — ~ — 
13 96 96 96 96 96 96 95 96 — — — — 
14 96 96 96 96 96 96 96 94 — ~ — — 
15 96 95 96 96 96 96 93 96 — — — — 
16 96 96 96 96 96 93 96 95 — — — — 
17 96 96 96 96 96 95 96 96 — ~ — — 
18 92 96 95 96 96 95 90 96 ~ — — — 
19 96 96 96 96 96 96 96 96 — — — — 
20 96 96 96 96 96 96 96 96 — — — — 
21 96 96 96 95 48 96 96 94 — — — — 
22 96 96 96 96 96 96 96 96 — — — — 
23 96 96 96 96 96 96 96 96 — — — — 
24 96 96 96 96 96 96 96 96 — — — — 
25 96 96 96 96 96 96 96 96 — -- — — 
26 96 96 96 96 96 96 95 96 — ~ — — 
27 96 96 95 89 96 94 96 96 — — — — 
28 96 48 96 96 96 96 95 96 — — — — 
29 96 24 96 96 95 95 95 96 — — — — 
30 96 — 96 96 96 96 94 96 — — -- — 
31 96 — 96 — 96 — 91 96 — — — — 
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