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ABSTRACT 

Extensive flooding occurred throughout the northeastern United States during 

January of 1996. The flood event cost the lives of 33 people and over a billion dollars in 

flood damage. Following the "Blizzard of '96", a warm front moved into the Mid

Atlantic region bringing extensive rainfall and causing significant melting and flooding to 

occur. Flood forecasting is a vital part of the National Weather Service (NWS) 

hydrologic responsibilities. Currently, the NWS River Forecast Centers use either the 

Antecedent Precipitation Index (API) or the Sacramento Soil-Moisture Accounting 

Model (SAC-SMA). This study evaluates the API and SAC-SMA models for their 

effectiveness in flood forecasting during this rain-on-snow event. The SAC-SMA, in 

conjunction with the SNOW-17 model, is calibrated for five basins in the Mid-Atlantic 

region using the Shuffled Complex Evolution (SCE-UA) automatic algorithm developed 

at the University of Arizona. Nash-Sutcliffe forecasting efficiencies (Er) for the 

calibration period range from 0. 79 to 0.87, with verification values from 0.42 to 0.95. 

Flood simulations were performed on the five basins using the API and calibrated SAC

SMA model. The SAC-SMA model does a better job of estimating observed flood 

discharge on three of the five study basins, while two of the basins experience flood 

simulation problems with both models. Study results indicate the SAC-SMA has the 

potential for better flood forecasting during complex rain-on-snow events such as during 

the January 1996 floods in the Northeast. 
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Flooding and its related disasters have been a concern since the beginning of 

civilization. Although floods are natural and inevitable, they can be destructive and 

deadly. Ingram (1996) reported that flooding accounts for 75% of federal disaster 

declarations. During 1972-1991 , fatalities from flooding averaged 146 per year, as 

compared to tornadoes at 69 per year, and hurricanes at 17 per year (NWS, 1992). For a 

10-year period from 1986 to 1995, floods cost an average of$3.5 billion a year, with the 

"Great Flood of 1993" costing $16.4 billion (Ingram, 1996). The January 1996 floods of 

the Northeast were considered to be the worst in the eastern U.S. since Hurricane Agnes 

in 1972. This rain-on-snow event resulted in the loss of 33 lives and caused over $1 .5 

billion in flood-related damages. 

As populations further increase and urban centers expand along the nation' s 

waterways, floods have become even more of a concern. The building of levees, dams, 

and storage reservoirs were some of the frrst attempts at controlling flood damages and 

reducing the loss of life (Boning, 1998). As communication systems have developed, so 

has the concept of flood warnings and forecasts to help mitigate the loss of life and 

property. The frrst river and flood forecasts were issued as early as the 1890s from what 

was known then as the U.S. weather service program (Ingram, 1996). The current 

National Weather Service (NWS) Office ofHydrology grew out of the need for expanded 
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hydrologic services and was established in the 1940s as part of the Departm~nt of 

Commerce (Ingram, 1996). The frrst River Forecast Center (RFC) was established in the 

1940s in the Ohio River Basin for the unique purpose of flood forecasting. By the 1960s, 

13 River Forecast Centers were established across the United States with distinct areas of 

hydrologic responsibility (Figure 1.1 ). 

Today's National Weather Service, under the direction of the National Oceanic 

and Atmospheric Administration (NOAA), is charged with "the responsibility of 

providing accurate and timely hydrologic information and forecasts for watersheds and 

rivers throughout the United States" (Brazil and Hudlow, 1981 ). The NWS RFCs now 

issue forecasts for over 4,000 river locations across the United States (Ingram, 1996). 

Along with flood forecasting, additional RFC responsibilities include daily operational 

forecasts for water supply, irrigation, reservoir operation, energy production, water 

quality, navigation, and recreation (Brazil and Hudlow, 1981 ). RFCs in the northern 

climates of the U.S. also issue seasonal snowmelt forecasts for the spring melt (Brazil and 

Hudlow, 1981 ). 

1.2 NWS River Forecast Center Operations 

The National Weather Service's 13 River Forecast Centers have access to an 

assembled system of forecasting techniques, including rainfall-runoff models, snow 

accumulation and ablation models, routing techniques, calibration methods, and other 

hydrologic procedures (Burnash, 1995). Twelve of the 13 RFCs use this centralized 

system known as the National Weather Service Forecast System (NWSRFS), a highly 
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interdependent batch-operating system containing over 400,000 lines of code (Fread, 

1995). Individual forecast centers have the flexibility to adapt programs from the 

NWSRFS and implement hydrologic procedures suitable to local hydrologic and geologic 

conditions, while considering operational and computing constraints of the forecast 

center. Varied conditions exist between RFCs, and the flexibility to implement 

appropriate models enables hydrologic forecasters to adapt to various conditions such as 

differing data collection systems, local interagency agreements, widely ranging 

forecasting conditions, and the experience of the RFC hydrologists (Burnash, 1995). 

Although the batch-operation style of the NWSRFS allows greater flexibility for the 

individual RFC, the highly interdependent system severely limits the exchange or transfer 

of specific algorithms out of the NWSRFS to other agencies or individuals and hinders 

the implementation of new hydrologic models and procedures into the River Forecast 

System. 

To estimate the amount of runoff for a given watershed in a northern region, an 

RFC would use a snow accumulation and ablation model to determine the amount of 

snowmelt and then choose either one of two rainfall-runoff models to estimate fmal 

runoff volume: the Antecedent Precipitation Index (API) Model or the Sacramento Soil 

Moisture Accounting Model (SAC-SMA). The Mid-Atlantic River Forecast Center 

(MARFC), which forecast for most of the region during the January 1996 floods, uses the 

SNOW-17 model and an adaptation of the API model. The SNOW-17 model was 

originally developed by Anderson ( 1973) and is used by NWS River Forecast Centers 

located in the northern climates of the United States. The API was originally developed 
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by Kohler and Linsley in the early 1950s (Linsley et al., 1982) and has been the primary 

method for determining runoff for most RFCs. The Sacramento model, developed in the 

1970s, has been the model of choice for researchers and the NWS Office of Hydrology 

and is believed to provide a more realistic representation of watershed processes. 

Figure 1.1: National Weather Service 13 RFC and their areas ofresponsibility 

1.3 Problem Statement 

With the increase of urbanization along rivers and streams, the risk to life and 

property rises substantially. The ability of an RFC to accurately predict flood stages 

depends on many factors, including the accurate and timely observations of precipitation, 
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and the RFCs' choice of the rainfall-runoff model within the forecast system. Although 

the RFCs currently have the flexibility to choose either one of two hydrologic models, 

depending on local constraints and preferences, many of the centers have long been using 

the API model over the SAC-SMA as the forecast tool of choice. Meanwhile, the 

Hydrologic Research Laboratory (HRL) of the Office of Hydrology has been investing 

large amounts of time and money into the development and testing of the SAC-SMA 

model for use in the NWSRFS. As of 1990, 70% of the RFCs were still using the API 

model in their river forecasting (Miketta, 1990). At the center of the deliberation over 

which model to choose is the issue of complex versus simple models. Is a more 

complicated model such as the SAC-SMA, which has a reputation for requiring more 

time and investment in training, really necessary for river forecasting, or can the simpler 

API model perform just as well? 

The "human element" is a primary consideration in choosing a rainfall-runoff 

model. The time requirement for hydrologists to understand and learn the SAC-SMA 

model and then to calibrate the model for watersheds in the region has been a major 

concern for RFCs. Because the API structure and mechanisms are somewhat simpler to 

comprehend than the SAC-SMA, training and calibration with the model are not as 

difficult and time-consuming. However, this argument is no longer viable. With the 

advancement of computing technology and automatic calibration techniques, more 

resources are available to aid RFC hydrologists in training on, and calibration of, the 

SAC-SMA model. 
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The Office of Hydrology offers a calibration workshop that outlines a step-by

step manual calibration method to use in conjunction with their new Interactive 

Calibration Program (ICP), a graphically designed user-interface program to aid in 

visualization of the SAC-SMA variables. Automatic calibration techniques also have 

advanced rapidly in the last few years and are a practical aid to the RFC hydrologists in 

calibration of watersheds. Numerous studies have provided evidence of the reliability of 

automatic search algorithms, especially the Shuffled Complex Evolution (SCE-UA), in 

fmding global optimum parameter sets to use in watershed modeling (Duan et al., 1992; 

Sorooshian et al., 1993; Duan et al., 1994; Gan and Biftu, 1996). With the aid of 

automatic calibration techniques, the burden on hydrologists is reduced, and forecasters 

will be able to produce optimally calibrated watersheds in a shorter period of time. If the 

SAC-SMA provides a more realistic representation of watersheds and is incrementally 

better at forecasting runoff than the API, especially during extreme events, then it is 

worth the time and investment for RFCs to train hydrologists and implement the SAC

SMA model in their respective forecast regions. 

This is the basis for this research: to demonstrate that ( 1) automatic calibration 

techniques are an efficient and reliable method of finding an optimal parameter set for 

watersheds, and (2) the more complex soil moisture accounting model such as the SAC

SMA can do a more accurate job of forecasting streamflows in extreme events such as 

the January 1996 floods in the Northeast. 
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1.4 Research Objectives 

The primary goal of this research is to undertake a comparison of the SAC-SMA 

and API model forecasts during the complex flooding event of January 1996. In order to 

accomplish this goal, the following objectives will be addressed: 

(1) Calibrate and evaluate the SAC-SMA on several watersheds m the MARFC 

forecasting region; 

(2) Assess the quality of SAC-SMA basin calibrations; 

(3) Simulate the 1996 floods using the API and SAC-SMA models; and 

(4) Analyze runoff responses of the models for the 1996 flood event. 

All of the modeling in this research will utilize the National Weather Service 

River Forecast System (NWSRFS). This study has specific relevance to other RFCs, and 

it is hoped that use of operational code will encourage the application of algorithms and 

procedures from this study. Objective (1) will involve the use of automatic calibration 

algorithms, specifically the SCE-UA, on the study basins. Analysis of the calibrations on 

operational data and basins will give insights as to the success of automatic techniques. In 

objective (3), three modeling "scenarios" (Chapter 5) will simulate the flood stages for 

the 1996 event. An analysis of the model outputs from the floods will allow conclusions 

to be reached as to the accuracy and reliability of the API and SAC-SMA models used in 

this study. 
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1.5 Organization of Thesis 

The remaining six chapters of this thesis are organized as follows: 

• Chapter Two summarizes the 1996 floods, describing the events leading up to some of 

the worst flooding in the eastern United States. Flood records, damages and modeling 

issues are discussed. 

• Chapter Three discusses the models and algorithms involved in this analysis. A detailed 

review of the SNOW-17 model is undertaken, as well as a synopsis of the API model 

used by the MARFC, the SAC-SMA model, and the SCE automatic algorithm. 

• Chapter Four describes the regional characteristics of the mid-Atlantic region as well as 

the specifics of the watersheds utilized for this study. 

• Chapter Five details the processes used in the calibration of the watersheds and 

modeling of the flood event, as well as an overview of the data used in this research. 

• Chapter Six presents the results of the study. Calibration and verification statistics are 

given, along with results from the flood modeling analysis. 

• Chapter Seven summarizes the conclusions of the study and proposes recommendations 

for application of the study and future extension of this work. 
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CHAPTER TWO 

THE JANUARY 1996 FLOOD EVENT 

2.1 Introduction 

In January 1996, intense rainfall and rapid snowmelt from a deep snowpack 

combined to create major flooding on rivers throughout the mid-Atlantic and New 

England regions. Flooding was the most extensive since Hurricane Agnes in 1972, with 

Pennsylvania, New York, West Virginia, and Maryland all experiencing record crests 

(NWS, 1998). The 1996 floods occurred because of a unique combination of abnormally 

deep snowpack with a high moisture content and southerly flow that brought warm 

temperature and heavy rains. The events leading up to the floods and the issues involved 

in forecasting such an extreme event are discussed in the following sections. 

2.2 Antecedent Conditions 

The first few weeks of January 1996 saw a series of snowstorms deposit deep 

snowpack from the southern Appalachians to New England. The largest of these storms 

occurred January 6-8 and became known as the "Blizzard of '96". Snow accumulations 

from this event averaged two to three feet, with record snow totals in Harrisburg, 

Williamsport, and Philadelphia, P A and Boston, MA (NWS, 1998). Two smaller events 

followed this blizzard, leaving additional snow accumulations from one to three feet 

across the region. By January 1 ih, the region from southern Pennsylvania to New York 

State had a snowpack of two to three feet (NWS, 1998). Snowpack throughout Maryland, 
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Virginia, West Virginia, and into southern Pennsylvania ranged from 6 to 12 inches 

(NWS, 1998). The Appalachian Mountain region contained substantially higher amounts 

(Figure 2.1). Snow water equivalent of this snowpack was estimated to be from 1 to 5 

inches across the mid-Atlantic forecast region (Anderson and Larson, 1996). 
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Figure 2.1: Snow Depth (inches) across the MARFC region on January 18 (NWS, 1998) 
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Streamflow across the mid-Atlantic was considered normal or just below normal 

for the time of year, and frost was considered minimal from thermal insulation by the 

deep snowpack. Soil-moisture conditions also were considered typical for the time of 

year. The fall of 1995 recorded above-normal precipitation amounts, but December was 

considered drier than normal (NWS, 1998). Rivers throughout Pennsylvania, New York, 

and Maryland were covered with ice at the start of the event (NWS, 1998). 

2.3 Hydrology/Meteorology 

The series of winter storms, which moved across the mid-Atlantic region in early 

January, stemmed from an upper trough1 that developed over the eastern U.S. A deep 

surface low subsequently evolved across the central plains of the U.S., while at the same 

time a high-pressure system was located over the western Atlantic ocean (NCEP, 1996). 

The pressure differences between the two systems caused a strong gradient to develop, 

bringing warm, moist, southerly air into the mid-Atlantic and eastern U.S. for a 

prolonged time period (NWS, 1998). The front brought strong winds, heavy rains, dew 

points in the 50s, and unusually warm temperatures. Extremely rapid snowmelt occurred, 

and area rivers rose at previously unprecedented rates, causing the worst flooding since 

Hurricane Agnes in 1972. The MARFC issues forecasts for 154 river points. During the 

flood event, 133 crested above flood stage, and six forecast points reported floods of 

record. The Ohio River Forecast Center (OHRFC) recorded levels above flood stage for 

63 oftheir 91 forecast points (NWS, 1998). 

1 An elongated area of low barometric pressure 



2.4 Flood Chronology 

January 14-18, 1996 
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With the prediction of the trough that would bring warm, southerly flow into the 

mid-Atlantic and New England region, medium-range forecasts were estimating possible 

flooding from rapid snowmelt due to predicted high temperatures and precipitation 

(NWS, 1998). The deep snowpack was ripening, and snowmelt started to occur as 

temperatures increased. 

January 18, 1996 

By the afternoon of January 18th, the powerful frontal system had moved into the 

region, and moisture was being pumped from the Gulf of Mexico into the Ohio River 

Valley. The western fringes of the MARFC region had snowmelt starting to occur as 

temperatures climbed into the 60s and dewpoints into the mid-50s (Walton, 1996). 

Model-generated Quantitative Precipitation Forecasts (QPFs) for the next 24 hours 

ranged from 0.5 inches over the Appalachians to 1.3 inches in the southern parts of the 

forecast region (NWS, 1998). Manual forecasts were higher, with 2-3 inches expected 

over the southern Appalachian Mountains and 1-3 inches over the northern regions 

(NCEP, 1996). Although the QPFs were later determined to be low, the combination of 

predicted rainfall and probable snowmelt still caused forecasters to issue warnings that 

"flash flood guidance" may be exceeded (NWS, 1998). 
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January 19, 1996 

By Friday the 19th, heavy rains were starting to fall, and rapid snowmelt was 

occurring. Friday's forecast pronounced that "The heavy rains and snowmelt make this a 

potentially dangerous situation for flooding and flash flooding ... " (NWS, 1998). On 

Friday, eastern Pennsylvania received from 2-3 inches, while the area from West Virginia 

to New England received 1-2 inches. By early Friday morning, 1-2 inches had fallen 

across the Upper Potomac and West Branch of the Susquehanna River and the Upper 

James River basin received 3 inches of rain (MARFC, 1996). Most of this rainfall 

occurred in a 6-8 hour period (Figure 2.2). Small streams in the Susquehanna River were 

beginning to flood, and the James and Appomattox rivers were starting to rise. By 

afternoon, heavy rains had moved into the Upper Susquehanna, Delaware, and New 

Jersey basins, and very rapid snowmelt was occurring. Flooding was common across the 

mid-Atlantic region, including the Potomac, North and West branches of the 

Susquehanna, the Juniata, and the Chemung. Rivers in New Jersey were beginning to 

flood, and small creeks in the Delaware basin were also flooding (MARFC, 1996). By 

Friday evening, the heavy rains had moved out of the mid-Atlantic region, and a cold 

front following the storm turned the precipitation into light snow. 
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Figure 2.2: Total flood event precipitation (inches): January 19-20, 1996 (NWS, 1998) 
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January 20, 1996 

By Saturday, most of the major rivers in the region were cresting, including the 

James, Appomattox, Upper Potomac, North and West branches of the Susquehanna and 

Upper Delaware (MARFC, 1996). The main stem of the Susquehanna was in flood, with 

the flood wave progressing downstream. Cold, dry air had moved into the region, making 

flood control efforts extremely difficult. By Sunday, January 22nd, river points in the 

upper tributaries were falling below flood stage, while lower portions of the Potomac, 

Susquehanna, Delaware, and New Jersey rivers were still cresting (MARFC, 1996). The 

lower Potomac and Susquehanna fell below flood stage by Monday, January 23rd 

(MARFC, 1996). 

2.5 Snowmelt 

The extremeness of this event was not only due to the amount of rainfall that 

occurred, but from the enormous amount of snowmelt that was generated. Approximately 

one-half of the runoff that occurred over most of the region was estimated to have been 

generated from snowmelt (NWS, 1998). The rainfall amounts may have been heavy for 

this time of year, but the rapid melt of the deep snowpack was extremely unusual 

(Anderson and Larson, 1996). The abnormally high melt rates were due to high 

temperatures, above-average dew points, and strong winds. 

On January 18th, just prior to the flood event, the snowpack had ripened 

considerably, and snow water equivalents (SWE) in the mid-Atlantic region were 

estimated to be from 1.2 to 5.1 inches (Walton, 1996) (Figure 2.3). Snow densities were 



24 

calculated in certain areas using both depth and water equivalent data and ranged from 

less than 0.20 to over 0.30 inches in western and southern areas where the snowpack had 

ripened and melt was starting to occur (Anderson and Larson, 1996). 

Major snowmelt started to occur in the western regions of the flooded areas on the 

morning of the 18th. High melt rates were observed through the afternoon of the 19th in 

the eastern portions of the mid-Atlantic. The turbulent transfer of latent and sensible heat 

from high temperatures, high humidity, and strong winds caused most regions to 

experience between 18 to 30 hours of rapid melt (Anderson and Larson, 1996). Table 2.1 

displays the snowmelt rates calculated by Anderson and Larson ( 1996) for nine synoptic 

stations located throughout the mid-Atlantic region. Values ranged from 0.42 to 2.55 

mm/°C/6hr. Because most of the snow cover was depleted before the end of the flooding 

event, the calculated melt rates should be regarded as potential or possible rates 

(Anderson and Larson, 1996). Total melt was calculated to be from 67 mm (2.6 inches) at 

Williamsport, Pennsylvania to 135 mm (5.4 inches) at Philadelphia, Pennsylvania. 

Anderson and Larson (1996) stated that "melt rates of this proportion are quite rare, 

especially in the middle of the winter". 
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Figure 2.3: Estimated SWE (inches) of snow cover on January 18 (NWS, 1998) 
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Table 2.1: Calculated melt rates (Mf), wind function (UADJ), and total melt for each 6-hr 
period for selected synoptic stations in the mid-Atlantic region. (BGM=Binghamton, NY; 
IPT=Williamsport, PA; MDL=Harrisburg, PA; PIT= Pittsburgh, PA; DCA=Washington 
National Airport, DC; PHL=Philadelphia, PA.) (Anderson and Larso~ 1996). 

Dateffime Parameter BGM IYf MDL PIT DCA PilL 

1/18 6-12Z Mr 0.65 0.65 0.49 0.21 

12-18Z Mr 1.49 1.21 .99 1.56 1.37 1.63 

18-24Z Mr 2.08 0.95 0.53 1.92 1.15 0.34 

1119 0-6Z Mr 2.10 1.66 1.75 2.06 1.24 

UADJ 0.14 0.16 0.18 

6-12Z Mr 2.17 2.38 2.49 2.50 

UADJ 0.20 0.13 0.23 0.13 

12-18Z Mf 

UADJ 0.19 0.11 0.20 0.21 0.29 

18-24Z UADJ 0.26 

Total 

Melt (nun) 102 67 69 96 121 136 

(Mf= mml oc I 6 hr; UADJ = mml mbar I 6 hr) 

Although this event had unprecedented melt rates, most NWS stations still 

reported minimal snow depths after the flood event. Many areas lost from 1 to 2 feet of 

snow during the melt period, with snow water equivalents after the melt ranging from 0 

to 3 inches (NWS, 1998). Total contribution to runoff from snowmelt across the mid-

Atlantic was estimated to be from 2.5 to nearly 5 inches (NWS, 1998). This unusual 

amount of melt was a major factor in the MARFC's inability to accurately forecast and 

predict the runoff from this event. 
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2.6 Flood Summary 

The flooding in January 1996 was the most severe in over 20 years. The storm 

caused flooding across Pennsylvania, West Virginia, Virginia, Maryland, New York, 

Vermont, Ohio, and New Jersey (Table 2.2). Thirty-three counties in central 

Pennsylvania reported flooding, and 36 river points reached or exceeded flood stage 

(Walton, 1996). Eighteen deaths occurred in Pennsylvania, with the Susquehanna River 

basin recording some of the highest flooding since Hurricane Agnes in 1972. Stages for 

the 1996 flood were 3rd or 4th highest at many major river points. Record stages were 

recorded at numerous rivers across the region, including Tunkhannock, Monroeton, 

Loyalsockville, and Williamsburg (MARFC, 1996). Six people lost their lives in 

Lycoming County, PA north of Williamsport, where severe flash flooding occurred in 

Lycoming Creek (Walton, 1996). The Susquehanna River reached a near-record stage of 

34.5 feet at the city of Wilkes-Barre, causing an evacuation of over 100,000 people in the 

city of Wilkes-Barre and the Wyoming Valley Region (NWS, 1998). Along with major 

evacuations in the city of Wilkes-Barre and Luzerne County, PA, evacuations also 

occurred at Kitzmiller, MD, Franklin and Petersburg, WV, and Shenandoah, VA. 
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Table 2.2: Selected flood stages and crests for the Northeast floods of January 1996 
(NWS, 1998). 

River Basin Flood Stage- ft(m) Crest- ft(m) Comment 

Ohio 
(tiJ Pittsburgh 25 (7.6) 34.6 (10.5) Highest since Agnes, 1972 

Susquehanna 
@ Wilkes-Barre 22 (6.7) 34.5 (10.5) Highest since Agnes, 1972 
@ Harrisburg 17 (5.2) 24.7 (7.5) Highest since Eloise, 1975 
@Williamsburg 12 (3.7) 19.2 (5.8) Record stage 

Delaware 
@Trenton 20 (6.1) 22.2 (6.8) Highest since Connie, 1955 
@Langhorne 9 (2.7) 15.0 (4.5) 

Potomac 
@ Little Falls 10(3.0) 19.0 (5.8) Highest since Agnes, 1972 
@Cumberland 13.5 (4.5) 25.6 (7.8) Flood ofRecord 

(Wills Creek) 
James River 
(a), Richmond 12 (3.7) 20.6 (6.3) Highest since 1987 

Hudson River 
(tiJ Albany 11 (3.4) 15.5 (4.7 Highest since 1948 

Ice jamming was also a significant problem during the flood, causing very rapid 

rises in river stages and back-flooding from ice dams. The lower Susquehanna River in 

Pennsylvania suffered some of the worse ice effects and, on the evening of the 19th, the 

river came up 13 feet in two hours at Harrisburg (Walton, 1996). At Safe Harbor Dam 

below Harrisburg, ice piled up in the pool above the dam, and pressure ridges reached as 

high as 20 to 30 feet (Walton, 1996). When released, a surge of water moved quickly 

downstream, causing widespread damage in downstream Port Deposit, MD, and 

producing a peak discharge of nearly 1,000,000 cfs at Conowingo Dam (Walton, 1996). 
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Moving ice also took out part of the historic Walnut Street Bridge that spanned the 

Susquehanna River at Harrisburg, P A. 

2. 7 Forecasting and Modeling Problems 

Several issues made forecasting the floods of January 1996 a difficult situation at 

best for the RFCs involved: the OHRFC and the MARFC. In hindsight, the 24-hour QPF 

issued by the Hydrologic Prediction Center (HPC) on both Thursday the 18th and Friday 

the 19th were deemed too low. Manual precipitation forecasts were improved, but neither 

estimated the magnitude of the rainfall adequately for the RFCs. With under-predicted 

rainfall, inputs to the rainfall-runoff model were low, contributing to low runoff outputs. 

Another major problem for the RFCs was the unexpected volume of snowmelt. As 

discussed previously, melt rates for this event were unprecedented. The RFCs were able 

to manually boost the melt factor in the model, but were unable to adjust the wind factor 

(UADJ) which controls rain-on-snow melt. Adjusting UADJ in the SNOW-17 model 

would have helped generate more melt that occurred during the precipitation stage of the 

event. The last issue that may have been a factor in the runoff prediction for this event is 

the rainfall-runoff model used by the MARFC. As discussed in the following section, the 

API model is an empirical, simple coaxial graphical model. Soil moisture in the model is 

estimated by "drying out" of the moisture by around 10% per day. The preceding 

conditions of the winter, with no rain or snowmelt, had caused the model to reach a very 

dry state, although the snowpack over the winter may have kept the soils fairly moist. 

This may have been a factor in estimating early runoff volumes. These issues, along with 
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others, made for a difficult forecasting scenario, as reported nver stages were 

substantially higher than the model forecasts. To make up for such deficits, the MARFC 

used run-time modifications to "boost" the model flows. During the floods, these 

included manually adding baseflow and basin runoff (Personal communication, MARFC, 

1997). At issue is whether the more complex, continuous soil-moisture accounting 

scheme of the SAC-SMA would better handle the moisture routing and runoff of such an 

extreme event. The hydrologists and staff at the MARFC spent many extra hours during 

the floods "catching up" the models to the observed stages. River forecasts made by the 

MARFC during this flood were substantially reduced from the normal lead-times 

(Personal communication, MARFC, 1997). A rainfall-runoff model that would better 

handle these conditions may help resolve some of the modeling which RFC hydrologists 

face when trying to forecast such extreme events. The rainfall-runoff models used in this 

thesis and available to the NWS RFC are discussed in the following chapter. 



3.1 Introduction 

CHAPTER THREE 

STUDY MODELS 
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The following chapter describes the theory for the models involved in this 

research: the SNOW-17 model, the API and SAC-SMA rainfall-runoff models, and the 

automatic algorithm used for calibration, the Shuflled Complex Evolution (SCE-UA). 

The SNOW-17 model of Anderson (1973, 1978) is described in depth. However, because 

the two rainfall-runoff models used in this study are commonly found in the literature, 

more of a general synopsis is given of these models. A brief description is also given of 

the SCE-UA optimization algorithm. 

3.2 SNOW-17 Model 

The SNOW-17 (also known as HYDR0-17) model used by the NWS is an 

adaptation of earlier snow cover models. The SNOW-17 model is a conceptual model 

that uses temperature as an index to the energy exchange occurring in a snowpack and 

subsequently, the amount of melt that will occur in a basin. Older degree-day models 

used temperature as a direct index to melt or outflow from the snowpack (Anderson, 

1973). This chapter describes the physics of the energy exchange processes of a 

snowpack. The energy balance equation that is derived can be used to estimate snowmelt 

during rain-on-snow events if various assumptions are made. The following information 

is mainly derived from Anderson (1973, 1978). 
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3.2.1 Snow Cover Energy Balance 

Most of the melt that occurs in a snowpack transpires across the air-surface 

interface. The energy balance of the snow cover is represented by: 

where: Q0 =net radiation transfer (Illllle) 

Qe =latent heat transfer (Illllle) 

Qh = sensible heat transfer ( Illllle) 

Qg =heat transfer across the snow-soil interface (Illllle) 

Qm =heat transfer by advected heat (Illllle) 

~Q =change in the snow cover heat storage (Illille) 

(Eq. 1) 

The unit Il1IIle is the energy required to melt or freeze a mm of ice or water at 0°C. The 

change in heat storage is the energy needed to change the temperature of the snowpack, 

melt the ice portion, or freeze any liquid-water in the snowpack (Anderson, 1978). 

Snow is a nearly perfect blackbody, emitting nearly all the long-wave radiation 

absorbed. However, snow is extremely reflective in the short-wave region of the solar 

spectrum, having albedo values from 0.9 for fresh snow to 0.5 for older, aged snow 

cover. The net radiation transfer (Qn) for a snowpack is: 

4 
Qn = Qi • (1.0-A) + Qa- ~t • 1.0 • cr • (T0 + 273) 

where: Qi =incoming solar (short-wave) radiation (Illllle) 

Qa =incoming long-wave radiation (Illllle) 

(Eq. 2) 



~t = computational time interval (hrs.) 

T 0 = temperature of snow surface (°C) 

a= Stefan-Boltzman constant (5.78 x 10-10 in/day/K4
) 
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Latent and sensible heat transfers are turbulent processes, with latent heat 

involving the transfer of water vapor to and from the snow surface, or condensation and 

sublimation of the snowpack. Water vapor transfer or latent heat (Qe) is a function of the 

turbulence of the air or wind speed and the saturation of the air surrounding the 

snowpack: 

Qe= 8.5 • f(ua) • (ea- e0 ) 

where: f(ua) =function of wind speed (ua) at height Za (mm • mb-1
) 

ea =vapor pressure of the air at height Za (mb) 

e0 = vapor pressure at the snow surface ( mb) 

(Eq. 3) 

Sensible heat is involved in the transfer of heat between the air and snow surface. 

As heat moves from warmer to cooler temperatures, the direction of transfer is 

determined by the temperature gradient between the two surfaces. Using Bowen's ratio 

(Qh/Qe) and assuming the turbulent transfer coefficients for water vapor and heat are 

equal, the expression for sensible heat transfer (Qh) is: 

Qh = 8. 5 • Y • f( Ua) • (T a - To) (Eq. 4) 



where: y =the psychometric constant (y = .00057 • Pa) 

T a = air temperature (°C) 

f(ua) =function of wind speed (ua) at height Za (mm •mb-1
) 

T 0 = temperature of snow surface (°C) 
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To calculate heat transfer by advected heat or mass changes, several assumptions 

are made. Only the heat transferred by precipitation needs to be considered, if 

temperature of the snow outflow, or melt out of the snowpack, is assumed to be 0°C and 

the transferred vapor heat content is considered insignificant. The amount of heat 

conveyed to the snowpack from rain is dependent on amount, temperature, and the 

specific heat of the precipitation. Heat transfer due to mass changes (Qm) in the snowpack 

is then: 

Qm = c/80 • P x • T w (Eq. 5) 

where: Tw =wet-bulb temperature (°C) (approximation of precipitation temperature) 

c = specific heat (cal • gm - 1 
• oc-1

) 

Px =water equivalent of precipitation (mm) 

Substituting Eqs. 2, 3, 4, and 5 into Eq. 1 produces the final equation for a snow 

cover. The assumption of an isothermal snow cover allows a solution to be formulated for 

the energy balance equation. This assumption allows T 0=0 °C, Qg to be negligible, and 
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~Q to be the amount of melt. The fmal equation for snowmelt (M) during a 6-hour time 

step then becomes: 

M = Qi • (1.0- A)+ Qa- 20.4 + 0.0125 • Px • Tw + 8.5 • f(Ua) 

• [(ea- 6.11) + 0.00057 • Pa • Ta] 

where: Qi =incoming solar (short-wave) radiation (lilllle) 

Qa =incoming long-wave radiation (lilllle) 

P x = water equivalent of precipitation ( mm) 

Tw =wet-bulb temperature (°C) 

f(ua) =function of wind speed (ua) at height Za (mm •mb-1
) 

ea =vapor pressure of the air at height Za (mb-1
) 

Pa =atmospheric pressure (mb-1
) 

Ta =air temperature (°C) 

(Eq. 6) 

To solve the final energy equation for a snowpack (Eq. 6), good estimates of the 

many physical parameters are needed. Only two of the variables are readily available in 

most watersheds in the United States: mean areal precipitation and air temperature. 

Because estimates of the other physical parameters are limited in most areas, an estimate 

such as the temperature index method must be used to simulate the derived energy 

balance of a snowpack. Air temperature has been shown to be the best single indicator of 

snow cover energy exchange and, as stated above, is readily available in most basins 
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(Anderson, 1978). Older snow methods used what was known as degree-day methods to 

estimate melt. In these models, air temperature is the index to snow cover outflow 

(different from snowmelt) and does not use heat deficit considerations to account for 

refreezing or melting of the snowpack and retention or transmission of liquid water 

(Anderson, 1978). 

3.2.2 NWS Snow Model 

A flowchart of the NWSRFS SNOW-17 accumulation and ablation model is 

illustrated in Figure 3.1. The SNOW-17 model has various physical processes that are 

represented in the model in order to simulate the conditions of the snowpack and the 

amount of melt that can occur. These include: accumulation of the snowpack, 

determining the energy exchange (and melt volume) at the snow surface- for rain-on

snow or non-rain periods, estimating areal extent of the snow cover, heat storage and heat 

deficit within the snowpack, liquid water retention and transmission through the snow, 

and the heat exchange at the ground surface (Anderson, 1973). The 12 parameters of the 

SNOW-17 model that must be estimated from physical processes or during the 

calibration procedure are listed in Table 3.1. Six parameters are considered "major" 

parameters and have the most impact on snowmelt processes The other six parameters 

have less of an effect on snowmelt simulation. The model also contains an areal depletion 

curve to help estimate snow cover depletion in a watershed. 
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Figure 3.1: Flowchart ofthe NWS SNOW-17 Model (Anderson, 1978} 
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3.2.2.1 SNOW-17 Model Parameters 

The majority of the snow parameters will be discussed below; for a more 

complete description of all snow model parameters, see Anderson (1973). 

Table 3.1: SNOW-17 Model Parameters (Anderson, 1978) 

Major Parameters Description 
SCF Snow correction factor 
MFMAX Maximum melt factor (mm • oc-1 

• 6 hr-1
) 

MFMIN Minimum melt factor (mm • oc-1 
• 6 hr-1

) 

UADJ Wind function factor (mm • mb-1 
• 6 hr-1

) 

SI Water equivalent maximum (mm) 
Areal Depletion Curve 

Minor Parameters 
MBASE Melt base temperature (°C) 
NMF Maximum negative melt factor (mm • mb-1 

• 6 hr-1
) 

TAELEV Elevation of temperature series (m) 
DAYGM Average daily ground melt (mm) 
PLWHC Percent liquid water holding capacity 
PXTEMP Rain/snow temperature index CCC) 

Snow parameters used in conjunction with the NWS SAC-SMA model: 

EFC - effective forest cover 

PXADJ- precipitation adjustment factor 

The model keeps track of the various states of the snowpack, including snow 

water-equivalent, heat deficit, liquid water content, and areal extent of the snow cover. 

The first three variables are mean areal averages over a basin. The steps used in 

estimating a fmal rain/melt volume are described in the next section, and are derived 

mainly from Anderson (1973). 



3.2.2.2 SNOW-17 Model Processes 

1. Accumulation of the Snowpack 
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For the accumulation of snow, the model must frrst distinguish whether 

precipitation is occurring as rain or snow. The parameter PXTEMP is used to 

differentiate the two forms. 

If: Air temperature > PXTEMP, then precipitation = rain 

Air temperature ~ PXTEMP, then precipitation = snow 

To help estimate the correct volume of precipitation occurrmg, the snow 

correction factor (SCF) is used. During snow events, gauge-catch deficiencies can be 

quite substantial. SCF is used to correct for the underestimation (or overestimation) of 

snowfall: 

Px (actual) = SCF • Px (gauge) 

2. Snow Surface Energy Exchange- Melt Periods 

The energy or heat exchange is the most dominant process controlling the amount 

of melt that occurs from the accumulated snowpack. The SNOW-17 model uses 6-hour 

mean areal air temperature as the specific index to estimate the amount of melt from a 

snowpack surface. Snowmelt is assumed to occur when the air temperature is above 

32°C. In the model, there are two scenarios when the air is warm enough and melt can 

occur in a basin: (1) rain-on-snow periods, or (2) non-rain periods. These melt events are 

differentiated in the model for several reasons: the dimensions of the energy process 
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during the two types of events are different, energy transfer processes are understood 

during rain-on-snow events, and melt rates have considerable variation during the season 

for the two processes (Anderson, 1978). 

Rain-on-Snow Periods 

During a rain-on-snow event, defmed as at least 0.1 inches of rain in a 6-hour 

time step, several assumptions are made which allow use of the energy balance snowmelt 

equation (Eq. 6). These are: 

- incoming solar radiation (Qi) is considered insignificant and can be ignored 

(cloudy conditions) 

-incoming long-wave radiation (Qa) is equal to that of a blackbody calculated at 

the current air temperature 

- relative humidity is high ( ~90%) 

-snow surface temperature is 32°C 

- temperature of the rain equals air temperature 

These assumptions guarantee a humid, overcast environment. Under these 

conditions, the wet-bulb temperature (Tw) is considered equal to air temperature, and the 

vapor pressure is estimated at 90% of the saturated vapor pressure. The wind function 

f(Ua) is approximated by the parameter UADJ, which is found during calibration. This 

produces the fmal equation for estimating melt (M) during rain-on-snow periods: 



M = 3.67 • 10-9 
• (Ta + 273)

4
- 20.4 + 0.0125 • Px • Ta + 8.5 • UADJ 

• [ (0.9 • esat- 6.11) + 0.0057 • Pa • Ta) 

where: M = snowmelt during a 6-hour time period (mm) 

Px =precipitation (mm) 

Ta =air temperature CCC) 

UADJ =wind function for rain-on-snow events (mm • mb-
1 

• 6 hr-
1
) 

Pa =atmospheric pressure (mb) 

Non-Rain Periods 
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Meteorological conditions fluctuate considerably during non-rain melt periods 

and, as such, the energy balance equation cannot be used to estimate snowmelt during 

these events. An empirical relationship has been developed to estimate melt during the 

wide range of environments that occur during non-rain periods. This relationship 

indicates that snowmelt is proportional to the difference between the base temperature of 

the snowpack (MBASE) and the air temperature (Ta): 

M (mm) = Mf • (T a- MBASE) 

where: Mf =the proportionality factor, or melt factor (mm • oc-1
) 

MBASE = melt base temperature (°C, usually assumed to equal 0°C) 
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The melt factor (Mr) is known to vary during the snowmelt season, mainly due to 

the increase in absorption of incoming solar radiation as the winter progresses, although 

the decrease in albedo of the snowpack (from aged snow cover) will also increase solar 

absorption. Other minor components in Mr variation include seasonal changes in air 

pressure, wind speed, and cloud cover. The Mr is a sinusoidal function estimated by two 

model parameters: MFMAX and MFMIN. The function is given by: 

Mr= (MFMAX + MFMIN) I 2 + (sin (n• 2II I 366) • (MFMAX- MFMIN) I 2) 

where: MFMAX =maximum melt factor, occurring on June 21 (mm • c-1 
• 6 hr-1

) 

MFMIN =minimum melt factor, occurring on December 21 (mm • c-1 
• 6 hr-1

) 

n = day number starting with March 21 

3. Heat Storage/Deficit - Non melt Periods 

The SNOW-17 model makes the assumption that snowmelt does not occur below 

0°C. The gain or loss of heat from the snowpack is determined by the temperature 

gradient between the air temperature and the upper portion of the snowpack and the 

density of the snow. Because snowmelt will not occur until the temperature of the 

snowpack reaches 0°C, heat storage and subsequently heat deficit calculations are used to 

determine the amount of heat or energy that must be added to a snowpack for melt to 

begin. Several minor parameters are used for this purpose, including TIPM and NMF, 

along with antecedent temperature values. 
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4. Areal Extent of Snow Cover 

The parameter SI and the areal depletion curve are used to estimate the amount of 

snow cover that exists. This is needed to determine what type of cover rain is falling 

upon, snow or non-snow, and to determine the area over which the energy exchange is 

taking place. The depletion curve used in the model is estimated from basin records and 

is a plot of extent of snow cover versus the water equivalent ratio. Snow cover depletion 

is highly influenced by topography, vegetation, and local weather conditions, and the 

RFCs construct curves to match local snow cover depletion rates. The water equivalent 

ratio from the depletion curve is calculated with the index Ai, which is the smaller of: (1) 

the maximum water equivalent value since snow has accumulated, or (2) the parameter SI 

(present water equivalent maximum). A water equivalent value greater than the SI 

indicates there is 100% snow cover in a basin. If new snow falls on a partially depleted 

ground cover, the model reverts to 100% snow cover for a period of time and then reverts 

to the point on the curve before snowfall occurs. The depletion curve also accounts for 

reductions in energy exchange when there is not 100% snow cover. The melt factor used 

in the model is only valid for complete snow cover. When bare ground starts to appear, 

the reduction in melt factor is not explicitly accounted for in the model and becomes 

absorbed in the areal depletion curve. 

5. Retention and Transmission of Liquid Water 

A snowpack can retain liquid water against gravity, similar to a soil. The amount 

of water that can be held is assumed constant and is controlled by the parameter PL WHC, 
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which is defmed as a percentage weight of the ice portion of the snowpack. This liquid 

water eventually moves through the snow cover and becomes outflow. The amount and 

timing of water that becomes melt depends on the attenuation and lag. Equations used in 

the SNOW-17 model were developed using experimental data at the Central Sierra Snow 

Laboratory (Anderson, 1978). 

6. Heat Exchange at the Snow-Soil Interface 

The amount of melt that occurs at the ground surface is considered negligible in 

the SNOW-17 model as compared to the melt occurring at the snow surface. In some 

climatic regions, a small amount of melt occurs daily from the bottom of the snowpack. 

This amount is estimated by the parameter DA YGM, and is considered to add to the base 

flow of the aquifer during the winter months. 

3.2.3 SNOW-17 Model Issues During the 1996 Floods 

The SNOW-17 model has been manually calibrated for various watersheds 

throughout the northeast region. Parameters were then "regionalized" to cover forecasting 

areas of the MARFC. For many basins, these calibrations were performed years ago and 

the original parameters, which are still in use, have not been updated or re-investigated. 

According to Anderson (Personal communication, 1997), many of the parameters may be 

"biased low" in the MARFC region. This may have impacted the amount of melt the 

SNOW-17 model was able to generate during the flood event. Because half of the runoff 

during the flood event was estimated to come from the snowpack, the snowmelt was a 
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crucial estimation. With the topographic variability between basins, minor re-calibration 

or fme-tuning of existing parameters to individual watersheds may help in better 

estimating snowmelt runoff 

During the flood event, there were two crucial periods of melt: one extremely 

warm, humid day before the rains started, followed by a rain-on-snow period. The melt 

factors needed to generate the volume of melt that was seen in the floods were previously 

unseen (Table 2.1 ). At issue during this type of event is which energy process is 

controlling the melting ofthe snowpack. The two processes in the SNOW-17 model are 

controlled by either the melt factor (Mf) for non-rain or the UADJ during rain-on-snow. 

The forecaster is able to do run-time alterations (MFC MOD) to adjust the melt factor, 

which helped the RFC increase the amount of melt in the early part of the storm event. 

However, once the rains started on Friday the 19th, the dominant process was controlled 

by the wind-driven energy exchange. At the time of the floods, the parameter UADJ, 

which controls the wind function, could not be adjusted during real-time. The rapid 

energy exchange and release of latent heat occurring during this stage was caused by the 

warm rains, high dew points, and strong winds (Anderson · and Larson, 1996). The 

calculated melt rates that were observed during the 1996 floods were approximately two 

to three times the normal rates during snowmelt events. Increasing the wind function 

would drastically increase the amount of snowmelt that would occur in the precipitation 

stage of this event. This issue is further addressed in the flood analysis section (6.3). 

A fmal issue during the 1996 floods was the estimation of initial snow water 

equivalent (SWE) in the deep snowpack in the region. The RFCs in the region use 
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periodic airborne gamma SWE from the National Operational Hydrologic Remote 

Sensing Center (NOHRSC) and Corps of Engineers project data to monitor and verify 

snow accumulation and water equivalents. Although SWE values were updated just prior 

to the snow event on January 16th, by January 18th, RFC-modeled SWEs were already 

under-estimated (NWS, 1998). With the rapidly changing snowpack conditions during 

the 1996 floods, better procedures to monitor snow cover and implement current SWE 

values into the RFC models would have greatly aided forecasters in modeling runoff 

during such an event. With the advancement of the remote sensing of snow, RFC 

forecasters would be well-served with implementation of advanced snow monitoring 

techniques into current modeling routines to aid in determination of snowmelt runoff. 

3.3 API Model 

3.3.1 Standard API 

The rainfall-runoff model used by the MARFC during the floods of January 1996, 

the APT-Harrisburg, is a m?dified version of the original Kohler and Linsley Antecedent 

Precipitation Index (API) model (Linsley et al. , 1982). Before the evolution of computers, 

the API model was the principal technique used by the NWS for estimating storm runoff. 

The Antecedent Precipitation Index method worked best in regions without major 

variations in base flow and that did not experience prolonged dry periods (Burnash, 

1995). Several of the NWS RFCs still prefer the API model to the more complex 

Sacramento watershed model (Section 3.4). 
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The standard API model is empirically derived, usmg a coaxial graphical 

relationship to estimate "event" storm runoff. The model is discrete, time-invariant, 

lumped, and non-linear. Basin runoff is estimated from antecedent moisture conditions 

(based on previous rainfall), a seasonality function, storm duration, and total storm 

precipitation. The model is event-based, and only updated when an event or storm break 

occurs, usually defmed as 12 hours without rain and an initial precipitation volume of at 

least 0.10 inches. 

Assuming a logarithmic recession of basin moisture, the API on day t is equal to 

the previous API multiplied by the coefficient, k. Values of k normally range from 0.85 

to 0.95 for most of the east and central United States, with the MARFC using a value of 

0.90 (Miketta, 1990). Any precipitation received is added to the API of that day. 

t 
APit = APio x K + P 

where: APit =antecedent index, t days later (inches) 

APio = initial antecedent index (inches) 

K =recession factor (usually ranging from 0.85 to 0.95) 

t =time (days) 

P = precipitation on day t (inches) 

During hydrologic forecasting, antecedent conditions are updated daily; therefore t=1 and 

the API equation becomes: 

APit = APiy X K+ p 

where: APit = today's API value (inches) 
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APiy =API value from yesterday (inches) 

Various factors affect the storm runoff for a basin, and the standard API model 

has incorporated most of the variables in their coaxial correlation. The graphical 

relationship includes quadrants of API value with season or week of the year, storm 

duration, and storm rainfall total. The typical API used by most RFC in the NWS IS 

depicted in Figure 3.2. 

Although now computerized, a walk-through of a typical coaxial graphical 

correlation demonstrates fmal determination of storm runoff for a basin. The input to the 

season quadrant (A) is the API index calculated as above and week number. A non-linear 

correlation between API and a seasonal function determines the Antecedent Index (AI). 

In quadrant B, AI is adjusted for storm duration (in hours) to determine a Final Index 

(FI). This FI value contains all the information of the basin's antecedent conditions, plus 

the duration of the storm. FI and total storm precipitation totals are correlated in quadrant 

C to determine fmal storm runoff in inches. This last quadrant takes into account the 

physiographic features of the watershed and is constructed specifically for a basin or 

group of basins. The runoff output from the precipitation quadrant, C, is depth of water 

(in inches) distributed evenly over the watershed surface for the total storm event. A unit 

hydro graph is used to translate this runoff into discharge at the basin outlet, and a channel 

routing scheme, such as the lag and K attenuation used by the MARFC, is then used to 

route discharge downstream to the next forecast point. 
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Within the NWSRFS, most forecasting is done at 6-hour time steps, and the API 

model is adjusted to simplify the computations. Mean areal precipitation is estimated or 

collected in 6-hour increments and added together to obtain a storm total. Total storm 

precipitation is input to the model with a fmal output of total storm runof£ Six-hour 

runoff is then calculated for each time step by: 

Storm RO tn-1 -Storm RO tn = 6-hr. runoff (inches/unit area) 

Where: Storm RO tn-1 =Storm runoff at the end of the previous 6-hr. time period 

Storm RO tn =Storm runoff at the end of the most recent 6-hr. time period 

In northern regions, where precipitation falls as snow, the API model is not 

updated until melt begins and contributes to total runof£ Snowmelt in inches is calculated 

for the watershed, using a snow model as previously discussed (see SNOW-17), and 

added to storm runof£ 



Season Quadrant 
WeekofYear 

API (in) 

Precipitation Quadrant (in.) 

Figure 3.2: Standard API Model graphical representation (Sittner et al., 1969) 

3.3.2 MARFC Version 
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The Mid-Atlantic River Forecast Center has modified the standard API model in 

an effort to adapt to the region's hydrology and local constraints of the RFC. One of the 

variations of the MARFC API-Harrisburg model is the regionalization of the season 

quadrant (A) (Miketta, 1990). The 154 forecast points of the mid-Atlantic are described 

by 19 regional seasonal quadrants. Assignments of the basins are made based on similar 
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physiographic characteristics and proximity of the regional area to the specific catchment 

(Miketta, 1990). 

Another unique feature of the API-Harrisburg model is that an Antecedent 

Evaporation Index (AEI) has replaced week number in the regional season quadrant. A 

former Hydrologist-in-Charge at the MARFC, Ola D. White, developed the new method 

to better estimate soil-moisture depletion processes within basins in the region (Miketta, 

1990). The AEI value is calculated in a similar manner to the API: 

AEit = AEiy X R + EV APt 

where: AEit = today's AEI value (inches) 

AEiy= yesterday's AEI value (inches) 

R = recession coefficient (0.98 at MARFC) 

EV APt= 24-hr. lake evaporation (inches) 

Daily lake evaporation is estimated by the Penman equation using mean arr 

temperature, mean dewpoint temperature, solar radiation, and 24-hr wind movement as 

inputs. The MARFC has several climate stations located throughout the region to 

calculate a fmal daily value of potential evaporation (PTPE), in inches per day, to use as 

input to the API model. 

Another change in the MARFC API model is the exclusion of the duration 

quadrant (Miketta, 1990). API and AEI are correlated in the quadrant A (season 

quadrant) to determine AI, and then AI is input directly to the precipitation quadrant (C). 

The MARFC uses a linear adjustment factor of0.01 for each hour of the storm to adjust 
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the AI value. For example, for a storm of 14 hours, the AI would be increased by +0.14 to 

obtain the fmal FI, which is input to the precipitation quadrant, which is the same for all 

the MARFC catchments. Baseflow of each forecast point is separate and updated daily at 

the MARFC. Once snowmelt and storm runoff are calculated, they are added to baseflow 

to give a fmal river stage and discharge for the forecast point. 

3.3.3 Advantages and Disadvantages of the API Model 

Advantages 

The API model has been in use for many years in the majority of the NWS RFCs 

and will continue to be the model of choice for several of the centers. The main reason 

for continued use of the API is the ease with which the model can be constructed, 

utilized, and adjusted in an operational setting (Miketta, 1990). The empirical graphical 

correlation is easy to understand and may require less training for hydrologists than the 

more complex Sacramento model. The simpler API model has also been proven to do an 

adequate job in most forecasting situations, and controversy is on-going as to whether 

more complexity, such as in the SAC-SMA, is required for rainfall-runoff modeling. 

Another advantage ofthe API model in the mid-Atlantic region is use of the Final Index 

(FI) value. This number has been used as a guide for local emergency managers as to the 

potential for flooding (Miketta, 1990). The FI value takes into account the soil-moisture 

conditions of the basin along with storm duration characteristics. Based on forecast 

precipitation, managers may then take preliminary steps to assist in flood control 

management procedures. 
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Disadvantages 

Although the API model has been used by many of the RFCs as a forecasting tool, 

the model has found limited use in the hydrologic community outside the NWS. Several 

reasons exist for this. One issue with the API model is that there is no procedure in place 

for accommodating land-use changes within basins. Because the model is not 

conceptually based, there are no parameters representing the physical aspects of the 

watershed, which can be altered and updated to allow for changes such as urban 

development, frres, and other basin changes. The API is also an empirically based model 

and may be constrained to only forecasting events similar to those for which it was 

calibrated. This may limit the API's use during extreme events such as the flood of 

January 1996. 

The API model also has been shown to be of limited use in forecasting during 

extended periods of drought (Burnash, 1995; Miketta, 1990). This problem evolves from 

the season quadrant and the inability of the AI to increase beyond a maximum value 

preset by week number. The under-estimated AI value will result in more runoff being 

forecast than actually occurs, due to the artificially low AI number. The MARFC has 

partially addressed this issue by replacing week number with the AEI methodology, 

which attempts to more adequately estimate soil-moisture conditions based on 

meteorological conditions rather than week number. A problem that the MARFC has not 

addressed is use of the same precipitation quadrant (C) throughout the variable forecast 

region. This practice does not allow the unique hydrologic characteristics of each basin to 

influence the fmal quantity of generated runoff. 
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Also at issue with API-type models is use of the recession coefficient during 

extended periods of snow cover with no significant melt. The API value exponentially 

decreases and, unless adjustment is made, the API may bottom out to dry conditions 

( ~0.1 0), even though the soils may be insulated from the snow-pack and kept fairly 

moist. Several of the RFCs that use the API model adjust for these periods and increase 

the API value accordingly. The MARFC model is not updated with snow cover 

information and event values may be artificially low, causing under-estimation of runoff 

during a subsequent snow melt event (NWS, 1998). This issue may also have contributed 

to modeling problems during the 1996 floods. 

The API model currently in use by many of the forecast centers is the event-based 

version and is not a continuous model. Problems with the event-based model motivated 

forecasters to develop an improved version of the API model, one that would update state 

variables continuously and also account for baseflow. Sittner et al. (1969) altered the 

quadrants of the API model and developed a continuous, incremental-step model that 

uses a retention index for computing groundwater recession and a groundwater flow 

hydro graph that is a function of direct runoff. The MARFC is currently in the process of 

calibrating this continuous-type API model for watersheds in their forecast region. 



3.4 Sacramento Model 

3.4.1 Background 
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With the rapid advancement of computer technology in the 1960s, the hydrologic 

community, particularly the National Weather Service, looked for an alternative model to 

the standard Antecedent Precipitation Index approach of Kohler and Linsley (Linsley et 

al., 1982). The index method had been shown to be somewhat suitable for humid regions 

and areas that did not experience extended drought conditions, but western regions of the 

United States found the model lacking in its forecasting ability (Burnash, 1995). In 1966, 

a conceptual rainfall-runoff model that demonstrated improved streamflow forecasting, 

was developed at Stanford University by Crawford and Linsley (1966). The promising 

"Stanford Model" and increasingly advanced computing power led to further 

development of conceptual type hydrologic models (Burnash, 1995). 

One of the NWS RFCs that was particularly interested in an improvement over 

the antecedent index model was the California-Nevada office located in Sacramento, CA. 

The drier conditions and intermittent rainfall of the western U.S. were proving to be a 

challenge for hydrologists using the API method (Burnash, 1995). In the early 1970s, 

Burnash and personnel at the forecast center came up with a modified version of the 

Stanford model, known as the Sacramento Catchment Model (Bumash et al., 1973). After 

further development and extensive testing, the NWS adopted an operational version of 

this Sacramento model to incorporate into the NWSRFS. 
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3.4.2 NWSRFS Sacramento Soil Moisture Accounting Model 

The conceptual approach of the SAC-SMA allows for the physical processes of a 

watershed to be estimated with mathematical formulas and equations. The model is 

deterministic, continuous, non-linear, and uses lumped inputs and parameters for a 

defmed soil-moisture area or watershed. The primary mechanisms driving the 

Sacramento model are precipitation, evaporation, and soil moisture. 

3.4.2.1 Soil Moisture Zones 

The SAC-SMA is illustrated in Figure 3.3. Soil-moisture in the model is divided 

into two main accounting zones. The upper zone represents surface soil regimes and 

interception storage, while the lower zone represents deeper soil layers containing the 

majority of the soil moisture and groundwater storage (Brazil and Hudlow, 1981 ). The 

upper zone contains two storage areas, which then drain into the lower zone containing 

three storage areas. The water in these zones was classified by Burnash et al. (1973) as 

either hygroscopic, tension, or free water. Hygroscopic water, that which is bound so 

tightly to the soil particles that it cannot be used for evapotranspiration, is considered 

insignificant in contributing to runoff and is subsequently grouped with tension water. 

Tension water is that part of the soil moisture that is held against gravity by the soil 

particles and can be returned to the atmosphere only through evapotranspiration 

processes. Free water is defmed as water that is free to travel through the soil zones. 

Tension water requirements must be met before water is defmed as free and available to 

move vertically and horizontally through the soil zones. 
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Figure 3.3: Sacramento Soil-Moisture Accounting Model (Burnash, 1995) 

3.4.2.2 Runoff Generation 
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The SAC-SMA model computes five components that contribute to channel flow: 

(1) Direct runoff from rainfall falling on impervious surfaces or surfaces that contribute 

directly to runoff, (2) Surface runoff from precipitation occurring at a rate faster than 

infiltration to the upper zone, (3) Interflow from lateral drainage of the upper zone free 

water storage, ( 4) Primary baseflow that drains from lower zone free water primary 

storage - longer term flow, slower draining, and ( 5) Supplemental base flow that drains 
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from lower zone free water supplemental storage-primarily after rainy events, shorter 

time contribution to baseflow (Burnash, 1995). 

In the model, rainfall falling throughout a watershed is assumed to fall on two 

types of surfaces: ( 1) impervious areas directly linked to the channel, such as streams, 

lakes, rocks, and pavement, and (2) areas of the soil mantle that are permeable (Burnash, 

1995). The pervious regions of a watershed eventually contribute to runoff when rainfall 

rates are sufficiently heavy. Rain that falls on the permeable areas infiltrates to the upper 

zone of the soil mantle. The SAC-SMA requires that tension water storage be filled 

before water is available to go to upper zone free storage. If rainfall is sufficient and the 

upper storage zones become full, water is free to move from the upper free zone to the 

lower zone and as interflow to the channel. Percolation of water from the upper to the 

lower zone is controlled by a complex non-linear process dependent on the contents of 

the upper zone free water and the deficiencies in lower zone storages. Horizontal flow to 

the channel, or interflow, only occurs when the precipitation rate exceeds the rate at 

which percolation occurs. When rainfall exceeds interflow and percolation capacities, the 

upper zone storages will be full, and saturated or overland flow will occur. 

As water enters the lower zone, it is available to fill both the tension and free 

(primary and supplemental) water storages. Although most of the percolating water 

moves into the tension water storage, a fraction of water is available to move into both 

free water storages before tension storage is full. Lower zone tension water is removed by 

evapotranspiration through deep-rooted plants. Water in the lower zone free storage 

contributes to either subsurface flow out of the watershed or is the main component of 
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baseflow, which is depleted at differing rates from the supplemental and pnmary 

storages. As rainfall continues and the lower zone becomes full, water may only move 

through the system at the rate that water flows out of the lower zone free water storages 

as baseflow to the channel. 

Water movement though the SAC-SMA soil-moisture zones is a continuous 

process with computation performed at specified time intervals, currently 6-hour time 

steps in most forecasting situations. The amount of water transferred depends on the 

contents of soil-moisture storage (state variables) at the beginning of each time step, 

however the model sets 5 mm as the limit of water that may be transferred in one 

computational loop. During large precipitation events, the model may perform several 

computations within the specified time step. 

3.4.2.3 Model Parameters 

The current version of the NWS SAC-SMA, when used in conjunction with the 

SNOW-17 model has 19 parameters that control the physical processes described in the 

model. The parameters of the SAC-SMA are listed in Table 3.2. The model also contains 

six state variables that represent the soil-moisture contents of the various storage units. 

Several of the parameters are definable by physical characteristics of the watershed, 

(PCTIM, RIVA, SIDE), while the rest are normally estimated through analysis of historic 

hydrographs and manual or automated calibration processes. Burnash (1995) contains an 

in-depth description of all the parameters and methods used to estimate initial values. 
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Table 3.2: SAC-SMA parameters and state variables (Brazil and Hudlow, 1981). 

Parameter Description 
PXADJ Precipitation adjustment factor 
PEADJ Evapotranspiration adjustment factor 
UZTWM Upper zone tension water capacity (mm) 
UZFWM Upper zone free water capacity (mm) 
UZK Upper zone recession coefficient 
PC TIM Percent of area impervious 
AD IMP Percent additional impervious area 
RIVA Percent riparian vegetarian area 
ZPERC Minimum percolation rate coefficient 
REXP Percolation equation exponent 
LZTWM Lower zone tension water capacity (mm) 
LZFSM Lower zone supplementary free water capacity (mm) 
LZFPM Lower zone primary free water capacity (mm) 
LZSK Lower zone supplementary recession coefficient 
LZPK Lower zone primary recession coefficient 
PFREE Percentage percolating directly lower zone free water 
RESERV Percentage lower zone free water not transferable to 

tension water 
SIDE Ration of deep recharge water going to channel baseflow 

State Variables 
UZTWC Upper zone tension water content (mm) 
UZFWC Upper zone free water content (mm) 
LZTWC Lower zone tension water content (mm) 
LZFSC Lower zone supplementary free water content (mm) 
LZFPC Lower zone primary free water content (mm) 
ADIMC Tension water content of additional impervious area ( mm) 

3.4.3 Advantages and Disadvantages of the SAC-SMA 

Advantages 

As mentioned previously, the SAC-SMA has been in development and 

operational use since the 1970s. The majority of the NWS RFCs are in the process of 

switching to the Sacramento model. The continuous, conceptual, physically based SAC-
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SMA should aid forecasters in predicting a more complete range of runoff events. Five 

different components of channel flow are simulated in the model, and baseflow 

calculations are included as part of the runoff output. State variables are continuously 

updated in the model, providing a better accounting of soil-moisture conditions 

throughout forecasting simulations. 

Another advantage of the SAC-SMA is that physically based mathematical 

functions are used to estimate runoff, allowing the model to better simulate events not in 

the historic calibration data. Models such as the API have demonstrated they are capable 

of generally predicting events for only those represented in the calibration record. As 

stated earlier, this was one of the main reasons for pursuing this study. 

As with other conceptual type models, the SAC-SMA also allows the hydrologist 

more flexibility in implementing land use changes that occur in a watershed over time. 

The use of physically based parameters enables the modeler to change variables when 

events such as frre, logging, or development occur in a basin. The conceptual design of 

the SAC-SMA also potentially allows use of the model for investigating surface 

pollutants and the coupling of the hydrologic model with other chemistry models. 

Disadvantages 

Although the SAC-SMA has been in use and development for many years, it has a 

reputation for being difficult to implement and maintain in a forecasting situation. 

Historic calibration procedures for the SAC-SMA have consisted of manual manipulation 

of parameters until an adequate representation of the simulated hydro graph is achieved. 



62 

With the large number of basins that forecast centers need to model, it was a daunting 

task to calibrate a more complex model such as the SAC-SMA. Automatic calibration 

and calibration workshops have helped to alleviate this problem. 

Many hydrologists were also not as familiar with the model and were unsure of 

being able to update and change state conditions in the SAC-SMA on a day-to-day basis, 

and especially during flooding events when time is critical and modeling decisions are 

paramount to an accurate forecast. Education and training that is now available have 

allowed hydrologists to gain a better understanding of the workings of the SAC-SMA 

model. 

3.5 Shuffied Complex Evolution Scheme (SCE-UA) 

3.5.1 Background 

The SCE-UA is a global optimization strategy developed by Duan et al. (1992) 

that has been shown to be effective and efficient in fmding optimum parameter sets for 

hydrologic models. The SCE-UA follows a long line of optimization schemes initially 

developed in the 1970s to aid in automatic calibration procedures (see Gupta and 

Sorooshian (1994) for a review of the development of automatic calibration techniques). 

Prior to the SCE-UA, several other local direct search methods were available for use 

including the Pattern Search, Adaptive Random Search (ARS), and the Simplex method 

ofNelder and Mead (1965). Duan et al. (1992) tested the algorithm against these other 

optimization schemes and demonstrated the SCE-UA to be more effective in fmding a 



63 

global solution. The SCE-UA algorithm was consequently installed as part of the 

NWSRFS to aid in model calibration. 

3.5.2 General Description of Method 

The SCE-UA uses concepts derived from natural biological evolution and 

combines the strengths of the Neider and Mead (1965) simplex procedures with the 

concept of a controlled random search and competitive evolution (Duan et al., 1992). The 

SCE-UA is a global search algorithm that explores the entire response surface, and is 

typically more successful than local search algorithms that may get trapped by local 

optima or dips in the surface. The following will provide a brief, general description of 

the method. For a more detailed description ofSCE-UA algorithm, see Duan et al (1992). 

Algorithm Outline: 

•The method starts with a randomly sampled population of points from the search 

space 

• The population is then separated into communities that each contain 2n+ 1 points 

(n=dimension of the problem, usually the number of parameters being optimized) 

• Each community evolves independently using the downhill simplex 

methodology to direct the search in improved directions 

• At periodic stages in the evolution the entire population exchanges information 

by a reshuffling and resampling of the communities 
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• As the search advances, the entire population converges toward the 

neighborhood of the global optimum 

(The Shuffled Complex Evolution algorithm is illustrated in Appendix A) 
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CHAPTER FOUR 

DESCRIPTION OF STUDY REGION AND BASINS 

4.1 Introduction 

The majority of the mid-Atlantic area affected by the floods of 1996 is located 

within a large mountain belt that extends from Newfoundland to Canada. The 

Appalachian Mountain region has distinctive geologic features that influence the local 

climatology and hydrology of watersheds. Four of the basins selected for this study are 

located in southern Pennsylvania, while the fifth basin is located in western Maryland. 

Three of the basins are located within the heart of the Appalachian Mountain range. 

Background on the physical characteristics of the region and site-specific characteristics 

of the basins selected for this study are discussed throughout the rest of this chapter. 

4.2 Regional Characteristics 

4.2.1 Geology 

The geologic evolution of the mid-Atlantic region has created a complex terrain 

that greatly influences the hydrologic variability observed between watersheds. The 

Appalachian Mountains, also known as the Valley and Ridge province, dominate a 

central portion of the MARFC forecasting area. The mountain range is bounded on the 

west by broad uplands and plateaus and on the east by the Great Valley, a rich 

depositional basin leading to the coastal region of the Atlantic Ocean. The Appalachians 

and surrounding terrain are a product of numerous mountain-building episodes that began 

in the late Precambrian era with the collision of North America with other continents. 
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The intense orogonies resulted in extreme folding, thrust faulting, and metamorphism of 

the existing geologic sediments (Van Diver, 1990). To the west of the Appalachian 

Mountain range, on the Allegheny Plateau, rocks were folded into broad anticlines and 

synclines, now rich with oil and gas resources. During the Triassic period, crustal 

stretching of the continent created numerous block-fault basins that filled with red 

sediments and basaltic lava flows (Van Diver, 1990). Glacial ice sheets over-ran the 

northeastern U.S. during the Pleistocene epoch, causing further erosion and deposition. 

The mid-Atlantic region is now characterized by mountains that range from 2,000 to 

4,000 feet above sea level with steep slopes and variable soils. This complex terrain is 

dissected deeply by numerous streams and rivers that experience periodic and severe 

flooding. 

4.2.2 Climatology 

The mid-Atlantic is characterized by warm, humid summers and cold, snowy 

winters with local variability in weather due to the irregular terrain of the region. 

Temperatures range from a daily average of 70°F in the summer to a cool 33°F in the 

winter (Harrisburg, PA). The region averages around 40 inches of precipitation a year, 

with moderate to heavy snowfall during the winter (Table 4.1). Frontal systems move in 

from the north and west and are lifted upward along the Appalachian Mountains. If a 

high-pressure system meets with a warm air mass from the south or the Atlantic Ocean, 

the combined storm front coupled with the orographic effects of the Appalachians can 

lead to substantial amounts of precipitation (Baldwin, 1973). 
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Table 4.1: Average monthly climate data, based on 30-year average (1961-1990) (NWS 
Pittsburgh, 1998). Precipitation from Harrisburg, P A. Snowfall from Pittsburgh, P A. 

Month Avg. Temp ( °C) A vg. Precip. (in.) Snowfall Amounts (in.) 
January 28.6 2.84 12.6 
February 31.3 2.93 10.1 
March 41.2 3.28 7.7 
April 51.6 3.24 1.7 
May 61.8 4.26 0.2 
June 70.9 3.85 --
July 75.7 3.59 --
August 74.1 3.31 --
September 66.4 3.51 --
October 54.7 2.93 0.2 
November 44.4 3.52 3.2 
December 33.6 3.24 8.1 

Avg. = 50.5 oc Total= 40.50 in. Total= 43.8 in. 

The flooding during January 1996 resulted from a similar type of storm pattern: 

the air of a cold high-pressure system from the west converged with warm, moist air from 

a southerly trough, resulting in record amounts of precipitation and extremely rapid 

snowmelt rates. The eastern region around the Great Lakes can also experience "lake-

effect snows". These occur when cold fronts move across the warmer open waters, 

picking up moisture and depositing heavy snowfall amounts upon reaching the colder air 

mass over land. The southern and eastern region of the mid-Atlantic are occasionally 

affected by tropical storms and dissipating hurricanes that leave heavy amounts of rainfall 

in the summer months. Several major hurricanes have affected the MARFC forecasting 

region in the last few decades, including Agnes in 1972, Eloise in 1975, and Fran in 1996 

(MARFC, 1998). The floods resulting from Hurricane Agnes in 1972 were some of the 
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most severe the region has experienced. Pennsylvania was declared a federal disaster, 

with the flood costing the lives of 48 people and over $2.1 billion in damage. 

4.2.3 Hydrology 

The MARFC forecasting region involves some of the largest river basins in the 

northeastern United States, including the Susquehanna, Delaware, Potomac, and James 

River basins. Pennsylvania alone contains over 45,000 miles of streams and rivers which 

flow into the Chesapeake Bay, Delaware estuary, Great Lakes, and the Gulf of Mexico 

(Palmer, 1980). The Susquehanna River basin is the largest basin in the mid-Atlantic 

region and the 16th largest river in North America (SRBC, 1998). The river and its 

tributaries border some of the major population centers of the east coast and drain an area 

of27,500 mi2 into Chesapeake Bay, providing one-half of the fresh-water flow to the bay 

(SRBC, 1998). 

Many of the watersheds in the region experience moderate rainfalls with some 

heavy snowfalls in the winter and have significant changes in elevation from headwater 

to main-stem. The location of large population centers along the major rivers in this 

region has led to some of the most severe flooding on record in the eastern United States. 

The floods of January 1996 are estimated to be the third worst in the hydrologic record at 

the MARFC, preceded by Hurricane Agnes in 1972 and the St. Patrick's Day flood in 

March 1936. The flooding caused by Agnes was estimated to be a 100-year event on 

many streams and the worst ever in the Susquehanna River basin. Rainfall during Agnes 
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averaged 6 to 10 inches in a five-day period, with a record 18 inches near Shamokin, 

Pennsylvania (MARFC, 1998). 

4.3 Watershed Characteristics 

Five headwater basins from various parts of the MARFC forecasting region were 

selected for this study; four of the basins are located in Pennsylvania, and a fifth 

watershed is located in Maryland. The following list contains the basins with their gauge 

locations and river affiliations. 

Basin# 
1 

2 

3 

4 

5 

Gauge Location 
Williamsburg, P A 

Harper's Tavern, PA 

Berne, PA 

Kitzmiller, MD 

Saxton, PA 

River Major Drainage 
Frankstown Branch Susquehanna 
of the Upper Juniata 

Swatara Creek Lower Susquehanna 

Schuylkill Delaware 

North Branch Potomac 
of the Potomac 

Raystown Branch Susquehanna 
of the Upper Juniata 

Headwater basins were selected that experienced moderate to severe flooding 

during the January 1996 event and contained an adequate historical precipitation and flow 

record for calibration purposes. Basins also were selected to represent a range of geologic 

and hydrologic conditions. The locations of the five basins within the MARFC region are 

displayed in Figure 4.1. The watersheds are displayed on a 30-minute x 30-minute digital 

elevation model (DEM) obtained from the United States Geological Survey (USGS). The 

folding and elevation extremes of the Valley and Ridge Province are evident, with higher 
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elevations being displayed as white and lower regions as dark. All of the streams used in 

this study are perennial with a constant base discharge. 

Figure 4.1: Location of selected study basins within the MARFC region. 

With the exception of the Berne watershed, which has slightly more urban 

development, the selected headwater basins have few population centers and consist 

mainly of forests or cropland (EPA, 1997). Agriculture use varies from 3 to 14% in the 

higher elevation basins in the western part of the MARFC (basins 1, 4, and 5) to nearly 

50% in the lower elevation basins in the eastern region (basins 2 and 3). Forests 



71 

consisting mostly ofhardwoods make up the remaining land cover of the basins. Three of 

the basins are located in the western part of the study region and are in the heart of the 

Appalachian Mountains: Williamsburg, Saxton, and Kitzmiller. The other two basins, 

Harper's Tavern and Berne, are located in the eastern fringes of the MARFC region and 

have a slightly different terrain and lower mean elevations. All of the basins lie within the 

Appalachian Valley and Ridge Province and are characterized by long, steep, curvilinear 

ridges intersected with narrow to broad low-relief inter-ridge valleys. Although the 

watersheds in the western area of the study region are relatively steeper than those in the 

east, all of the basins have significant elevation changes, from 397m in Harper's Tavern 

to a steep 750 m in the Kitzmiller basin. Several of the steeper basins in the eastern 

mountain range were described as having "flashy" or quick runoff (Personal 

communication, MARFC, 1997). More details on specific characteristics of the basins 

used for this study are listed in Tables 4.2 and 4.3. 
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Table 4.2: Physical characteristics and land uses of study basins. 
(Data from MARFC, 1998 and EPA, 1997). 
1 2 3 4 5 

Williamsburg Harper's Tavern Berne Kitzmiller Saxton 
Drainage 753.7 872.8 919.5 582.8 1958.0 
Area (km2

) 

Elevation 274-935 121-518 118-547 499-1249 249-932 
Range (m) 
Avg. Elev (m) 471 288 229 867 460 
Dominant Forested Forested Forested Forested Forested 
Land Use Agriculture Agriculture Agriculture Agriculture 

(low) Urban (low) 
Rock type/ SS, shales S S, shales and SS, shales SS and acid SS, shales, 
Soil and silstones. and shales, well- and 
Characteristics carbonates. Siltstones. drained soils. carbonates. 

Poor Poor drainage 
drainage in in low-lying 
low-lying areas 
areas 

Table 4.3: Hydrologic characteristics and flood records of study basins 
(USGS d t 1996 d t 1) a a, a a are provtstona 

1 2 3 4 5 
Williamsburg Harper's Berne Kitzmiller Saxton 

Tavern 
Base Discharge 4,199 n/a 4,400 3,400 7,700 

(cfs) 
Record Crest( ft) 18.58 23.72 15.00 14.85 24.54 
Discharge ( cfs) 30,000 66,700 42,800 50,400 80,500 

(date) 3-18-1936 6-23-1972 6-22-1972 11-5-1985 3-18-1936 
Current Flood 

Stage (ft) 12.0 9.0 12.0 9.0 17.0 
1996 Floods 
Crest(ft) *19.2 15.7 14.3 12.9 19.6 

Discharge ( cfs) 17,752 22,609 6,816 4,697 14,969 
* denotes flood of record (stage height) 
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CHAPTER FIVE 

STUDY METHODS AND DESCRIPTION OF DATA 

5.1 Introduction 

All of the models and algorithms used for this study are part of the NWSRFS and 

were obtained through the Office of Hydrology's Hydrologic Research Laboratory. An 

attempt was specifically made to use only NWS procedures so the study could have 

operational applications for other RFCs. Data used for this study were obtained from the 

MARFC, including precipitation, evaporation, flow data, and input data cards for the 

current operational models. The data involved in this research, as well as the processes 

used to calibrate basins and simulate the floods of 1996, will be described in the 

following sections. 

5.2 Study Methods 

The NWSRFS is a batch-operated set ofF ortran algorithms controlled by a series 

of input decks that call up desired programs. The system is highly interdependent and it is 

extremely difficult to isolate codes and run models as separate systems. In order to obtain 

the API-Harrisburg model and algorithms used by the MARFC the NWSRFS needed to 

be installed locally within the Department of Hydrology at the University of Arizona. The 

decision also was made to use the operational SAC-SMA and SCE algorithms contained 

within the NWSRFS, rather than the UA-research versions, in order to make the study a 

realistic comparison of operational rainfall-runoff models available to the RFCs within 
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the NWS. Because the ultimate goal of this study was to compare the API-Harrisburg and 

SAC-SMA models for the January 1996 floods, the frrst step was to calibrate the SAC-

SMA and fmd a reasonable set of parameters for each of the five basins in the study. 

5.2.1 Calibration Methods 

The NWSRFS-OPT3 automatic optimization program was used for the calibration 

ofboth the SAC-SMA and SNOW-17 models on all five basins. The goal of calibration is 

to defme a set of parameter values that allows the model to accurately simulate the 

watershed processes that are observed. Automatic optimization of a model involves 

selecting a search algorithm and an objective function or optimization criterion. The 

NWSRFS offers the Shuffled Complex Evolution (SCE-UA), Adaptive Random Search 

(ARS), and Pattern Search algorithms. The SCE-UA algorithm was chosen for the search 

algorithm due to its success in the calibration hydrologic models (Duan et al., 1992; 

Gupta and Sorooshian, 1994). Six objective functions, or optimization criteria, are 

available in the OPT3 program: Daily Root Mean Square (DRMS), Monthly Volume 

RMS Error, Absolute value difference, Log difference (squared), Modified Correlation 

Coefficient, and the Heteroscedastic Maximum Likelihood Estimator (HMLE). The 

DRMS and Log difference objective functions were chosen for this study due to their 

prevalent use within the NWS. These are defmed as follows: 

1 n 2 
DRMS = - L(Qfsim- Qfobs) 

n t = l 

Mog = (log(Xsim) -log(Xobs)i 
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The NWSRFS version of the SCE-UA algorithm only allows the simultaneous 

calibration of 16 parameters. The SAC-SMA currently has 19 parameters, along with the 

EFC parameter (used only in conjunction with a snow model), while the SNOW-17 

model has 11 parameters that require calibration. The five major snow parameters and 16 

of the SAC-SMA parameters were calibrated for this study. An alternating calibration 

procedure between the SAC-SMA and the SNOW-17 model was devised to deal with the 

16-parameter limit shortcoming. A small amount of manual calibration, or "fme-tuning", 

was periodically performed on basin parameters (MCP3 program) after calibration runs 

with the automatic algorithm. Because the MARFC has not previously used the SAC

SMA model, realistic parameter ranges were taken from Burnash (1995). A mid-range 

value was used as the nominal point for the search algorithm. The SNOW-17 is in 

operational use in the mid-Atlantic, and parameter values for each basin were obtained 

from the MARFC. Automatic calibration ofthe SNOW-17 model was only done to fme

tune the values from the MARFC. A range of+/- 10% was set around the parameter 

values and used as the search range. An 11-year period of data was used for calibration of 

each of the basins, with a 3-month start-up interval implemented to reduce the effect of 

the estimated initial conditions of the state variables. The steps used in the calibration of 

the SAC-SMA and SNOW-17 models are outlined as follows: 

1. Set SNOW-17 parameters to MARFC values. Three SAC-SMA parameters (RIVA, 

RESERV, SIDE) are set and held constant throughout calibration with estimated 

values (from Burnash or approximated). Run calibration on remaining 14 SAC-SMA 

parameters using Log difference objective function. 
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2. Set SAC-SMA parameters obtained in step 1. Run calibration on the five SNOW-17 

parameters using ranges described above. Use DRMS as objective function. 

3. Hold SNOW-17 parameters from step 2. Rerun calibration on 14 SAC-SMA 

parameters using starting values obtained in step 1. Use Log objective function. 

4. Repeat SNOW-17 or SAC-SMA calibration as needed to "fine-tune" values until 

optimization criteria are met. 

A value of 0.001% change in the objective function was defmed as the stopping 

criteria with a maximum of 20,000 iterations set as a limit for each optimization search. 

As discussed in the following chapter, criteria such as the Nash-Sutcliffe forecasting 

efficiency, % Bias, Correlation Coefficient, and visual inspection of the simulated and 

observed hydro graphs were used to determine if an optimal set of parameters had been 

obtained. Once calibration was considered adequate, a verification or evaluation time 

series was run with the parameters estimated during calibration. This was an 11-year 

period of data that followed the calibration time period. Statistics from the verification 

period are used to evaluate the adequacy of the parameters derived during calibration. 

5.2.2 Flood Analysis 

Once the calibration and verification periods were run on the SAC-SMA and a 

reasonable set of parameters obtained, both the API and SAC-SMA models were set up 

to run a 1 0-day "snap shot" of the flood period. The flood analysis involved a comparison 
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of several of the models with the observed flood hydrographs. The API

Harrisburg/SNOW-17 modeling during the forecasting of the floods involved numerous 

modifications or "run-time mods". As discussed previously, the flows being observed 

during the floods were much higher than the forecasting provided by the API model, and 

adjustments were made to increase the output of the API model to try to match flows. 

This usually involved increasing the melt factor (Mr max and Mr min) in the snow model 

and adding runoff to the API model output. These adjusted forecasted flows were 

obtained from the MARFC for use in this comparison. The API-Harrisburg/SNOW-17 

model also was run without any modifications, as was the SAC-SMA/SNOW-17 model 

calibrated above. Operational input decks were obtained from the MARFC and were used 

for the APT-Harrisburg model without any run-time mods. Parameters in the APT

Harrisburg were from original calibrations performed when the APT-Harrisburg went into 

operational use in the MARFC region. Both API and SAC-SMA models were run with a 

1 0-day, 6-hour time step of precipitation. The outputs from the three model versions were 

then compared with the observed flood hydro graphs. The following is a summary of the 

three modeling scenarios and how they will be designated for use in this flood analysis: 

Model Designation: 

"API-with mods" 

"API- no mods" 

Defmition: 

API- Harrisburg/SNOW-17 model as run during the 

floods with run-time mods- run at MARFC. 

API-Harrisburg/SNOW-17 model with no 

modifications - run at U A. 



"SAC-SMA" 

5.3 Description of Data 

SAC-SMA/SNOW-17 model calibrated at UA

run at UA. 
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All of the data employed for this study were obtained from the MARFC. Data 

required for this study included temperature (SNOW-17), precipitation, daily evaporation 

rates, streamflows, and unit hydrographs. The five basins used in this study had historical 

precipitation and temperature data that had been processed for the MARFC to utilize in 

their present calibration studies. Six-hour Mean Areal Precipitation (MAP) and Mean 

Areal Temperature (MAT) 40-year records (1949-1988), along with USGS streamflow 

data, were acquired for each basin. The five study basins along with the location of the 

precipitation gauges used for MAP are displayed in Figure 5.1. Data were assembled by 

the NWS' Hydrologic Research Laboratory using the MAP and MAT processing 

programs within the NWSRFS. The Theissen polygon weighting method was used for 

calculation of the MAP data. As stated previously, separate data periods were used for 

calibration and evaluation. A 40-year record (1949-1988) of both data types was 

obtained. An 11-year calibration period, water year (WY) 1966 through WY 1976, was 

selected to include the Hurricane Agnes floods, the largest flood on record in most of the 

MARFC region. The 11-year verification period immediately followed, from WY 1977 

through WY 1987. 



Basins: 
1 - Williams burg 
2 - Harper's Tavern 
3 -Berne 
4 - Kitzmiller 
5 - Saxton 

#Gauges 
9 

12 
14 
15 
10 

Figure 5.1: Five study basins and location of precipitation gauges 
used in the calculation of daily basin MAP. 
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Daily evaporation data were also obtained from the MARFC. The API model 

used by the MARFC uses a daily potential ( or lake) evaporation calculated with the 

Penman formula. Mean air temperature, mean dewpoint temperature, solar radiation 

(from% sky cover), and 24-hour wind movement are used as inputs to the equation. The 

SAC-SMA can use either daily potential evaporation (PTPE) values or a monthly 

evapotranspiration (ET) demand curve. The ET demand curve is generated from long-

term averages of daily PTPE values, and a "middle of the month" mean is derived to 

form a 12-month demand curve. The ET demand curves of the two climate stations that 

were used for this study are displayed in Table 5.1. Several model runs were made with 

daily PTPE values, but calibration statistics were improved using the long-term average 
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curve. The decision was then made to use the long-term average evaporation in the SAC-

SMA in order to avoid variations and problems inherent in the calculation of daily pe 

values. Slight adjustments were made to this ET curve during calibration to account for 

basin-specific evaporation processes. The MARFC has 15 climate stations located 

throughout the region to obtain data for daily PTPE estimates (Miketta, 1990). All of the 

basins located in Pennsylvania (basins 1,2,3,4) use daily mean PTPE values from the 

Harrisburg, P A climate station, while the Kitzmiller basin (basin 1) in Maryland has a 

slightly longer growing season and uses data from the Washington, D. C. climate station. 

Table 5.1: ET demand curves values for two climate stations in the 
MARFC region (middle of the month mean- mm/day). 

Month Harrisburg, P A Washington, D.C 

January 0.0 0.0 

February 0.0 0.0 

March 2.54 2.54 

April 2.54 2.54 

May 2.54 2.54 

June 5.08 5.08 

July 5.08 5.08 

August 2.54 5.08 

September 2.54 2.54 

October 2.54 2.54 

November 0.0 2.54 

December 0.0 0.0 
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The flood analysis part of the study involved acquisition of the input and output 

data for the 1 0-day period surrounding the January 1996 floods. This included 

precipitatio~ temperature, evaporation, and stream:flows in 6-hour time steps (forecasting 

mode). The flow data used for the flood analysis are considered provisional by the USGS, 

but are the real-time data which the MARFC used in modeling efforts during the floods. 

The results of the calibration study and flood analysis are discussed in the following 

chapter. 



6.1 Introduction 

CHAPTER SIX 

RESULTS 
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The results of this research study are described in this chapter which is divided 

into two main sections: (1) calibration results and analysis, and (2) flood modeling 

results. The performance of automatic calibration techniques is evaluated with an 

examination of the quality of the simulations on the five study basins. Model 

performance is then evaluated during the "10-day" snapshot of the floods for all three 

model scenarios. 

6.2 SAC-SMA Calibration Results 

All of the study basins were calibrated using the automatic optimization 

procedure outlined in Section 5 .2.1. Several stopping criteria were used to terminate the 

SCE-UA algorithm. The search was stopped if the change in the objective criteria was 

less than 0.001 , if the objective criteria did not improve in five loops, or if the 

optimization search reached a maximum of 20,000 iterations. After a fmal parameter set 

was obtained during calibration, a subsequent verification time series was run. Separate 

statistics were calculated on both the calibration and verification time series. 

The NWS RFCs use several criteria when determining the adequacy of a 

calibration (Personal communication, Mike Smith, 1998). These include visual inspection 

of the hydrograph, overall percent bias, flow interval biases, and seasonal biases. An 
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attempt was made to include some of these statistical parameters in determining the 

adequacy of the calibration and "goodness-of-fit" between the observed and simulated 

flows. Statistics used include Daily Root Mean Square (DRMS), Nash-Sutcliffe 

forecasting efficiency (Er), percent Bias (% Bias), along with Flow Interval Biases and 

Pearson's Correlation Coefficient (R). These are defined as follows: 

DRMS: 

1 n 2 
DRMS = - L(Qlsim - Qlobs) 

n t=I 

Nash -Sutcliffe (Er): 

n n 

E1 = 1 - CL (Qlsim - Qlobs )2 I L (Qfobs - X obs )2 

t=I t= l 

0/o Bias: 
n n 

%Bias = CL (Qlsim - Qlobs) I L Qlobs) * 100 
t=I t= I 

Pearson Correlation Coefficient (R): 

n n 

(LQtobs- X obs)(LQtsim- X sim)) 
R = ---;::::=t==l========t==I======= 

n n 

CLQtobs- X obs)2(LQtsim- Xsim)2
) 

t=I t= l 
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In addition to calculated statistics, visual inspection of the hydro graph was also 

undertaken to address problem areas and to ensure overall goodness-of-fit. Final 

statistical results of the calibration and verification runs on the five basins are displayed 

in Table 6.1. Although the calibrations vary somewhat in quality, overall calibration 

statistics confrrm that the SCE-UA automatic optimization has done an adequate job of 

fmding reasonable parameter sets for the study region. Overall % Bias on all five basins 

is less than 10% on all of the calibration simulations, an acceptable range for NWS 

watershed calibrations. Forecasting efficiencies for the calibration period range from 0.79 

to 0.87, indicating that the model is simulating most of the variance seen in the 

streamflows. Ideally, one would hope to see an Ef of close to 1.00. However, given that 

the basins and data involved are operational and not "research" quality, the calibrations 

appear adequate according to RFC standards. The verification time series is used to 

further evaluate the quality of the calibrations. 

Table 6.1: Summary of calibration and verification statistics for study basins. 

Calibration Basin 1 Basin 2 Basin 3 Basin 4 Basin 5 
Wlmsbg Harper's Berne Kitzmlr Saxton 

DRMS 7.41 13.86 9.83 7.99 19.12 
N-S %Er 0.81 0.84 0.87 0.79 0.82 
%Bias 1.23 1.28 0.35 2.78 -6.30 
R-Coeff 0.900 0.918 0.937 0.890 0.904 

Verification 
DRMS 6.94 20.0 10.51 8.32 33.67 
N-S %Ef 0.81 0.42 0.86 0.95 0.58 
%Bias 0.35 10.5 7.82 6.38 -2.12 
R-Coeff. 0.899 0.812 0.937 0.883 0.761 
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Calibration correlation coefficients range in value from 0.890 to 0.937. 

Scatterplots of the five study basins are displayed in Figure 6.1. The distribution of data 

points shows the relationship between observed and simulated values. Most of the basin 

simulations over-predict on low flows and under-predict on the higher streamflows 

during the calibration period. This may be due to the use of a LOG objective function for 

the calibration of the SAC-SMA model, as the LOG function tends to emphasize, or 

better match low flows. The best calibration, with an Ef of 0.87, is obvious in the Berne 

scatterplot. The distribution of points is much tighter and linear in this plot. Some of the 

basins have a much wider spread of points, as in Saxton and Harper's Tavern basins. 

Flow interval biases for the calibration period for the five study basins are displayed in 

Figure 6.2. At very low flow values, less than 2 to 3 ems, the model simulations 

drastically over-estimate observed flows. This is not as much of a concern for flood 

forecasting as the under-simulation of flows at the high flow values, which is seen in 

some of the basins. 
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Figure 6.1: Correlation plots (simulated vs. observed) for five study basins 
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Figure 6.2: Calibration flow interval biases for study basins 
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Results of the verification period are more variable than the calibration period. 

Statistics from basins 1, 3, and 4 are as good, or better, than statistics from the calibration 

period, indicating that the parameter set found during calibration does an adequate job of 

simulating nearly all of the observed data which the model encounters in the time series. 

Basins 2 and 5 experienced problems during the verification period, indicated by much 

lower forecasting efficiencies than those seen in the calibration period. This may indicate 

that the data used during calibration did not do an adequate job of initializing all the 

states of the SAC-SMA model and/or some of the model parameters are not at their 

optimum value. Because this study used a straight-forward approach to calibration, 

intending to employ the same data period for all basin calibrations, the issue of the 

quality of data used for the calibration periods is something that was not explored, but has 

been addressed in many other calibration studies. Being operational basins, data quality is 

an issue that is always of concern when gathering time series for calibration. All of these 

basins are located in a snowy climate, with three of the basins in a variable mountainous 

region. The complex terrain creates problems when trying to accurately estimate the 

amount of precipitation, especially the amount of snowfall a given basin receives. 

Different calibration periods or a longer time series may improve the calibrations and, 

subsequently, the verification results on the Harper's Tavern and Saxton basins. 
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Final parameter values obtained for the study basins are listed in Table 6.4. All 

five basins show a large variability between the parameter values obtained during 

calibration. Although some of the basins are geographically close, parameter values do 

not show strong relationships between adjacent basins. This may be due to varying basin 

size and the differences in local geology and terrain. 

Table 6.4: Calibrated parameter values for study basins. 

Basin 1 Basin 2 Basin 3 Basin 4 Basin 5 
Parameters Wlmsbg H. T. Berne Ktzmlr Saxton 
SAC-SMA 
PXADJ 1.02 1.04 1.06 1.11 1.05 
PEADJ 1.00 1.00 1.00 1.00 1.00 
UZTWM 49 38 48 33 21 
UZFWM 145 20 13 71 59 
UZK .80 .200 .710 .80 .80 
PC TIM .021 .030 .026 .012 .001 
AD IMP .147 .255 .030 .300 .071 
RIVA .04 .08 .01 .07 01 
ZPERC 113 15.0 15.9 192 181 
REXP 3.10 4.00 3.16 3.87 3.91 
LZTWM 100 101 185 76 195 
LZFSM 96 72 98 297 80 
LZFPM 299 191 294 298 173 
LZSK .215 .143 .175 .087 .229 
LZPK .013 .01 .013 .002 .016 
PFREE .38 .24 .32 .02 .20 
RESERV .20 .30 .20 .30 .20 
SIDE .00 .00 .00 .00 .00 
EFC .130 .120 .16 .112 .120 

SNOW-17 
SCF 1.35 1.20 .98 1.30 1.30 
Mtffiax .98 1.23 .73 .99 .74 
Mtmin .46 .49 .40 .49 .28 
UADJ .097 .098 .085 .292 .041 
SI 94 94 49 119 89 
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Example hydro graphs for three of the study basins, Williamsburg, Harper' s 

Tavern, and Kitzmiller are illustrated in Figures 6.3 - 6.5. These watersheds represent the 

main types of terrain in the study: Williamsburg and Kitzmiller are located in the heart of 

the Appalachian Mountains, and Harper's Tavern is in the eastern part of the study 

region, where the terrain is somewhat less steep and more agricultural than forested. Of 

the 11-year calibration period, two years were selected to be displayed: one year with a 

better visual "fit" and one year where the simulated flows are not as consistent with the 

observed streamflows. The remaining hydrographs for each basin for ten calibration years 

and ten verification years are contained in Appendix B. Several of the hydrographs show 

the problems that the optimizer had in simulating low flow periods: recession periods in 

late summer are over-forecast in some years. Although the calibration models most of the 

moderate flows fairly accurately, some of the high flows are under-estimated, creating the 

negative bias on the high flow intervals. 
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Williamsburg Calibration 
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Figure 6.3: Two years of Williamsburg Calibration: 
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Harper's Tavern Calibration 
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Figure 6.4: Two years of Harpers Tavern Calibration: 
Better fit = WY 1971, Poorer fit = WY 1969 
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6.3 Flood Analysis 

As described in Section 5.2.2, the flood analysis component of this research 

involved inputting the 1 0-day, 6-hour precipitation time series from the floods into the 

SAC-SMA model and the API model. These two model outputs are then compared to the 

observed streamflow data and the API model results from the MARFC (API-with 

modifications). The API model results obtained from the MARFC (API-mods) are post

flood results and are not the forecast estimates; these are the data obtained after run-time 

mods were input to the API. Modifications are made during the flood to boost the output 

from the API model. These "mods" include: increasing baseflow, adding runoff volume 

over the basin, and increasing the melt fact (Mf) to increase snowmelt. Flood modeling 

simulations for the study basins are displayed in Figures 6.6- 6.10. Flow values (y-axis) 

are in cfs and the time series (x-axis) is in 6-hour increments. Looking at all five flood 

hydrographs, it is apparent that the API model without the run-time modifications (API

no mod) is much lower than the observed flows. However, on some of the basins, run

time mods caused the model to over-simulate the flood event. However, as would be 

expected, on most of the basins, the API with modifications more closely matches the 

observed flows than the model without any alterations. 

To truly see which model does better without intervention, one needs to compare 

the API with no modifications with the SAC-SMA. In the first three basins, 

Williamsburg, Harper's Tavern, and Berne, the SAC-SMA does a substantially better job 

of matching the flood peak than the API model, without any modeling modifications. 

Time to peak is slightly off on the Williamsburg and Harper's Tavern basins, but the 
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SAC-SMA more closely simulates the observed flood peak. On the two other basins, 

Kitzmiller and Saxton, neither the SAC-SMA nor the API-no mod simulations come 

close to matching the peak flow. Both models severely under-forecast peak flow. On the 

Kitzmiller basin, all three model scenarios under-estimate the observed flows. 

Figure 6.6: Williamsburg Flood Hydrograph (Jan.15-25) 
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Figure 6.7: Harper's Tavern Flood Hydrograph (Jan. 15-25) 
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Figure 6.8: Berne Flood Hydrograph (Jan.15-25) 
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Figure 6.9: Kitzmiller Flood Hydrograph (Jan.15-25) 
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Figure 6.10: Saxton Flood Hydrograph (Jan.15-25) 
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As discussed in Section 2.7, the MARFC had severe problems forecasting the 

amount of runoff that was being generated during the storm. Because it was estimated 

that half the runoff in the event was from snowmelt, the adjustment of snow model 

parameters to adequately model the volume of melt was a crucial factor. Adjustment of 

the melt factor (Mf) before the rain event helped to increase the rain/melt volume output 

of the snow model. In the later part of the event, it was believed that the inability to adjust 

the UADJ parameter in the snow model impeded forecasting of the large volume of melt 

that occurred during the rain-on-snow episode. The API -no mod and SAC-SMA 

drastically under-estimate the amount of runoff in both the Kitzmiller and Saxton basins. 

Several SAC-SMA model runs were made on both of these basins, adjusting two of the 

snow parameters, melt factor (Mfmin!Mfmax), and UADJ, during the flood period. Flood 

hydrograph results for these adjusted scenarios are shown in Figures 6.11 - 6.12. 
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Adjustment of the melt factor for these basins had less of an effect than increasing 

the wind factor (UADJ). The green curve in Figures 6.11 and 6.12 denotes a slight 

increase of the UADJ, along with an increase of the melt factor (Mr), while the yellow 

curve in the same figures represents only a large increase of the UADJ. The increase in 

the wind factor obviously has a much greater impact on the amount of melt and runoff 

generated, verifying that the dominant process in at least these two basins is the rain-on

snow energy exchange. If conditions were adequately forecast for this type of event, 

including wind conditions, dew points, and high temperatures, adjustment of both the Mr 

and UADJ snow parameters would help the models to better simulate the floods during 

this event. 

Although many factors made forecasting of this event a complex challenge, a 

more sophisticated rainfall-runoff model such as the SAC-SMA may be better able to 

handle some of the modeling issues faced during this event. The fmal conclusions of this 

research project are summarized in the following chapter. 



7.1 Introduction 

CHAPTER SEVEN 

SUMMARY AND CONCLUSIONS 
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The results of this research and general conclusions reached in the study are 

discussed in the following section. Recommendations are made for application of this 

study, along with future directions of operational rainfall-runoff modeling. 

7.2 Summary of Thesis 

The January flood of 1996 was an extremely rare event due to the amount of 

snowmelt and runoff generated in a short period of time. The storm was characterized as 

being an "unprecedented hydrologic and meteorological event", especially for the middle 

of the winter season. The deep snowpack deposited in early January ripened rapidly into 

an extremely wet snow cover and was almost completely gone within 24 hours after the 

storm rains started. Strong winds, high dew points, and intense precipitation produced 

some of the highest melt rates the region has ever experienced (Anderson, 1996). 

Forecasting these types of events is extremely difficult at best, and the MARFC 

was still able to issue forecasts under various modeling constraints. With under-predicted 

precipitation amounts and temperature increases, the hydrologists were at an early 

disadvantage in getting the rainfall-runoff model at the MARFC to do an accurate and 

timely job of estimating peak stages. The inability to adjust the wind factor (UADJ) in the 

SNOW-17 model during run-time situations severely limited the ability to forecast the 
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amount of snowmelt that was generated during the rain portion of this event. Because of 

the snow melt problems during the 1996 floods, this situation has since been corrected, 

and hydrologists can now modify UADJ during a melt event. Although these factors all 

contributed to the forecasting problems, this study addressed the issue of the rainfall

runoff model used during the flood event and whether the more complex SAC-SMA may 

do a better job of simulated runoff in such circumstances. The SAC-SMA model was 

calibrated and evaluated on five different headwater basins in the mid-Atlantic region. 

Automatic optimization procedures were used, and the quality of using automatic 

calibration was also addressed. Once the SAC-SMA model was adequately calibrated, a 

comparison was made between four different modeling scenarios using a ten-day data 

time series from the 1996 flood event. 

7.3 Conclusions 

Two main conclusions are derived from this thesis work. These are summarized 

as follows: 

(1) The SAC-SMA was successfully calibrated on the basins in the mid-Atlantic 

region. The SCE-U A automatic calibration algorithm was able to adequately 

defme a parameter set to simulate streamflows in the selected basins. Plotted 

hydrographs demonstrate an overall good fit for most of the calibration and 

verification years for the study basins. Statistics in Table 6.1 indicate that the 

model captures most of the variance in the observed flows, with forecasting 

efficiencies ranging from 0.79 to 0.87 during the calibration period. Forecasting 
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efficiencies during verification are less optimal on two of the basins (0.42 and 

0.58), indicating there could be some data quality problems with some of the 

basins. However, in view of the use of operational programs and data, the 

hydro graphs and statistics demonstrate the success of the use of the SAC-SMA 

rainfall-runoff model in this region and the utilization of automatic optimization 

for calibration of the model. 

(2) For the basins involved in this study, the SAC-SMA more accurately models the 

flood event in three of the five simulations. Two of the basins were under-forecast 

by both the API and Sacramento model. These basins most likely have data input 

problems, where the amount of precipitation was under-predicted or the volume 

of snowpack may have been severely under-estimated before the event even 

started. If the snowpack is not accumulated correctly, the model does not have 

enough snowpack to melt and the runoff model will not be able to simulate the 

flow volumes in the observed hydrograph. 

The event-based API model used by the MARFC required numerous run-time 

modifications and updating to simulate the observed stream-flows during the 

flood event. Many factors contributed to the modeling problems experienced 

during this event, including the extremely deep snow pack, estimation of the snow 

water equivalent in the snow cover, assessing volume and timing of the snow 

melt, and finally, six to eight hours of intense precipitation over most of the 
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forecast area. Although some of these adjustments made to the MARFC models 

were for the purpose of increasing snowmelt, other modifications were made to 

aid the API in simulating the volume of runoff that was being seen. The SAC

SMA appears to have a better capacity to model this complex event in at least 

some of basins in the MARFC region. With 154 forecast points in the MARFC, a 

rainfall-runoff model that is better able to accurately forecast at flood stages in at 

least some of the basins in the region may enable forecasters to issue more timely 

and accurate forecasts. Hydrologists would not need to make modifications to 

nearly all of the watersheds in the forecast region but could concentrate resources 

on problem basins and rivers. The SAC-SMA is one of the rainfall runoff models 

that the RFCs have the option of implementing in their modeling system. The 

majority of the forecast centers are transitioning to the conceptual, physically 

based SAC-SMA for rainfall-runoff modeling. Results of this study suggest that 

the use of the SAC-SMA may improve_ river forecasting during flooding events 

and aid emergency managers in reducing the loss of life and damage to properties. 

7.4 Future Directions and Operational Applications 

As of 1990, API -type models were used in forecasting for approximately 70% of 

the watersheds in the continental United States (Miketta, 1990). This statistic is rapidly 

changing as the majority ofRFCs are in the process of implementing the SAC-SMA into 

their forecasting system. Some of the methods undertaken in this study have current 

applications to the NWS River Forecast Centers as they modernize their forecast system. 
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With future implementation of the SAC-SMA model, RFC hydrologists are 

currently in the process of manually calibrating watersheds in their forecast regions. This 

is a long and arduous task, as there are hundreds of forecast points to calibrate, and many 

of the hydrologists are unfamiliar with the more complex model. At a recent manual 

calibration workshop sponsored by the NWS Office of Hydrology (September 1998), 

many of the attending hydrologists expressed frustration with the task assigned to them. 

The automatic calibration techniques utilized for this research could be a valuable aid to 

the hydrologists in their calibration work. Although the automatic calibration techniques 

still require a thorough knowledge of the workings of the SAC-SMA model, optimization 

procedures could be used in conjunction with manual procedures to reduce the time 

needed to calibrate individual basins. 

At the time of this writing, a cooperative research agreement has evolved out of 

this work and been proposed with the NWS Office of Hydrology. This agreement will 

undertake a comparison of manual and automatic calibration techniques on basins within 

the North Central River Forecast Center (NCRFC) region. The automatic optimization 

algorithms that were used for calibration in this study are part of the NWSRFS and are 

accessible to the RFC. The cooperative agreement will use the NWSRFS code, along 

with University of Arizona research code, to do a comparison study and develop methods 

to aid the RFC hydrologists in calibrating their forecast regions. As a continuation of this 

initial cooperative agreement, it is hoped that education and training can be provided to 

interested RFC in the use of automatic optimization techniques for calibration of the 

SAC-SMA model. 
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As part of this future work on NCRFC basins, a sensitivity analysis will be 

performed to determine sensitivity of the SAC-SMA parameters to calibration and to 

access the choice of objective functions used in the search algorithms within the NWS 

optimization algorithm. The sensitivity analysis also may include some of the basins and 

parameters used in the MARFC region to further assess the adequacy of the calibrations 

described in this thesis. 
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APPENDIX A 

SHUFFLED COMPLEX EVOLUTION' (SCE-UA) ALGORITHM 
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Outline of SCE Algorithm (Doan et al., 1992): 

A) Randomly generate and evaluate n points in parameter space, compute 

criterion value, sort in order of increasing function value ( =initial 

population) 

B) Partition into complexes (2n+ 1 points into p complexes, where 

n= number of parameters) 

C) Develop each complex using competitive evolution. 

D) Reshuffle complexes into single population, rank and sort again 
(as per A). 

E) Complexes evolved independently until convergence criteria met. 

A) Initial Population 

U I U 2 15 
X 

B) Divide into Complexes 

0.5 t U 2 2.!i J U 4 U 5 

X 
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C) Independently Evolved Complexes D) Re-shuffled Population 

U I U 2 2.5 . 

E) Independently Evolved Complexes 

~S I U t 15 t 15 ~ U 5 . 

• Initial points * Point in Complex 1 

+ Global optimum • Point in Complex 2 
of Hosaki function 
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Example of Competitive Complex Evolution {Step C) 

First Offspring: Reflection 

~ t U 2 15 l ~ ~ ~5 5 
X 

U I U 2 ~ I lS • ~5 5 
X 

Third Offspring: Contraction 
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APPENDIX B 

BASIN CALIBRATION AND VERIFICATION HYDROGRAPHS 
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Williamsburg Calibration: WY 1972 - WY 1975 
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Williamsburg Verification: WY 1976 - WY 1981 
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Williamsburg Verification: WY 1982 - WY 1985 
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Harpers Tavern Calibration: WY 1972 - WY 1975 
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Berne Calibration: WY 1966 - WY 1971 
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Kitzmiller Calibration: WY 1972 - WY 1975 
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Kitzmiller Verification: WY 1982 - WY 1985 
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Saxton Calibration: WY 1972 - WY 1975 
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