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Precipitation is one of the most important components contributing to hydrological

dynamics. Spatially distributed precipitation data can be obtained by satellite, radar,

rain gages, etc, to serve various purposes. Currently, the most commonly used

precipitation data still rely on gage-based measurement techniques that provide

timely precipitation information with high quality and reliability. The National

Oceanic and Atmospheric Administration (NOAA) and its cooperative climate

stations are the primary resources of this form of precipitation data at the federal

level. For hydrological simulation of precipitation-runoff for a watershed,

precipitation is a critical model input that has a significant impact on the certainty

and accuracy of simulation. To better understand the hydrological process within

Whitewater River Basin in Kansas, the Precipitation-Runoff Model System (PRMS)

was applied to this area, where the Cooperative Atmosphere-Surface Exchange

Study (CASES) has set up an intensively instrumented site managed by Hydrologic

Science Team (HST) of Oregon State University for rainfall data collection. Two

rainfall data sources, NOAA and HST, were used in this study to simulate the stream

response to rainfall within the basin. Different simulation results were acquired,
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compared and analyzed. The study concluded that better simulation results were

obtained with MMS-PRMS using integrated spatially distributed precipitation data,

which was not available as a standard NOAA product. For a large basin, it is

necessary to collect precipitation data within the area of interest in addition to

standard NOAA data to produce an accurate hydrological model. It was suggested

that to guarantee the quality of precipitation-runoff simulation using MMS-PRMS,

the coverage of each rain gage should not be larger than 40 to 50 square kilometers

(about 15-20 square miles). It was also learned that the precipitation data from local

supplementary measurements are unlikely to be a satisfactory substitute for current

NOAA data in hydrological simulation due to the short time period of measurement.

The combination of standard NOAA data and additional data from an intensively

measured site, such as CASES, or from radar, would allow more for better

simulation.
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Evaluation of Precipitation Data Applied to Hydrological Simulation Using
MMS-PRMS for Whitewater River Basin in Kansas

I. i.NTRO.DL1CT1(JN

Numerous hydrological models have been developed for various applications.

Computer simulation using such models is an essential tool for studying

hydrological dynamics in a catchment. Increasing reliability of computer

technologies and rationality of scientific assumptions in a physical model have made

simulation models a more efficient and economical way to understand complicated

hydrological mechanisms. Models are either lumped, i.e. they use only spatial

averages, or they are of a distributed type and allow for spatial variability within a

catchment. Generally, the drainage basin should be seen as a heterogeneous

assembly of distributed entities having specific physiographic properties, each

contributing differently to the basin output. Therefore, a model that better reflects the

spatial variability of important hydrological elements is able to perform better.

Spatially distributed models have become a favorite tool for hydrologists to make

full use of results of field campaigns and remote sensing, as a research tool to

explore the world of hydrology, and predict our future accurately.

Better model algorithms and hydrological approximation requires input data with

high quality. With the aid of GIS technology, some spatially-distributed

physiographic factors, such as topography, land cover, soil texture, and geology, are

satisfactorily presented for modeling purpose. However, it is more difficult to

capture the temporal and spatial variation of precipitation, which greatly influences

the hydrological dynamics of a watershed. Even though great progress has been

made in precipitation measurement technology, such as satellite and radar, which are

capable of portraying spatial variation of precipitation, many scientists still regard

the National Oceanic and Atmospheric Administration (NOAA) network as the

primary precipitation data resource for their research because NOAA data are still
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the most reliable, accessible, accountable, and cost-effective. For precipitation-runoff

models, precipitation input largely accounts for the certainty and accuracy of

simulation. It has been a major concern for hydrologists to obtain an optimal data

source at lower cost while ensuring satisfactory watershed modeling. Therefore, it is

meaningful to investigate under what conditions NOAA data would be sufficient and

recommended for carrying out high quality precipitation-runoff simulation. Based on

the application of MMS-PRMS to Whitewater River Basin in Kansas, this study

analyzes the correlation between simulation quality and supporting precipitation data

provided by either the NOAA network or the instrumented network managed by

Hydrological Science Team (HST) of Oregon State University. This study also

examines the rationality of the distribution of current HST gages in an effort to

produce precipitation data which can better describe the spatial variation of

precipitation and, provide a database for radar calibration, and to improve

hydrological modeling of the study basin.

1.1 Background

A Cooperative Atmosphere-Surface Exchange Study (CASES) site (see figure 1) was

established to improve observation and understanding of sophisticated interactions

and interdependencies among the atmosphere, hydrosphere, and terrestrial biosphere.

CASES is a multi-year, interdisciplinary effort to investigate linkages among the

atmosphere, hydrosphere, and terrestrial biosphere. The complex interactions among

these components of the Earth's system involve the fields of meteorology, hydrology,

climate, ecology and chemistry, and challenge current capabilities to understand,

simulate, and predict many aspects of our environment on time scales from minutes

to years. By bringing scientists from different disciplines together, enabling them to

work with modern observation systems, and facilitating the availability of data,

CASES was designed to improve our understanding of complex earth systems. Its

maj or objectives are to 1) quantify the exchange of energy, moisture, and trace

chemical species that link the Earth and its vegetation to the
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Figure 1 Location of Walnut River Basin (CASES site)

atmosphere on a variety of temporal and spatial scales; 2) develop techniques to

properly represent these linkages in numerical models; 3) identif' the relative

importance of these linkages to atmospheric, hydrospheric, and biospheric processes;

and 4) examine applicability to similar biomes worldwide. CASES provides an

opportunity to develop the needed multi-disciplinary data sets and to test the

representation of physical processes in numerical models designed to simulate and

predict our environment.

To better monitor the hydrological components, the National Weather Service is

about to complete the deployment of a national Doppler radar network NEXRAD

(WSR-88D). Optimization techniques for estimating precipitation will require an

integration of radar and gage observations. With a deployment of supplemental rain

gages, the CASES facility will provide an unprecedented data set for calibrating the

new radar system's capability to measure precipitation. A particular interest was

displayed in understanding the linkage between soil water content at the surface and

subsurface profile as a function of time during the growing season and in days

following precipitation events. Reliable hydrological simulations based on the data
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from a well-instrumented site are needed to provide ground truth for integrating

radar and gage information to optimize the performance of the NEXRAD network.

The Walnut River Basin, which comprises the CASES site, presents a unique set of

conditions that will enable researchers to better understand hydrologic processes.

The size of the Walnut River Basin (about 5200 km2) is particularly useful as it

approaches the grid size used in many weather and climate models. This represents a

scale for which there has not previously been sufficient observations for valid model

parameterizations. The center of the CASES site (Figure 1) is under the umbrella of

four different WSR-88D radars at ranges varying from 50 to 210 kilometers and in a

climatic region which experiences a broad spectrum of precipitation events (the

coverage of the WSR-88D radar at Wichita and Whitewater River basin is shown in

figure 2). In addition, measurement of stream flow at a number of nested gaging

stations in the area enables the observed runoff to be compared with real

precipitation, providing an independent check of WSR-88D derived precipitation

fields.

1.2 Study basin

The study area, Whitewater River Basin covering about 1,200 1cm2, is situated at the

northwest region of the CASES site and is one of four subba sins of the Walnut River

Basin (see figures 1 and 3). Hydrologically, it is considered a reasonably tight

watershed with minimal leakage into the sub-strata. The streambed is relatively

stable. Annual precipitation of this area varies enormously by years. In dry years

such as 1998 and 2000, annual precipitation was about 600-700 mm. In wetter years

like 1999, it went up to 1200-1300 mm. The precipitation in this area is sufficient to

ensure a number of precipitation-runoff events and periodic wet-dry cycles every

year. The Walnut River basin is mainly comprised of cropland, grazing land, and

grassland (see figure 4). Within the Whitewater River subbasin cropland and grazing



Figure 2 Coverage of the WSR-88D radar at Wichita

-/ -p

fl
- I

Walnut Rlvi4r basin

jJ/

ThJ4'\
WEt NGTQN

Figure 3 Location of Walnut River Basin and Whitewater River Subbasin



6

F' - F'ux M Meteorological

Mostly Mostly Mostly
Crapland Grazing Land Grassland

Figure 4 Distribution of land cover and meteorological stations
(Source: CASES database)

land are dominant. A USGS stream flow gaging station was installed at the outlet of

Whitewater River basin providing historical stream flow data since 1961. The

CASES site currently has eight NOAA climate stations, which report via satellite in

real time. Two of them (Potwin and Towanda) are located within the Whitewater

River basin supplying historical meteorological data. In 1997, the CASES designated

the Hydrologic Science Team (HST) to deploy a precipitation gage network covering

the Whitewater River Basin to intensively monitor the rainfall situation (figure 5)

Because of the contribution of CASES and available data on topography, land use,

stream flow, and the rainfall, Whitewater River basin has become an ideal arena for

hydrologic research and modeling.
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2, M.OTW ' o: S AN!) OBJECT iVFS

Limited efforts have been made to assess the value of precipitation data from NOAA

and its associated climate stations in hydrologic modeling. It is meaningful to

investigate, by means of applying PRMS to Whitewater River Basin, whether NOAA

data are sufficient for high quality precip-runoff simulation. For CASES, a

successful application of MMS-PRMS can help parameterize local hydrological

dynamics and suggest better ground observations for WSR-88D (Weather Service

Radar) calibration. The objectives of the study were set up to address these issues.

The objectives are three-fold:

Investigate the physiographic features of Whitewater River Basin, create an

integrated precipitation database including 10-year NOAA data and 3-year HST data,

and apply MMS-PRMS to model the basin with the help of GIS to better understand

the hydrological processes of Whitewater River Basin.

Test the hypothesis that better simulation results are obtained with MMS-PRMS

using integrated spatially distributed precipitation data, not available as a standard

NOAA product and thereafter suggest means of strengthening and optimizing

monitoring of regional hydrological components, particularly precipitation for

WSR-88D calibration.

Develop a shared database for interdisciplinary research and provide information and

reference values for important parameters related to basin water balance, to help in

selection of atmospheric and terrestrial models used for the same region within the

CASES project.

The schema of this study is shown in figure 6. Basically, this study methodologically

included four parts. The first part was to identify study objectives, setup a scientific

hypothesis, build a database for modeling the Whitewater River Basin, and estimate
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initial model parameters. The second part was to complete the MMS-PRMS daily

model initialization, calibration, and verification using NOAA and HST data. During

this process, simulation results from the daily model were delivered to the database

of this project. The third part focused on simulations with the MMS-PRMS storm

model using HST storm data. Twenty-five storms were selected and simulated. The

reliability of the storm model was tested and verified. Storm simulation results were

also deposited in the database. The last part of this study concentrated on hypothesis

testing in the support of statistical analysis and made conclusions that included

observations and suggestions derived from this study.

Daily model calibration and simulation quality were evaluated relying primarily on a

number of objective functions that described statistical fitness of simulated values to

observed values. For the storm simulation assessment, overall simulation differences

for each selected storm were visualized and analyzed by overlapping various

hydrographs, which individually expressed the simulations for the same storm under

different scenarios. Several objective functions were used to quantitatively assess the

simulation quality with respect to peak flow and total flow volume. Detailed

descriptions of these procedures are given in relevant sections throughout the

document.



10

IIYPOTIIESIS SETUP

HST rainfall

data processing
Land cover

processmg
I Database

MMS...PR1'IS
I

Parameter
building

I estimate

Soil types

Topography
data processing pt data Geology

1rocessmg

I ____
Initialization

1987-1989

I
Jr Data output

Calibration
>

1990-1997

Verification

I

1998-2000

I

iischarge Isimulation
I

I
1998-2000 Data output

___1'

Simulation Statistical Simulation
corn arison analysis evaluation

hYPOTHESiS ANALYSIS

Figure 6 Schematic diagram of this study



LII

3. LITERATURE REVIEW

3.1 MMS-PRMS development

PRMS

Background

According to the introductions to PRMS at USGS website (Water Resources

Applications Software, http://water usgs.gov/software/yrms. html) and PRMS users'

manual (G H Leavesley and L. G Stannard, 1998), PRMS is a modular-design,

deterministic, distributed-parameter modeling system designed and developed by

USGS to evaluate the impacts of various combinations of precipitation, climate, and

land use on stream flow, sediment yields, and general basin hydrology. Basin

response to normal and extreme rainfall and snowmelt can be simulated to evaluate

changes in water-balance relationships, flow regimes, flood peaks and volumes,

soil-water relationships, sediment yields, and ground-water recharge.

Parameter-optimization and sensitivity analysis capabilities are provided to fit

selected model parameters and evaluate their individual and joint effects on model

output. The modular design provides a flexible framework for continued

model-system enhancement and hydrologic-modeling research and development.

As a Unix-based modeling system, PRMS has undergone several phrases of

improvements. Initial development of PRMS occurred in 1983. In 1984, PRMS was

improved by replacing the ISAM file with a WDM file that possessed a powerful

function for data management. In 1991, the function of the WDM file was expanded

further to accommodate time series data, which made possible the exchange of input

and output data among different models and facilitated interdisciplinary research.

Input data
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PRMS daily mode requires data on daily precipitation and daily maximum and

minimum air temperature. Daily pan evaporation data can be substituted for

temperature data. For the areas where the snowmelt has a significant impact on the

hydrological process, daily solar radiation data are recommended. For storm

hydrograph and sediment computations, short time-interval precipitation, stream flow,

and sediment data are needed. Descriptive data on the physical topography, soils, and

vegetation are input for each basin subunit. The spatial and temporal variation of

precipitation, temperature and solar radiation are also needed. The input time-series

data are read from a WDM file.

Model output

For DOS and UNIX PRMS, the measured data and most of predicted data can be

saved in the WDM file. Also, the model produces output text files in a number of

tabular forms that can be chosen dependent upon the users' interest. The hydrological

components shown in the output tables include annual and monthly summaries of

precipitation, interception, potential and actual evapotranspiration, and inflows and

outflows of the ground water and subsurface reservoirs. The time series available at a

monthly time step may also be output at a daily time step along with the available soil

moisture, percent snow cover, snow pack water equivalent, and snowmelt. This

information is also available for individual HRUs (Hydrologic Response Units). A

summary table of observed and predicted peak flows and runoff volumes for each

storm period is output in tabular form. The inflow and outflow for user selected

overland flow plans and channel segments can be output in tabular form as well.

Previous applications of PRMS

The reliability and applicability of PRMS have been displayed through a number of

applications. Relevant literature shows that PRMS was successfully applied to the
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basins that include:

Beaver Creek basin in Kentucky (1984),

Cane Branch basin in Kentucky (1984),

Prairie Dog Creek basin in Montana (1984),

Tug Fork basin of Kentucky, Virginia, and West Virginia (1984)

Southern Yampa River basin in Colorado (1985),

Green River basin in Colorado (1985)

Warrior Coal basin in Alabama (1987)

Ah-Shi-Sle-Pah Wash basin in New Mexico (1989),

Williams Draw and Bush Draw basins in Colorado (1989)

Mined and unmined watersheds in coal areas of West Virgina (1989),

Schweizer Ingenieur und Architekt basin in German (1990),

Gunnison River basin in Colorado (1993),

11 small drainage basins across the Oregon Coast Range (1994),

Brol basin (Rheinisches Schiefergebirge) in German (1994), and

Lake Tahoe basin in California and Nevada (1999)

East Fork Carson River basin in California (1999)

According to available documentation about PRMS, it is found:

from the perspective of geological distribution of PRMS application, most of

the applications of PRMS were carried out in the USA;

no information was found indicating that the PRMS was used in the regions

other than USA and Europe and it is unknown how is the applicability of

PRMS in the tropical zone and south hemisphere where different

meteorological features are present;

the majority of previous applications focused on studying the

precipitation-runoff process in a small watershed (less than 250 square

kilometers or 100 square miles);



14

U Most of the applications used DOS/PRMS or UNIXIPRMS, which were

implemented during the period from 1983, when the PRMS came out, to

1993 when the USGS issued a new version of PRMS (see following section);

During this period, more than 30 PRMS-related articles were published or

showcased in a variety of academic events;

After 1994, very few applications of PRMS were reported (the reasons are

analyzed in next section).

MMS-PRMS

The interdisciplinary nature and increasing complexity of environmental and water-

resource problems require the use of modeling approaches that can incorporate

knowledge from a broad range of scientific disciplines. Selection of a model to

address these problems is difficult given the large number of available models and the

potentially wide range of study objectives, data constraints, and spatial and temporal

scales of application. To address the problems of model selection, application, and

analysis, a set of modular modeling tools, termed the Modular Modeling System

(MMS) has been developed by the NRP Precipitation-Runoff Modeling Project. The

approach being applied in developing MMS is to enable a user to selectively couple

the most appropriate process algorithms from applicable models to create an

"optimal't model for the desired application. A number of modules derived from

PRMS were installed in MMS, which represented various algorithms for

corresponding hydrological processes. The standard assembly of PRMS modules

within MMS, the MMS-PRMS (daily mode), was incorporated into MMS.

Even though previous versions of PRMS (UNIX and DOS-based) have showcased its

success in a variety of applications, the lack of a Graphic User Interface (GUI)

decreased its efficiency in modeling work. Currently, more attention is being paid to

the development of MMS-PRMS not only because of its friendly GUI system, which

better meets the requirements of users, but also the revolutionary concept of
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hydrologic modeling. Within MMS, PRMS is not viewed as an traditional integral

model but a number of PRMS modules that allow for the creation of desired models

by using different modules that are not necessarily the PRMS basic modules if other

modules are available.

As a newly developed product of the USGS, MMS-PRMS in general and its storm

modules in particular have been undergoing constant improvement. So far, limited

information was available on the application of MMS-PRMS. According to the

literature, MMS-PRMS daily mode was successfully applied to several basins, such as

the Brol basin (Rheinisches Schiefergebirge) in Germany (1994), the Cane Branch

basin in Kentucky (in 1984 and 1996, UNIX-PRMS and MMS-PRMS were used

respectively), and the East Fork Carson River basin in California (1999). However, no

information was found illustrating the application of MMS-PRMS storm mode except

an example application (Cane Branch basin, Kentucky). Although the MMS-PRMS

provides a nice GUI and a statistical tool for model calibration, the complexity of

module design and model makeup may still hamper some users. In addition, we were

informed during our close contact with USGS that the MMS-PRMS storm modules

were under further development. The current storm modules available for the public

may not work well. USGS has invested great effort to update the storm modules. The

updated modules for storm computation have been completed and are undergoing a

trial period. These updated modules are not available to the public at this time. This

information may provide explanation of why during the past severalyears PRMS was

not used as often as before.

One requirement of this study is to create a model from MMS-PRMS modules

(updated storm modules were obtained directly from PRMS designer, G. H.

Leavesley.) to simulate the hydrological dynamics in Whitewater River Basin. The

performance and the feasibility of PRMS-MMS for the Whitewater River Basin will

be examined which will at the same time provide valuable experience on the

operation of its storm modules.
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3.2 MMS-PRMS methods

MMS-PRMS fully represents the conceptualization of the hydrologic cycle including

canopy interception, infiltration, evapotranspiration, snowmelt, interfiow, overland

flow, channel flow, unsaturated subsurface flow, and saturated flow in groundwater

aquifers.

During MMS-PRIvIS modeling, a watershed is divided into subunits based on such

basin characteristics as slope, aspect, elevation, vegetation type, soil type, land use,

and precipitation distribution. Two levels of partitioning are available. The first

divides the basin into homogeneous hydrologic response units (HRU) based on basin

characteristics. Water and energy balances are computed daily for each HRU. The

sum of the responses of all HRU's, weighted on a unit-area basis, produces the daily

system response and stream flow for a basin. A second level of partitioning is

available for storm hydrograph simulation. The watershed is conceptualized as a

series of interconnected flow planes and channel segments. Surface runoff is routed

over the flow planes into the channel segments; channel flow is routed through the

watershed channel system. An HRU can be considered the equivalent of a flow plane

or it can be delineated into a number of flow planes.

No attempt was made to illustrate in details the mechanism and manipulation of

MMS-PRMS. They can be learned from relevant documentations, some of which are

listed on bibliography. Shown in figure 7 is a schematic diagram of the PRMS river

basin model, simplified from the diagram presented by Leavesley and others (1983),

showing the hydrological components and their interactions that were considered

during modeling the Whitewater River Basin.
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3.3 M:Ms-PRMS application and CASES

To quantify the exchange of energy, moisture, and trace chemical species that link the

Earth and its vegetation to the atmosphere, CASES calls for developing techniques to

properly represent these linkages in numerical models. From the perspective of

hydrology, selected models are expected to help better understand atmospheric,

hydrologic and biosphere processes and their linkages. Among numerous hydrologic

models, MMS-PRMS is one of the most powerful and complex models in terms of

physical simulation at the watershed scale. During this study, MMS-PRMS was

selected to simulate the hydrology in Whitewater River Basin. It was believed that the

successful application of MMS-PRMS to Whitewater River Basin is valuable for

CASES, because:

S MMS-PRMS meets the research purpose of CASES from the perspective of the

hydrologic simulation. MMS-PRMS is able to constantly refine the soil moisture

under various climate conditions, determine the effects of mesoscale motions of

water surface-atmosphere fluxes, define the role of land, examine the current data

availability and further requirements for various research purposes that may help

integrated remote sensing techniques.

Modeling Whitewater River Basin with MMS-PRMS will improve the

understanding of hydrology within the basin, which spatially contributes to the

overall processes of the atmosphere-surface exchange over Walnut River Basin.

More importantly, MMS-PRMS water balance simulation calls for estimates of

evapotranspiration, solar radiation, energy flux, and soil moisture in the modeled

area to increase the simulation accuracy. These elements also play a significant

role in the processes of atmosphere and biosphere of the local ecosystem.

Acquired information for MMS-PRMS may benefit the overall CASES project.

Acceptable model outcomes related to basin precipitation-runoff response and soil

moisture distribution and variation may help scientists pursue a broad range of

interdisciplinary research.
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MMS-PRMS is characterized by strongly physical inputs and stringent

parameterization and calibration. The parameterization schemes and optimized

values for large number of parameters may be of reference value for the

establishment and oneration of atmosohere and hiosnhere models Parameter
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Figure 7 Schematic diagram of the MMS-PRI\IS conceptual basin model, simplified

to show the components used in Whitewater River Basin modeling.

Derived from Oregon Coastal Basins Rainfall-Runoff Modeling Project,
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estimate comparison between MMS-PRMS and other models could be very

meaningftil in seeking more realistic parameter values.

With the aid of MMS-PRMS, more flexibility and alternatives would be provided in

selecting an optimal atmosphere or terrestrial model. As the boundary or initial

conditions for terrestrial models, MMS-PRMS' simulations of soil water content,

surface runoff, interfiow runoff, and groundwater transition can help minimize

unrealistic model assumptions, and correspondingly, reduce the discrepancies

among the simulations of atmosphere, terrain, and hydrology.

MMS-PRMS will build up a database as required for model input on meteorology,

topography, land cover, soil types, subsurface and groundwater storage, etc. This

database is referable and adaptable to the manipulation of atmosphere and terrestrial

models applied to the same region, which could, therefore, facilitate CASES

research.

MMS-PRMS is able to take different algorithms to simulate the scenarios of both

long-term daily runoff (continuous stream flow simulation) and short-term storm

responses. Flexible time steps from minutes to years can meet the requirements of

data exchange among various models used for CASES. These features may not be

possessed by many other hydrologic models and partly explain the preference of

MMS-PRMS application to Whitewater River Basin.
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4. Th.P' i'UTNTMION OF THE MODEL

4.1 Data available for analysis

Climate data

Daily precipitation data are available for 1987-1997 from National Climate Data

Center (NOAA climate network). The distribution of NOAA climate stations and

associated climate stations managed by the National Resource Conservation Service

(NRCS) and the High Plain Regional Climate Center (HPRCC) around the study

basin is indicated in figure 8. The precipitation records from NOAA Potwin station, in

the middle of study basin, were used for modeling. Another NOAA station (Towanda)

located at the south boundary of the basin has been unable to provide data due to

some technical problems. There are four stations (Newton EL Dorado" Wichita and

Florence) near the basin. Their precipitation data were also used for the analysis and

verification of Potwin data and to replace missing data. Daily data for 1998-2000 and

all hourly data were derived from precipitation records at HST instrumented locations

where 45 rain gages were originally installed (figure 5), among which were 27 gages

deployed within the study basin and able to provide data for this study. Because the

Potwin station did not have temperature records for modeling years, daily maximum

and minimum temperature data required by MMS-PRMS came from historic records

of Newton station, which is close to the northwest boundary of the basin.

Flow data

Daily and unit discharge data for 1961-present from a USGS stream flow station at

Towanda (see figure 8), the river outlet of the study basin, were available for model

calibration.
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Other data

The CASES datum archive was the primary digital datum source for the study basin.

After data processing with GIS, the basin's topographic features including shape,

slope, stream flow network, and flow planes are illustrated in figure 9 and 10. Land

cover information (figure 11) was obtained from the Atmospheric Radiation

Measurement Program (ARM) (see figure 1). Groundwater distribution around the

study basin (figure 10) was obtained from the report "Groundwater in Kansas, Kansas

State Department ofCivil Engineering and Kansas Geological Survey" (irrigation)".

Surficial geologic information was elicited from Geology Report of Kansas by

Emporia State University. Soil type distribution was acquired from NRCS

(USDA-Natural Resources Conservation Service). Other required data for modeling

were mainly from Kansas GeoDatabase, and NASS (USDA-Natural Agriculture
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Statistics Service). All the data used for this study were obtained from the

organizations with a high credibility. It was assumed that these data were reliable,

therefore, no efforts were made to evaluate and rate the data quality.

Note. MMS-PRMS was designed to use the data in the units of the English or US Customary
system, and the following descriptions of data and simulations were made consistent with that
system.
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Figure 9 Flow plane dimension and distribution.
(Derived from CASES database)
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Figure 10 Topography and stream distribution.
(Derived from CASES database)
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Figure 11 Land cover distribution of Whitewater River Basin.
(Derivedfrom Atmospheric Radiation Measurement Program (ARM), 1999)
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4.2 Hydrological system analysis

The drainage basin was intensively studied relying on a variety of existing

information, and additionally the hydrological and meteorological database was

analyzed. From these studies the hydrology of the basin can be described as follows:

The entire basin is fairly flat. Over an area of 460 square miles, the elevation

fluctuates within a range of about 30 meters (about 100 feet). This topographic

characteristic explains the lagged response of stream flow to the rainfall at the

basin outlet. In general, the elevation declines from north to south.

The topsoil type is considerably uniform (figure 13). Clay is dominant, which

occupies approximately 85% of the basin area. This type of soil has a relatively

low hydraulic conductivity. Prompt water flux downward would not occur

basin-wide after storms. The streambed is covered by stony clay loam.

The basin is primarily composed of cropland and grassland (figure 11). The land

covers intercept a large quantity of rainfall. The soil infiltration capacity is

adequate to infiltrate the remaining depth of precipitation.

Historical data on rainfall and stream flow indicate that after a dry period (about

one month or longer) surface runoff occurs only during storms with high rainfall

intensities.

There is no perennial snowpack over the study basin. Occasional snow events did

not play a significant role in the overall hydrological processes of the basin.

According to the "Geology Report of Kansas" by Emporia State University,

surficial geological structure is made up of the Terrace Deposit, Gravellium, and

Chase Group (Limestone). Groundwater is restricted to a very small proportion of

the basin in the southwest (figure 12) and is recharged by percolation from the

unsaturated zone above, but the majority of its recharge is received by interfiow

from the adjacent slopes. No information supported the possible existence of a

significant groundwater sink.

Interfiow in the shallow soil of the slopes is apparently the predominant
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hydrological process in the basin after storms.

Regarding the land covers, soil types, and geological structure, it is assumed that

the infiltrating water is stored in the unsaturated root zone for consumption by

evapotranspiration, and if field capacity is exceeded, water percolates further

downward, creating a wetted zone above the underlying impervious bedrock.

It is unknown if frequent coarse pores (earthworms, former root channels) are

present, which could enhance the slower percolation process by fast downward

flow of water from the surface.

No information indicated the existence of a surface reservoir with large capacity

within the study basin, which could considerably influence the water flux pattern

(see figure 11).

4.3 IIRU delineation using GIS overlay analysis

The GIS database was generated by digitizing maps of soil types and land use, and by

importing a DEM into the GIS. The HRUS were delineated by GIS-analyses as

follows:

dendritic stream network was simplified by eliminating some high-order

tributaries but still maintaining basic flow patterns, to ensure the total number of

flow planes below the limit (50) set in MMS-PRMS. The simplified channel

network is shown in figure 14.

slopes and aspect were derived from DEM analysis, and the basin was divided

into 34 flow planes (see figure 15);

two land use classes of grass and crop were classified;

soil and associated hydraulic conductivity were grouped into two categories (silty

clay loam and stony clay loam)

areal mean daily precipitation was calculated from Thiessen Polygons and was

applied uniformly to each HRU.
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Figure 12 Groundwater distribution of surrounding areas of Whitewater Basin.
(Source: Kansas State Department of Civil Engineering and Kansas Geological Survey)

[11

Silty-Clay Loam

Stony-Clay Loam

5 10 mile

Figure 13 Soil type distribution of Whitewater River Basin. (Source:
USDA -Natural Resources Conservation Service)



27

/
fc1t2

A Lltb

(9t

Ut?

flit,

1 1
(1(10 (1113

'

J2O (Towaild.

i:r

CHxx---stream segment
5 10 mile

Jxx---stream junction

Figure 14 Channel partition for MMS-PRMS modeling.

r v

1

0 5 lOmile

I I

Figure 15 Flow plane partitions for MMS-PRMS modeling.
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During the GIS overlay analysis, generated subclasses with small areas were merged

with similar larger classes based on the insight gained during the hydrological systems

analysis. The whole basin was divided into seven HRUs (figure 16). Their associated

hydrological properties are delineated in Table 1.

Table 1 Areas and physiograhic properties of the HRUs delineated for the
Whitewater River Basin

HRU

No.

Areas

(acres)
Area(%)

Av. Elev.

(f.a.sJ*)
AV. Slope

(%)
Aspect

N,E,S,W
Soil Land use

67023 24.3 425 0.08 S Silty clay loam Cropland
2 57252 20.8 415 0.16 SW Siltyclayloam Grassland
3 9234 3.3 408 0.22 SW Stony clay loam Grassland
4 41264 15.0 420 0.11 NE Silty clay loam Cropland
5 60330 21.9 425 0.08 E Silty clay loam Cropland
6 13544 4.9 421 0.10 5 Stony clay loam Cropland
7 27087 9.8 421 0.10 E Siltyclay loam Cropland

* f.a.s.lfeet above sea level.

0 5 lOmile

I I

I

Figure 16 HRU partitions for MMS-PRMS modeling.
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4.4 HST data processing

The use of HST precipitation data was crucial for the modeling with MMS-PRMS and

the hypothesis testing. It made possible the evaluation of the quality differences of

simulations made by using regular NOAA precipitation data and HST data. HST

deployed 45 Texas Instruments tipping bucket rain gages around the study basin. 27

out of 45 gages that met the data requirement of MMS-PRMS modeling were used for

this study. Their distribution is shown in Fig. 17. Interpreting and transforming HST

precipitation records into a format recognized by MMS-PRMS is a fundamental step

toward the accomplishment of the modeling of Whitewater River Basin. HST data

processing underwent four processes: 1) initial file generation, 2) computation of

daily and hourly rainfall, 3) data analysis and quality control, and 4) flat file

generation for MMS-PRMS. Appendix-A introduces the approach of gage selection

and detailed description of HST data processing and the assignment of the gages to

each HRU.
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Figure 17 Distribution of HST precipitation gages within Whitewater Basin



30

(Derived from CASES database, exclude the gages not used in this study)

4.5 Applying the HRU in MMS-PRMS

Seven HRUs of the Whitewater River Basin were applied in MMS-PRMS and a total

of 14 years (1987-2000) of climate and flow data were used. The modeling exercise

was carried out as follows:

The first two years from 1987 to 1989 were the period for MMS-PRMS daily

mode initialization using NOAA rainfall data;

Starting from 1990 until 1997, calibration and optimization were performed for

the daily mode using the same data resource for initialization. There were two

criteria to examine the quality of calibration. They were 1) simulated flow should

match observed data, and 2) selected model parameters should be consistent with

the basin physiographic properties and hydrological analysis. Optimization of

model parameters was supported by specific routines within MMS-PRMS.

The last three years from 1998 to 2000 were the period for simulation verification

(no further parameters were changed during this procedure) and quality

assessment of the simulations supported by HST data and NOAA data. The results

of the hypothesis test was made following this step.

During the calibration of daily model, the length of the previously mentioned periods

was determined by the availability and continuity of precipitation data, and the

hydrological meteorological features of the study basin. A long time frame

(1987-1989) was set to obtain a more realistic initial condition with respect to local

soil and geological characteristics and the sophistication of water balance mechanism

(a fairly long period of time may be need to reach a water balance). Because the

precipitation input for modeling relies on one NOAA gage within the basin and three

NOAA gages near the basin, the spatial variation of precipitation over the basin may

not be properly expressed, which could undermine the accountability of the

simulation. Thus, it was necessary to prolong the period of calibration. The period of
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eight years was able to provide enough diverse scenarios for model calibration and

optimization so as to increase the simulation certainty to a relatively high degree.

After initialization and calibration of the daily model, verification was accomplished

by replacing NOAA data with HST data from 1998 to 2000. The daily model would

not be accepted until its verification was completed satisfactorily. The storm model

was built upon the verified daily model by adding relevant modules, such as the

modules for flowplane division and channel routing, for advanced computation of

storm elements. HST data provided the rainfall input for further calibration of the

storm model. The large number of HST gages provided flexibility in selecting

alternative rainfall inputs generated from various gage combinations. Therefore, the

linkage could be revealed between the simulation quality and supporting precipitation

inputs generated by corresponding gage sets to achieve the hypothesis testing.

Different simulation results in consequence of using different precipitation data

(NOAA data and HST data) were compared and analyzed.

A number of storms were selected for storm simulation at hourly time steps. The

following factors were considered during storm selection: 1) the availability of unit

discharge data at the Towanda stream flow station (the unit discharge data were

provided for 1998-2000, but in some periods the data were missing), 2) the inclusion

of the most intensive storm events through the entire time span of HST data, 3) the

inclusion of the storms with the longest duration, 4) the inclusion of the storms with

the largest volume of total daily rainfall, and 5) the representativeness of summer

thunder storms which usually had a smaller spatial scale and required an intensive

gage network to indicate their spatial distribution. A total of 25 storm events were

selected to evaluate using the MMS-PRMS storm simulation.

Thorough precipitation records were available from only one NOAA gage in Potwin,

the village in the middle of Whitewater River Basin. The data from another NOAA

gage in Towanda were not available. It was unknown whether this gage was still in
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operation or some technical problems made the data unavailable to the public.

MMS-PRMS can not realistically be operated relying on the precipitation records

from single gage. Missing data could hamper running MMS-PRMS, which requires a

complete input dataset. Fortunately there were three other NOAA gages in Newton,

EL Dorado, and Florence in close proximity to the basin. Occasionally missing

precipitation records of the Potwin gage were filled in by means of regression

correlations with, in order of preference, the Newton, EL Dorado, and Florence

precipitation records (the coefficients of determination of the regressions with the

three towns were 0.77, 0.72, and 0.69 respectively).

The study basin was historically comprised of cropland and grassland. No information

was available with respect to the changes of land cover over time. It was assumed that

land cover did not experience a significant change throughout the time frame of the

MMS-PRMS simulation.

Irrigation facilities used within the basin were very limited. Its impact on the

hydrological pattern was not significant and thus ignored in the process of the

modeling.

4.6 Daily mode calibration and verification

Initial parameter value estimate

MMS-PRMS requires estimates for values of about 70 parameters. Among these are

40 basin-wide parameters. The remaining 30 parameters are HRU based. Initial value

estimates for some of the parameters is an important process of modeling work. For

some crucial parameters, without giving a realistic initial value, a correctly estimated

value may not result from the model's automatic calibration routines. Introduced

below are the approaches for searching for an ideal initial value for several of the

most sensitive parameters. Shown in Appendix B are the final values of all model



33

parameters after optimization.

Due to the lack of solar radiation data and pan-evaporation data, daily potential

evapotranspiration (potet) was computed using the procedure developed by Hamon

(1961).

potet hamon _coef x radpl_sunhrs2 x vdsat (1)

where

hamoncoef----monthly air temperature coefficient;

radpl_sunhrs---hours of daylight for each day, in units of 12 hours;

vdsat ------------- saturated water-vapor density (absolute humidity) at the daily

where

mean air temperature in grams per cubic meter (g/m3)

computed by (Federer and Lash, 1978):

vpsat
(2)vdsat = 216.7x

tavgc + 273.3

tavgc---average HRU temperature in C;

vpsat---saturated vapor pressure in millibars (mb) at the daily mean air

temperature is computed as (Murray, 1967):

tavgcvpsat = 6.lO8xexp[17.26939x
tavgc+237.31

(3)

Apparently, the hamon coef is a decisive factor in the computation of potential

evapotranspiration. Even though Hamon suggested a constant value 0.0055, Other

investigators (Leaf and Brink, 1973; Federer and Lash, 1978) have noted that 0.0055

underestimated potet for some regions. In this study, hamon coefwas given an initial

value for the MMS-PRMS optimization estimated using regional air temperature,

elevation, and vapor pressure. For aerodynamically rough crops, it was computed for

the basin by the equation below (Jensen and others, 1969):



Where

Where

hamon coef = [ci + (13 x ch)f' (4)

cl---elevation correction factor, and

ch-.--humidity index.

El is the median elevation of the basin (11).

50
ch =

e2 e1

(5)

(6)
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Where e2---saturation vapor pressure (mb) for the mean maximum air temperature

for the warmest month of the year;

e1---saturation vapor pressure (mb) for the mean minimum air temperature

for the warmest month of the year.

The Initial value of the hamon coef was calculated as 0.0 105.

In MMS-PRMS daily mode, surface runoff from rainfall on pervious, snow-free

HRUs is computed using a contributing area concept (Dickenson and Whitely, 1970;

Hewlett and Nutter, 1970). The percent of an HRU contributing to surface runoff is

computed as a non-linear function of antecedent soil moisture and rainfall amount.

The contributing area, capercent is computed by:

where

ca percent smidx coef x 1 0m expxsmzcL) (7)

smidxcoef---coefficient in non-linear contributing area algorithm;

smidxexp---the exponent in non-linear contributing area algorithm;
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net rainsmidxsoilmoistx (8)
2

soil_moist---soil moisture content for each HRU, in inches;

net rain---the rain on an HRU minus interception, in inches.

Surface runoff for the pervious area (srp) is then computed as:

srp = ca_percentxnet_rain (9)

Estimates of smidx_coef smidx_exp are crucial in surface runoff computation. They

can be made from observed runoff and soil-moisture data. Currently, no information

about the soil-moisture situation based on field measurement is available in study area.

An estimate of soil-moisture values was obtained from preliminary model runs. A

regression of log capercent versus smidx was done for these data to determine the

coefficients. Using the equation:

then

log(ca percent) = a + bx smidx (10)

smidxcoef

smidx_exp b

Computation results showed smidx_coef0.0035, and smidxexp 0.00162. These

values were taken as the initial values for modeling calibration.

The ground-water system is conceptualized as a linear reservoir in MMS-PRMS and

is assumed to be the source of all baseflow. The flow from the groundwater reservoir

(gwresJlow), expressed in acre-inches is computed by:

gwres flow = gwflow_coef x gwres_stor (11)

where
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gwflow_coef--- groundwater routing coefficient;

gwres_stor--- total storage in each groundwater reservoir.

gwflow coef and the initial value ofgwres stoi gwstor mit, can be estimated from

available stream flow records using the hydrograph separation technique described by

Linsley et al. (1958). Integrating the characteristic depletion equation:

where

q=q0xK (12)

q, qo are stream flow at times t and 0, and

Krt is a recession constant

Linsley et al. (1958) show a relationship between gwresJlow and gwres_stor that is

expressed as:

gwres flowgwresstor= (13)
loge

Kr

In equation (13), Kr is the slope of the groundwater flow recession than can be

obtained from the semilog plot for discharge versus time. Rewriting equation (13) as:

gwres flow log Kr x gwres_stor (14)

Equation (14) shows that -logeKr is equivalent to gwflow_coef in equation (11). With

available stream flow data, Kr can be estimated using equation (12), and then the

initial value of gwflow_coef is -loge(Kr). For the Whitewater River Basin model, Kr

was given as 0.98 by historical stream flow data analysis and gwjlow_coef was set to

be 0.02 correspondingly.
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Not enough information was available for the required parameters for interfiow and

other parameters to support their initial estimates for daily mode. They were

sometimes estimated using values applied in modeling the Cane Branch watershed in

the southeast of Kentucky with MMS-PRMS. The modification of the parameters

requires a better understanding of the basin and modeling performance. The

explanation of the parameters is available in MMS-PRMS users' manual. Their final

values can be found in Appendix B.

Objective functions

The objective function used during calibrations was the minimization of the sum of

absolute difference between daily simulated and observed flow. This objective

function may reduce emphasis on peak flow. If simulation results after calibrations

indicated that the peak flow was consistently overestimated or underestimated, the

entire calibration, verification and simulation approach needs was repeated with an

emphasis on peak flows. A sum of square errors objective function was used during

parameter optimization to stress peak flows. The model's best fit during calibration

periods was judged as well by observing the coefficient of determination (Nash and

Sutcliff, 1970) between the observed and simulated discharge. Besides the objective

functions mentioned above, the coefficient of persistence and coefficient of gain from

daily averages were used to assess simuktion quality. The equations listed below were

used to compute the most important statistics reflecting simulation quality. The

definitions of other statistics and their equations can be found in the MMS-PRMS

User's Manual.

1e ==(op) (15)
on

e0=-opj (16)



Where

1 2
e

R2 =i_(o_)2
>(oo)2

eerror;

eaabsolute error;

essquare error;

n=number of days;

ppredicted runoff;

o=observed runoff;

R2=coefficient of determination;

o =mean observed runoff for full period of simulation.

4.7 Storm mode calibration and verification

Initial parameter value estimates
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(17)

(18)

Storm mode is characterized by the flow routing process. Channel-flow routing for

storms was implemented by featuring the drainage network as an ensemble of flow

planes, channels, reservoirs, and junction segments that jointly describe the drainage

pattern. With the aid of GIS analysis, the Whitewater River Basin was partitioned into

34 overland flow planes. Each of them has an adjacent stream segment that collects

the surface runoff from the contributing flow plane. The schematic diagrams

delineating the segmentation of the study basin into 34 overland flow planes and 17

segments are shown in figures 15 and 16. The junctions selected for stream flow

calculation and control points to examine the performances of storm mode are Ji 8,

J19 and J20. J18 and J19.. J20 represents the outlet of the basin where simulated flow

was matched with observed flow in Towanda to assess the simulation quality for the
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overall basin. The characteristics of flow planes and channel segments are depicted in

parameter file (Appendix C).

The storm model for the Whitewater River Basin was built based on the daily model

by adding routines for the calculation of infiltration, overland flow, and channel flow.

Basically, the parameters optimized in the daily model were not modified. Only the

parameters related to surface runoff algorithm were required to estimate runoff. As an

important hydrological component, the initial value of hydraulic conductivity was set

spatially for each HRU as 2.5-10cm/h (about 1-4 inch/hr) based on empirical

estimates as a function of soil texture (S. Lawrence Dingman, 2002). Surface runoff

for storm-mode simulation was computed using the kinematic wave approximation

for both overland flow and channel flow. The Manning roughness coefficient was

given as 0.20 for the whole basin based on the Storinwater management model

(SWMM), (Huber, Wayne C. and Robert E. Dickinson, 1992,). The resolution of

kinematic wave equation requires the input of parameters a and m, which are

functions of the characteristics of overland flow-planes and channel segments. Their

initial values were estimated by the empirical equations introduced in the

MMS-PRMS users manual. in was suggested to be 1.67 for flow planes and channel

segments. a was calculated by following equations:

Forflowplanes, a=1.49x S
(19)

11

\Vhere S is the slope average (decimal fraction);

n is manning roughness coefficient;

W is the average width of flow plane (ft)

For channel segments, a = 1.49 x (20)



40

Estimate of initial values for other parameters for surface runoff were based on

previous successful applications of PRMS. The initial values of parameters were

subject to the storm simulation calibration. The final values of the parameters are

shown in Appendix C.

Objective functions

The objective functions used for the calibrations for daily mode were introduced for

storm mode as well. The sum of absolute errors and the sum of squared errors were

used to evaluate the general quality of the simulation and the simulation of flow peak.

Error computation methods were similar to those for the daily model (see last section).

For multiple storms, statistical indices, such as relative error (er) and Pearson

coefficient of determination (R2), were introduced to comprehensively assess storm

simulation quality. er and R2were computed using the equations (21) and (22).

e, (21)

R2
(opnop)2 - (22)(2 oo).(p2 pp)

Where: e,relative error;

n=number of storms;

p=predicted storm peak or total volume;

o=observed storm peak or total volume;

R2=Pearson determination coefficient;

o =mean observed storm peak or volume for all selected storms.

p =mean predicted storm peak or volume for all selected storms

The concept of relative error was adopted to buffer the impacts of a few extreme

storms (extremely high peak flows and total volume). R2 indicates the proportion of

the total variation that is explained by the regression line. Thus R2 is a relative
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measure of the "goodness' of fit of the observed data points to the regression line.

Usually, R2 is not recommended to evaluate the storm simulation on time-step basis.

For the simulation of Whitewater River Basin with MMS-PRMS, R2 was used to

evaluate the multiple-storm simulations for two critical hydrographic components, the

peak flow and total volume. In this case, it was believed that R2 should be of at least

0.7 or 0.8. An R2 < 0.25, which corresponds to an R < 0.5, would never be acceptable.

The final set of parameter values determined through the general-fit calibration

process is found in Appendix C.

4.8 Simulation with NOAA data

MMS-PRMS daily model was designed to not only simulate the daily flow but also

serves as a foundation for the storm model. Historical data covering a long term

period would be very helpful to calibrate the models. To initialize MMS-PRMS daily

mode, 10-year precipitation records from 1987 to 1997 from NOAA and

corresponding stream flow data from the USGS were used to simulate the daily flow

of Whitewater River Basin, and to derive rational values for a number of model

parameters by matching the simulated and observed flows.

During the calibration for the daily model, which is used to compute daily, monthly,

and yearly flow, the Rosenbrock technique (Rosenbrock 1960, see PRMS users'

manual) was adopted for model calibration and parameter optimization. The possible

range of parameter values was analyzed relying on available information regarding

basin hydrologic features. The reasonable estimates of the "truth", if available, were

used to constrain some parameter values and model statistical routines were used to

compute a best value within the constraints. Therefore, the ultimate values of

parameters did not necessarily produce the best statistical results.. For example, the

maximum moisture in the soil active profile (root zone) is constrained within a range

8-25cm (3.1-9.8 inch) in the study basin (this value was roughly estimated according

to the soil type, porosity, root depth, etc). Therefore the upper limit was set to 25cm
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can be seen that the blue dots are lined up surrounding the diagonal and there is no

significant deviation. Also, the green line (linear regression) derived from the

simulated and observed annual mean flow from 1987 to 1997 is close to the perfect fit

line, and the linear coefficient of determination (R2) is 0.8894, which suggests strong

correlation of the simulated flow to the observed. The validation of the monthly mean

flow simulation is shown in figure 19. The majority of "blue dots" are around the

diagonal. It was found also that the model worked better during moderate to high flow

periods (over 100 cfs), but in some dry periods when lower flows (under about 30 cfs)

occurred, the stream flow simulation deviated fairly obviously from observations.

(See the rectangular area at the bottom of figure 19 showing that the monthly mean

flow was underpredicted.) The error of monthly flow simulation was 8.6% on the

average, and absolute error was 40.6%. The coefficient of determination for monthly

flow simulation was 0.84. The daily flow simulation error is about 18% for the period

including the years for initialization and optimization. The absolute error is 73%. The

coefficient of determination is 0.705 5. The total output of daily simulation for

1987-1997 is too large to be displayed in this document, which can be seen in

attached CD (Appendix F).

According to the above observations, the MMS-PRMS daily model using NOAA data

performed normally. Even though the simulated flow failed to precisely match the

observed for some individual storms, however, the simulation is still able to reflect the

overall changes of flow pattern during longer period. For example, simulated mean

monthly flow and yearly flow are quite consistent with the observed ones. The

simulation deviation may be largely due to NOAA precipitation data quality. For a

precipitation-runoff model, the precipitation data are crucial during simulation. The

daily model for the Whitewater River Basin was calibrated with NOAA precipitation

data coming from several NOAA gages (one of them was within the basin)

representing the precipitation pattern for an area as large as 420 square miles.

Basin-wide spatial variation of precipitation cannot be reflected effectively, which

may have undermined the simulation quality. This explanation also fits the
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observation during literature review that the most successful applications of

MMS-PRMS tended to be on fairly small basins not only because the physiographic

characteristics can be understood better, but also because the spatial variation of

precipitation may not be as obvious as begin larger basins

The other factor which would have a negative impact on simulation is the unique flow

pattern within the study area. Scare groundwater resources (but not absolute zero) in

the region resulted in tremendously low baseflow. There is no stable perennial flow

with a decent quantity throughout the year. In the dry seasons, the flow went down to

almost zero. On the contrary, the flow could go up to nearly one hundred thousand

cubic feet per second after a large storm. The hydrographics of Whitewater River

Basin illustrate a very flashy pattern (see figures 20, 21 and 22). MMS-PRMS daily

model, in which the algorithms emphasizes the slow interactions among hydrological

components, such as groundwater and interflow, is challenged to track the large

fluctuations of the flow within the Whitewater River Basin. Extreme flow conditions

(extremely low or high) occurring in high frequency could dramatically dampen the

simulation quality while using the daily mode. During the calibration for the

Whitewater River Basin, to better simulate the peak flow, the simulation quality was

sacrificed to some extent in lower flow situations. Considering the hydrological

characteristics of the modeled basin and the performance of MMS-PRIvIS daily model,

the results of model calibration were accepted. After model calibration, HST data

were used successively to validate and verify the calibrated daily model.
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4.9 Simulation with HST data

The calibration with the best general fit was based on the NOAA daily data from 1987

to 1997. Precipitation data for the successive three years (1998-2000) from HST were

used to evaluate the simulation quality and verify the applicability of MMS-PRMS to

the Whitewater River Basin. The storm model based on the verified daily mode was

developed to simulate storm events. The quality difference of simulations with NOAA

data and HST data was demonstrated using the storm model to test the hypothesis.

Verification of daily flow simulation

The daily flow simulation for the period of 1998-2000 was carried out using the same

set of model parameters derived from previous calibrations. The simulated and

observed annual mean flows and monthly mean flows are shown in figure 18 and

figure 19 (the pink dots). Generally, no significant discrepancies were found in the

yearly and monthly flow simulations. The pink dots show a similar distribution

pattern as the blue dots. Simulated yearly mean flows for 1998 and 2000 are

consistent with observations. Yearly mean flow simulation for 1999 shows a slight

deviance but was still acceptable. From the perspective of monthly flow, MMS-PRMS

daily model performed better during moderate to high flow seasons, which was

concluded during model calibration. In the period for daily flow simulation

verification, simulated daily flow was compared with the observed in figures 20, 21

and 22. It was shown that simulated and observed daily flow agreed well in general.

The best convergence was found in the simulation for 1999 (figure 21). Over 13 years

from 1987 to 2000, the highest daily flow appeared in November 30, 1999 and was

predicted fairly satisfactorily (see left segment of figure 21).

The statistics analysis further confirmed the observations above. Table 3 illustrates the

values of the major statistical indices for the period of initialization and calibration

(1987-1997) using NOAA data, and the period of verification (1998-2000) using HST
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1998-2000 were selected for storm simulation.

S Storm selection

It was considered in this study that selected storms should jointly reflect the diversity

of storm patterns. The factors that were taken into account during storm selection

included the rainfall intensity, total rainfall volume, storm duration, and storm type.

Table 4 shows the characteristics of twenty-five selected storms. Among the selected

storms, the most intensive storm events by the criterion of hourly rainfall were

included, This included the top two storms which exclusively exceeded an intensity of

2.54 cm/hr (1.0 inchlhr) through the entire the period (3 years) of storm simulation,

and eight storms, in which the highest rainfall intensities all exceeded 1.27 cmlhr (0.5

inch/br). The top five storms with respect to largest cumulative daily rainfall (over

5.08 cm (2.0 inches) per day) were retained. Included also were five of the longest

storms events. The durations of these five storms were all longer than one week by the

criterion that basin average daily rainfall is over 2.5 mm (0.1 inch) in each single day

throughout the storm period. The rest of the storms were randomly selected not

excluding small storms in terms of rainfall intensity and total volume. Because the

scale of storm varies dramatically with the season and climate conditions, it has been

confirmed that the selected storms were distributed across various seasons throughout

the year, which was believed to be able to represent the storms with various scales. A

focus was placed on summer thunderstorms which could spatially vary conspicuously

and thus allow the MMS-PRMS storm model to show more differences between using

HST data and NOAA data. Ten storms were selected in the period from June to

September when summer thunderstorms prevailed in the study basin. A total of 25

storms were able to satisfactorily represent both typical and extreme storm situations

in the study basin.
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Table 4 Characteristics of 25 selected storms for M1VIS-PRMS simulation

StorrnNoJuat1onpet1 sfraAan
1 1997.10.12-1997.10.17 * * * *

2 1997.10.22-1997.11.4 * * *

3 1997.12.20-1998.1.2 * *

4 1998.1.29-1998.2.8 * * * *

5 1998.7.7-1998.7.14 A * * 0
6 1998.7.24-1998.8.1 * * * 0
7 1998.9.24-1998.9.27 A * * 0
8 1998.9.30-1998.10.8 A * V *

9 1998.10.30-1998.11.5 A V *

10 1999.1 .27-1999.2.4 * * * *

11 1999.3.8-1999.3.11 * * * *

12 1999.4.2-1999.4.8 A * * *

13 1999.4.10-1999.4.19 * * *

14 1999.4.20-1999.5.1 * * * *

15 1999.5.2-1999.5.8 A * * *

16 1999.5.16-1999.5.27 A * * *

17 1999.6.11-1999.6.16 * * * *

18 1999.6.17-1999.6.27 * * V 0
19 1999.7.6-1999.7.15 A * * 0
20 1999.8.1-1999.8.13 A * * Q
21 2000.2.18-2000.2.27 * * * *

22 2000.5.26-2000.6.6 A * * *

23 2000.6.12-2000.6.17 * * * 0
24 2000.6.20-2000.6.29 * * Q
25 2000.7.21-2000.7.30 A * 0

A--The storms with high rainfall intensity over 0. 5 inch/hr. During the period for storm

simulation, the highest rainfall intensity appeared in Storm 8 and 19, which exclusively

exceeded 1.0 inch/hr.

---Top five longest storms.

V------Top five largest storms in terms of daily cumulative rainfall volume.

0----Summer storms

*---Randomly selected storms

Storm simulation

A time-series rainfall database at an hourly time interval was created from the HST
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gage records to match the available data of hourly unit discharge from the USGS. To

test the hypothesis, five sets of input data representing five scenarios were generated

for the storm model. The integrated HST data, taking advantage of higher gage

density to better reflect the spatial variation of precipitation, were used for storm

model calibration and verification. The other four sets of data representing four

scenarios were to give an outlook of possible simulations with NOAA data (see

details in next section). In the process of calibration, the built-in routine for parameter

optimization was utilized to generate reference values of storm parameters. The

reliability and credibility of these values were analyzed, if possible, depending on

available information on the physiographic features of the study basin. In the other

words, parameters values did not necessarily end up with what MMS-PRMS assigned

based on the best statistical fit. In many cases, the values suggested by the model

needed to be adjusted. Ultimate parameter values were the outcome of the combining

model calibration and the observation and analysis relying on relevant supplementary

information.

Displayed in figures 23-47 are the simulation results in form of hydrographs. Each

chart represents simulated and observed hydrographs delineating the stream response

to a storm. (The values of supporting parameters and ASCII output files of storm

model were placed in Appendices C and E.) These hydrographs show in general, that

simulated stream responses are close to the observed in terms of time synchronization,

peak flow, total flow, rising limb, and recession process. Two crucial elements

describing the storm hydrograph, the peak flow and total flow, were used to evaluate

the simulations as the manual of PRIVIS suggested. Table 5 shows the simulated and

observed peak flow and total flow of twenty-five storms. The statistical summary in

table 6 gives a quantitative evaluation of simulation quality of 25 storms. Relative

errors and absolute errors are under 30% with respect to both storm peak and total

flow volume. The coefficient of determination is up to 0.90, which is quite close to

the perfect value of 1. The overall simulation quality can be further confirmed by

figures 73 and 78 (section 5.3), in which each dot represents a storm simulation. The
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locations of the dots illustrate the simulation quality in terms of flow peak and total

volume. A perfect simulation calls for all dots lying on the diagonal. In figures 73 and

78, twenty-five dots representing twenty-five simulations are lined up approximating

the diagonal, which indicates the general fitness of the storm model. According to

table 5, table 6, figure 73, figure 78, and hydrograph analysis, in a total of twenty-five

storms, no simulated discharge was significantly different from observations. In

general, the simulations with MMS-PRMS supported by HST precipitation data were

successful. Thus, it is reasonably believed that the hypothesis test can be performed

with the calibrated MMS-PRMS storm model. Further assessment of storm

simulations with HST data is displayed in section 5.2 (simulation comparison and

hypothesis test).
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Fig. 29 Observed discharge vs. simulated discharge
(Storm 1)
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(Storm 10)
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Fig. 35 Otmerued diachare vs. simulated discharge
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Fig. 41 Observed discharge us. simulated discharge
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Fifl. 47 Observed thschrge vs. simulated discharqe
(Storm 25)
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Table 5 simulated and observed peak flow and total volume
Storm

No.

Ob_Peak

(cfs)

Sim_Peak

(cfs)

Error
(%)

Ob_vol.

(lO7cft)

Sirn_vol.

(IO7cft)

Error
(%)

3629.4 3248.6 -10 33.7 38.! 0.13

2 908.1 725.9 -20 13.4 0.18

3 5716.5 5360.0 -6 110.2 77.7 -0.29

4 602.3 613.9 2 14.5 13.0 -0.11

5 3404.2 2768.0 -19 27.5 39.4 0.43

6 133.5 93.3 -30 3.9 4.2 0.09

7 2344.5 3621.9 54 19.0 18.5 -0.03

8 5440.3 4980.4 -8 94.6 75.1 -0.21

9 80428.1 56877.1 -29 783.6 560.8 -0.28

10 2267.1 2467.5 9 36.8 32.9 -0.11

11 133.5 139.0 4 3.7 3.2 -0.13

12 4434.8 4000.1 -10 51.8 46.1 -0.11

13 7454.5 8130.4 9 128.5 82.6 -0.36

14 284,2 143.3 -50 1.3 0.6 -0.53

15 7890.2 13289.6 68 190.5 268.5 0.41

16 3092.2 4103.2 33 72.6 86.6 0.19

17 656.6 481.6 -27 9.5 8.2 -0.14

18 16344.3 22915.3 40 257.2 230.3 -0.10

19 4499.3 4888.7 9 60.3 53.2 -0.12

20 1862.5 1775.4 -5 24.3 34.2 0.41

21 2481.4 4019.0 62 44.0 45.7 0.04

22 1031.1 660.6 -36 12.0 15.3 0.28
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(continued)
23 1420.9 1034.6 -27 12.2 16.5 0.35

24 2045.1 1596.0 -22 20.3 30.3 0.49

25 1973.4 2012.2 2 23.1 24.5 0.06

Total 160478 149945.5 2048.5 1821.3

Mean error 24 0.22

Table 6 statistics summary of storm simulations with HST data
Statistics index Peak flow Total flow volume

Relative errors (%) 24 23
Absolute Errors (%) 29 29

Square Errors (%) 82 77
Coef. Of determination (R2) 0.90 0.85

For some storms, simulated stream responses were not representative of observed

flow. Simulation errors may be due largely to limited information for stream routing

and inaccurate predictions of soil moisture prior to coming storms. Some of these

errors can be avoided and the simulation quality can be further improved if more

information, such as physical properties of the basin, is available for the modeling

(see section 6, Source of errors in simulations).
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5. HYPOTHESIS EXAMINATION

5.1 Conditions for hypothesis testing

NOAA and its cooperative climate stations have become the most important climate

station network on a national level providing long-term regular precipitation data to

support a variety of research throughout the country. Within the study basin were two

climate stations (Potwin and Towanda). In comparison with the NOAA network, HST

deployed 45 rain gages over the CASES domain, among which 27 were within the

Whitewater River Basin and could be used for this study. Obviously, the major

distinction between HST data and NOAA data is that the HST rainfall data can better

express the spatial variation of rainfall across the basin. This distinction could be

reflected in the difference of simulation quality as a simulation is performed with a

hydrological model in which rainfall is a crucial component. After the completion of

calibration and verification for both daily and storm models of MMS-PRMS, the

possible outcomes of storm simulation based on NOAA data were carried out for the

purpose of comparison with the simulations that have already been produced using

HST data. Some of the hourly precipitation records from the Towanda climate station

were not available by the time the modeling of Whitewater River Basin. Therefore, it

was not possible to compare the simulations using HST data with those using "real"

NOAA data. We used four HST rain gages (gage 13, 16, 33 and 43, the red triangles

in figure 17) to emulate the NOAA network. We only chose these four gages because

1) the number of gages (four) is close to the number of NOAA gages deployed within

the study basin, 2) only these four FIST gages possessed records completely covering

the simulation period without data missing, 3) the data quality of these gages is good,

4) these gages were spatially distributed across the basin. In comparison with the

NOAA gages, it was supposed that using rainfall data from four rages would allow for

a better simulation and hypothesis testing. The simulations for the same 25 storms

selected for the storm model calibration and verification using HST data were

repeated using "simulated" NOAA data.
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5.2 Simulation comparison and hypothesis verification

To test the hypothesis, four selected HST gages were arranged arbitrarily to constitute

four scenarios that have a different set of precipitation data input for storm simulation.

There were a total of five scenarios including four scenarios generated from 4 selected

HST gages and one scenario using all of the HST gages. The MMS-PRMS storm

model was used to analyze the correlation between the of number of gages used for

the simulation and the corresponding simulation quality. The construction of the four

scenarios using the four HST gages is introduced below:

Scenario-i was to use only one gage. Gage number 13 located in the middle of the

basin was selected. Because gage 13 was slightly south of the basin center, to better

represent the precipitation situation in the north, gage 35 in the north middle of the

basin was added in to create a two-gage scenario (scenario-2). Gage 16 in the

southeast was added to scenario-2 to generate scenario 3. Four gages were included in

scenario-4. Gages 13, 35, 16, and 43 represented the precipitation situation in the

middle, north, southeast and southwest of the basin, respectively. This combination

was supposedly capable of best reflecting the spatial variation of precipitation among

four scenarios.

Storm simulations were made separately under the four scenarios, which shared the

same parameter values and input data except precipitation data. Figures 48-72

demonstrate the simulations results in the form of hydrographs. The observed and

simulated discharges under various scenarios were placed together in a single chart to

show the simulation differences.
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Fig 48 Obserued discharge us. simulated discharge
(Storm 1)
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Fig. 51 Oberued dischei-gs u. atmulated discharge
(Storm 4)
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Fig. 54 Observed discharge us. simulated discharge
(Sterm 1)
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Fig. 55 Observed discharge vs. simulated discharge
(Storm 8)
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Fig. 56 Obserued discharge us. simulated discharge
(Storm 9)
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Fig. 63 Observed discharge us. simulated discharge
(Storm 1)
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Fig. 64 Observed discharge vs. simulated discharge
(Storm 17)
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Fig. 65 Observed discharge vs. simulated discharge
(Storm 18)
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(Storm 21)
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To proceed with the quantitative evaluation of multi-storm simulation, a criterion

representing the fitness of "peak flow" and "total flow" was introduced for each storm.

The overall simulation quality under various scenarios can be reflected by Fi (see

equation below).

F, (w
I Dpi Sp,

+
S:

i I)

2 p
Dpi of!

(23)

(24)

Where:

F, = the objective function for storm i. The perfect fit value ofF1 is 1.

i = the score of simulation quality under scenario j. For 25 storms, its perfect

value is 25.

= observed peak flow (cfs)

S,,, = simulated peak flow (cfs)

O, observed total flow (cf)

S,, = simulated total flow (CO
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W and W1 are weight constants. It is assumed that the "peak flow" and "total

flow" are equally important during simulation quality assessment, thus both W and

W1 are equal to 1.

Table 7 shows the F, values that display the simulation quality of individual storms

and the general simulation quality under different scenarios. A four-grade system

(Very good, good, moderate, and poor) was thereafter used to grade the simulation

based on calculated Fl values from table 7. The grade "very good" corresponds to Fi

values no less than 0.85. The grade "Good" is for the Fi values between 0.7-0.84. If

the Fi falls in 0.5-0.69, the simulations will be labeled as 'Moderate". The

simulations with Fi values less than 0.5 will be classified as "Poor". The grading

results derived from table 7 are shown in table 8.

Table 7 F, computation results for 25 storms

rm No. Scenario-I SeeithE2 Sn Seeiar4
1 0.88 0.09 0.06 0.08 0.18
2 0.81 0.25 0.17 0.25 0.23
3 0.82 0.05 0.05 0.05 0.14
4 0.94 0.36 0.23 0.36 0.15
5 0.69 0.25 0.21 0.52 -0.16
6 0.80 0.27 0.15 0.94 0.76
7 0.72 0.68 0.89 0.85 0.82
8 0.85 0.08 0.68 0.65 0.92
9 0.71 0.66 0.66 0.74 0.75

10 0.90 0.68 -0.58 0.74 0.89
11 0.91 0.76 0.85 0.85
12 0.90

-_0.86
0.80 0.79 0.83 0.63

13 0.78 0.78 0.79 0.76 0.74
14 0.50 0.49 0.47 0.48 0.49
15 0.45 -0.06 0.59 -0.21 -0.26
16 0.74 0.54 0.73 0.56 0.12
17 0.80 0.19 0.70 0.64 0.68
18 0.75 0.58 0.79 0.82 0.75
19 0.90 0.09 0.11 0.62 0.58
20 0.77 0.38 0.38 0.89 0.80
21 0.67 0.59 0.59 0.45 0.56
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(continued)

22 0.68 -3.70 -2.14 -1.47 -0.91

23 0.69 -0.35 0.48 -0.10 -1.13

24 0.64 0.69 0.69 -0.04 -0.40

25 0.96 0.02 0.73 0.66 0.97

Fi 19.26 5.28 8.98 10.91 9.16

Table 8 Grading results of storm simulation quality

1 Very good Poor Poor Poor Poor

2 Good Poor Poor Poor Poor

3 Good Poor Poor Poor Poor

4 Very good Poor Poor Poor Poor

5 Moderate Poor Poor Moderate Poor

6 Good Poor Poor Very good Good

7 Good Moderate Very good Very good Good

8 Very good Poor Moderate Moderate Very good

9 Good Moderate Moderate Good Good

10 Very good Moderate Poor Good Very good

11 Very good Very good Good Very good Very good

12 Very good Good Good Good Moderate

13 Good Good Good Good Good

14 Moderate Poor Poor Poor Poor

15 Poor Poor Moderate Poor Poor

16 Good Moderate Good Moderate Poor

17 Good Poor Moderate Moderate Moderate

18 Good Moderate Good Good Good

19 Very good Poor Poor Moderate Moderate

20 Good Poor Poor Very good Good

21 Moderate Moderate Moderate Poor Moderate

22 Moderate Poor Poor Poor Poor

23 Moderate Poor Poor Poor Poor

24 Moderate Moderate Moderate Poor Poor

25 Very good Poor Good Moderate Very good

>Fi 19.26 5.28 8.98 10.91 9.16

It is apparent that the simulations relying on four gages or less did not bring about an

ideal result. Depending on the storm, the stream flows were either significantly
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underestimated or overestimated. For example, if a storm occurs in the area where no

gage is deployed, the stream flow will be underestimated because the rainfall input is

not recorded by the gages. On the other hand, if the scale of a storm is smaller than

the coverage of representative gages, the stream flow could possibly be overestimated

even if the gages do properly monitor rainfall process. This is because the recorded

rainfall is evenly applied to the whole coverage of the gages which will lead to

overestimation of total rainfall input.

In scenario-i, except the simulations for storm 11, 12, and 13, which nicely described

the stream responses, the stream reactions to fifteen storms (graded "poor ", 60% of

total) were not properly expressed by corresponding simulations. For the rest of seven

storms (graded "moderate"), the simulations using precipitation data from one gage

only gives a gross representation of the situation (the detailed descriptions of

simulations for individual storms can be seen in Appendix E).

In scenario-2, the overall simulation quality was obviously improved in comparison

with scenario-i. The score of simulation quality (Ij) for scenario-2 is 8.98, 3.70 higher

than scenario-i. There are still twelve storms graded "Poor" (48% of total) which do

not result in meaningful predictions. But for seven storms the simulations reach a

level of "Good" or "Very good". Obviously, scenario-2 provided an improvement in

simulation quality. However, it was noticed that scenario-2 created by adding another

gage within a large basin apparently was unable to fundamentally improve the

simulation accuracy.

The simulations were further improved in scenario-3 according to the value of Ij

(10.91), which defined a better simulation than scenaro- 1 and scenario-2. Fortunately,

fifteen out of twenty-five storms in this scenario avoided being classified as "Poor".

Simulations for nine storms were graded "good" or "very good". Simulations for

four storms were graded "very good" which makes up 16% of the total. Six storms

were simulated moderately well, but were still not ideal for a hydrologic study.
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Therefore, it could be concluded that using three gages to provide rainfall data would

not yield a good simulation by MMS-PRMS in Whitewater River Basin.

It was found that the simulation quality in scenano-4 was generally equivalent to

scenarios-3. Interestingly, in scenario-4 the score of simulation quality went down

slightly instead of keeping going up. The inclusion of one more gage did not yield

simulation improvements if three gages were already installed. Nevertheless, the

simulations were still better than using one or two gages. The simulation quality does

not appear to follow a linear relationship with the increase of gage numbers. Actually,

it has already been shown that hydrological simulation is approximate. The errors in

model structure, parameter values, and input data may overcome the limited

advantage brought by increasing a limited number ofgages. For example, 27 gages do

not necessarily better describe the precipitation pattern than 25 gages do. And even if

they do, the differences may not always be visible in modeling outcomes. But

statistically, the spatial variation of precipitation will definitely be reflected better

once the number of gages is overwhelmingly larger.

During the modeling of Whitewater River Basin, 27 gages from HST gage network

were used. The improved rainfall dataset allowed for better delineation of the spatial

variation of precipitation was resulted in great improvements of simulations compared

with scenario-i, scenario-2, and scenario-3. According to Table 8, 18 storms or 72%

of total were simulated satisfactorily (graded "good" or "very good") with HST data.

The simulations for 24% of storms were not ideal (graded "Moderate"), but were still

quite meaningful. Only one storm was poorly simulated.

To sum up, relying on only a few rain gages to provide rainfall data as in scenarios

1-4, one can not expect a to produce good simulations. Even though the quality of the

simulation for a single storm could fluctuate significantly using the same number of

gages, partially due to the differences of the gage locations and characteristics of the

selected storm. In general, the simulation quality in four scenarios remained at a low



76

level, which was not comparable with that using HST data. Better simulation of

precipitation-runoff processes using gage-based precipitation data for a large basin

requires a better precipitation data source obtained from an intensively instrumented

site such as the Whitewater River Basin (CASES site).

To further confirm the above observations, Figs. 74-77 and 79-82 show the

comparison between the simulated and observed peak flow and total flow volume for

25 storms under each scenario. Associated statistical analysis described in Table 9

shows the summary of several statistics indices that are critical in error analysis and

simulation quality evaluation.

To identify the simulation differences when using MMS-PRMS to cope with summer

thunderstorms, the storms occurring from June to October were extracted for separate

analysis. The simulation quality for summer storms under each scenario are presented

in Figs. 84-87 and 89-92, and Tables 7 and 8 report a summary of error statistics for

summer storm simulations.

Figures 73 and 78 demonstrate the degree of the agreement between the simulated and

observed peak flow and total flow volume using HST data. 25 red dots presenting 25

storms are very near the diagonal 1:1 line indicating perfect agreement. On the other

hand, the dots are quite scattered in Figs. 74, 75, 79 and 80. This means that the

simulations are not satisfactory when using only one or two precipitation gages. In

Figs. 76, 77, 81, and 82, even though many dots are distributed irregularly, it can be

perceived that there is a vague tendency towards the diagonal. This indicates that the

simulations were improved as a result of participation of one or two more gages in

rainfall data collection.

Usually, summer thunderstorms are small-scale (smaller than the study basin in many

cases) and short lasting. They call for a more Spatially-intensive monitoring network.

Figures 83 and 88 demonstrate that simulations for eleven summer storms using HST
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data are almost as good as for other storms. Therefore it is demonstrated that only

HST data can properly describe the summer storms within study basin. However, Figs.

84-87 and 89-92 demonstrate remarkable discrepancies between the dots, and that the

MMS-PRMS supported by several gages was not able to ensure an optimal simulation

for summer storms.

A statistical summary for all simulations is given in Tables 7 and 8, which is highly

consistent with the above observations. Relative errors, absolute errors and square

errors are much lower with respect to the simulations of both flow peak and total

volume using HST data. The relative errors and absolute errors are 24% and 28% for

flow peak, and 22% and 25% for total flow volume. Considering hydrologic

simulations for a fairly large basin, these values suggest that good simulations were

attained. The simulations of both flow peak and total volume for all storms using HST

data produced a coefficient of determination with a high value of 0.90, which is near

the perfect value of 1.
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diminish the importance of individual gages in the determination of the spatial

variation of rainfall. During such storms, rainfall situations can be approximately

delineated by fewer rain gages. Rainfall characteristics described by different numbers

of gages show fewer discrepancies in this situation. This explains why the simulation

outcomes under various scenarios were similar for these storms.

In the Whitewater basin (about 1200 square kilometers or 460 square miles),

precipitation data from 27 HST gages were used for runoff simulations using

MMS-PRMS model. On average, each gage represented an area of 44 square

kilometers (about 17 square miles). The simulations were proved acceptable. Good

simulations were not available while using the data from several NOAA gages.

Therefore, It was suggested that to guarantee the quality of precipitation-runoff

simulation using MMS-PRMS, the coverage of each rain gage should not be larger

than 40 to 50 square kilometers (about 15-20 square miles).

Based on the precipitation-runoff simulation with MMS-PRMS for the Whitewater

River Basin, it was concluded that

1) precipitation-runoff simulations for 25 typical storms were carried out

satisfactorily using HST rainfall data;

2) good simulation should be supported by precipitation input, such as that from

HST data, which can effectively reflect the spatial variation of precipitation;

3) the simulation corresponding to each of four hypothetical scenarios (emulated

NOAA gages in the basin) without exception displayed poor simulation results;

4) in a large basin, such as the Whitewater River Basin, normal NOAA gages may

not supply a precipitation input which could ensure the a good precipitation-runoff

simulation because of limited number of gages incapable of fully delineating the

spatial variation of precipitation and thus limiting the simulation quality;

5) to obtain a better simulation of precipitation-runoff processes, an intensive

deployment of spatially-distributed gages, such as HST network, is required to
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obtain supplemental precipitation data rather than entirely rely on the existing

national climate network.

6) to guarantee the quality of precipitation-runoff simulation using MMS-PRMS, the

coverage of each rain gage should not be larger than 40 to 50 square kilometers

(about 15-20 square miles).

The hypothesis--better simulation results are obtained with MMS-PRMS using

integrated spatially distributed precipitation data, not available as a standard NOAA

productwas tested and proved correct according to the application of MMS-PRMS

for Whitewater River Basin in Kansas.
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6, SOURCES OF ERRORS IN SiMUL1. lIONS

As in other hydrological models, errors in runoff simulation with MMS-PRMS came

from a number of sources. Conclusively, there are three major error sources that

include: 1) errors in model architecture and assumptions, 2) errors in parameter

estimates, and 3) errors in raw data used for model input and for comparison with

model outputs.

6.1 Errors in model architecture

Errors in the model structure occur because all models are simplification of reality

and therefore inevitably bring about distortion. (Woolhiser and Braknsiek, 1982).

Beven (1989) states "our simulation models, even the most complex available, are

extreme simplifications of reality. We know that the description equation that

underlie these models are good descriptors of processes occurring in well defined,

spatially homogeneous, structurally stationary model catchments and hilislopes in the

laboratory. We can feel less assured that those equations may describe the complex

three-dimensional spatially heterogeneous and time varying system that is a real

catchment." Even if the MMS-PRMS has been successfully applied to a number of

watersheds, it still should be known that its core algorithm was supported by

numerous relatively simple empirical equations that have explicit resolutions. The

broadly used hydrological approximation in MMS-PRMS will inevitably result in

uncertainty to some degree.

6.2 Errors in parameter estimates

Errors in parameter estimates, based on observation of rainfall and runoff, have "long

been an object of concern in hydrology" (Beck and others, 1990). Beck sites, among

other examples, work by Johnston and Pilgrim (1976), in which a true optimum set of

nine model parameters was not found in more than two years of full-time work



86

concentrated on one watershed. Beven, (1989), states, "it appears that three to five

parameters should be sufficient to reproduce most of the information in a hydrological

record." Attempts to estimate more than three to five parameters may, therefore, be

overextending the information available in a hydrological model. Even if a perfect

parameter-estimation technique was available, parameter estimates would still be

subject to sampling errors if they were calculated using a different period of record,

i.e. different estimates would result (Woolhiser and Brakensiek, 1982).

MMS-PRMS introduced about 70 adjustable parameters including optional ones that

depend on the modes and algorithm that users are interested in. In this study, 32

parameters were required. Most of them were estimated relying on previous

experience and limited information. There was no field measurement concentrating

on producing a series of optimal parameters required by MMS-PRMS. On one hand,

it gave user a large flexibility during modeling work; on the other hand, it put forward

a great challenge in seeking a set of realistic parameters to conduct hydrologic

simulation with an acceptable certainty. Even thought the best-fit technology was

utilized in MMS-PRMS, its function was depreciated to some extent because of its

ignorance of the interdependence and interrelationship among those parameters and

the limits on the number of parameters for simultaneous optimization. Actually, the

optimal parameters may not be the outcome of mathematical analysis, but the

combined procedures of theoretical analysis, better understanding of study area

relying on sufficient expertise and information supplemented with necessary field

measurement, and the power of built-in optimization tools.

6.3 Errors in raw data

Generally errors are present in all data used in this study. Needless to say, all

observed data have absolute errors more or less no matter how advanced and precise

the sampling instruments are. The observed discharge data from USGS stations

played a most important role in our simulations with MMS-PRMS. They are the
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only criteria to scale simulation quality. Unfortunately, even though we assumed the

data obtained by real measurement were perfect, a certain amount of estimated data

was filled in periodically due to data missing for one reason or another. During

several large storm events, the discharge at Towanda was estimated probably because

flooding occurred and prevented discharge from being measured correctly. No

quantitative assessments were made of the reliability of these estimated discharge data.

The accuracy of storm discharge data was the main concern while applying storm

mode that was the key work of this study. It was also possible that the some

discrepancies between the simulated and observed discharge came not from the

simulation itself but the observed data. The same problem appeared in temperature

data, another primary input for MMS-PRMS. The occasional missing data were

originally left blank. They were filled in by means of interpolation techniques for

short periods of time (1-2 days) or referenced to temperature records in nearby

climate stations in the case of long data missing periods when interpolation was not

applicable. This data filling procedure undermined the simulation quality.

6.4 Other error sources

As discussed above, many factors contributed to the simulation errors. For the

simulation with MMS-PRMS for the Whitewater River Basin, the following aspects

could be added to the list of simulation error sources.

Very Limited information was obtained about the physiographic properties of such

a large basin. It was very difficult and also unrealistic for this project to

undertake an overall investigation to reveal the heterogeneities of Whitewater

River Basin. The current simulation was based on available information mainly

from the CASES project, USGS and NRCC, which proved insufficient to carry

out an ideal HRU partition. Lumped parameters had to be used for several large

size HRUs, which would greatly reduce the possibility of a high quality

simulation.
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Because the solar radiation and pan-coefficient data were not available, the

evapotranspiration computation has to be simplified solely relying on temperature

data. Estimated evapotranspiration may therefore be less reliable than that estimated

using radiation or pan-coefficient data. It may result in less accurate estimate of

runoff.

Because the impact of snow may not be significant in the study basin most of the

time, the sophisticated processes of snow occurrence, accumulation and snowmelt

were not fully investigated for the modeling of Whitewater River Basin. A set of

generally accepted values for snow-related parameters were used. The modeling

might not be able to reflect the hydrology very well during snowing days and

during snowmelt processes that could tremendously change the flow pattern.

Previous successful applications of MMS-PRMS storm mode were usually

focused on microscale or mesoscale watersheds (less than 100 square miles)

according to literature review. In these cases, storm simulations could avoid the

problems brought by the limit of number of allowed flow planes and stream

segments in MMS-PRMS. But for a large basin, 50 flow planes and 50 stream

segments at maximum still may not be able to capture the intricate interactions of

overland flow and channel flow patterns.

27 gages were used for the daily simulation for 1998-2000 and all storm

simulations, but it should be realized that each gage still represented an area as

large as 17 square miles on the average. In addition, the 27 gages were not evenly

deployed throughout the basin. The middle and the southwest areas of the basin

were not well instrumented. This could impede the overall understanding of

basin-wide precipitation distribution. Under such conditions, even the best

precipitation averaging technique can compromise the model's requirement for the

precipitation data from a spatially-distributed gage network. For long-term daily
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flow simulation, the errors may not be statistically significant. But for the

individual stonn events, the distortion could be quite remarkable.

Very low proportions of interfiow and groundwater caused great difficulties in the

simulation of baseflow. The streams of the Whitewater River Basin tend to be

jumpy and flashy without a relatively stable baseflow. The sharp and spiky

hydrographs made the simulation quite challenging. Because the Whitewater

River Basin is quite large, a tiny inaccuracy of precipitation estimate may cause an

obvious deviation of runoff. For example, for a 24-hour storm event, a 0.01 inch

error in precipitation input will cause up to 100 cfs deviation of discharge. This is

a significant value in comparison with the baseflow, which normally was 0 to 50

cfs. In other words, a subtle divergence of the precipitation estimate would

result in large errors in simulation statistics.

The time of peak flow and the recession process may not be simulated well for

some storms. The imperfect routing process could explain this phenomenon.

So far, the crucial parameters for routing, such as Manning roughness, channel

slope and width are uniformly applied either to a HRU or to the entire basin

(Manning roughness for both channels and flow planes were assumed to be

identical across the basin). No evidence was obtained to justify the revision of

their values.

FlY. F\1 t S

One of the accomplishments of this study is the estimated values of a series of model

parameters, which have been tested by simulations. Their transferability should

depend on the physiographic properties of the target basins. So far, no other

modeling work examined the transferability of model parameter values derived from

this study. Many parameters values calibrated in a basin could work well on basins

with similar hydrological features. The estimates of general parameters such as
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soil moist max, soil rechr max, kpar etc. are for reference values and are

supposedly transferable to other hydrological or terrestrial models for the same basin.

The values of both MMS-PRJvIS-based parameters and general parameters can be

transferred to similar basins as initial values while modeling with MMS-PRMS. The

values of MMS-PRMS-based parameters cannot be used for other models due to the

differences of modeling algorithms.

Because the parameter values are the product of calibration for a specific basin and

the calibration is always somewhat subjective, there is a need for re-calibration while

they are reused for other basins. The parameter values serving as initial conditions

will greatly facilitate the re-calibration. Significant similarity relative to aspects of

land cover, soil type, and topography was noticed across the whole Walnut River

Basin (the CASES site). It would be ideal to use MMS-PRMS more efficiently with

the help of this study. Seven parameters proved most sensitive in model calibration:

soil moist max, ssrcoef ii ssrcoef_sq, ssr2gw_exp, gwflow_coef wrain_intcp, and

srainintcp. (Sensitivity was tested by varying these parameter values through a

supposed deviation, and then observing the simulated discharge). Of these

parameters, summer and winter interception (wrain intcp and srain_intcp) varied

with the change of land cover. Available information did not show that there were

significant differences in land management practices throughout the simulation period

in the Walnut River Basin. The values of wrain intcp, and srain intcp can be reused

without revision until land use is changed considerably. soil_moist_max reflects the

maximum capacity of soil water content. According to NRCC surveys, the dominant

soil types in the Walnut River Basin are silty clay loam and stony clay loam. The

soil_n2oist_nzax value derived from this study can be introduced as well. The

heterogeneity of groundwater distribution and interfiow processes in the Whitewater

River Basin were not investigated during the modeling. ssrcoeflin, ssrcoef sq.

ssr2gwexp, and gwflowcoef are the routing characteristic parameters of

groundwater and interfiow. Their values were the outcomes of calibrations on the

general best fit without verification by field measurement. For other basins, these



values can be used as initial values in terms of parameters helping searching for more

appropriate values based upon the characteristics of target basins. They may not be

realistic as final values while modeling similar basins using MMS-PRMS.
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8. CONCLUSIONS

8.1 Observations

Precipitation is one of the most important subjects for scientific research in a broad

range of disciplines. Along with the development of measurement technologies,

spatially distributed precipitation data could be obtained by satellite, radar, regular

rain gages, etc, and serve various purposes. Cunently, most commonly used

precipitation data for normal research still come from gage-based measurements that

provide precise, reliable, and long-term precipitation information. The NOAA and

cooperative climate stations have been the major resources supplying this form of

precipitation data at the Federal level. If rainfall data for management decisions or

rainfall-runoff modeling are needed, the NOAA and cooperative climate stations

would naturally be considered as cost effective and efficient in time. Within the

coverage of a NOAA gage, it is normally assumed that the pattern of rainfall for a

particular storm is uniform.

With the aid of CASES project that set up a well instrumented site for detailed rainfall

data collection, this study found that better simulation results are obtained with

MMS-PRMS using integrated spatially distributed precipitation data, not available as

a standard NOAA product, because:

The hydrological modeling for Whitewater River Basin with MMS-PRMS

indicated that for the selected 25 storms with various characteristics in terms of

intensity, total quantity of rainfall, length of storm period, and meteorological

mechanism, the simulations properly displayed the hydrological process of

precipitation-runoff using HST rainfall data that were obtained from up to 27

gages within the basin.

Four scenarios were built to examine the possible simulation quality using
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"emulated" NOAA data. The simulation results in four hypothetical scenarios

differed considerably with those from HST data. Huge distortions of

hydrographs for some storms occurred without exception in each scenario. This

can be explained in large part by the insufficiency of precipitation data to reflect

the spatial variation of rainfall in the Whitewater River Basin.

Sophisticated mechanisms of storm generation produce various scales of storms.

Summer thunderstorms can create precipitation covering an area as small as

several square miles, or even smaller (spatial variation of precipitation could be

more tremendous in mountainous regions). A standard NOAA network installed

with a limited number of gages may not fully depict the overall precipitation

situation over a relatively large area in some seasons and therefore greatly reduces

the hydrologic simulation quality.

If decisions need to be made based upon detailed rainfall data or the results of

hydrologic modeling, it is necessary to collect additional rainfall data at a number of

locations within the area of interest rather than relying entirely on standard NOAA

products. The number of required rain gages and their deployment should depend on

the local meteorological and topographic characteristics, and the requirement of

simulation quality.

In the Whitewater River Basin and surrounding areas, the topographic and

meteorological features manifest a normal precipitation pattern. The spatial

variation of precipitation in the study basin is no more extreme than elsewhere. But

still, the basin rainfall average could be considerably overestimated or underestimated

in some situations, such as storm 15, even using 27 rain gages (one gage represents

about 17 square miles) that are quantitatively about 10 times of the NOAA gage

density in this region. It is suggested that to gain a better simulation of

precipitation-runoff process for a watershed, the coverage of each rain gage should

not be larger than 15 to 20 square miles.
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It should be noticed as well, even though the NOAA data may not support an ideal

precipitation-runoff simulation except for a fairly small basin, the NOAA data serve a

special purpose in model initialization and calibration, particularly for a daily mode in

which individual storm events may not have significant impact upon the pattern of

baseflow variation in the long run. Long-term reliable historical data provided by

NOAA could be crucial input for many hydrological models in delineating the bounds

of the hydrologic cycle throughout the years. The modeling of the Whitewater River

Basin with MMS-PRMS performed initialization and calibration with historical

precipitation data from NOAA. The HST network cannot provide data covering a

time-span necessary for these processes. Usually supplementary measurements at a

local level may not have a long time frame, and are unable to replace current NOAA

data. To sum up, joint efforts of standard NOAA data and additional data from an

intensively measured site, like CASES, or from a WSR-88D precipitation radar,

would allow more opportunities to work towards an ideal hydrologic simulation.

8.2 Suggestions for CASES

This study illustrates that it would be very helpful to deploy the WSR-88D radar to

better explore the spatial variation of precipitation in the Whitewater Basin. Radar

measurements possess greater advantage and higher efficiency in large flat basins,

such as the Walnut River Basin, where overlaying numerous regular rain gages proves

cost-ineffective in installation and maintenance. Moreover, with the assistance of

radar, hydrologic simulation with MMS-PRMS or other models requiring

precipitation input could be further improved so as to better understand the hydrologic

processes of the CASES site.

Using ground observation for radar calibration, a key issue is the number of necessary

gages. Deployed gages should, on one hand, provide adequate, qualified data for

radar calibration at the required precision. On the other hand, economical factors,

such as the cost of gage installation and maintenance, should be taken into account.
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It is easy to understand that it would be the best if the average coverage of each gage

is equal or smaller than the radar grid size (it means within the Whitewater Basin, a

total of 460 gages should be deployed if the radar grid size is one square mile).

Obviously, this is economically impractical. A comprehensive decision needs to be

made on scientific and economical basis. Due to author's very limited knowledge on

radar calibration with gage data, no comments can be made on current gage

arrangement in the Whitewater Basin. However, it is apparent that the gage network

should at least be able to catch each single storm (ignoring the grid size of the radar).

In the other words, there should be at least one gage installed within an area equal or

less to the coverage of a normal thunderstorm (usually thunderstorms has a small

spatial scale and the coverage of a thunderstorm could be as small as several square

miles). This indicates that more than 46 gages are needed within the Whitewater

River Basin (the Whitewater Basin is about 460 square miles, thereby averaging one

gage for 10 square miles). Scaled by this criterion, the 45 gages originally deployed

in the basin is the minimum requirement for either calibrating radar signals or

conducting hydrologic research including hydrologic modeling that requires

spatially-distributed precipitation data. If possible, all of these 45 gages should be

kept in workable condition.

It was found that in the first year of HST experiments, almost all the gages worked

well and the precipitation data possessed high integrity and quality. However, from

the second year, some of gages were down or removed for some reasons. By the end

of 1998, the records from up to 10 gages were missing. By the middle of 2000, a

total of 15 gages were out of service. Attention needs to be drawn to this problem if

HST gages are expected to continue their service for the CASES project. It is

suggested that efforts should be make to repair, maintain, and the reinforce HST gages

to preserve as much as possible gages to provide enough data for radar calibration.

Currently, the basin physiographic features are derived mainly from remote sensing

data. Additional detailed information is needed. From the perspective of hydrologic
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modeling, ground surveys should be done at a few locations of interest focusing on

soil-water features (soil structure, soil water content, hydraulic conductivity, etc),

surface water bodies (reservoirs and streams including the streambed), interfiow

dynamics, and solar radiation. During the modeling of the Whitewater River Basin,

a number of parameters related to the above elements relied on a rough estimation

which could have contributed to the uncertainty of model operations. Field

campaigns would greatly help understand local hydrologic processes and further

improve the reliability of simulation results.

Solar radiation is the most important contributor to the energy flux and interactions

between the atmosphere, hydrosphere, and terrestrial biosphere. However, no solar

radiation data were available during the modeling of the Whitewater River Basin even

though the CASES site is part of the CART/ARM area. In this study, solar radiation

was therefore calculated using an empirical equation with temperature data.

Estimated solar radiation may deviate from the true value so as to undermine the

simulation quality. It is suggested that a few solar radiation observation stations, if

none are in the Whitewater River Basin at this time, should be deployed within the

basin.

The database built during this study includes: 1) data on meteorology, topography,

land cover, soil types, subsurface and groundwater storage, etc., 2) parameterization

schemes and optimized values, and 3) the simulation results related to soil water

content, surface runoff, interfiow runoff, and groundwater transition. These data

could be reused for CASES research. Optimized parameter values and simulation

results may be of reference value for the establishment and operation of atmosphere

and biosphere models applied to the same region so as to minimize unrealistic

assumptions, and correspondingly, reduce the simulation uncertainty and

inconsistency among atmosphere, terrain, and hydrology.
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Appendix A

Introduction to HST precipitation data processing for PRMS

This appendix is to describe the processing and analysis of HST rainfall data aiming

at producing a database on daily and hourly basis, which can be used for the modeling

of Whitewater River Basin with MMS-PRMS. The processes of generation of other

data files for MMS-PRMS are not explained in this document.

Bold font indicates the "path" or "directory." Italic font means the "file name" or

"sheet name."

Initial file generation

1) Starting from HST data main directories including BoxCar Pro 3.01, BXCRPRO3,

and Raingauge. Open BoxCar Pro 3.01 and double click the file Install to install

BoxCar Pro 3.01 software.

2) Go down to a work subdirectory, for example, Raingauge/1998/Aug-98. Copy the

original BoxCar data download files from the Original BC to the Original.

Rename the files in the Original following the convention instructed by the

attached file (Raingauge/Processing/File Format AprO2_RHC).

3) Convert from *.dft Files to Files with BoxCar version 3.51 (unify the time

format of output files like mm-dd-yy or dd-mm-yy for the convenience of

further data processing). Store generated * .txt file in Text_files.

4) Copy all the *. data file in various Text_files subdirectories containing the

precipitation data within the period (1997.10.1-2000.9.30), and put them in a

single directory.

5) Merge the text files presenting the precipitation data within 1997.10.1-2000.9.30

from the same gage into a single text file.
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Do initial data quality assessment for each individual text file. Put remarks in

Raingauge/Processing/down load. exi.

Delete the text heading of each file. If the first data row contains a

precipitation value of zero, delete the first row. If the last row shares the same

precipitation value with the second last one, delete the last row as well.

S Set up a blank * file, for example, r07.txt for gage 7. All the file

rO7xxxxx.txt coming from the gage "RAINO7" should be combined in r07.txt.

After making sure of no obvious errors in each file, chain all the trimmed

content of individual files in the established blank file. Be sure no empty rows

in the middle or at the top!

6) Use Excel to convert ".txt files created above into ". exi files. For example:

Launch Excel and open 07r.txt file.

In the first step of Text Import Wizard, select "delimited" and start at the first

row.

In the second step of Text Import Wizard, choose "Tab" and "space" options

to delimit the data.

In the third step, highlight the first column, click on "date" option under

"column data format", select the right date format in the drag-down menu,

and then hit "finish" button.

Imported data from O7rtxt will create three columns (Date, Time, and

Cumulative precipitation). Place an empty row at the top (first row).

Save as a new file rainO7.exl.

7) Evaluate the quality of data of each gage. Choose gages and a time frame for

modeling.

No data fully covering the period of 1998-2000 are available from the gages

numbered 2, 5, 6, 8,14, 15, 18, 22, 29, 36 and 37. The gages 1, 3, 4, 30 and 32 are

outside the Whitewater subbasin. The rest of the gages (except gage 41) were all
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used for modeling purpose, which include gages 7, 9, 10, 11, 12,13,16, 17, 19,20,

21, 23, 24, 25, 26, 27, 28, 31, 33, 34, 35, 38, 39, 40, 43, 44 and 45 (27 gages

total).

HST rain gage data from 1997-2000 water years were processed and analyzed.

Due to incomplete precipitation data in 1997, the data from 1998-2000 were used

for model operation and hypothesis test.

So far, 27 data files in Excel format such as RainO7. exi, RainO9. exi, and so on, are

ready to go further, which present precipitation data from 27 HST gages covering the

period of 1998-2000 water years.

Computation of daily and hourly precipitation

1) Design Excel spreadsheets capable of computing the daily and hourly

precipitation.

The file Worksheet. exi containing several spreadsheets has been made for this

objective, which can unify the time formats of the data, compute the cumulative

precipitation within hourly and daily intervals by means of counting the total

number of tips.

2) Compute the daily and hourly precipitation with Worksheets.exl from the file

RainO7. exi, RainO9. exi, etc.

For example, to process the file RainO7.exl, copy the first two columns A and

B, and paste their special values on the columns A and B of sheet time format

in file Worksheet. exl.

Copy the updated columns D, E and F, and paste their special values on the

columns A, B and C in the sheet hourly precip. Delete the rows with values
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"-999" with the menu function "Sorting by column C". Be sure three

columns are highlighted during the row rearrangement!

Sort the rows by Date and Hour descending (columns A and B) to carry out the

temporary hourly data in time sequence.

To modify hourly data and produce daily data, copy the temporary hourly data

in sheet hourly precip, and paste special values on columns D, F and F of

sheet TIME& VALUE MODIFICATION

In reference to data download records (see download. exT), input the period of

data using the time stamp CST instead of GMT. Input the time of recording the

data by 0.1 mm unit rather than 0.01 inch. Store the automatically-generated

hourly precipitation values of columns I, J, and K (Date, Hour and

precipitation in inch) in the sheet hourly of file daily-hourly. exi.

Copy the columns L and M and paste their special values on columns A and B

of sheet daily output. Delete the rows with values "-999" with the menu

function "Sorting by column B".

Sort the rows by Date descending (column A) to carry out the daily

precipitation time-series data. Save the data in the sheet daily of file

daily-hourly. exi.

Now, the daily and hourly data are available, but they only present the precipitation

values for rainy days or hours. Further processing is required to convert the data files

into a format of full time step including the dry days or hours.

%Iodification and analysis of the daily and hourly data flies

Design Excel spreadsheets to weave the "zero" precipitation data during dry period

into present datasets, senate the data, and carry out the data files with uniform and

constant time steps in order to make calculation among different datasets possible

(The spreadsheets have been designed in the files Daily precip and Hourly preczp to

do embark on these procedures).
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For hourly datasets:

1) Copy the dataset values (three columns) of each gage in sheet hourly of data

storage file daily-hourly, and paste them on the columns A, B and C of the sheet

duplication test. Make sure all the data are "OK". If not, simply delete the

duplicated rows.

2) After duplication test and removal of the text or empty top rows, copy the three

columns and paste the special values on columns A, B and C of the sheet] in file

hourly precip.

3) In sheet], copy automatically- refreshed columns D, E and F, and paste their

special values on G, H and I.

4) Highlight the columns G; H and Ito perform the descending sorting by columns G

and H (please remember DON'T highlight all the columns).

5) Copy the special values of the columns J, K and M, and put them on the sheet2.

Delete the rows with "######". Rearrange the rows in date sequence.

6) Store the data in the sheet hourly.

7) Refer to the file download, color the cells in yellow for the missing data and delete

their zero value in order to distinguish the dry periods and unmeasured ones.

8) Examine data rationality and reliability with the help of the data recorded at

nearby gages and the comments in the file download. Color the questionable data

in red and do not include them while modeling.

For daily datasets:

1) Copy the dataset values (two columns) of each gage in sheet daily of data storage

file daily-hourly and paste them on the columns A and B of the sheet] in file daily

precp.

2) Copy the refreshed columns C and D, and paste their special values on E and F.

3) Highlight the columns E and F to perform the descending sorting by column E.

4) Copy the special values of the columns G and H, and put them on the sheet2 to
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delete the rows with "######". Arrange the rows in date sequence and then,

5) Store the data in the sheet daily precip.

6) Refer to the file download, Color the cells in yellow for the missing data and

empty their zero value.

7) Verify the rationality and reliability of data values. Analyze and assess suspicious

values with the help of previous analysis of hourly data. Color the questionable

data in red and exclude them from the modeling.

So far, twenty-seven daily and hourly precipitation datasets in identical time step have

created in Excel files daily precip and hourly precip in correspond to twenty-seven

HST gages.

Flat file generation for MMS-PRMS

1) Spatially divide twenty-seven gages into five groups for daily mode and seven

groups for storm mode according to the distribution of the gages and the sizes of

HRUs (see tables below).

Table A-i HST gage grouping for MMS-PRMS daily mode

Group Rain gage No. Represented

HRU

1 17, 23, 24, 27, 28, 34, 35, and 39 1

2 7,13,25,40,44and45 2and6

3 16,2Oand2l 3

4 19,20and43 4

5 7,9,lO,1l,12,13,31,33and38 5and7
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Table A-2 HST gage grouping for MMS-PRMS storm mode

Group Rain gage No. Represented HRU

1 17, 23, 24, 27, 28, 34, 35, and 39 1

2 24, 25, 44 and 45 2

3 16,2Oand2l 3

4 19,20and43 4

5 7,13,31,33and38 5

6 7, 13, 17,and23 6

7 10, 11, 12, and 43 7

2) Make files daily input and hourly input to accommodate the grouped datasets.

Delete the values in red (problem data). Calculating average precipitation values

(in blue) for each group representing one or two HRUs. The selection of an

approach for computation of HRU average precipitation depends on the spatial

distribution of gages, the shape, size and location of the HRUs, and the quality of

rainfall data. Due to relatively lower continuity of precipitation data (only rain

gage 13, 16, 33, and 43 had the records covering the whole period of water year

from 1998-2000), many techniques for average precipitation computation may not

be properly applied. Simple and practical methods were used during the modeling

of Whitewater River Basin.

3) For daily simulations, export average daily precipitation data of five groups,

correspond to five rainfall stations defined in MMS-PRMS, to the file

JVWdaily_input. exi, which is about to create an MMS-PRMS input data file

WWdaily_input. data (time-series flat file in MMS-PRMS required format, which

include precipitation, flow, and temperature data).

4) For storm simulations, extract precipitation data from 25 selected storms and

delete the rest of data, export average hourly precipitation data of seven groups

(consistent with seven rainfall stations defined during the modeling with

MMS-PRMS) to the file WWst_input.exl, which is about to create a MMS-PRMS
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input data file WWst_input. data (time-series flat file in MMS-PRMS required

format, which include precipitation, flow, and temperature data).

Due to my limited knowledge on Excel, the spreadsheets designed for HST data

processing may not work efficiently. The processes of spreadsheet design and the

formulas in use are not explained in this appendix. They can be examined and verified

directly from the files. In some spreadsheets the computation zones are hidden.
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Appendix B

MMS-PRMS daily model parameters for Whitewater River Basin (the file

\thesis\appendices B-E\ WWdaily.par in attached CD stores the values of parameters

and can be viewed with MMS-PRMS)

Appendix C

MMS-PRMS storm model parameters for Whitewater River Basin (the file

\thesis \appendices B-E\ WWstorni.par in attached CD stores the values of parameters

and can be viewed with MMS-PRMS)

Appendix B

Daily flow simulation results of 1987-2000 water year using HST data (see the file in

attached CD \thesis\thesis appendices B-E WWdailyHSTout)

Appendix E

Simulation results of 25 storms during 1998-2000 using HST data (see the files in the

attached CD \thesis\appendices B-E\JVWst_HST)




