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ABSTRACT 

Hydrologic watershed models are useful tools in evaluating effective management 

practices to reduce negative impacts of nonpoint source pollution caused by land use 

change, i.e. agriculture, urbanization, and spread of invasive species. The purpose of this 

work was to evaluate the performances of the Annualized Agricultural NonPoint Source 

Pollution (AnnAGNPS) model and the Nonpoint Source Pollution and Erosion 

Comparison Tool (N-SPECT) in simulating runoff and erosion in Hanalei, Kaua'i and 

Halawa, O'ahu. The models were calibrated and validated using two years of streamflow 

and sediment load data. Predicted annual runoff volumes compared favorably with the 

measured values with less than ± 10% relative error (RE). Even though simulated 

monthly runoff totals correlated well with predicted data (R2 - 0.90), AnnAGNPS 

overpredicted runoff by 50-60% in the drier months. Daily runoff predictions 

satisfactorily correlated with observed data for Hanalei (R2 = 0.69) and Halawa (R2 = 

0.42) watersheds, respectively. AnnAGNPS was calibrated with the inclusion offera1 pig 

damage effects on soil erosion in Hanalei. Simulated annual sediment loads were 

underpredicted by 40% during validation. This could be attributed to the model's 

inability to account for land slides and other mass wasting events. Predicted annual 

sediment load in Halawa was within 7% of measured values. Monthly and daily 

sediment loads predicted by AnnAGNPS did not highly correlate with observed data (R2 

< 0.40). Generally, AnnAGNPS underpredicted runoff and sediment amounts for larger 

storms while the opposite was true for smaller storms. N-SPECT produced unrealistic 

annual sediment amounts because the implemented sediment delivery ratio (SDR) 

prediction equation was not suitable for steep tropical watersheds such as those in 
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Hawai'i. Predicted delivery ratios were as high as 38 folds in Hanalei and 18 folds in 

Halawa. Among the evaluated parameters, surface residue cover had the greatest effect 

on AnnAGNPS' predictions while the nwnber of rain days had significant influence on 

N-SPECT's runoff predictions. Overall, the models are applicable for gross and long

term estimations of runoff volwnes in tropical watersheds. Caution muat be used when 

using AnnAGNPS to simulate sediment in areas prone to land slides and mass wasting. 

The erosion component of N-SPECT cannot be fully evaluated until an improved and 

validated SDR prediction equation is incorporated into the model. 
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INTRODUCTION 

Impaired water quality caused by nonpoint source (NPS) pollution bas been 

identified as a major factor in the degradation of coastal ecosystems in the tropics (Fares, 

2oo7a). Land use change i.e. agricultural activities, uroani7Jltion, as well as the spread of 

invasive species cause increased suspended sediment and pollutant loadings into adjacent 

streams. According to the National Water Quality Inventory: 2000 Report to Congress, 

approximately 58% of the assessed rivers and streams in the state of Hawai'i were 

impaired to a point that they were unsuitable habitat for fish and other aquatic organisms 

(USEP A. 2002). Storm water runoff is a major driving force of sediment and nutrient 

transport in watersheds. Thus, accurate estimation of runoff volumes is critical for 

modeling watershed hydrologic processes. High spatial variability of precipitation, 

topography, land cover and soil types existing in tropical island environments makes 

hydrologic modeling particularly challenging. 

An integrated approach is vital for the successful management of watershed 

ecosystems (Verstraeten et al., 2003). Since NPS pollution generally cannot be 

monitored at the point of origin, alteruative methods are preferred to identify the "critical 

areas" within a watershed that contribute a large atnount of sediment and pollutant 

downstream (Mostaghimi et al., 1997). Watershed-scale hydrologic and NPS pollution 

models have become increasingly popular to not only understand the natura\ processes 

leading to these problems but also evaluate effective management practices to help 

reduce the negative impacts of land-use change (Borah and Bera, 2004). Hydrologic 

computer-based models simulate three important aspects of the water cycle in relation to 

watershed management: water flow, erosion, and pollutant movement (Westervelt, 2001). 
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All the models vary in the input data requirements as well as their applicability to 

different watersheds. 

The objective of this research project was to evaluate and compare the 

perfonnances of two watershed models, AnnAGNPS and N-SPECT, as management 

decision tools to assess the effect of land cover on water and sediment transport through 

tropical watersheds. These two models were chosen for various reasons. First, the 

models are part of the two ongoing projects that evaluated the perfonnances of these 

models under Hawai'i windward and leeward conditions. The study that evaluated 

AnnAGNPS began in July of 2003 and was funded by the United USDA-NRCS (Fares, 

2oo7a). The modeling work for N-SPECT began in July of 2005 and the research was 

funded by NOAA (Fares, 2007b). Second, these models were chosen due to their 

differences in complexity of model structure and data requirements. AnnAGNPS is a 

well documented model that offers flexibility with its wide range of simulation options. 

On the other hand, N-SPECT sacrifices data flexibility for model simplicity that makes it 

more user-friendly. Results from both models provided an interesting comparison of 

model applicability in different management decisions. Fina11y, N-SPECT was selected 

mainly because it was originally developed as a management decision tool for coastal 

watersheds that used Wai'anae watershed on O'shu as the test site. By evaluating this 

model in other Hawai'i watersheds. future improvements to the model were suggested to 

strengthen its general applicability in coastal watersheds. 

The study areas comprised two Hawai'i watersheds: Hanalei River Basin on 

Kaua'i and Halawa River Basin on O'shu. The two watersheds were simulated to 
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compare and contrast model perfonnances and outputs for different tropical climatic and 

topographic conditions. Specific objectives of the study included: 

1. To calibrate and validate both models for Hanalei and Halawa watersheds. 

2. To conduct sensitivity analyses for the two evaluated models. 

3. To detennine management implications through land use change scenario 

analysis. 

4. To evaluate the suitability and some of the basic assumptions of the major 

mathematical equations implemented in these models. 

5. To evaluate the perfonnance of the models under tropical watershed conditions. 
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CHAPTER 1. LITERATURE REVIEW 

1.1 NON-POINT SOURCE POLLUTION 

Nonpoint source pollution, also known as polluted nmoff; occurs when pollutant 

carrying rainwater moves on land surface or through the ground or drainage system to the 

nearby water bodies i.e. stream, wetland, and nearshore coastal waters. Nonpoint source 

pollution is a critical environmental, social, and economic problem throughout the world 

(Borah et aI., 2003). Particularly in Hawai'i, the most significant pollution problems are 

siltation, turbidity, nutrients (nitrogen and phosphorus), organic enrichment, and 

pathogens from agriculture, urbanization lands (USEPA, 2002) and conservation lands. 

One of the major sources of NPS pollution is the spread of invasive animal species, 

which are commonly believed to be responsible for stream bank erosion. Leptospira is 

one of the emerging pathogens that raise public health concerns in Hawai'i. The 

pathogen causes leptospirosis which is a disease transmitted from animals to humans, 

usually through contact with contaminated water or soil. One of Hawai'i's natural 

treasures, the coral reef ecosystem, is currently threatened by land-based pollutants 

causing tremendous algae blooms and fish kills. In September 2004, the Hawai'i Coral 

Reef Assessment and Monitoring Program reported that a majority of the corals in 

Hanalei Bay displayed signs of sediment stress and exhibited the highest level of coral 

disease (USEPA, 2005). 

1.1.1 Invasive alien species 

In addressing the invasive threat to a natural ecosystem, plant and animal species 

are generally classified as either alien or native. Alien species are those that have been 
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transported and established outside of their native range mainly by human activities. 

However, not all alien species pose a threat to the natural ecosystem. Those that are 

likely to cause economic or environmental harm are the invasive alien species (USDA, 

2006b). They are non-indigenous plants and animals that spread more rapidly than the 

native species because they do not have natural enemies to control their population. As a 

result, the invasive alien species out-compete the native species for both habitat and food. 

Invasive alien species continue to threaten the natural flora and fauna of the Hawai'i 

ecosystem. Prior to human arrival, the estimated rate for successful, new colonization of 

the islands by a plant or animal species was 25,000 to 50,000 years. Over the past 200 

years, this rate has increased to 40 introductions per year. Presently, the Hawai'i 

archipelago has more than 8,000 introduced plant species of which 861 (11%) introduced 

plants now grow wild and have reproducing populations (Loope, 1997). 

Some of the major groups of invasive alien species are feral ungulates and 

invasive weeds. Feral ungulates include feral pigs, goats, sheep, deer and cattle. They 

are responsible for destroying lowland ecosystems by trampling and browsing for food. 

In particular, feral pigs are known to uproot entire plants (Figure 1) and break the trunk 

of tree ferns. These activities provide ideal habitats for invasive plants, such as kahili 

ginger, banana poke, and strawberry guava (Westbrooks, 1998). Furthermore, their 

wallowing action promotes mosquito habitation, a problem for the bird and human 

population. Feral ungulates also aid in the spread of invasive plant species through seed 

dispersal. 

Hawai'i is inhabited by a myriad of invasive alien plant species. One of the most 

invasive alien species spreading throughout the rainforests of the Pacific islands is 
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Miconia. It infests over 11 ,000 acres of the Hawai'i islands of Hawai ' i, O'ahu, Kaua' i, 

and Maui (Westbrooks, 1998). Like many other invasive shrubs, Miconia forms dense 

thickets that block the sunlight for plants living under the canopy. Its shallow root 

system renders the area erosion-prone. Invasive alien grasses such as fountain grass, 

beardgrass, broomsedge, buffel grass, and molassesgrass are commonly believed to be 

highly aggressive, fire-adapted colonizers that quickly re-establish after a wildfire. These 

grasses reside in the lower valleys that fuel wildfires into the native forests. While the 

native species are eliminated by wildfires, alien grasses may continue to spread 

increasing the flammability and erodibility of the area. 

Figure 1. Feral pig rooting damage to uluhe fern in Makaha Valley, O'ahu, Hawai ' i. 
Photograph by Alan Mair. December 2, 2005 . 
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1.1.2 Regulation 

The Clean Water Act (CWA) was passed in 1972 in an effort to reduce pollutant 

discharges into U.S. waterways and to manage runoff. Its goal is to restore and maintain 

the chemical, physical, and biological integrity of the nation's waters (USEP A, 1993). In 

relation to NPS pollution control, section 319 requires each state to submit a report 

identifying the nonpoint sources of pollution and the management practices to control 

them. Hawai'i's Implementation Plan for Polluted Runoff Control was established in 

1998 in response to the CWA management measures. The plan was approved in 2000 

and the Hawai'i Polluted Runoff Control Program now oversees 23 projects that conduct 

watershed assessments and implement restoration and protection activities in priority 

watersheds (HIDOH, 2000). Some of the projects include the Pearl Harbor 

Environmental Restoration project, Kalihi Community Riparian Improvement Stream 

project, Nawiliwili Bay Watersheds Restoration project, and Manoa Streambank 

Restoration project. 

1.2 HYDROLOGIC MODELING 

Hydrologic models are simplified conceptual representations of the hydrologic 

processes. They use a combination of mathematical, statistical, and/or theoretical 

concepts to describe and predict three important physical processes of the water cycle: 

water flow, erosion, and pollutant movement. Hydrologic models are useful screening 

tools for designing field collection scheme. They can be used to identify critical areas in 

a watershed where high amounts of runoff and soil erosion may exist. Instead of 

surveying an entire watershed, which is costly and time consuming, field investigations 
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can be focused on validating the hydrologic condition of these critical areas. 

Management practices can then be implemented in these areas to reduce the damaging 

effects of storm water runoff on water quality. Hydrologic models can also be used to 

evaluate the effectiveness of best management practices and estimate total maximum 

daily load to meet water quality standards set by the CW A (Borah and Bera, 2004). 

1.2.1 Types of model 

Hydrologic models can be classified in many ways. Generally, models are 

classified based on cognitive value (physical vs. conceptual), process description 

(deterministic vs. stochastic), spatial scale (distributed vs. lumped), temporal scale 

(single-event vs. continuous), methods of solution (analytical vs. numerical), and their 

use (watershed vs. groundwater) (Ambagis and Jacobi, 2006). Physical models use 

physically based mathematical equations of mass and energy transfer to descn'be 

hydrologic processes and control catchment response. These models differ from 

conceptual models which may be used when model structure and physical laws are 

unknown. Deterministic models are based on physical laws in which the parameters are 

free from random variations. Stochastic models have mathematical parameters that are 

regarded as random variables with probability distributions (i.e. mean, skewness, 

variance). Distributed models allow spatially distributed input and output parameters 

whereas lumped models do not. Many of the commonly used models are continuous 

simulation models. These models are useful for long-term assessment of the hydrologic 

changes in a watershed (Bora and Bera, 2004). However, single-event models are of 

particular importance for analyzing severe storm events that cause flooding and 
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contribute a majority of the annual sediment and pollutants (David et al., 1997; Borah et 

al.,2003). 

1.2.2 Choosing the right model 

Numerous simulation models have been developed over the years with continuing 

advancement in the knowledge of mathematical applications used in the models. Borah 

and Bera (2003) reviewed some of the commonly used watershed models which differ in 

complexity of model structure, data requirements, output options, and the manner in 

which the hydrologic processes are represented. 

Selecting the best hydrologic model to address a particular problem is difficult 

mainly due to the large number of available models. A clear understanding of any model 

prevents its possible misuse. Dawdy and Lichty (1986) suggested four criteria that can 

be used in selecting the appropriate model: accuracy of prediction, simplicity of the 

model, consistency of parameter estimates, and sensitivity of results to changes in the 

parameter values. Prediction accuracy is a very important characteristic because a model 

with minimum bias and error variance is generally preferred. Simplicity refers to the 

number of estimated parameters and the difficulty in using the model to run a basic 

simulation. A reliable model should produce consistent results for similar watersheds. 

Finally, the model should not be highly sensitive to input parameters that are difficult to 

measure. 

1.2.3 Limitations o/hydrologic modeling 

Despite a vast utility of hydrologic models, the limitations of hydrologic modeling 

should not be ignored. One of the major limitations is the difficulty in representing 
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certain hydrologic processes (i.e. evapotranspiration, macropore flow, saturated and 

unsaturated flow) due to uncertainties in the mathematical equations and assumptions 

used to estimate those processes (Bronstert, 1999). The interdependent linkages of 

hydrologic interactions further complicate the dilemma. Another issue is the limited 

ability of the models to capture small-scale temporal and spatial variability. A common 

concern of hydrologic modeling arises from the scarcity of input data (i.e. precipitation, 

sediment discharge, land cover, and soil data) that confines the accurate representation of 

the physical and chemical characteristics in the interested area. In data-deficient 

situations, model predictions are only as accurate as the input data. Finally, since 

hydrologic models are site specific, they should be thoroughly tested (calibrated and 

validated) since their results may affect management decisions. A non-calibrated model 

should only be applied to make relative comparisons of hydrologic outputs. 

1.3 MODELING HAW AI'I WATERSHEDS 

In Hawai'i, limited research exists in analyzing water erosion and sedimentation 

on a watershed scale as well as on island-wide scale (Calhoun and Fletcher, 1999). This 

is mainly due to the spatial variability in precipitation, land cover, and topography extant 

in tropical environments that make hydrologic modeling challenging (Fares, 2007a). The 

two hydrologic models evaluated in this study have not been extensively tested in 

Hawai'i watersheds. AnnAGNPS (Bingner and Theurer, 2005) has been applied in a 

variety of topographic and climatic conditions. Yuan et al. (2001) and Suttles et al. 

(2003) used AnnAGNPS for runoff and sediment predictions in the watersheds of 

Southeastern U.S. that are dominated by flat to gently sloping uplands, and underlain 
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with loamy sand to silty clay. The model was also applied in the heavily agricultural 

watersheds of Sydney, Australia for modeling nutrient transport (Baginska et al., 2003), 

and Ontario, Canada for modeling runoff and sediment (Das et al., 2004). Shrestha et al. 

(2006) used the model to predict runoff: peak flows, and sediment load in the Siwalik 

Hills of Nepal. This area has extreme slopes (76%), well-drained sandy loam and acidic 

gravel, and relatively equal mix of agriculture and forested lands. Fares (2oo7a) 

evaluated AnnAGNPS in tropical volcanic island environment that is characterized by 

high rainfall variability, steep forested teITains, and highly weathered soils. He found the 

model was suitable for comparative assessment of runoff and sediment, and identification 

of critical areas. 

N-SPECT (NOAA, 2004) has been used to analyze erosion, sediment and nutrient 

delivery in over 400 watersheds of the Mesoamerican Reef region (Burke and Snugg, 

2006). Fares (200Th) found that N-SPECT can be applied for comparative assessment of 

surface runoff in a Hawai'i watershed. The model is also currently being tested in Guam 

and the Big Island ofHawai'i. However, these efforts have not yet been published. 

1.3.1 Orographic precipitation 

One of the difficulties in modeling Hawai'i watersheds is the large spatial 

variation of rainfall. This is commonly observed in Hawai'i tropical environments and 

can be explained by a natural phenomenon known as orographic precipitation. This type 

of precipitation occurs when an air mass is forced up and over the mountains. As air is 

lifted to higher elevations where cooler temperatures persist, a greater volume of air 

reaches saturation vapor pressure. As a result, rain falls at the mountains on the 
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windward side. Once the air mass passes over the mountains, it warms and dries while 

descending the mountain creating a rain shadow effect on the leeward side. 

Prevailing 
wind 

Moist. warm 

Moisture condenses 
as air cools; relative 
humidity increases 

air rises 
Temperature _20°C 

Ocean 

T~mperature at 
2000 m - 7"C 

Cool air depleted 
of moisture sinks 
and warms; relative 
humidity decreases 

Figure 2. Diagram illustrating the processes of orographic precipitation (Rogers, n.d.) . 

1.3.2 Calculating mean watershed precipitation 

Rainfall is the most important input for hydrologiclNPS pollution models because 

it activates flow and mass transport in hydrological systems. In general, excess rainfall 

creates surface runoff that callies sediment and pollutants downstream. Therefore, 

accurate input of rainfall in space and time is crucial for modeling runoff, sediment, and 

pollutant transport (Chaubey et aI, 1999). Several studies attempted to assess the 

importance of rainfall variability in predicted results . Dawdy and Bergman (\ 969), 

Wilson et al. (\ 979), Hamlin (1983), and Shah et al. (1996) focused on the effects of 

rainfall variability on runoff volume, time-to-peak and peak runoff rate. They all 

reinforce the importance of an accurate representation of rainfall amount and variability 

on hydrological outputs. Young et al. (1992) varied the spatial distribution of rainfall 

input in the AGNPS model. They found four to five fold increases in total nitrogen, 

phosphorus, and sediment compared to the estimates obtained from a uni form distribution 
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of rainfall. A similar study by Luzio and Lenzi (1995) predicted a 20% increase in 

sediment load and 17% increase in total nitrogen and phosphorus loads when spatially 

variable rainfall was applied. 

There are tbree common methods of estimating the mean depth of precipitation 

over a watershed that is necessary in hydrologic modeling. They are the arithmetic mean, 

Thiessen polygon, and isohyetal methods. The first method is the arithmetic average of 

the rainfall amount measured at each gauge. This method is suitable for watersheds with 

numerous and uniformly distributed rain gauges. The Thiesson polygon method is used 

when rain gauges are not uniformly distributed throughout the watershed. Polygons are 

formed around each gauge from the perpendicular bisector of the straight lines joining the 

rain gauges (Figure 3A). It is assumed that the rainfall depth recorded at the gauge 

located within the polygon represents the rainfall depth for the entire area of the polygon. 

The isohyetal method is preferred for tropical watersheds because it considers orographic 

influences. Isohyets are contour lines of equal precipitation and these are drawn 

according to gauge catches (Figure 3B). Areas between the isohyets are determined to 

compute the mean rainfall depth. 

A) E 't .... 
""'" 

B) E • 

/ 
.: 

, 
: . 

B .: / ,-'.' :' 
Figure 3. Methods of estimating the average rainfall for a watershed: A) Thiesson 
polygon method and B) isohyetal method. 
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CHAPTER 2. WATERSHED MODELING 

2.1 MODEL DESCRIPTION 

2.1.1 Annualized Agricultural NonPoint Source Pollution (AnnAGNPS) Model 

AnnAGNPS is a distributed-parameter, continuous simulation, watershed-scale 

model developed jointly by the USDA, Agricultural Research Service, and NRCS. It is 

designed to evaluate the effects ofNPS pollution on agricultural watersheds smaller than 

3,000 km2 in size. The model simulates water, sediment, and pollutant (nutrients and 

pesticides) transport as a result of precipitation, irrigation, and snowmelt. The watershed 

is represented by a network of stream channels or reaches that routes water, sediment and 

pollutants through a system of subwatershed cells based on soil, land cover, and 

topographic homogeneity (Figure 4). Specialized components such as feedlots, gullies, 

and impoundments supplement the model in adding or reducing the amount of sediment 

and nutrients entering the cells and reaches. The model operates on a daily time step with 

a minimum simulation period of one year. 

AnnAGNPS contains 34 data categories, i.e., climate, land cover, and feedlot 

management operations, many of which are optional, making this model flexible in data

deficient situations. Input parameters are prepared with a suite of modules that function 

in an ArcView GIS interface. The Topographic Parameterization program (TOPAZ) 

(Garbrecht and Martz, 1995) generates stream and cell network, and provides all the 

topographic information for the model. The Agricultural Watershed Flownet Generation 

program (AGFLOW) (Bingner et aI., 1997) formats information from TOPAZ into a 

form needed by AnnAGNPS. As the name implies, the Generation of Weather Elements 
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for Multiple Applications program (GEM) (J ohnson et aI., 2000) generates daily climate 

data for the model when historical climate data is unavailable. The Complete Climate 

program (Bingner and Theurer, 2005a) formats the GEM output for importation into the 

model. The final climate file contains seven weather parameters: precipitation, minimum 

and maximum temperature, dew point temperature, sky cover, wind speed and direction. 

More than one climate file may be created to spatially vary precipitation with elevation 

throughout the watershed. 

watershed 
outlet 

Figure 4. Conceptual representation of a watershed in AnnAGNPS (Bingner and 
Theurer, 2005a). 

The main hydrologic components within AnnAGNPS are the incorporation of the 

SCS runoff curve number (eN) method to estimate daily surface runoff, and the 

Technical Release-55 (TR-55) (USDA, 1986) method to distribute runoff into a 

hydrograph, and to compute time of concentration and peak discharge. Soil moisture is 

calculated for two soil layers, an 8-in tillage layer depth and a user-defined second layer, 

using the soil-water balance concept applied at constant sub-daily time steps. Curve 
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numbers are adjusted based on daily precipitation for soil moisture conditions between 

the wilting point and field capacity. The model simulates soil erosion and sediment load 

as a three-step process. First, the Revised Universal Soil Loss Equation (RUSLE) 

(Renard et al., 1997) estimates soil loss from sheet and rill erosion. Second, sediment 

load is calculated by the Hydro-geomorphic Universal Soil Loss Equation (HUSLE) 

(Theurer and Clarke, 1991), which is a delivery ratio of the sediment load from the soil 

eroded to the sediment delivered to the stream. Third, this sediment is routed through the 

watershed to the outlet based on a modified Einstein equation and then the Bagnold 

equation (Bagnold, 1966) is used to determine the transport capacity of the flow (Theurer 

and Cronshey, 1998). 

2.1.2 Nonpoint Source Erosion and Comparison Tool (N-SPECT) 

N-SPECT is a GIS-based watershed-scale model developed by NOAA-CSC. It 

was originally developed as a management decision tool for coastal areas and it was first 

used in the Wai'anae region of O'ahu, Hawai'i as a test site. The model simulates 

surface runoff, sediment, and pollutant load at a specific location and on a watershed

scale. Outputs of the model are produced in graphical format that allows the user to 

easily identify critical areas in the watershed. The watershed is represented by a grid of 

cells with the same area. These cells are homogeneous in topography, land cover, soils, 

and precipitation. Runoff, pollutant and sediment concentrations are calculated within 

individual cells as well as for a group of cells in a sub-basin. Assessment of local effects 

from a particular land cover change involves processes occurring in individual cells 

whereas accumulated effects are processes occurring in upstream cells. The model 

operates on annual and event time step. 
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One distinctive component of the model is its management scenario interface that 

facilitates the assessment of the relative impacts of current and future land use changes. 

For instance, land cover for a specific area can easily be changed, i.e. from wetland to 

low-intensity development, to compare the relative impacts of urban development on 

water quality. The user specifies the input parameters for both land covers. Simulated 

outputs then include the effect of the land use change on runo~ sediment, and water 

quality. 

N-SPECT requires four categories of input data: topography, precipitation, land 

cover, and soil characteristics. Input data should be in GIS raster or vector formats then 

overlaid with the watershed grid cells (Figure 5). The N-SPECT interface organizes and 

stores additional information that includes eN, number of rain days, and water quality 

parameters pertaining to the study area. The model estimates annual and event surface 

runoff using the SCS CN method and TR-55. Annual soil loss is predicted with RUSLE. 

A sediment delivery ratio (SDR) prediction equation (Williams, 1977) is used by N

SPECT to estimate annual sediment load from annual gross erosion. A snmmary of the 

similarities and differences between the two models is presented in Table 1. 
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Precipitation 

Soil 

Land cover 

Toporaphy 

Watershed grid 

Figure 5. Conceptual representation of overlapping GIS input layers in N-SPECT. 

Table I . Summary of the similarities and differences between AnnAGNPS and N
SPECT. 

AnnAGNPS N-SPECT 

Temporal scale Long term; annual, daily, or sub- Annual or event-based. 
daily time steps. 

Watershed Homogeneous cells with Homogeneous square grid cells 
representation speci fied cell size; reaches and with user defined cell resolution. 

impoundments. 
Soil moisture Soil-water balance for 2 soil Not simulated 
conditions layers; eN values adjusted 

between wilting point and field 
capacity. 

Overland flow SCS eN method SCS eN method 

Subsurface flow Lateral subsurface using Darcy's Not simulated 
equation; tile drain flow using 
Hooghoudt's equation. 

Soi l erosion RUSLE to generate sheet and RUSLE to generate sheet and 
ri II erosion. rill erosion. 

Sediment yield HUSLE for SDR; Bagnold SDR prediction equation 
(1966) equation for transport (Williams, 1977). 
capacity; modified Einstein 
equation for sediment routing. 
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2.2 HYDROLOGIC PROCESSES 

The hydrologic cycle represents the processes and pathways involved in the 

circulation of water between the atmosphere and land. It is usually a balance among 

components of input, output, and storage of water. Change in water storage within a 

catchment is dictated by the law of conservation of mass in which inputs of waters must 

balance with changes in outputs. This hydrologic balance is commonly referred as the 

water budget equation expressed as follows: 

M=I -0 
'" '" 

Eq.l 

where L1S is the change in storage (L), Iw is the water inflow (L), and Ow is the water 

outflow (L). The major components of the hydrologic cycle are described in the 

following sections. 

2.2.1 Evapotranspiration 

Evapotranspiration (ET) is the loss of water to the atmosphere by a combination 

of evaporation from soil surfaces and water bodies, and transpiration from plant surfaces. 

It significantly affects water yield because it determines the proportion of precipitation 

that becomes streamflow. Generally for drier climate,q, the ratio ofET to precipitation is 

small because ET is mainly governed by the limited availability of water. On the 

contrary, that ratio is larger for humid climates in which ET is governed by the 

availability of energy (i.e. radiation). ET is bighly influenced by the type, density, and 

coverage of vegetation. Changes in vegetation that increase ET will decrease streamflow 

and/or groundwater recharge. 
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Actual ET cannot be directly measured because it depends on many factors, i.e., 

radiation, rainfall interception, advection, leaf area, stomatal behavior, and plant water 

availability. One way to estimate actual ET is by conducting water budget analyses and 

paired watershed experiments (Brooks et al., 1997). This approach is inapplicable when 

more than one component (other than ET) of the water budget are unknown. The second 

approach is to employ a relationship between potential ET and available water in the 

catchment (Brooks et al., 1997). Potential ET is origina1ly defined as the amount of 

water transpired in unit time by a short green crop of uniform height, completely shading 

the ground, and never short of water (Penman, 1948). The most widely known method of 

estimating daily ET from open water is the Penman equation. Later modifications to this 

equation include addition of plant coefficients to estimate potential ET from vegetated 

surfaces. 

2.2.2 Infiltration 

Infiltration is the process of water entering the soil resulting from capillary and 

gravitational forces. Initially as water enters a dry soil, its infiltration rate is high. which 

drops and eventually becomes steady when water is moving through the pores under the 

influence of gravity only. Infiltration capacity is the maximum rate at which water can 

enter the soil surface. When rainfall rates exceed infiltration capacity, surface runoff 

and/or ponding of water occurs. This rate depends on soil texture and structure, surface 

conditions. organic matter content, and the presence of impermeable layers and 

macropores. Sandy soils have higher infiltration rates than clayey soils due to larger pore 

space and lesser repellency. Land use practices such as grazing can significantly reduce 

infiltration rates through soil compaction. Other land use practices can affect infiltration 
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rates indirectly by altering soil structure and resultant moisture conditions. Plant debris 

on soil surface detains runoff and allows water to enter the soil. It also protects the soil 

surface from raindrop impact that increases erosion potential of the soil. 

2.2.3 Surface runoff 

Surface runoff is excess water from precipitation or snowmelt that flows over the 

soil surface. It could be a relatively large component of the hydrograph for urbanized 

areas where vegetation is scarce. Several watershed models i.e. AnnAGNPS and N-

SPECT, use the SCS CN method (1986) to predict runoff from a watershed. Equation 2 

estimates total storm runoff from total storm rainfall as follows: 

where 

Q= (P'-1.)2 
(P'-I.)+S 

Q=O 

Q is runoff (mm), 
P, is gross rainfall (mm), 

P. >1. 
Eq.2 

S is potential maximum retention after runoff begins (mm), and 
1a is initial abstraction (mm). 

Initial abstraction is the amount of precipitation that does not result in direct runoff and 

mainly consists of water retained in surface depressions, canopy interception, 

evaporation, and infiltration. It is approximated by an empirically derived formula: 

I. =0.2S Eq.3 

Potential maximum retention, S, correlates the effect of soil and cover conditions to 

initial abstraction through a CN value: 

S=IOOO -10 
CN 
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Curve numbers vary for different land cover classes and hydrologic soil groups. 

Generally, a large CN indicates a surface cover that has high potential for runoff such as a 

smooth concrete surface. On the other hand, a smail CN indicates that a surface cover 

has low runoff potential i.e. forests. There are four hydrologic soil groups that are 

categorized in relation to soil texture and infiltration rates (Table 2). Soils with high sand 

and gravel composition have higher infiltration rates and lower runoff potential. 

However, soils with high clay content tend to retain moisture lowering infiltration rates 

and increasing runoff potential. 

Table 2. Hydrologic soil group definitions (USDA, 1986). 

Hydrologic 
soil groUP 

Soil group characteristics 

Soils having high infiltration rates when wetted and consist of deep, 
A excessively well-drained sands or gravels. These soils have a low runoff 

potential. 
Soils having moderate infiltration rates when wetted and consist of 

B moderately fine to coarse textures. These soils have a moderately low 
runoff potential. 
Soils having slow infiltration rates when wetted and consist of soils with a 

C layer that impedes downward movement of water, or soils with moderately 
fine texture. These soils have a moderately high runoff potential. 
Soils having very slow infiltration rates when wetted and consist of clay 

D soils with high swelling potential or shallow soils over nearly impervious 
material. These soils have a verv high runoff potential. 

Since AnnAGNPS operates on a daily time-step, Ia is taken into account for each 

rainy day in estimating annual runoff. However, N-SPECT operates on an annual time-

step in which precipitation, retention, and abstraction variables are lumped into annual 

values. To account for the temporal variation in Ia annually, N-SPECT incorporates the 

average annual number of rain days (G) variable in the runoff calculation. The annual 

runoff depth is then estimated using the following equation: 
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Q [p, -{I,G)f 
[p, -(I.o)]+ SG 

Eq.5 

where Q, Pro la, G, and S are previously defined. Runoff estimates decrease as the 

number of rainy days increase. 

2.2.4 Soil erosion 

Sheet and rill erosion are two common types of soil erosion. Rill erosion occurs 

when runoff is combined with the beating action of the raindrops to form rills on the soil 

surface. Sheet erosion is the movement of a semi-suspended layer of soil particles over 

the land surface while minute rills are formed simultaneously. The momentum of runoff 

depends on slope angle and slope length. As the angle and length of the slope increase, 

runoff gains higher momentum that accelerates rill erosion. Runoff becomes 

concentrated in rills and turbulence of the flow increases while traveling downhill. 

Eventually, runoff builds up enough kinetic energy to dislodge even larger soil particles. 

Once rill erosion becomes channelized, uncontrolled runoff is capable of more intense 

gully erosion. 

RUSLE (Renard et ai, 1997) is widely used for estimating average annual soil loss 

(A). It is defined as follows: 

where 

A=RxKxLxSxCxP 

R is the rainfall/erosivitiy factor (MJ ha-l mm-\ 
K is the soil erodibility factor (ton ha h ha-l 

MJl mm-\ 
L is the slope length factor ( dimensionless), 
S is the slope steepness factor (dimensionless), 
C is the cover management factor (dimensionless), and 
P is the support practice factor (dimensionless). 
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The R factor quantifies the effect of raindrop impact and reflects the amount and rate of 

runoff associated with the rain. It is the product of total storm energy (Es) and the 

maximum 30-min intensity (130). The sum of stonn EJ30 over one year produces an 

annual measure of erosive potential of the annual rainfall events. Soil erodibility factor, 

K, is the long-term soil response average to rainstonn energy and intensity. It is 

determined from rainfall simulation studies that use standard runoff plot size (40.4 mm2
) 

with fallow soil, unifonn soil and topography. Slope length factor, L, is the distance from 

the origin of overland flow to the point where deposition begins. The slope steepness 

factor, S, represents the effect of slope gradient on erosion. The combined LS factor 

reflects the effect of topography on soil erosion processes. It is defined as the ratio of soil 

loss on a given slope length and steepness to soil loss on a 22.1 mm long slope with 9% 

steepness. The C factor indicates the effect of cropping and management practices such 

as crop rotation and tillage systems on soil erosion rates. It is dependent on 

rainfa11/runoff erosivity, prior land use, canopy cover, surface cover, surface roughness, 

and soil moisture. Finally, the P factor represents the effect of support practices such as 

contouring, stripcropping, and terracing on erosion rates (Renard et al., 1997). 

2.2.5 Sediment yield 

RUSLE only estimates gross erosion but does not indicate the amount of soil loss 

transported by rivers and streams through the watershed outlet. Two approaches exist in 

the prediction of sediment load from soil erosion. The first approach uses a SDR 

prediction equation. Sediment delivery ratio is defined as the fraction of gross erosion 

that is transported from a given catchment in a given time interval. It is a dimensionless 

scalar and can be expressed as: 
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y 
SDR=

E, 
Eq.7 

where Y is the average annual sediment load per unit area, and Er is the average annual 

erosion over that same area. In essence, SDR is a scaling factor used to accommodate 

differences in areal-averaged sediment loads between measurement scales. It accounts 

for the amount of sediment that is actually transported from the eroding sources to the 

watershed outlet compared to the total amount of soil that is detached over the same area 

above that point. Its values often vary between 0 and 1 due to sediment deposition 

caused by change of flow regime and reservoir storage. Values of SDR larger than 1 

were found at event basis and when bank or gully erosion dominates (Lu et aI., 2006). 

AnnAGNPS uses HUSLE to determine field deposition. Sediment yield is first 

calculated for each subwatershed cell with equation 8. For example, if cell 2 is the local 

cell of interest and assuming that cell 2 is downstream of cell 1, the resulting SDR is 

defined by equation 9. This equation is a non-dimensional ratio where the RUSLE 

parameters are cancelled and only the hydrologic parameters remain (Bingner and 

Theurer, 2005). 

where 

where 

Sy = sediment load (Mg ha-\ 
Q = surface runoff volume (mm), 
qp = peak rate of surface runoff(mm S-I), and 
K, L, S, C, P = RUSLE factors. 

Syl = sediment load at cellI (Mg ha-\ and 
Sy2 = sediment load at cell 2 (Mg ha-\ 
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The SDR prediction equation incorporated in N-SPECT was obtained from 

Williams (1977), who developed the equation based on data from Little Elm Creek basin 

near Aubrey, Texas. The delivery ratio is dependent on three parameters, two of which 

are characteristic of the study area: 

where 

SDR = (1.366 x 10-11 XDA-O· .... XZL°.3629 XCNs,,,,) 

DA = drainage area (km2), 
ZL = relief-length ratio (m km-\ and 
CN = SCS curve number (values of 0 to 100). 

Eq.l0 

The second approach in estimating sediment load uses a sediment transport model 

to control the movement of sediment when field deposition OCCUIS. The model 

determines the transport capacity of the soil. If the deposition amount exceeds the 

transport capacity, then sediment is deposited into nearby stream channels. Flow 

conditions for sediment transport in· streams are based on flow velocities at peak flow 

rates that vary in space and time. AnnAGNPS adopts the Bagnold stream power equation 

to define the transport capacity for each of the five particle sizes: clay, silt, sand, small 

and large aggregates. Sediment routing is based on a modified version of the Einstein 

deposition formula For more details about this method and its mathematical equations, 

see Bingner and Theurer (200Sa). 
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~R3. METHODOLOGY 

3.1 STUDY AREAS 

3.1.1 Hanalei Valley, Kaua'i, Hawai'i 

On the north shore of the Hawai'i island of Kaua'i, the Hanalei watershed covers 

61 km2 from the top of Mount Wai'ale'ale at 1,570 m to the coral reefs off Hanalei Bay 

(Figure 6). The watershed is situated between the latitude of N22°4' and N22°12', and 

longitude ofWI59°26' and WI59°30'. Mount Wai'ale'ale is known as one of the world's 

wettest spots, receiving an average annual rainfall of 11,000 mm. With large spatial 

variation in precipitation, this rainfall decreases to almost 2,500 mm near the coast 

(Giambelluca et al., 1986). 

The Hanalei River, 26 km in length, is one of the largest rivers in Hawai'i. It 

receives discharge from the Mount Wai'ale'ale plateau and transports large amounts of 

sediment downstream. Estimates of 7,560+/-2,910 Mg sediments per year are removed 

by the river from the upper valley (Calhoun and Fletcher, 1999). Hanalei River is listed 

in section 303(d) of the CWA as an impaired water body in which the water quality in the 

river fails to meet the state's water quality standards (HIDOH, 2004). The river was also 

designated by President Clinton as an American Heritage River, preserved and protected 

by federally- funded community-based efforts (USEPA, 2006). Known as a popular 

tourist attraction, the river provides a protected area for an array of recreational activities 

such as canoeing, kayaking, snorkeling, fishing, swimming, and paddling. 

One of the most important activities that the watershed supports is local taro 

farming. The taro farms in Hanalei provide over 67% the state's taro, a traditional staple 
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10 the Hawai ' ian diet. Many of the taro farms are located in the Hanalei National 

Wildlife Refuge, which was created to protect and preserve the endangered Hawai'ian 

birds and native agricultural practices. 

Figure 6. Location of Hanalei Valley. The shaded region in the upper valley indicates the 
modeled area. 

Hanalei town is a densely populated rural village surrounded by wetlands. It is 

also a tourist hotspot with vacation rentals, hotels and beachfront resorts. The most 

significant source of pollution is the lack of a centralized wastewater collection and 

treatment system. Large cesspools and septic tanks are used for sewage disposal which 
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contributes to bacterial contamination of groundwater and coastal waters. The Hanalei 

town alone has 225 cesspools, 75 septic systems, and 2 package treatment plants with 

injection wells (USEPA, 2002). 

3.1.2 Halawa Valley, O'ahu, Hawai'i 

Halawa Valley is a smaller catchment of 36 km2 located on the Leeward side of 

the Koolau Range in O'ahu (Figure 7). The watershed is situated between the latitude of 

N2I 018' and N21 025', and longitude of WI 57050' and WI57°58'. The Koolau Mountain 

Range is a 60 km mountain chain that rises to an altitude of 960 m at Mt. Konahuanui. 

Koolau separates the generally wetter Windward coast from the rest of the island, which 

are the central plateau and the Leeward coast. Rainfall at the Koolau Range can be as 

large as 4,000 mm a year, but decreases to 600 mm near the coast on the leeward side of 

O'ahu (Giambelluca et al., 1986). 

The steep mountain slopes of the heavily vegetated Ewa Forest Reserve feed the 

North and South Halawa streams before draining into the East Loch of Pearl Harbor. The 

North fork (12 km long) joins the South fork of the stream (11 km long) just below the 

forest reserve and form the remainder 13 km of the Halawa Stream that flows through the 

lower valley. Like Hanalei River, Halawa Stream is also listed in the CWA as an 

impaired water body (HIDOH, 2004). 

The controversial stretch of the Trans-Koolau H-3 Freeway constitutes 

approximately 4% of the upper valley (Wong and Yeatts, 2002) and continues through 

the mountains into the Windward side. The agricultural lands of the lower valley have 

long been converted into residential and commercial developments that extend to the base 

of the watershed where the Hickam Air Force Base resides. 
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Figure 7. Location of Halawa Valley. The shaded region in the upper valley indicates 
the modeled area. 

3.2 DATA PREPARATION 

3.2.1 Simulation area and period 

The modeled areas in Hanalei and Halawa Valleys were delineated based on the 

location of the USGS stream gauges. These areas are illustrated as shaded regions in 

Figures 6 and 7, respectively. The modeled region in Hanalei Valley constitutes an area 

of 48 1an2 in the upper valley, which represents 79% of the valley. Effects of taro 
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farming located downstream from the stream gauge were not included in the study. The 

modeled region in Halawa Valley was only 28% of the watershed (10 1an2
) that is 

comprised of the upper valley drained by the North Halawa Stream. Thus, much of the 

residential and commercial districts located in the lower valley were not simulated. 

Selection of the simulation periods was limited by the availability of precipitation, 

streamflow, and sediment discharge data. Two years of data were required for model 

simulations. The simulation period for Hanalei was calendar year 2004 to 2005, and that 

for Halawa was calendar year 1998 to 1999. All statistical and graphical analyses during 

the study were focused on the selected modeled areas and simulation periods. 

3.2.2 Topography 

Topographic data was available in 10-meter Digital Elevation Model (OEM) data 

files obtained from USGS (2005). DEM is a digital representation of ground surface 

topography stored in a raster format. The data files were delivered in 18 Spatial Data 

Transfer Standard files that easily combined into a single DEM file for use in ArcGIS 

(Appendix 1). The DEM was then used to delineate the cell network and quantify 

topographic characteristics of the drainage basin (flow direction and accumulation) with 

respect to elevation. 

The density of the watershed cell network in AnnAGNPS was determined by the 

critical source area (CSA) and minimal source channel length (MSCL) variables. The 

fonner is a minimum area for which a stream channel is created, and the latter is the 

threshold for the shortest stream channel segment. Selection of the optimum CSA and 

MSCL values were based on observation of the drainage area. topography, land cover, 

and soil to best represent a highly dissected relief. Hanalei watershed was delineated into 
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524 cells using a CSA value of 8 ha and MSCL value of 130 m (Figure 8A). Halawa 

watershed was divided into 416 cells using a CSA value of2 ha and MSCL value of 100 

m (Figure 8B). The CSA value used to delineate Halawa was much smaller than that for 

Hanalei mainly because the drainage area of Halawa watershed was smaller. 

The cell network in N-SPECT was represented by a 10m x 10m grid. Resolution 

of the cell network was determined by the OEM. Subsequent input datasets were 

converted to 10 m resolution as necessary. 

A) 

Hanalei Watershed 
Subwatershed cells 

B) 

Hatawa watershed 
Subwatershed cells 

Figure 8. AnnAGNPS cell network of the upper parts of A) Hanalei watershed and B) 
Halawa watershed. 

3.2.3 Climate 

AnnAGNPS required seven weather elements (precipitation, mllliffiUITl and 

maximum temperature, dew point temperature, sky cover, wind speed, and direction) to 

generate the daily climate input file . The necessary data were compiled from weather 
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stations located in the vicinity of the study areas. Climate data from the National 

Climatic Data Center (NCDC) weather station at Lihue Airport (COOP#515580. 

N21°59'. WI59°20') was used to represent the climate of Hanalei watershed. Lihue 

Airport is located 12 Jan southwest of Mt. Wai'ale'ale and stands approximately 30 m 

above mean sea level. The climate of Halawa watershed was represented by the weather 

station located at Honolulu Airport (COOP#511919. N21 °19'. WI57°56') on the southern 

coastal plain of O'ahu at 2 m above sea level. The weather stations at Lihue and 

Honolulu Airport are located relatively distant from Hanalei and Halawa watersheds. 

respectively. Therefore. climate data may deviate from the true values of the study areas. 

Due to the lack of additional weather stations. records from these weather stations are 

considered most representative of the climate in the corresponding watersheds. 

The GEM application was not needed to generate historical data since daily 

minimum and maximum temperatures for the simulation periods were available at the 

weather stations. These data along with monthly average temperatures, dew point 

temperatures. and sky cover collected from the Hawai'i State Climate Office. were 

entered into the Complete Climate program. The program then synthesized the input data 

to generate the daily climate input file which contained the following daily weather 

parameters: precipitation. minimum and maximum temperature. dew point temperature. 

sky cover. wind speed and direction. Precipitation data was taken from rain gauges 

located in the study areas and varied with elevation (see section 3.2.4). Climate data 

(excluding precipitation) was not required for N-SPECT. 
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3.2.4 Precipitation 

Daily sum precipitation values were collected from a range of sources that 

included the USGS, NOAA Hydronet, and NCDC. Precipitation in the Hanalei 

watershed was represented by two rain gauges (Figure 9) located in the southern edge of 

the watershed at an elevation of 1,570 m on Mt. Wai'ale' ale (USGS #1047, N22°04'27", 

WI59°30'02") and in the northern tip of the watershed outlet at 18 m elevation (USGS 

#1131.7, N22°l1'01", WI59°28'08"). 

Figure 9. Location of the rain gauges used to spatially distribute precipitation in Hanalei 
watershed. 

Nine rain gauges were located within the vicinity of Halawa Valley (Figure 10). 

Three rain gauges with the least amount of missing data were selected to characterize the 

precipitation pattern in Halawa watershed. One rain gauge is located at the watershed 
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outlet at 210 m elevation (USGS #771.9, N21~3'04", W157°54'22"). The second rain 

gauge is in Luluku at an altitude of 250 m (NOAA HI-IS, N21 °23'15", W157°48'33"). 

The third rain gauge is located in Kalihi watershed at 280 m elevation (NCDC #777, 

N21 °22'42", W157°49'30") and is also the only rain gauge with a complete rainfa1l data 

set. The other six rain gauges were used to estimate missing data for the rain gauges at 

the watershed outlet and at Luluku. 

Missing daily precipitation values were estimated with the normal ratio method 

(Eq. 11), which was based on existing relationships with adjacent rain gauges 

(Giambelluca, 1986). Rainfall amounts from at least 3 rain gauges were used to estimate 

the missing daily record. 

Eq.11 

where PrD = estimated storm precipitation for station D (rom), 
PrA, PrB, Pre = daily precipitation for stations A, B, and C (rom), respectively, and 
NA, NB, Nc, No = normal daily precipitation for stations A, B, C, and D (rom), 
respectively. 

This method was preferred over other methods of estimating missing daily rainfall data 

because of the extensive network ofrain gauges surrounding Halawa Valley. 

An annual precipitation isohyetal map for the state of Hawai'i developed by 

Giambelluca et al. (1986) was obtained from the Hawai'i State GIS Program (HSOP, 

2006) to determine the spatial variation of rainfall. These maps are illustrated in 

Appendix 2. The total annual precipitation amounts of the simulation periods were 

approximated linearly for each isohyet. Daily precipitation at each isohyet was estimated 

by multiplying the daily precipitation measured at the rain gauges with the ratio of annual 
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precipitation at each isohyet to the total annual precipitation measured at the rain gauges. 

individual daily climate input files for AnnAGNPS were created for each isohyetal area 

to spatially distribute rainfall throughout the watershed. Statistical linear kriging 

interpolation method was used to produce a spatially continuous precipitation grid for N-

SPECT climate input (Appendix 3). 

Estimate rain gauges 

- Isohyets (An nual mean) 
D Modeled Area 

Figure 10. Location of the rain gauges used to spatially distribute precipitation in Halawa 
watershed. 

3.2.5 Number o/rain days 

The number of rain days was used to estimate runoff in N-SPECT. Since rainfall 

frequency differed throughout the study areas, it was necessary to spatially vary the 

number of rain days. Rainy days were spatially distributed based on the isohyet method. 

The weighted average number of rain days was then determined for each study area. 
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3.2.6 Land cover 

Land cover was represented by a 30-meter Landsat ETM satellite imagery 

developed by the Coastal Change Analysis Program (C-CAP) (NOAA, 2000). Ten land 

cover classes were identified in the modeled area of Hanalei watershed of which 74% 

were shrub lands and 21 % were forested lands (Table 3). Unclassified areas occupied 

0.5% (25 ha) of the modeled area and these were reclassified to shrub land, the same land 

cover as the surrounding areas. Only 6 land covers were identified in the modeled area of 

Halawa watershed (Table 4). Shrub lands and forested lands were dominant and covered 

95% of the modeled area. The distribution of the land cover classes for both study areas 

are presented in Figure 11. 

Table 3. C-CAP land cover classes and area distribution in Hanalei Watershed. 

Land Cover 
Scrub/Shrub 

Evergreen Forest 

Palustrine Wetland 
Scrub/Shrub Wetland 
Forested Wetland 
Emergent Wetland 

Grassland 
Water 

Low Intensity Developed 

Cultivated Land 

Bare Land 

Total 

Description 
Areas dominated by woody vegetation less 
than 6 meters in height 
Areas where more than 67 percent of the 
trees remain green throughout the year 

Tidal and nontidal wetlands dominated by 
woody vegetation greater than or equal to 6 
meters in height 
Natural and managed herbaceous cover 
Open water with less than 30 percent cover 
of vegetation 
Constructed surface with substantial 
amounts of vegetated surface 
Herbaceous (cropland) and woody cultivated 
lands 
Bare soil, gravel, or other earthen material 
with little or no vegetation 
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Area 
Ha 

3,559 

1,015 

90 
62 
20 

8 
76 
32 

<1 

<1 

<1 

% 
74.2 

21.1 

1.9 
1.3 
0.4 
0.2 
1.6 
0.7 

o 

o 

o 

4,799 100.0 



Table 4. C-CAP land cover classes and area distribution in Halawa Watershed. 

Area 
Land Cover 
Scrub/Shrub 

Evergreen Forest 

Description 
Areas dominated by woody vegetation less 
than 6 meters in hei t 
Areas where more than 67 percent 0 f the 
trees remain reen throughout the ear 

High Intensity Developed Urban and industrial areas with little or no 
vegetation 

Low Intensity Developed Constructed surface with substantial 

Grassland 
Bare Land 

Total 

A) 

N 

amounts of ve etated surface 
Natural and managed herbaceous cover 
Bare soil, gravel, or other earthen material 
with little or no vegetation 

B) 

Land Covers in Hanalei 

• Low Intensity DevelOped 

• Cultivated Land 

N 

A 
Grassland 

• Evergreen Forest 
• ScrubiShrubland 
• Pal. Forested VVeIJand 
• Pal. SCfublShrub Wetland 
• Pa l. Emergent INetland 

Land Covers in Halawa 

Ha 
758 

221 

20 

17 

14 

1,031 

~ High Intensity Developed 

• Low Inlenslty Developed 

• Grassland 
• Evergreen Forest 
• ScrublShrubland 

Bare Land 

% 
73.6 

21.4 

1.9 

1.6 

1.4 
0.1 

100.0 

Figure II . Spatial distribution of land covers in A) Hanalei and B) Halawa watersheds. 

An alternative 2.5-m resolution species-specific comprehensive map developed 

by Arnbagis and Jacobi (2006) was available for the Hanalei River basin (Appendix 4). 

The land cover map contained 26 types of native and invasive plant species found in the 

38 



modeled area of Hanalei watershed (Table 5). Land cover characteristics, such as canopy 

height and density, percentage of ground cover, and root mass were e!ltimated on the field 

(Fares, 2007a). The map identified 31 % of the watershed was pure native species, 27% 

was alien species, and the remainder was a mix of native and invasive species. A 

majority of the lowland areas was dominated by guava forests and uluhe shrub lands. 

Table 5. USGS land covers and area distribution in Hanalei watershed (Fares, 2007a). 

Land Cover Description 

Mixed uluhe / native shrub / alien grass and shrub 
Mixed Ohia, Guava forest with Lantan-Clidemia understory 
Uluhe fern community 
Wet Ohia forest with native shrub and fern understory 
Guava forest with Lantana-Clidemia understory 

Melastoma shrubland 
Native fern - shrub community 
Wet Olapa - Ohia woodland with native shrub and fern 

Alien shrubland dominated by Melastoma and Rose myrtle 
Kukui forest with alien species dominated understory 
Strawberry guava forest with alien shrub and fern 
Paperbark planatation with mixed native-alien shrub 
Upland Guava forest 
Broomsedge grassland / alien shrub community 
Ohia cloud forest 
Bamboo thicket 
Hau thicket 
Alien fern community 
Rose myrtle shrub land 
Native upland bog / shrubland 
Wet bog community dominated by Job's tears, sedges 
Albizia forest with native and alien species under 
Alien grassland 
Lantana dominated shrubland 

Bare ground 
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Area 
Ha 

940 
878 
645 
496 
380 

338 
292 
95 
89 
85 
74 
67 
51 
42 
41 
39 
39 
34 
32 
25 
24 
20 
9 
8 
5 

% 
19.6 
18.3 
13.4 
10.3 

7.9 
7.0 
6.1 
2.0 

1.9 
1.8 
1.5 
1.4 
1.1 
0.9 
0.9 
0.8 

0.8 
0.7 
0.7 
0.5 
0.5 
0.4 
0.2 
0.2 
0.1 



3.2.7 Soil 

Digital soil maps for the island ofKaua'i and O'ahu were obtained from the Soil 

Survey Geographic database (USDA, 2006a) and they are illustrated in Appendix 5. The 

spatial and tabular attribute tables delivered with the data sets contained soil profile 

information such as number of layers, layer thickness, saturated conductivity (K..u), bulk 

density <PI», organic matter (OM), pH, hydrologic soil group (HSG), and K factors 

(Appendix 6) all of which were necessary input parameters for AnnAGNPS. On the 

other hand, N-SPECT required only the latter two parameters. Preprocessing of the soil 

map involved joining the relevant soil hydrologic property attnbute tables. 

In July of 2006, the NRCS soil classification for the Hawai'i islands were revised 

in which the HSG of rough mountainous land was changed from D to B and that of rock 

outcrop from D to C (Fares, 2007a). Modification ofHSG was based on field evaluations 

that identified these soils to have lower runoff potential than originally classified. The 

soil classification maps were updated with the new soil classification information. 

The major soil types and their physical and chemical properties are listed in 

Tables 6 and 7 for Hanalei and Halawa watersheds, respectively. Rough mountainous 

land is the dominant soil type for both study areas. It is found on very steep, precipitous, 

and mountainous lands of elevations as high as 1,800 m. The soil mantle is generally thin 

(25-254 mm) overlaying soft, weathered rock. Runoff on these soils is moderately rapid 

with moderately severe erosion hazard. Another common soil type in Hanalei is rock 

outcrop where over 90% of the surface is bare bedrock. The Hulua series consists of 

poorly drained soils on gently sloping to very steep uplands (120 to 730 m) developed on 

material weathered from basic igneous rock. Permeability is rapid, except for the 
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ironstone layer (at depths of 0.25-0.51 m), which is nearly impermeable. Due to the low 

permeability of the ironstone layer, rate of precipitation can easily exceed infiltration rate 

in the top layer and both runoff and erosion hazard on these soils can be very severe. 

Hanamaluu series is composed of well -drained soils on stream terraces and steep terrace 

breaks (60 to 210 m) developed in alluvium washed form upland soils. These soils have 

rapid permeability, runoff and erosion hazard increasing with slope. Hanalei series 

consists of poorly drained soils on level to gently sloping lands (90 m). Permeability is 

low, causing rapid runoff and severe erosion hazard. Well-drained soils make up the 

Pooku series. These soils are found in a range of elevations (75 to 300 m) and are 

strongly acidic throughout the profile. Permeability, runoff and erosion conditions are 

similar to that of the Hanamaulu series (USDA, n.d.). Approximately 60% of Hanalei 

watershed is ofHSG B (Appendix 7). 

Table 6. Predominant soils in Hanalei watershed and their basic characteristics (USDA, 
2006a). 

K 
Soil Area HSG factor Clay Ksat Pb OM pH 

% % mmh'l gcc'l % 
Rough mountainous 
land 54 B 0.20 30-35 100 1 20-30 3.5-5 
Rock outcrop 17 C 0.02 
HuIua gravelly silty clay 
loam, 3-25 % slo~es 9 D 0.05 35-40 100 1.2 10-20 5.1-5.5 
HuIua gravelly silty clay 
loam, 25-70 % slol!es 8 D 0.05 35-40 100 1.2 10-20 5.1-5.5 
Hanamaulu stony silty 
clay, 10-35% slo~es 3 B 0.10 50-60 100 1.1 2-6 3.6-5 
Hanalei silty clay, 0-6% 
slopes 1 C 0.17 35-60 33 1 3-6 4.5-6.5 
Pooku silty clay, 25-
40% slopes 1 B 0.10 35-60 100 1 4-9 3.5-5.5 
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Following rough mountainous land, rock land is the second most common soil 

type in Halawa. It is defined as areas where exposed rocks cover 25-90% of the surface. 

It is generally composed of rock outcrop and very shallow soils on nearly level to very 

steep lands of elevations as high as 1,800 m. Kaena series consists of very deep, stony 

and poorly drained soils developed in alluvium and colluvium from basic igneous rock. 

These soils are found on gently sloping to steep lands and elevations below 50 m. 

Permeability is slow, while both runoff and erosion hazard are severe. Manana series is 

composed of well-drained soils on elevations that range from 150 to 370 In. Permeability 

is moderate, runoff and erosion hazard increasing with slope (USDA, n.d.). 

Table 7. Predominant soils in Halawa watershed and their basic characteristics (USDA, 
2006a). 

K 
Soil Area HSG factor Clay K.at Pb OM pH 

% % mmh-J gcc-J % 
Rough mountainous 
land 77 B 0.20 30-35 100 1 20-30 3.5-5 
Rockland 11 D 0.10 30-35 33 1.3 3-6 6.6-7.3 
Kaena very stony clay, 
10-35% slolles 6 D 0.28 60-70 0 1.3 1-3 6.6-7.3 
Manana silty clay loam, 
12-25% slopes, eroded 1 C 0.10 35-40 100 1.1 3-6 3.6-5 

3.2.8 Rainfall-erosivity factor, R 

The R factor maps were manually digitized from the scanned copy of the maps for 

Kaua'i and O'ahu obtained from NRCS Field Office Technical Guide (USDA, 1995). 

The digitized R factor vector data were interpolated using kriging method to create a 

spatially continuous R factor grid (Fares, 2007b). The final R factor input grid is 

presented in Appendix 8. 
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3.2.9 Stream flow and sediment discharge 

Daily stream flow (m3 dol) and sediment discharge (ton d·l) data for Hanalei and 

Halawa watersheds were collected from the USGS stream ganges at the watershed 

outlets. The stream gange at Hanalei is located IS m above mean sea level (USGS 

#16103000, N22°11'OI", WI59°2S'OS") and that for Halawa is at 49 m above sea level 

(USGS #16226200, N21 °23'04", WI57°54'22"). Since the models predict overland flow, 

the sliding-interval method of hydro graph separation was used to separate overland from 

measured stream flow on a daily basis. The sliding-interval method assigns a basetlow 

to each day based on the lowest discharge found within a fixed time period before and 

after that particular day (pettY.jolm and Henning, 1979). 

3.3 CALIBRATION AND V AL1DATION 

Calibration is the most important step in model application (Ndirtu and Daniell, 

1997). It is the process of adjusting input parameters within a reasonable range and 

comparing predicted output of interest (surface runoff and sediment) to corresponding 

measured data until a minimal statistical error is achieved. Statistical error for comparing 

aunual output values was simply the relative difference between the predicted and 

observed values (Fares, 2007b): 

Eq.12 

where RE is relative error, Si is simulated output, and 0 is observed value. The 

coefficient of efficiency (E) (Nash and Sutcliffe, 1970) was used to compare predicted 

and observed daily sediment loads. This method is commonly applied to quantify the 
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differences in the results simulated by hydrologic models (Fares, 2007a; Haregeweyn and 

Yohannes, 2003; Lenzi and DiLuzio, 1997). The coefficient of efficiency is defined as: 

where 

E=I 

E is coefficient of efficiency, 
S is simulated output, 
o is observed value, and 

x is mean of observed values. 

Eq.13 

According to Chiew et al. (1993), flow estimates are acceptable for E values of less than 

0.6 and if simulated flow is within 15% of mean recorded flow. 

Validation is a similar process to calibration; however, simulations are conducted 

with a different data set and the input parameters are not modified. This provides a test 

on whether the model was cahbrated to a specific data set or the natural system it is to 

represent (White and Chaubey, 2005). The calibration and validation periods for Hanalei 

and Halawa watersheds are listed in Table 8. The USGS land cover was used for runoff 

and sediment calibration in Hanalei watershed. 

Table 8. Simulation periods for the study areas. 

Hanalei watershed 
Calibration Surface runoff 

Sediment yield 

Validation Surface runoff 

Sediment yield 
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2004 

1998 

1998 

Halawa watershed 

2005 

1999 
111199 to 9/30/99 



3.3.1 AnnAGNPS 

The runoff component of AnnAGNPS was calibrated by adjusting two input 

parameters: CN and canopy interception (CI). Initial CN values for each hydrologic soil 

group were set to their lower limits. Changes in CN reflected land cover and antecedent 

soil moisture conditions. Canopy interception is defined as the difference between gross 

precipitation and net precipitation (throughfall and stemflow). It occurs with every 

rainfall event and can significantly affect the amount of surface runoff (Fares, 2oo7a). 

Two values ofCI were used: 35% (Giambelluca et a1., 2004) and 37.2% (Cavelier et a1., 

1997). Daily precipitation was preprocessed to account for CI prior to generating the 

daily climate files. The maximum daily CI was set at 10 mm, a value observed in similar 

tropical environments (Cavelier et a1., 1997). The CI value that produced the higher 

correlation between predicted and measured daily runoff volumes was selected for 

subsequent model simulations. 

Sediment yield was calibrated by adjusting 4 of the sub-C factors that collectively 

computed the overall C factor used in RUSLE based on the findings of Fares (2007a). 

The sub-C factors included annual root mass (kg ha-l), canopy cover ratio (%), annual 

rainfall height (m), and surface cover residue (%). Annual root mass is the live root mass 

in the top 100 mm of soil. Cover ratio is the ratio of ground covered by canopy cover to 

total ground area. Rainfall height is the distance rain fa11s after being intercepted by 

canopy. Surface residue cover is the fraction of ground covered by plant debris (forest 

litter). Average values of the sub-C factors were delivered with the USGS land cover 

dataset. 

45 



3.3.2 N-SPECT 

The runoff component of N-SPECT was calibrated by adjusting CI, CN and the 

number of rain days. Appendix 9 lists the number of rain days and the corresponding I. 

values adjusted during calibration for Hanalei and Halawa watersheds. The number of 

rain days was defined as the sum of days with precipitation exceeding I. (Fares, 2007b). 

Daily I. is the amount of rainfall that does not contribute to runon: and it is defined in the 

SCS CN equation as equivalent to 20% of the potential maximum retention (S). RainfaU 

loss is attnbuted to ET, CI, and infiltration. The appropriate range of I. values used were 

determined from CN values associated with each land cover type. The minimum I. value 

was derived from the maximum CN and the maximum I. value was derived from the 

minimum CN in the watershed. Sediment yield was calibrated by adjusting the annual C 

factors. The C factors were varied by as much as ± 50% of the default N-SPECT values. 

3.3.3 Pig damage 

Field evidence suggests that increased sedimentation in the upper Hanalei 

watershed is perhaps a result of soil disturbance by feral pigs. They are commonly seen 

to disrupt the soil surface by uprooting entire plants while browsing for food. Based on 

extensive visual assessment and field evaluations, Berg and Rosener (2006) developed a 

qualitative feral pig damage matrix (Table 9) that estimated different levels of pig 

disturbance on ground surface cover in the watershed, based on elevation and slope. 

Fares (2007a) used this matrix in the study and reported that a surveyed area with 40% 

surface cover disturbed was labeled high pig disturbance, 20% disturbed was light, and 

5% disturbed area was trace. Figure 12 illustrates the estimates of pig damaged areas in 

the Hanalei watershed. According to these estimates, feral pigs are common in areas with 
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o to 50% slopes and at elevations less than 762 m with no preference to the type of 

vegetation or soil. Approximately 42% of the watershed had high pig disturbance, 37% 

with light pig disturbance, and 9% with trace pig disturbance. 

Since a majority of Hanalei watershed is most likely affected by feral pig 

activities, it was necessary to include this effect as part of the calibration process and 

produce parameters that represent the watershed's current hydrologic conditions. The 

estimates in the study by Berg and Rosner (2006) were the best and only data available 

that can be used to make reasonable assumptions offeral pig damage in Hanalei Valley. 

Thus, the feral pig matrix was incorporated in the calibration of AnnAGNPS and N

SPECT. First, the pig matrix was overlaid with the land cover map of Hanalei watershed 

to produce a land cover-pig damage combination. Since feral pig damage affects the soil 

and its cover, the surface residue cover coefficient in AnnAGNPS was used to implement 

the different levels of pig disturbance. During AnnAGNPS calibration, the surface cover 

residue parameters of land covers with pig damage were adjusted to reflect the levels of 

pig disturbance. These parameters were adjusted relative to surface residue cover 

parameters of land covers without pig damage. Surface residue cover coefficients were 

decressed by 10%, 5% and 1% for high pig, low pig, and trace pig disturbed area, 

respectively. The C factors were adjusted during sediment calibration of the N-SPECT 

model. 
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Table 9. Feral pig damage matrix (Berg and Rosner, 2006). 

Slope (% ) 0-25% 25-50% 50-75% 75-100% 100-125% 
Elevation ft 

1-100 HP HP HP LP 
100-500 HP HP HP LP 
500-1000 HP HP LP LP 
1000-1500 HP HP LP LP 

1500-2000 HP HP LP LP 
2000-2500 HP LP LP LP 
2500-3000 LP LP LP LP 

3000-3500 TP TP TP TP 

3500-4000 TP TP TP TP 
4000-4500 TP TP 
>4500 

HP = high pig disturbance, LP = light pig disturbance, TP = trace pig disturbance, 
Blank = no pig disturbance. 

Pig Disturbance 

• High pig disturbance 
• l ow pIg disturbance 

• Trace pig distu rbance 
• No pig disturbance 

LP 

LP 

LP 

TP 
TP 

>125% 

TP 

TP 

TP 

IP 

IP 

Figure 12. Distribution of the estimates of fera l pig disturbance in Hanalei watershed 
(Fares,2007a). 
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3.4 SENSITIVITY ANALYSIS 

Hydrologic watershed models often fail to accurately simulate field conditions 

which is partly due to the model's limited capability of capturing in their deterministic 

framework the random variations in measured data (Nearing, 1998). Sources of random 

variations could be spatial and temporal variation in precipitation as commonly seen in 

the Hawai'i islands. Sensitivity analysis is the process of identifying the input parameters 

that are most influential to the simulated results. The input parameters selected for 

evaluation depends on the various factors affecting runoff and sediment amounts. A 

relative sensitivity index (S,) was used to determine the response variation of the models 

in simulated results with varying values of the selected input parameters (Nearing et al., 

1990): 

where aI, 02 are minimum and maximum simulated output values, 
h 12 are minimum and maximum values of the input parameters, 
Oave is average of 01 and 02, and 
lave is aversge of II and h. 

Eq.14 

The larger the absolute values of S" the greater the impact of the input parameter on the 

output. A negative S, value indicates an inverse relationship between the input and the 

output. 

Sensitivity analysis of AnnAGNPS was conducted with respect to five 

parameters: cell size and the four sub-C factors (Fares, 2oo7a). Cell size was adjusted by 
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specifying different CSA values during delineation of the cell network. A total of three 

additional CSA values were examined and compared to the optimum CSA values (see 

section 3.2.2) originally used to delineate the cell network of Hanalei and Halawa 

watersheds for calibration and validation. Table 10 lists the number of cells delineated 

with each CSA value and the ratio of this cell number to the total number of cells 

delineated with the optimum CSA values. 

Table 10. The CSA values examined for the sensitivity analysis of AnnAGNPS. 

Hanalei watershed Halawa watershed 
CSA # of cells Cell ratio CSA # of cells Cell ratio 

6ha 665 1.27 *2ha 416 1.00 

*8ha 524 1.00 4ha 247 0.59 

16ha 361 0.69 6ha 161 0.39 

24ha 243 0.46 8ha 91 0.22 
*Optinnun CSA value. 

The sub-C factors were increased or decreased by multiple increments of 10% of 

the calibrated values. Annual root mass values varied from 80% to 120% of the 

calibrated values. The annual cover ratios and surface residue cover coefficients 

examined ranged from 60% to 90% of the calibrated values. The test range of these two 

parameters was capped at 90010 of the calibrated values because both the annual cover 

ratios and surface residue cover coefficients cannot be larger than 1. Rain fall height was 

varied from 60% to 140% of the calibrated values. This analysis was adopted from Fares 

(2007a). 

Sensitivity analysis of the N-SPECT model was conducted with respect to the 

number of rain days and the representation of rain days throughout the watershed. Rain 

days were varied from 70% to 130% of the calibrated values. Representation ofrain days 
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throughout the watershed was refined at the grid scale basis in which each grid cell 

contained a unique number of rain days. Since rain day pattern followed precipitation 

pattern, rain days were distnbuted based on isohyets (Giambelluca, 1986). 

Unfortunately, the N-SPECT model allows only one number of rain days to 

represent the entire watershed. To incorporate a spatial map as the rain day input 

parameter, the original N-SPECT model was revised to include such function. The 

ArcGIS model builder application was used to replicate the N-SPECT model. Appendix 

10 shows the model flowchart of this revised version. Validation of this revised version 

was conducted by running multiple simulations and comparing the results with those 

from the original model. The rain day input parameter was then replaced with a grid 

dataset instead of a numerical value. Runoff simulated from the spatial rain day 

distribution was compared to the runoff simulated with only one number of rain days. 

3.5 SCENARIO ANALYSIS 

Scenario analysis involves assessing the relative impacts of various input changes 

on the model output, i.e., runoff and sediment. Three scenarios were examined. The first 

scenario involved simulating Hanalei watershed with the C-CAP land cover data and the 

calibrated input coefficients. Runoff and sediment outputs were compared to those 

simulated with the USGS land cover data to evaluate the effects of land cover 

representation on model performance. The second scenario aimed to quantify the effects 

of feral pig activity on soil erosion by simulating sediment load in Hanalei, using the 

AnnAGNPS model, without feral pig disturbances. Sub-C factors for the land covers 

with pig disturbance were replaced with coefficients that reflect the original cover 
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conditions (i.e. no pig activity). Finally. the third scenario was a land cover change of the 

developed areas (high and low intensity developed) in Halawa watershed to shrub land. 

This was to illustrate the effects of urbanization on water quality. A comparison of the 

outputs from initial conditions and those from the land cover change provided a 

quantitative approximation of the direction and magnitude of the impacts to water 

quality. 
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CHAPTER 4. RESULTS AND DISCUSSION 

4.1 AVAILABLE DATA 

4.1.1 Precipitation andfluw 

Available water related data was examined for each watershed, including rain 

days, precipitation, streamflow, baseflow, and runoff (Table 11). Precipitation in Hanalei 

watershed was characterized by bigh intensity frequent rainfall events (Figure 13). 

During the 2-year simulation period (2004-05), rain fell 80% of the time at the outlet and 

87% at Mt. Wai'ale'ale. Precipitation ranged from 3,000 mm at the outlet to 10,000 mm 

at the upper watershed. Halawa was a relatively drier watershed with rain occurring only 

30% of the time at the outlet and 78% at the Koolau Mountain Range throughout the 

simulation period (1998-99). Figure 14 illustrates that precipitation ranged from 630 mm 

at the outlet to 2,833 mm at the upper parts of the watershed. 

Table 11. Analysis of water parameters in Hanalei and Halawa watersheds for their 
respective simulation periods. 

Hanalei Halawa 
Calibration Validation Calibration Validation 

Rain days (number of days) 

Watershed outlet 309 273 94 124 

Mountains 324 314 267 286 
Precipitation (mm) 

Watershed outlet 4,133 3,298 630 960 

Mountains 10,550 8,733 2,370 2,833 

Total Streamflow (106xm3) 260 220 1.6 3.4 
Average Streamflow (103xm3) 700 500 4 9 
Baseflow (106xm3) 143 109 0.5 0.6 
Runoff(mm) 2,365 1,843 102 263 

53 



300~-----------------------------------------------' 
-- Precipitation (Mt. Waialeale) 

E 
E 
~ 200 
" .S! -!! 
'is. 100 

'" e 
~ 

8 

6 

-- Precipitation (Hanalei) 

: ~ ","",.m." 
o ~------~------~------~------~r-------~------~ 

Jan-04 May Sep Jan-OS May Sep 

Simulation Period (2004-05) 

Figure 13. Measured daily precipitation and streamflow in Hanalei watershed. 
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Figure 14. Measured daily precipitation and streamflow in Halawa watershed. 
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Figures 15 and 16 illustrate the results of the hydrograph separation of total 

streamflow for Hanalei and Halawa, respectively. Average daily streamflow was 6xl05 

m3 d-I in Hanalei and 4xl03 m3 d-I in Halawa. Overland flow accounted for 

approximately 45-50% of total streamflow in Hanalei. In Halawa, overland flow varied 

from 69% to 82% of streamflow. Based on this analysis, the Halawa River resembles a 

seasonal stream. 

10 .--------------------------------------------------, 
-- Streamflow -- Baseflow 

O ~~~~~~~~~~~~~~~~~~ 
Jan04 Apr04 JulO4 Oct04 Jan05 Apr05 JulO5 Oct05 

Simulation Period (Jan 04 - Dec 05) 

Figure 15. Hydrograph separation of total streamflow from base flow for 2004-05 taken 
at USGS stream gauge (# 161 03000) in Hanalei watershed. 
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Figure 16. Hydrograph separation of total streamflow and from baseflow for 1998-99 
taken at USGS stream gauge (#16226200) in Halawa watershed. 
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4.1.2 Sediment load 

Annual sediment load in Hanalei was dominated by discharges for 6 days with 

over 3,000 tons (Figure 17). The National Weather Service (NWS) recorded occurrence 

of land slides for two of the days in which daily accumulated sediment discharge was 

over 5,000 tons (Table 12) (NOAA, 200Sb). Total sediment load in 2005 (31,703 tons) 

was double the amount in 2004 (15,747 tons) due to the extreme sediment discharge 

events occurred in 2005. 

In HaIawa, two days had accumulated sediment discharge of over the rate of 100 

tons d·t (Figure 18). However. NWS did not record any occurrences ofland slides during 

those days. Total sediment load was 185 tons during 1998 and 523 tons during the first 

nine months of 1999. Majority of the annual sediment load occurred during the winter 

and the faIl months. The larger sediment load in 1999 could be attributed to higher 

rainfall events. 

Table 12. Days with high daily accumulated sediment discharge in Hanalei watershed for 
2004-2005 (NOAA, 200Sb). 

Day Sediment discharge (tons/d) 
Hanalei 

10-27-2004 3,310 

01-01-2005 4,940 
*02-02-2005 8,020 

*09-14-2005 5,290 

10-01-2005 3,100 

10-02-2005 3,720 
HaIawa 

01-07-1999 156 
04-04-1999 131 

• NWS recorded occurrences ofland slides. 
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Figure 17. Daily runoff and sediment discharge recorded at the USGS stream gauge 
(# 161 03000) in Hanalei watershed. 
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Figure 18. Dai ly runoff and sediment discharge recorded at the USGS stream gauge 
(# 16226200) in Halawa watershed. 
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4.2 CALIBRATION AND VALIDATION 

4.2.1 Surface runoff 

Initial simulation results (AnnAGNPS and N-SPECT) using the lower bounds of 

eN values underestimated annual runoff volumes for both watersheds due to low CN 

values. Curve numbers were increased by 20%, 9%, 4% and 3% for HSG A, B, C and D, 

respectively, to reflect higher antecedent soil moisture and average land cover conditions. 

The final calibrated values for Hanalei and Halawa are listed in Appendices 11 and 12, 

respectively, and the spatial distnbution of these eN values are illustrated in Appendix 

13. Both study areas were represented with similar eN values for shrub and forested land 

covers. 

Once the approximate eN values were established, the range of fa values used in 

N-SPECT to define the frequency of rainfall were computed. Initial abstraction was set 

at a higher limit to prevent selection of unrealistically high values of eN. The number of 

rain events in a year was approximately 20 events for both study areas. Precipitation was 

higher in Hanalei Valley than in Halawa Valley. At only 20 rainfall events per year, 

Hanalei had more intense rainfall, generating larger amounts of runoff with each rainfall 

event as illustrated in Figure 17. 

Daily runoff depths were simulated satisfactorily with AnnAGNPS. Figure 19 

compares the measured and predicted daily runoff depths in Hanalei and shows an R2 of 

0.69 for calibration and 0.57 for validation. The slopes of both regression lines relative to 

the 1: 1 line indicate that the model tends to underestimate large runoff events while the 

opposite was observed for small runoff events. A possible explanation for this 

observation is the limited ability of the model to capture the random variations of weather 
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and rainfall patterns in the model's deterministic framework (Nearing, 1998). The 

discrepancies between measured and predicted runoff amounts resulting from this effect 

are most pronounced on the daily basis. 
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Figure 19. Regression analysis of observed and predicted (AnnAGNPS) daily runoff in 
Hanalei. 

Correlations between measured and predicted daily runoff in Halawa for 

calibration (R2 = 0.50) and validation (R2 = 0.42) were slightly lower than those fo r 

Hanalei. This could be attributed to the minor generalization of the land use in Halawa 

watershed caused by using a coarser resolution C-CAP land cover dataset. The slopes of 

both regression lines in relation to the 1: 1 line indicate that the model tends to 

overestimate small runoff events, even though a few large runoff events were 

underpredicted by the model. 
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Figure 20. Regression analysis of observed and predicted (AnnAGNPS) daily runoff in 
Halawa. 

Monthly runoff amounts predicted by AnnAGNPS were also examined. 

Summaries of the measured and predicted monthly runoff volumes are listed in 

Appendices 14 and 15 for Hanalei and Halawa, respectively. Monthly runoff predicted 

by the model compared relatively well with the measured data (Figure 21). Correlation 

coefficients for calibration and validation of runoff in Hanalei were 0.95 and 0.93, 

respectively. The model overestimated runoff in the summer months (May - August) in 

whicb monthly totals were over 60% of observed values. Even though rain fall amounts 

in Hanalei during the summer months were not particularly low, streamflow rates were 

significantly less than those in the winter months. Given this evidence, the plausible 

explanation for the overestimation of runoff amounts in the summer months is the 

inadequacy of using the SCS eN method to reproduce actual antecedent soil moisrure 
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conditions following individual storm rainfall events (Yuen et aI. , 2001; Smith, 1978; 

Hawkins, 1978). 

Correlation coefficients between measured and predicted monthly runoff in 

Halawa for calibration and validation were 0.45 and 0.91 , respectively. The low R2 in 

runoff calibration could be explained by the large overprediction of runoff volumes 

observed in January of 1998 (Figure 21) in which predicted runoff depth (60 mm) was 

four times that of the measured value (15 mm). AnnAGNPS mainly overpredicted 

monthly runoff amounts in January of 1998 and 1999, and May of 1999. As illustrated in 

Figure 14, these three months were preceded by high and frequent rainfall events. The 

scs eN method may have overestimated the soil moisture content during these months, 

generating runoff amounts larger than the actual amounts. 
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Figure 21. Comparison of observed and predicted (AnnAGNPS) monthly runoff amounts 
in Hanalei and Halawa. 

61 



Annual runoff volumes predicted by the models compared favorably with the 

measured data. Table 13 has a summary of the annual runoff calibration and validation 

results in Hanalei and Halawa. In general, simulated annual runoff volumes were within 

± 10% relative error during calibration and validation. The larger differences between 

the observed and predicted runoff (RE values of 5 to 10%) were mainly associated with 

the N-SPECT calibration results for both study areas. This may be attributed to the 

model's inability to account for antecedent soil moisture due to variable CN values based 

on soil conditions. 

Table 13. Observed and predicted annual runoff (rom), and corresponding RE for 
Hanalei and Halawa watersheds. 

Hanalei watershed Halawa watershed 
Observed Predicted RE(%) Observed Predicted RE(%) 

AnnAGNPS 
Calibration 2,365 2,343 - 1 102 97 -5 

Validation 1,843 1,914 4 263 262 <1 

N-SPECT 
Calibration 2,365 2,284 3 102 112 10 
Validation 1,843 1,864 -1 263 277 5 

Figures 22 and 23 show a comparison of the spatial distnbutions of annual runoff 

amounts predicted by AnnAGNPS and N-SPECT, respectively. AnnAGNPS produced a 

detailed representation of annual runoff depths that clearly highlights the critical areas in 

the watershed, where runoff amounts were higher than the average. Since the model 

operates on a daily time-step in which the input parameters (i.e. CN) were adjusted based 

on daily rainfall and soil moisture, each sub-watershed cell contained the cumulative 

daily runoff amounts for that area. In contrast, N-SPECT produced a generalized view of 

runoff amounts in which the critical areas could not be easily distinguished. Given that 
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the model operates on an annual time-step, runoff estimation is based entirely on fixed 

annual precipitation amounts and eN values. Overall, the spati al variation in runoff 

predicted by both models closely resembled that of precipitation (Appendix 3) in which 

annual runoff increased with elevation. 

Significant sources of runoff in Hanalei were the soil types classified as rough 

mountainous land and rock outcrop as shown in Figure 24. These soils dominate 

elevations above 700 m where the steeper slopes of the watershed are located. In 

Halawa, a majority of the runoff came from the Kaena soils and rough mountainous land 

at elevations below 300 m (Figure 25). 

A) 

Runoff Depth (mm y-1) 
AnnAGNPS output 

640 -1 ,212 
. ,.2,3 -1.631 
. 1.638- 2,196 
. 2.191 - 3.064 
. 3.065 - 5,479 

B) 

N 

Runoff Depth (mm V·l) 
AnnAGNPS output 

39 - 196 
. , 91 -34, 
. 342 - 479 
. 460 - 669 
• 690 - 1.147 

Figure 22. Average annual runoff amounts predicted by AnnAGNPS for A) Hanalei and 
B) Halawa. 
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A) 

• Runoff Depth (mm Y-1) 
N·SPECT output 

37·1 .334 
. , .335 · , .9.3 
• 1.984 . 2.687 
. 2,688 . 3,846 
. 3.647·7.227 

B) 

Runoff Depth (mm y-1) 

N.sPECT output 
0- 198 

• '.9 · 385 
. 388·632 
. 633 · 1,016 
. ' ,017 -1 ,579 

Figure 23 . Average annual runoff amounts predicted by N-SPECT for A) Hanalei and B) 
HaJawa. 

Figure 24. Predicted runoffvoJumes associated with the dominant soil types in Hanalei. 
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Figure 25. Predicted runoff volumes associated with the dominant soil types in Halawa. 

4.2.2 Sediment yield 

AnnAGNPS simulations of sediment load in Hanalei watershed were conducted 

with the inclusion of the feral pig disturbance estimates from Berg and Rosner (2006). 

Surface residue cover coefficients were decreased as previously proposed to reflect the 

three levels of pig damage: high, light, and trace pig disturbance. The model greatly 

overestimated sediment load because of the extent of feral pig activities on Hanalei. 

Subsequently, levels of pig disturbance were reduced by increasing residue cover 

coefficients. Appendix II lists the calibrated sub-C factors for Hanalei watershed that 

reflect the pig damage. 

As shown in Figure 26, measured and predicted daily sediment loads were not 

highly correlated with R2 values less than 0.40 for calibration and validation. The slopes 
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of the regressIOn lines indicate that the model generally overpredicted small 

sedimentation events (above the I: I line) and underpredicted larger sedimentation (below 

the 1: 1 line). Mostaghimi et al. (1997) reached a similar conclusion for their study in a 

Virginian watershed. Regression analysis was conducted separately for large and small 

observed sedimentation events. Examination of individual storm events revealed the 

model overpredicted sediment load for small storms with R2 less than 0.10. The 

correlation between observed and predicted sediment load for larger events was slightly 

better with R2 of 0.30. 
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Figure 26. Regression analysis of observed and predicted (AnnAGNPS) daily sediment 
load in Hanalei. 

The tendency of AnnAGNPS to overestimate observed small sedimentation 

events and underestimate large events is possibly attributed to the limitations of RUSLE. 

The applicability of RUSLE is questionable in extreme topographic and climatic 
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conditions such as those that exist in tropical environments (Fares, 2oo7a). The steep 

slopes that dominate the landscapes of the Hawai'i islands render the watersheds 

susceptible to land slides, collapse of stream banks, and other mass wasting events that 

are associated with significant rainstorms (Calhoun and Fletcher, 1999). One of the 

major limitations of the RUSLE is its inability to account for soil loss from gully erosion 

and mass wasting events (i.e. land slides). The equation only estimates soil loss from 

sheet and rill erosion. Due to this limitation, AnnAGNPS greatly underpredicted 

sediment loads for large sedimentation events in Hanalei that may have resulted from 

gully erosion or other mass wasting occurrences. Another limitation of RUSLE lies in 

the accuracy of erosion predictions for steep-sloped areas. RUSLE is most suited for 

predicting erosion amounts in areas with up to 30% slopes. Since a majority of Hanalei 

has slopes well above 30%, using RUSLE to predict soil loss at hillslopes may generate 

errors in model estimates. A third limitation of RUSLE is in the estimation of the event 

erosivity index (14), which is one of the parameters used to calculate the R factor. The 

issue with the 14 value is two-fold. First of all, 14 is dependent on the kinetic energy of a 

rainfal1 event (Es) and the maximum 30-min rainfall intensity (130). The EJ30 value used 

in AnnAGNPS was the average for the island ofKaua'i. Since the temporal variation of 

precipitation in Hanalei is relatively high, the EJ30 value used in AnnAGNPS simulations 

may be underestimated for Hanalei conditions. Second, Kinnell (2003) demonstrated that 

the exclusion of runoff volumes in estimating R", as with RUSLE, was responsible for the 

overprediction of small observed erosion losses. Lastly, the RUSLE and its parameters 

are designed to estimate average annual soil loss. For this reason, individual events may 

not compare favorably with long-term averages (Shrestha et ai., 2006). 
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Comparison between measured and predicted monthly sediment totals is 

presented in Figure 27. AnnAGNPS greatly underestimated sediment load in October of 

2004, and January, February, September, and October of2005 by 60%, 64%, 87%, 28%, 

and 47%, respectively. It appears that the observed sediment loads for those months were 

mainly dominated by extreme sedimentation events outlined in Table 12. The sum of the 

total sediment contribution in 2005 from these extreme events was 25,070 tons, which 

represents 79% of the total annual sediment load. The large under-prediction of monthly 

sediment load is attributed to the model 's inability to simulate landslides and other mass 

wasting events as previously stated. This produced a poor correlation (R2 
= 0.44) 

between observed and predicted monthly sediment amounts. 
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Figure 27. Comparison of monthly observed and predicted (AnnAGNPS) sediment load 
in Hanalei and Halawa. 
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Predicted annual sediment load in Hanalei was 98% of the observed value during 

calibration. However, the model underestimated annual sediment load in the validation 

period by 40% (Table 14). The large relative error observed during validation could be 

explained by the extreme sedimentation events in 2005 that dominated the sediment load 

for that year. As previously mentioned, these sedimentation events may have resulted 

from gully erosion or other mass wasting occurrences that RUSLE failed to simulate. 

Table 14. Observed and simulated (AnnAGNPS) annual sediment load (tons) for Hanalei 
and Halawa. 

Hanalei watershed Ha1awa watershed 
Observed Predicted RE(%) Observed Predicted RE(%) 

Calibration 15,747 15,423 2 185 198 7 
Validation 31,703 19,213 -40 523 484 -7 

The spatial variation in predicted average annual sediment load indicated that 

50% of the watershed contributed very little to the total amount with sediment load rates 

of 0 to 1 t ha"1 y"1 (Appendix 16). A significant source of sediment originated ftom4% of 

Hanalei that had sediment load rates in excess of 10 t ha"1 y"l. These critical areas 

contributed 22% of the total annual sediment load. The soil type with the highest 

sediment load rates was rough mountainous land (Figure 28). Since this soil type is 

found at locations with feral pig disturbance, and high simulated rainfall and runoff 

amounts, the sediment load rates were reasonably larger than those in the remainder of 

the watershed. 
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Figure 28. Predicted (AnnAGNPS) sediment load plotted for the dominant soil types in 
Hanalei . 

The calibrated sub-C factors for each land cover in Halawa watershed are 

presented in Appendix 12. The coefficients for shrub lands and forest lands are very 

similar to those in Hanalei watershed. The sub-C factors for high and low intensity 

developed areas in Halawa were decreased to characterize the higher runoff potential of 

the land cover type. 

Comparison between measured and predicted daily sediment loads is presented in 

Figure 29. Measured and predicted daily sediment loads exhibited a relatively high 

correlation (R2 
= 0.80) during calibration, which dropped to 0.41 during validation. The 

low correlation observed during validation could be explained by the inability of RUSLE 

to simulate soil loss from a possible land slide occurring on April 4, 1999 when measured 

sediment load was 131 tons compared with low model prediction (2 tons) . In the case of 

Hanalei, the model generally underpredicted sediment amounts, especially for larger 
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sedimentation events. This may be attributed to the various limitations of RUSLE as 

previously stated. The E values for Hanalei and Halawa were 0.34 and 0.36, 

respectively, which suggest the AnnAGNPS model is not suitable for dai ly sediment load 

estimates. 
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Figure 29. Regression analysis of observed and predicted (AnnAGNPS) daily sediment 
load in Halawa. 

Predicted monthly sediment loads compared well with measured data for all 

months except for April of 1999 when AnnAGNPS underpredicted sediment load by 50% 

(Figure 27). The correlation between predicted and measured monthly sediment totals in 

Halawa (R2 = 0.80) was significantly higher than that for Hanalei (R2 = 0.41). This is 

because Halawa generally had less intense rainfall that produced smaller sedimentation 

events with only a few large events. Halawa watershed also bas lower average slopes 

that are less likely to contribute to gully erosion and other mass wasting events as 

71 



compared to the steep slopes in Hanalei. Due to these differences in watershed 

characteristics, the limitations of RUSLE are less evident in Halawa than in Hanalei. 

AnnAGNPS overpredicted annual sediment loads by 7% during calibration and 

underpredicted sediment by 7% during validation. The spatial variation of sediment 

loads (Appendix \6) indicates that over 90% of the watershed had sediment load rates 

less than 5 t ha-! l. Compared to Hanalei, sedimentation is insignificant in Halawa 

watershed. 
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Figure 30. Predicted (AnnAGNPS) sediment load plotted for the soil types in Halawa. 

4.2.3 N-SPECT sediment delivery ratio 

N-SPECT produced unrealistically high annual sediment loads for Hanalei and 

Halawa using the default values of C factors. Predicted sediment load was 23 times 

higher than the actual amount in Hanalei and 316 times higher than the actual amount in 
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Halawa. Adjustments of the C factors did not greatly improve prediction accuracy. 

These large differences were caused by high SDR calculations. Delivery ratios were as 

high as 38 for Hanalei and 18 for Halawa (Figure 31). Values of SDR above 1 means that 

there are more sediment delivered fTom the watershed then actually produced by soi l 

eroSIon. 

A) 

N 

A 
Hanalei SDR 

38 

o 

8) 

Halawa SDR 
18 

o 

Figure 31 . Sediment delivery ratios in A) Hanalei and 8) Halawa. 

The SDR prediction equation was applied at the grid scale in N-SPECT. 

Sensitivity analysis was conducted on the SDR parameters to determine the range of 

relief-length ratios (2L) and CN values that generate delivery ratios less than one. Values 

of 2L and CN were varied while the drainage area was fixed at the grid cell area of 100 

m2
• Results of the sensitivity analysis are presented in Figure 32. The first analysis 

involved varying 2L values at a fixed CN of 60, which was the weighted average CN for 
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both study areas. While the ZL values must be less than 150 ill km·\ (15% slope) in order 

to have an SDR below I, the average ZL values found in Hanalei was 625 m km· \ and in 

Halawa was 652 m km·\ (65% slope) During a second analysis, we varied CN values but 

we fixed ZL value at 640 m km·\ (64% slope). Values ofCNmust be less than 55 to have 

a SDR value below 1. Since much of both study areas had ZL and CN values above the 

limit, majority of the calculated SDR values were greater than I, resulting in this 

unrealistically large sediment load. 
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Figure 32. Sensitivity analysis of the SDR prediction equation to ZL and CN at a fixed 
grid cell area. 

The SDR prediction equation incorporated in N-SPECT was based on data from 

Little Elm Creek basin near Aubrey, Texas (Williams, 1977). The study examined a 

sediment-runoff model used to predict average daily, monthly and annual sediment load 

from basins with areas up to 40 km2
• The drainage basin (194 km2

) was divided into 35 
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sub-basins. where the delivery ratios for each sub-basin were calculated as the ratio of the 

long-tenn average annual sediment load to sheet and rill erosion. These delivery ratios 

were then used to derive the SDR prediction equation (Eq. 10). The equation explained 

93% of the variations in delivery ratios for Little Elm Creek basin. The SDR prediction 

equation was validated with 15 other Texas basins and it explained 80% of the variations 

in average annual sediment load. 

Given the uncertainty of applying the SDR equation on a grid basis, it was also 

applied at the basin scale. Hanalei and Halawa watersheds were divided into three sub

basins (Figure 33). Parameters of the SDR prediction equation (DA, ZL, and average eN) 

were estimated for each sub-basin (Table 15). Sediment yield for each sub-basin was the 

product of soil loss detennined from RUSLE and the SDR values. Delivery ratios 

calculated on a basin scale were much lower than those calculated on a grid basis and 

they were less than 1. This change in SDR values was attributed to the smaller ZL values 

calculated at the basin scale as compared to those calculated at the grid scale. The 

reduction in SDR values decreased the predicted annual sediment amount by 90% relative 

to the sediment amounts estimated without watershed sub-division. Predicted sediment 

load was only 3 times larger than the actual amount in Hanalei and 35 times larger than 

the actual amount in Halawa. 
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Figure 33. Sub-basins of A) Hanalei watershed and B) Halawa watershed. 

Table 15. Input parameters, delivery ratios, and sediment output for each sub-basin in A) 
Hanalei watershed and B) Halawa watershed. 

Sediment (ton) 

Basin DA ZL eN SDR Erosion Load Load (grid based) 

A) I 30 133 60 0.27 73,429 20,177 

2 6 268 60 0.42 34,750 14,453 

3 12 198 60 0.35 49,655 17,254 

Total 157,833 51 ,884 393,275 

B) 1 1.4 236 50 0.17 7,639 1,300 

2 2.5 187 50 0.15 11,211 1,656 

3 6.4 100 55 0.18 22,696 4,080 

Total 41,546 7,036 64,378 

Analyses of the erosion component of -SPECT substantiate the inapplicability 

of the SDR prediction equation on steep-slope tropical watersheds. Predicted sediment 

loads using parameters estimated at the basin scale were still high compared to the actual 
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amount because the ZL values were larger than those used to formulate the SDR 

prediction equation. Williams (1977) derived the SDR equation from Texas sub-basins 

with 3% average slopes and ZL values less than 16 m km-I. Thus, this equation bas never 

been tested in steep-sloped areas. These results strongly suggest that an alternative SDR 

prediction equation should be used if N-SPECT is implemented in steep Hawai'i 

watersheds. 

4.3 SENSITIVITY ANALYSIS 

4.3.1 Cell size 

AnnAGNPS assigns the dominant physical and hydrologic characteristics to each 

ceIl of the simulated watershed during delineation. When ceIls become larger as 

specified by the CSA value, fewer celIs are used to represent a watershed. Precision and 

accuracy of watershed characteristics assigned to each ceIl is dependent on the resolution 

of the input parameters. A highly dissected watershed is preferred for input parameters 

of finer resolution to avoid overgeneralization of watershed characteristics. On the other 

hand, a complicated cell network may not make a difference for input parameters of 

lower resolution. 

The effect of cell size on AnnAGNPS-predicted runoff and sediment was 

examined for Hanalei and Halawa The predicted outputs (runoff and sediment) were 

converted into ratios relative to those simulated during validation period with the 

optimum values of CSA. Output ratios were plotted against the cell ratio, defined as the 

ratio of the number of subwatershed cells delineated with various CSA values to that 
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delineated with the optimum. The optimum CSA value for Hanalei was 8 ha that 

generated 524 subwatershed cells, and for Halawa was 2 ha that generated 416 cells. 

Appendices 17 and 18 illustrate the cell network of Hanalei and Halawa, respectively, 

delineated from different CSA values. 

Results of the sensitivity analysis are presented in Figures 34 and 35 for Hanalei 

and Halawa watershed, respectively. Sensitivity of the runoff component was similar for 

both study areas in which the Sr values were -0.07 and -0.10 for Hanalei and Halawa, 

respectively. The common trend was that runoff increased as the cell size increased. On 

the other hand, the sediment component of AnnAGNPS was not sensitive to changes in 

cell size for both study areas, for which the Sr value was approximately 0.03. 
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Figure 34. Effect of cell size on predicted (AnnAGNPS) runoff and sediment load in 
Hanalei. 

78 



1.20 
__ Surface nmoff 

1.\5 • SedinlOnt load 

.5< 
1.\0 -" :.: 

:; 1.05 
Q. 

:; 
0 

1.00 .... 
0.95 • 

0.90 

1.0 0.6 0.4 0.2 

Cell Ratio (Based on 416 cells) 

Figure 35. Effect of cell size on predicted (AnnAGNPS) runoff and sediment load in 
Halawa. 

Two principle input parameters that significantly influence the hydrology of an 

area are land cover and soil type. Predicted outputs deviated from those simulated with 

the optimum values of CSA used during validation because of changing land cover and 

soil type representation throughout the study areas . Comparison of the land cover and 

soil distribution between watersheds delineated with various CSA values are presented in 

Appendices 19 to 22. Generally, the nwnber of land covers and soil types decreased with 

cell numbers, except for Halawa in which the number of land covers remained constant 

for all CSA values. This was attributed to the low resolution (30-m) of the C-CAP land 

cover dataset in Halawa where as the USGS land cover dataset in Hanalei was of a 2.5-m 

resolution. The di !Terence between annual runoff volwnes estimated with CSA value of 

6 ha and 8 ha in Hanalei was insignificant (1 %). Sediment yield in Hanalei estimated 
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with CSA value of 16 ha and 24 ha differed by only 1 % because land cover and soil type 

distributions were similar. At CSA value of 6 ha, 2 additional land covers (Albizia and 

Strawberry guava) and one soil type (Hanalei silty clay) were identified in the Hanalei 

watershed because the cell size was smaller. Both land covers of Albizia and Strawberry 

guava were identified as having high pig disturbance with an estimated surface residue 

cover coefficient of 79 and 23, respectively. Thus, their sediment contribution could 

explain the 4% overestimate of annual sediment load relative to the calibrated sediment 

output. In contrast, sediment load predictions decreased slightly with cell size in Halawa. 

At the largest CSA value examined for Halawa, two soil types, the Kaena and Manana 

soil series were not identified in the watershed. These soils have no significant effect on 

sediment since their erosion hazard is mjnjmaL 

4.3.2 Cover mamzgement factors 

Sensitivity analysis was conducted with respect to four sub-C factors used in 

AnnAGNPS to detennine soil loss: annual root mass, canopy cover ratio, annual rainfall 

height, and surface residue cover. Response of the model to the variation of the input 

parameters was similar for both study areas. Among the evaluated parameters, surface 

cover residue and canopy cover ratio had the greatest effect on sediment load in which Sr 

values were -2.5 and -1.4, respectively. For instance, a 40% decrease in ground residue 

cover contributes to nearly a five-fold increase in sediment load. Similar results were 

reported by Fares (2007a). This observation is of particular concern due to the problem 

of invasive species that continues to threaten the Hawai'i ecosystem. Forest litter 

decreases the erosivity of an area by improving infiltration and reducing the raindrop 

impact. The lack of forest litter, which is often seen in feral pig disturbed areas and areas 
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where mvaslve plants have replaced native vegetation, presents an increased erosion 

threat. The Sr values for armual root mass and rain fall height were -0.9 and -0.5, 

respectively. Similar results were reported in Fares (2007a). 
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Figure 36. Sensitivity of AnnAGNPS to the change in selected input parameters. 

4.3.3 Rain days 

This study examined the response of N-SPECT to two important input 

parameters: the number of rain days and the spatial distribution of rain days throughout 

the watershed. Model sensitivity to the former component varied between the study 

areas. The trend observed in Hanalei and Halawa was that runoff estimates decreased 

with increasing rain days (Figure 37). However, the model's sensitivity to rain days was 

higher in Halawa (Sr = -1.7) than in Hanalei (Sr = -0.7). When the number of rain days 

was decreased by 30%, runoff increased almost two-fold in Halawa whereas in Hanalei, 
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runoff increased by only 25%. A possible explanation for this difference lies in the 

different land covers existing in the study areas. Land cover in Hanalei is dominated by 

shrub and forest lands. The calibrated curve numbers for those two land covers are 

similar, producing similar 1" values. On the other hand, 5% of Halawa watershed is a 

combination of urbanized areas, grassland, and bare land all of which have much higher 

CN values. These areas are likely to increase runoff by a larger proportion than those 

with heavy vegetation where CN values are lower. 
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Figure 37. Sensitivity ofN-SPEeT to changes in number of rain days. 

The effect of the spatial distribution of rain days on predicted runoff in Hanalei 

and Halawa was insignificant. There was only 1 % difference between runoff estimated 

with the spatially distributed rain days and that estimated with the weighted rain day 

average. Even though a spatial map of rain days was not a necessary input parameter, 

spatially distributing rain days was crucial in determining the weighted rain day average. 

Since the model is highly sensitive to the actual number of rain days, the task of 
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determining a number of rain days that is representative of the entire watershed becomes 

imperative. 

4.4 SCENARJO ANALYSIS 

4.4.1 Scenario 1: Land cover representation 

The first scenario involved simulating Hanalei watershed with the coarser 

resolution C-CAP land cover dataset. This analysis evaluated the effects of using a more 

general representation of land use and land cover on the performances of AnnAGNPS 

and N-SPECT. Runoff and sediment load predicted with the C-CAP land cover dataset 

were compared to those predicted with the USGS land cover dataset. Both models 

predicted comparable runoff amounts for calibration period, with less than 2% difference 

relative to the runoff amounts predicted with the USGS land cover dataset (Figure 38). 

USGS Land Cover AnnAGNPS N-SPECT 

Hydrologic Model and Land Cover Map 

Figure 38. Comparison of runoff and sediment load predicted with C-CAP land cover in 
Hanalei to the measured values. 
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Changing to a coarser resolution land cover dataset did not affect simulated runoff 

amounts because both the USGS and C-CAP land covers were represented by similar CN 

values that govem the runoff simu1ation. The USGS land cover dataset contains different 

types of native and alien plant species. Since unique CN values were not available for 

each of the plant species identified on the dataset, CN values were assigned based on the 

type of vegetation of these plants which were either shrub or forest. The C-CAP land 

cover classification scheme is also generalized by vegetation type (shrub or forest) and 

the land covers were assigned similar CN values. As a result, runoff volumes predicted 

with the two land cover datasets were very similar. The slight difference (2%) between 

runoff amounts predicted using the C-CAP and USGS land cover datasets is attributed to 

the differences in the overall shrub and forest coverage in Hanalei as represented by the 

datasets. 

In contrast, changing to the C-CAP land cover dataset significantly influenced the 

predicted sediment load. AnnAGNPS over-predicted actual sediment load by 73%. This 

large difference may be explained by differences in the sub-C factors characterizing the 

USGS and C-CAP land covers. The sub-C factors for the USGS land covers were local 

average values estimated on the field; thus, they are specific to the different plant species 

identified in the dataset. However, the sub-C factors for the C-CAP land covers were 

national estimates of the cover conditions for shrub and forest lands. Consequently, 

cover management characteristics of each land cover were not specific and imprecise. 

Overall, the sub-C factors for the C-CAP land cover dataset were overestimated and had 

to be decreased within the limits to produce sediment load comparable to the measured 

value. 
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Even though the USGS land cover dataset did not affect the model's runoff 

predictions, it greatly improved the sediment load predictions. The calibrated input 

parameters, CN values and sub-C factors, appear to have been more representative of the 

current land cover conditions in Hanalei than those calibrated with the C-CAP land cover 

dataset. This observation raises concerns in data-deficient situations when only datasets 

of lesser precision (coarse resolution) are available. Under all circumstances, the 

calibrated input parameter should be regarded as average values representing the area and 

the actual values would deviate around these average values. 

4.4.2 Scenario 2: Effect offeral pig activity in Hanalei 

The second scenario was using AnnAGNPS to simulate sediment load in Hanalei 

without feral pig disturbance in an attempt to quantify the effect of feral pig activity on 

soil erosion. This analysis was conducted with input data from the calibration year 

(2004) due to the low relative error between predicted and measured sediment loads. 

Surface residue cover coefficients for the land covers with pig disturbance were increased 

to reflect the original cover conditions (i.e. no pig activity). Annual sediment load in 

Hanalei predicted without pig disturbance was compared to that predicted with pig 

disturbance. 

Results showed feral pigs may have contributed approximately 3,129 tons of 

sediment in 2004, which was 20% of the actual sediment load (15,747 tons). Comparison 

of the spatial variation in sediment load predicted with pig disturbance to that predicted 

excluding pig disturbance illustrates the potential critical areas where pig activity is most 

damaging to the soil cover (Figure 39). Best management practices should therefore be 
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focused on restoring these areas through pig population management I.e. fencing to 

effectively reduce soil erosion within the watershed. 
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Figure 39. Comparison of the spatial variation in sediment load predicted in Hanalei A) 
with pig disturbance and B) without pig disturbance. 

4.4.3 Scenario 3: Effect a/urbanization in Halawa 

The last scenario was to estimate the effect of urbanization on runoff and 

sedimentation in Halawa watershed. Simulations were conducted with the high and low 

intensity developed land covers modified to shrub lands. As a result of this modification, 

the CN values of the developed area for each hydrologic soi l group were decreased by as 

high as 36% to reflect the lower runoff potential of shrub land cover (Table 16). 
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Table 16. Summary of the runoff CN values for bigh intensity developed, low intensity 
developed, and shrub land covers. 

High intensity 

Low intensity 

A 
68 
61 

Developed 

B C 
79 86 
68 79 

D 
89 

84 

A 

30 

Sbrubland 

B C 

50 70 

D 

77 

Results of this analysis indicated that annual predicted runoff and sediment load 

decreased by 1 % and 4%, respectively. These are significant differences considering the 

developed areas occupied only 1 % of the AnnAGNPS-delineated watershed. The actual 

coverage of developed areas in Halawa as classified in the C-CAP land cover map was 

3.5% of the total area. Thus, the developed areas could potentially increase sediment 

load by up to 14%. 
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CHAPTER S. SUMMARY AND CONCLUSIONS 

This study examined the applicability of AnnAGNPS and N-SPECT to simulate 

hydrological and water quality processes in two tropical watersheds. Three important 

aspects of the models were evaluated: I) the ability of the models to predict surface 

runoff and sedimentation; 2) the sensitivity of the models to various input parameters; 

and 3) the effectiveness of the models to help evaluate different management decisions 

through scenario analysis. The study areas were two Hawai'i watersheds: Hanalei River 

Basin in Kaua'i and Halawa River Basin in O'ahu. 

5.1 MODEL PERFORMANCE 

5.1.1 AnnAGNPS 

Daily runoff depths were satisfactorily simulated with AnnAGNPS with R2 values 

of 0.69 and 0.42 for Hanalei and Halawa, respectively. The model mostly underpredicted 

large runoff events due to uncertainties in the spatial and temporal variation of rainfall. 

The lower correlation found in Halawa could be attributed to the minor genera1ization of 

the land use in the watershed caused by using a coarser resolution C-CAP land cover 

dataset. Even though monthly runoff totals were predicted with R2 of 0.93 in Hanalei and 

0.91 in Halawa, runoff was greatly overpredicted in several months of the year. A 

possible explanation for this overeatimation is the limitation of the SCS eN method in 

steep slope tropical conditions. Annual predicted runoff amounts compared favorably 

with the measured values with less than ± 5% relative error. The model produced a 
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detailed spatial distribution of the annual runoff amounts that clearly showed the possible 

critical area locations. 

AnnAGNPS was calibrated with the inclusion of feral pig damage effects on soil 

erosion in Hanalei. Information on feral pig activity in Halawa was not available. 

Measured and predicted daily sediment loads in Hanalei and Halawa were acceptable 

with R2 value of 0.42 and 0.80, respectively. The model generally overpredicted small 

sedimentation events while the larger ones were underpredicted. Sediment loads were 

greatly underpredicted in the months when observed sediment loads appeared to be 

mainly dominated by extreme sedimentation. These observations are most likely 

attributed to the limitations of RUSLE, including 1) the inability of RUSLE to account 

for soil loss from gully erosion and mass wasting events (i.e. land slides); 2) the 

questionable accuracy of erosion predictions for areas with slopes above 30%; and 3) the 

possible generalization of the event erosivity index by using an island average value of 

EJJo. Predicted annual sediment load in Hanalei compared well with measured data 

during calibration (2% relative error) but underpredicted actual values by 40% during 

validation. This was attributed to the model's inability to account for gully erosion and 

mass wasting events that may have contributed over 40% of actual sediment load in 

Hanalei during validation period. Predicted annual sediment loads in Halawa were 

within 7% of measured values. Overall, AnnAGNPS performed better in Halawa 

because Halawa generally had lower average slopes that are less likely to contribute to 

gully erosion and other mass wasting events as compared to the steep slopes in Hanalei. 

Due to these differences in watershed characteristics, the limitations of RUSLE are less 

evident in Halawa than in Hanalei. 
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Annual root mass, annual rainfall height, canopy cover ratio, and surface residue 

cover coefficients were the major input parameters used to compute soil erosion and 

sedimentation in AnnAGNPS. The latter two had the greatest effect on sediment load. 

Sedimentation in Hanalei was more intense in which 4% of the watershed contributed 

22% of the annual sediment load, whereas the same percentage of area in Halawa 

contributed only 8% of the annual sediment load. 

Based on these results, AnnAGNPS is suitable for monthly and annual 

estimations and comparative assessment of runoff and sediment loads. Poor accuracy is 

to be expected if the model is used for predicting daily outputs. Caution must be used 

when simulating sediment in areas prone to land slides and mass wasting. 

5.1.2 N-SPECT 

Annual runoff volumes predicted by N-SPECT were within 10% of the measured 

values. The slightly lower correlation could be explained by the inability of the model to 

adjust CN values due to changes in daily precipitation aud soil moisture content. Given 

that the model operates on an annual time-step, runoff estimation is based entirely on 

fixed annual precipitation amounts and CN values. Compared to AnnAGNPS, N-SPECT 

produced a more generalized view of runoff amounts in which the critical areas could not 

be easily distinguished. 

However, N-SPECT failed to produce realistic sediment output. Predicted 

sediment load was 25 times higher than the actual amount in Hanalei and 350 times 

higher than the actual amount in Halawa. A close examination revealed that the SDR 

predication equation was the cause for such unrealistic estimates. Delivery ratios in 

Hanalei were as high as 38 and those in Halawa were 18. The SDR equation was applied 
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at the grid and basin scale, and sediment loads predicted with the latter method were 90% 

lower than that estimated at the grid scale. Consequently, the SDR equation is not suited 

for steep-sloped watersheds such as those in Hawai'i. 

Table 17. Model performance snmmary of AnnAGNPS and N-SPECT. 

AnnAGNPS N-SPECT 
Calibration and Predicted acceptable daily runoff Predicted satisfactory annual runoff 
validation amounts (R2 - 0.6). Monthly and volumes (RE < 10%). Produced 

Sensitivity 
analysis 

Scenario 
analysis 

General 
comments 

annual runoff predictions were unrealistically large sediment loads 
highly correlated with measured due to SDR prediction equation. 
data (R2 - 0.9). Poor daily sediment 
load predictions probably due to 
occurrences of mass wasting events 
that RUSLE cannot simulate. 
Highly sensitive to surface residue 
cover. Not sensitive to cell size. 

Resolution of input datasets has 
significant effect on runoff and 
sediment predictions. Feral pigs 
could possibly increase annual 
sediment by 20%. 
Most suitable for annual and 
monthly prediction of runoff; 
comparative assessment of sediment 
loads especially in areas prone to 
mass wasting events. Data 
preparation was easy but time 
consuming. Model simulations were 
quick. Error messages were clear. 

Sensitive to number of rain days. 
Not sensitive to the rain day spatial 
distribution input 
Urbanization has a larger effect on 
sedimentation than runoff. 

Suitable for annual runoff 
predictions. Strongly suggest an 
alternative SDR equation to estimate 
sediment load in steep watersheds. 
GIS expertise required for data 
preparation. Model simulations 
were quick and easy to conduct 

The number of rain days was an important and influential input parameter used to 

estimate annual runoff in N-SPECT. These values signified the intensity and frequency 

of rainfall. Even though a spatial map of rain days was not a necessary input parameter, 

spatially distributing rain days throughout the watershed was crucial in determining the 

weighted rain day average. Since the model is highly sensitive to the actual number of 
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rain days, the task of determining a number ofrain days that is representative of the entire 

watershed becomes imperative. 

Based on these results, N-SPECT is applicable for annual and long-term 

estimations of runoff volumes in tropical watersheds. Even with the limited number of 

rain gauges in the study areas, the model nevertheless produced runoff predictions 

comparable to the observed values. The erosion component ofN-SPECT cannot be fully 

evaluated until an improved and validated SDR prediction equation is incorporated into 

the model. 

5.2 MODELING ISSUES 

A number of issues were raised regarding the adaptation of AnnAGNPS and N

SPECT to tropical conditions. First issue concerns the applicability of AnnAGNPS, an 

agricultura11y-based model, to steep and forested watersheds in Hawai'i, The second 

issue relates to the ability ofN-SPECT to capture in its simplistic framework the extreme 

rainfall variability existing in Hawai'i, These issues and recommendations are addressed 

in the following sections. 

5.2.1 Climate and precipitation 

AnnAGNPS requires several climatic parameters that include precipitation, 

maximum and minimum temperature. dew point temperature, and wind speed and 

direction. In the continental United States, records from the NWS climate stations are 

delivered with the model to generate synthetic climate data that include all the 

parameters. For this study, the climate stations in Lihue and Honolulu were used to 
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generate climate data for Hanalei and Halawa, respectively. The Lihue station is located 

in the leeward side, which is different from windward facing Hanalei Valley. Therefore, 

climate data may deviate from the true values of Hanalei. Since this is the only climate 

station in Kaua'i, records from the Lihue station are considered most representative of the 

climate in Hanalei. The climate station in Honolulu is located in the leeward side of the 

Koolau Mountain Range, which is the same orientation ofHalawa Valley. 

Another complication to the climate input is the spatial variation in precipitation 

throughout the watershed. The development of the isohyeta1 map for Hawai'i greatly 

facilitates the distribution process. However, location of the rain gauges may not lie at 

the exact position of the isohyetal line. If the position of the rain gauge relative to the 

isohyet is large, this difference is accumulated at the annual scale and it can lead to over-

or under-estimate of annual rainfall by as much as 100 mm at each isohyet. For this 

reason, linear interpolation of precipitation was conducted to accurately distribute rainfa11 

throughout the study areas. 

5.2.2 Rain day definition 

The SCS eN method is widely used in hydrologic models for runoff prediction. 

Since N-SPECT operates on an annual time-step, NOAA incorporated a number of rain 

days in the eN equation to account for temporal variation in rainfa11 annually. The rain 

day variable is originally defined as the number of days in a year with recorded rainfall. 

According to the revised equation (Eq. 5), N-SPECT accounts for initial abstraction at 

each rainy day. The SCS eN method is intended for predicting runoff from rainfa11 

events. Definition of the rain day variable was modified in this study to represent the 

rainfa11 events that produce runoff in a year. Daily rainfa11 was analyzed to determine the 
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number of days where precipitation exceeded 10 after which runoff occurs. Given that 10 

values vary by land cover, average eN values were computed for each study area to 

approximate values of 10 representative of the watersheds. Such amendment may not 

precisely account for antecedent soil moisture which can only be accomplished in event

based models, it does however integrate storm intensity and frequency in model 

predictions. 

5.2.3 Feral ungulate damage 

Feral pigs are most likely responsible for a majority of the soil erosion in Hanalei 

watershed. The feral pig mstrix developed by Berg and Rosner (2006) made possible 

considerstion of pig activity on soil erosion during calibration and validation of the 

AnnAGNPS model. This was accomplished by modifying the surface cover residue 

coefficients for the pig damaged areas. However, no study has been done in correlating 

pig activities to erosion coefficients. Therefore, the calibrated erosion coefficients from 

this study are somewhat arbitrary and subjective. 

The modeling of feral ungulate activity will require a better understanding of their 

distribution pattern and their damaging effects on soil cover. A systematic study is 

essential to quantify these effects in terms of erosion coefficients. Once a set of standard 

procedures and coefficients are specifically developed for feral ungulate disturbances, 

modeling can then be extended to watersheds in other Hawai'i islands where feral 

ungulate damage is of concern. 
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5.2.4 Runoff and erosion coefficients 

AnnAGNPS and N-SPECT use coefficients developed for the SCS eN method 

and RUSLE to calculate runoff and sediment load from sheet and rill erosion. These 

coefficients have been extensively developed by the USDA for agricultural lands. 

However, limited research exists on developing coefficients for shrub and forested land 

covers. In Hawai'i, research efforts have been focused on determining coefficients for 

cultivated lands such as pineapple and sugarcane fields. This is of particular concern in 

modeling heavily vegetated watersheds since accurate runoff and sediment predictions 

depend on input parameters unique to the area of interest. 

5.3 POllCY APPllCATIONS 

This study aims to evaluate the ability of the model to realistically represent the 

hydrologic processes occurring in tropical watersheds of complex nature. The results 

may provide policy makers and the general public with a multi-perspective assessment of 

the models that includes model simplicity, technical functionality, and prediction 

accuracy. These guidelines facilitate the selection of the appropriate model for different 

management purposes and for individuals with varied technical and hydrologic 

experience. 

5.3.1 Model simplicity 

Model simplicity refers to its accessibility and the user-friendliness. The three 

imponant factors to consider in a model when evaluating its ease of use are model 

availability, data requirements, and extent of documentation. AnnAGNPS and N-SPECT 
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are both public domain models and can be retrieved at no cost to the user. However, the 

models cannot be used until the appropriate GIS interface respective to each model is 

installed. AnnAGNPS can operate on the ArcView GIS interface whereas N-SPECT 

operates via its ArcGIS interface. 

Considering only the data requirements for runoff and sediment predictions, 

AnnAGNPS requires slightly more data because it simulates evapotranspiration, soil 

moisture, and subsurface flow, all of which are not simulated by N-SPECT. The 

additional data required by AnnAGNPS includes daily temperature, dew point 

temperature, wind speed and direction, and a number of physical and chemical properties 

of the soil types identified in the study area. In contrast to soil information which is 

abundant and easily accessible, climate data are less available especially in Hawai'i. 

Despite the additional data requirement, data preparation in AnnAGNPS is quite simple. 

Data preparation is conveniently condensed into a 12 step process that is accessed 

through the ArcView interface. Only one of the steps (step 1 - clipping DEM) requires 

the user to directly execute an ArcView command. Furthermore, the outputs of data 

preparation are organized into a set of text files rather than GIS datasets. Data within the 

text files can be easily modified for conducting various simulations. A brief summary of 

the data sources and supplementary information in the pxepxocessing of raw data are 

outlined in Appendices 23 and 24. respectively. 

N-SPECT has less data requirements because the model only simulates the 

common hydrologic processes. N-SPECT requires the basic data on topogrsphy, land 

cover, soil, and precipitation all of which are easily accessible. Currently, the R factor 

maps for Hawai'i are only available as scanned images without spatial reference 
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infonnation. To input a spatial distribution of R factors for model simulation instead of a 

single value to represent the study area, the user will need to digitize the appropriate R 

map. A brief summary of the general steps in preparing the input data for N-SPECT is 

outlined in Appendix 25. 

A set of documentation (i.e. technical guide, user's manual) accompanies each 

model, describing the data requirements and mathematical basis of the model. Even 

though N-SPECT is considered to be the simpler of the two models, its data preparation 

guide is not as comprehensive as that for AnnAGNPS. The tutorial supplied with both 

models is a great source of infonnation and reference for users. 

5.3.2 Technical functionality 

Technical functionality refers to the simulation options of the model and the 

amount of time spent on running a basic simulation with the model. Overall, 

AnnAGNPS has more simulation and output options than N-SPECT. N-SPECT only 

predicts annual or event-based surface runoff, sediment and pollutant (nitrogen, 

phosphorus, zinc, and lead) loads. Similar to AnnAGNPS, it allows for the assessment of 

local effects from hydrologic processes occurring within individual cells as well as the 

accumulated effects from upstream cells. One advantage of N-SPECT is its management 

scenario interface that facilitates the simulation of scenario analyses. This can be 

beneficial to policy makers who would like to quickly detennine the relative impacts of a 

development plan on water quality. 

A majority of the time spent in hydrologic modeling is in data collection and 

preparation. Processing time in AnnAGNPS is highly dependent on the complexity of 

the cell network used to represent the study area. In essence, a highly dissected relief is 
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desirable to characterize the spatially variable topography in Hawai'i and other tropical 

environments. Important processes to consider in regards to data preparation for 

AnnAGNPS include: 1) intersection with soil and land cover datasets; 2) extraction of 

cell and reach data for each subwatershed cell; and 3) simulating runoff and sediment at 

each cell on a daily basis. All these processes could take time for a highly dissected 

watershed. Data preparation for N-SPECT could also be time consmning. The user may 

encounter data processing errors (Le. datum conversion) that are inherent to ArcGIS 

application itself. 

5.3.3 Prediction accuracy 

Model prediction accuracy is dependent on the model assumptions and 

limitations, which typically originate from the mathematical equations used to estimate 

the hydrologic processes (i.e. runoff and sediment). If the model is applied in conditions 

that violate these assumptions, accuracy of model predictions may decrease. This was 

observed when AnnAGNPS was used to predict sediment loads in Hanalei. Due to the 

limitations of RUSLE, AnnAGNPS may not be suitable for predicting sediment loads in 

steep-sloped areas that are prone to gully erosion and mass wasting events. However, the 

model can be used for long-term estimations and comparative assessment of runoff and 

sediment loads. 

According to the findings from this study, the integration of an alternative SDR 

prediction equation is strongly suggested if N-SPECT is implemented in steep Hawai'i 

watersheds. Since the sediment component of the model has yet to be evaluated in 

watersheds with flatter slopes, definite conclusions cannot be made on the sediment 
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simuIation of the model. Apart from the SDR issue, the model can be applied for annual 

runoff predictions in steep tropical watersheds. 

5.4 RECOMMENDATIONS 

An important component of this research project was to discuss some potential 

improvements of the evaluated models. These recommendations could help enhance the 

performance of the models and encourage the future development of more advanced 

hydrologic models. 

5.4.1 Recommended improvements/or AnnAGNPS 

One of the major limitations of AnnAGNPS is its inability to simulate gully 

erosion and mass wasting. It is recommended to implement into the model a component 

that simulates mass wasting events. The method used to simulate bank erosion can be 

adopted from the Conservational Channel Evolution and Pollutant Transport System 

(CONCEPTS) (Langendoen, 2000). It is a process-based model that simulates one

dimensional flow, sediment transport, and channel morphology. The model predicts bank 

erosion by adjusting channel-width and other morphological parameters, i.e., channel 

depth, roughness, bed slope and vegetation (Langendoen, 2001). The simulation of land 

slides is usually coupled with slope-stability models that estimate the sensitivity of the 

slope to variable climate conditions (Griffiths et al., 1999). Crosta and Frattini (2002) 

evaluated three grid-based distributed hydrologic models on the simuIation of land slides 

after an extreme rainfall event: a steady state model, a transient "piston-flow" wetting 

front model, and a transient diffusive model. 
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A particular concern that was previously discussed relates to the increased 

processing time of preparing input data in AnnAGNPS for a complex watershed cell 

network. One solution that may lessen the amount of processing time is to build an 

ArcGIS interface to replace the older version of ArcView GIS. If the suggested model 

improvements associated with the simulation of mass wasting events are implemented, an 

efficient and more advanced interface is necessary to manage the additional data. 

5.4.2 Recommended improvements for N-SPECT 

There is a need for an alternative SDR prediction equation. A number of studies 

have examined various SDR prediction equations for different watershed conditions. 

Ebisemiju (1990) used data from a tropical watershed in southwestern Nigeria to develop 

separate SDR equations for bare surfaces and vegetated hillslopes. These equations are 

dependent on slope length and gradient, infiltration rate, and soil erodibility. Mutchler 

and Bowie (1975) correlated both drainage area and annual runoff to the sediment 

delivery ratio for a watershed in Mississippi. Mou and Meng (1980) developed a SDR 

equation for a drainage basin in China that is based on gully density and drainage area. 

The SDR equation used in the Soil and Water Assessment Tool (SWAT) (Arnold, et al., 

1996) takes into account the peak rainfall and runoff rates. Further investigation is 

needed to select the appropriate SDR equation that can be implemented in N-SPECT. 

Another potential improvement for N-SPECT is to allow the input of variable 

initial abatraction (fa) values. Lim et al. (2006) explored the use of variable Ia values in 

combination of SWAT to simulate runoffin an Indiana watershed. They found that long-

term runoff predictions were improved when Ia was modified to 5 percent of storage. 

The ability to vary this term could possibly increase the number of tools available to the 
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user to improve runoff prediction accuracy of N-SPECT. One drawback of this 

modification is the CN-S relationship will need to be re-established. The CN values from 

the SCS CN method are based on the relationship fa = 0.20S. If this relationship is 

altered, a new set of CN values will need to be determined. 

A final recommendation for N-SPECT is to incorporate the conservation practices 

(P) factor in sediment calculations of RUSLE. The P factor considers the effect of 

farming practices (contouring, terracing, stripcropping. etc ... ) on soil erosion by reducing 

the amount and rate of surface runoff. Currently. the default P value in N-SPECT is set 

at one and the model does not allow the user to change this value. The implementation of 

a variable P factor will potentially increase the accuracy of runoff and sediment 

predictions. It will also strengthen the applicability of N-SPECT for agricultural 

watersheds. 
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APPENDIX 

Appendix I. OEM datasets for A) Hanalei and B) Halawa watersheds. 

A) B) 
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Appendix 2. Isohyetal map of A) Kaua' i and B) O'ahu. 

A) 

B) 

~M.n 
o 6,000 10,000 3),000 
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Appendix 3. Spatial distribution of precipitation for A) Hanalei and B) Halawa 
watersheds. 

A) B) 

, 
A 

Hanalei Rainfall Depth 
11.000 mm 

3,OOO mm 

Halawa Rainfall Depth 
3.560 mm 

650 mm 

Appendix 4. USGS land cover map for Hanalei (Arubagis and Jacobi , 2006). 

• Unclassified . Allen grass 
. Albizia . Andropogon 
. Bamboo Fern 
. Uluhe • Strawberry guava 
. Ohla . RhoTom 
D Kukui D Olapa 
. Hau • Alien fern 
. Water • Upland gras.e. 
• Shadow • Paperbark 
. Job's Tears • Wetland grass •• 
• Guava • Lantana 
. Bareland . Mango 
• Mel.stoma • Unknown tree 
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Appendix 5. Soil classification datasets for A) Hanalei and B) Halawa watersheds. 

A) 

Hanalei Soils 

• Hanalei 
• Hanamaulu 
• Hihlmanu 

Hulua 

• Kolokolo 
• Koolau 
. Pooku 
• Riverwash 
• Rock outcrop 

RoUOh broken land 
• Rough mountainous land 
• Vllaialeale 

B) 

Halawa Soils 
• Helemano 

. t<aena 
• Kawaihapai 
• Kokokahi 
• Manana 

Rock land 
Rock outcrop 

• Rough mountainous land 

Appendix 6. Soil erodibility factors in A) Hanalei and B) Halawa watersheds. 

A) 

Hanalei K Factors 

• . 02 
• . 05 
• . 10 
• . 17 
• . 20 .0 

B) 

N 

105 

Halawa K Factors 

• . 02 
• . 10 
• . 17 
• . 20 
• . 28 



Appendix 7. Hydrologic soil groups in A) Hanalei and B) Halawa watersheds. 

A) 

N Hydrologic Soil Groups 
in Hanalei .A 
•• 
• C .D 

B) 

Hydrologic Soli Groups 

in Halawa 

•• • c .D 

Appendix 8. R factors in A) Hanalei and B) Halawa watersheds. 

A) 

N Hanalei R Factors 
2,130 

700 

B) 
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Ha~wa R Factors 
640 

277 



Appendix 9. Range of the number of rain days (G) and the corresponding f. values 
adjusted during the calibration ofN-SPECT for Hanalei and Halawa watersheds. 

Hanalei watershed Halawa watershed 

f. G Rain day ratio 1 f. G Rain day ratio 1 

1.1 70 22 .67 44 17 
1.2 65 21 .70 38 15 
1.3 54 17 .86 30 12 
1.5 42 13 .97 25 10 
2.3 22 7 1.1 22 9 

1 Ratio of the number of rain days used in cahbration to the total number of rain days determined from 
gross precipitation in the respective watershed expressed as a percentage. 
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Appendix 10. Model workflow of the revised N-SPECT model build to include a spatial 
map as the rain day input parameter . 

• 
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Appendix 11. Calibrated input parameters (using USGS land cover) for Hanalei 
watershed. 

RWlOffCN Sub-C Factors 
Pig' A B C D RM2 CRl FH' Rc' 

Albizia LP 30 60 73 79 2000 0.80 5.0 77 
Paperbark plantation lIP 43 65 76 82 2000 0.80 3.0 52 

LP 59 
Obia cloud forest NP 30 60 73 79 2000 0.85 2.0 85 
Guava forest, lantana lIP 30 60 73 79 2000 0.80 2.5 60 
understory LP 68 

Mixed guava obia lIP 30 60 73 79 2000 0.80 2.5 60 
forest, lantana LP 68 
understory TP 73 

Hau thicket NP 30 56 70 77 2000 0.90 5.0 55 
lIP 44 

Kukui forest lIP 30 60 73 79 2000 0.95 5.0 36 
Melastoma shrubland lIP 30 56 70 77 1300 0.70 0.5 52 

LP 59 

Native fern NP 30 56 70 77 1300 0.80 0.2 85 
LP 77 
TP 82 

Wet ohia forest, fern NP 30 60 73 79 2000 0.80 3.0 70 
unerstory lIP 56 

LP 63 
Olapa woodland NP 30 60 73 79 2000 0.85 2.0 75 
Rho Tom, melastoma lIP 30 56 70 77 1300 0.80 0.5 44 

IDuhe fern, alien NP 30 56 70 77 1300 0.90 2.5 90 
grass lIP 72 

LP 81 
TP 87 

IDuhefern NP 30 56 70 77 1300 1.00 0.2 95 
lIP 76 
LP 86 
TP 92 

Upland grass NP 30 56 70 77 1300 0.40 0.2 85 
I • -Pig disturbance codes. HP - high pIg disturbance. LP - light Plg disturbance. TP - trance Plg disturbance. 
NP = no pig disturbance. 

2 Annual root mass is expressed in kilograms per hectare. 
l Annual cover ratio. 
• Annual rain fall height expressed in meters. 
, Surface cover ratio in expressed as a percentage. 
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Appendix 12. Calibrated input parameters (using C-CAP land cover) for Halawa 
watershed. 

RunoffCN Sub-C Factors 

A B C 0 RM' CR3 FH' 

High intensity developed 68 79 86 89 700 0.4 0.3 

Low intensity developed 61 68 79 84 1000 0.7 0.5 

Grassland ' 39 61 74 80 

Evergreen forest 30 55 70 77 2000 0.85 5 

Shrub/scrub 30 50 70 77 1300 0.9 0.5 

Bare land' 77 86 91 94 , 
Grassland and bare land were not Identified as separate land covers dunng cell delineanon ill 
AnnAGNPS. Thus, the sub-C factors were not needed. 

2 Annual root mass is expressed in kilograms per hectare. 
3 Annual cover ratio. 
• Aonual rain rail height expressed in meters. 
S Surface cover ratio in expressed as a percentage. 

Appendix 13 . Curve numbers in A) Hanalei and B) Halawa watersheds. 

A) 

" Curve Numbers in Hana lei 

. 0·60 

. 61·73 
74-77 

. 76· 67 

. 88·96 

B) 

" 
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Curve Numbers in Halawa 
. 0·60 
. 61 · 73 

74 - 77 
. 76·67 
. 88·98 

Rc' 

40 

70 

90 

83 



Appendix 14. Summary of monthly measured and simulated (AnnAGNPS) runoff (mm) 
and sediment load (ton). and corresponding relative error (RE) for Hanalei watershed. 

Runoff Sediment yield 

Year Month Observed Predicted RE ("~) Observed Predicted RE ("~) 

2004 January 134 130 -3 1,083 1,120 3 
February 162 130 -20 1,225 1,141 -7 
March 548 544 -1 3,109 4,650 50 
April 309 219 -29 1,307 889 -32 
May 63 131 107 177 780 342 
June 183 250 37 524 1,055 101 
July 20 37 88 57 112 96 
August 104 114 9 295 651 121 
September 142 120 -16 410 466 14 
October 276 257 -7 4,791 1,941 -59 
November 234 193 -17 1,511 1,105 -27 
December 189 218 15 1,258 1,512 20 

2005 January 214 240 12 6,152 2,244 -64 
February 356 164 -54 9,370 1,186 -87 
March 105 128 23 173 1,791 938 
April 57 104 82 122 529 335 
May 50 70 39 187 969 418 
June 86 191 121 319 1,910 499 
July 73 110 49 138 480 247 
August 4 8 115 32 43 35 
September 485 430 -11 7,753 5,565 -28 
October 313 350 12 7,186 3,790 -47 
November 99 119 20 255 707 178 
December 1 0 -88 18 0 -98 
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Appendix 15. Summary of monthly measured and simulated (AnnAGNPS) runoff (mm) 
and sediment load (ton), and corresponding relative error (RE) for Halawa watershed. 

Runoff Sediment yield 
Year Month Observed Predicted RE(%) Observed Predicted RE (",-6) 

1998 January 15 60 298 126 114 -10 

February 0 0 0 0 6 600 

March 0 2 0 0 8 800 
April 1 0 -98 0 0 -17 
May 1 0 -100 0 0 -98 
June 24 2 -90 6 16 152 
July 5 0 -92 1 3 299 

August 0 0 -84 0 0 0 
September 0 0 -54 0 4 400 

October 0 0 -100 0 0 0 
November 28 7 -75 20 28 40 
December 28 25 -12 31 19 -38 

1999 January 47 85 82 242 238 -2 
February 17 3 -82 8 7 -13 
March 22 7 -66 5 20 296 
April 52 57 9 255 128 -50 
May 6 20 249 7 82 1,122 

June 2 0 -99 0 0 42 
July 12 1 -95 6 9 40 
August 2 0 -100 0 0 -100 
September 0 0 0 0 0 -99 
October 8 1 -91 

November 4 0 -97 

December 92 88 -3 
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Appendix 16. Average annual sediment loads predicted by AnnAGNPS in A) Hanalei 
and B) Halawa watersheds. 

A) 

Sedtment load (t ha-1 y-i) 

AnnAGNPS output 
0 - 1 
2 -3 

. 4 -6 

. 7- 11 

. , 2- 24 

B) 

N 
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Sediment load (t ha-1 y-i) 
AnnAGNPS output 

0.0 - 0 .3 
. 0.4 - 0.7 
. 0.6- 1.1 

. '.2-' .6 

. 1.9 - 5.3 



Appendix 17. Hanalei watershed cell network delineation with A) 24 ha, B) 16 ha, C) 8 
ha, and D) 6 ha CSA values. 

A) 

C) 

eSA 24ha, MSCL 130m 
243 subwatershed oells 

eSA 8ha , MSCL 130m 
524 subwatershed cells 

B) 

D) 
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eSA 16ha, MSCl130m 
361 subwatershed cells 

eSA 6ha, MSCL 130m 
665 subwalershed cells 



Appendix 18. Halawa watershed cell network delineation with A) 8 ha, B) 6 ha, C) 4 ha, 
and 0) 2 ha CSA values. 

A) 

N 

C) 

eSA llha, MSCL 100m 

. 91 subwaterstled cells 

eSA 4ha , MSCL 100m 

247 subwatershed cells 

B) 

0 ) 

N 

115 

eSA 6ha, MSCl100m 
. 161 subwalershed cells 

eSA 21la , MSCL 100m 

• • 16 subwatershed cells 



Appendix 19. Comparison of the land cover distribution in Hanalei between watersheds 
delineated with various CSA values. 

CSA values used to delineate watershed: 6 ha 
Number of subwatershed cells: 665 

Land cover Pig 
Albizia HP 0.1 

LP 0.3 
Paperbark plantation HP 2.2 

LP 0.2 
Qhia cloud forest NP 0.3 
Guava forest, lantana understory HP 2.0 

LP 3.2 
Mixed guava ohia forest, lantana HP 11.3 
understory LP 13.7 

TP 0.0 
Han thicket HP 0.6 
Kukui forest HP 0.1 
Melastoma shrubland HP 5.1 

LP 0.0 
Native fern NP 8.1 

LP 0.4 
TP 0.7 

Wet ohia forest, fern understory NP 1.3 
HP 0.0 
LP 5.4 

OIapa woodland NP 0.2 
Rho Tom, melastoma HP 1.0 

LP 
Strawberry guava HP 0.1 
Uluhe fern, alien grass NP 0.5 

HP 16.6 
LP 6.4 
TP 0.2 

Uluhefern NP 1.9 
HP 0.5 
LP 16.2 
TP 1.2 

Upland grasses NP 0.1 
Total land covers 32 
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8ha 
524 

16ha 
361 

Percent of total area (%) 

0.2 0.5 
2.1 2.0 
0.2 
0.3 0.3 
1.9 1.8 
3.4 3.6 
12.1 11.9 
12.7 12.7 
0.0 
0.7 0.5 
0.1 
4.0 4.0 
0.1 0.1 
9.7 10.3 
0.6 0.1 
0.5 0.4 
0.6 0.4 
0.2 
6.1 6.4 
0.2 
1.1 1.3 

0.0 

0.0 0.5 
18.0 18.1 
5.0 4.0 
0.2 0.3 
1.7 2.0 
0.4 0.3 
16.5 16.8 
1.5 1.2 
0.2 
30 26 

24ha 
243 

0.3 
0.5 
2.6 

1.2 
2.4 
13.3 
9.6 
0.3 
0.5 

3.9 
0.1 
11.4 
0.1 

2.3 

4.8 

1.3 

21.1 
4.7 
0.3 
1.2 
0.3 
15.5 
2.2 

24 



Appendix 20. Comparison of the soil type distribution in Hanalei between watersheds 
delineated with various eSA values. 

eSA values used to delineate watershed: 6ha 8ha 16ha 24ha 
Number of subwatershed cells: 665 524 361 243 

Soil type Percent of total area (%) 

Hihimanu silty clay loam, 40-70% slopes 0.8 0.7 0.7 0.9 
Hulua gravelly silty clay loam, 3-25% slopes 9.6 10.0 11.9 10.4 

Hulua gravelly silty clay loam, 25-70% slopes 8.4 8.3 4.9 5.0 

Hanalei silty clay 0.0 

Hanalei silty clay, 0-6% slopes 0.2 0.1 0.0 0.0 
Hanamaulu silty clay, 8-15% slopes 0.1 0.1 
Hanamaulu stony silty clay, 10-35% slopes 2.8 3.0 2.6 2.0 
Kolokolo extremely stony clay loam 0.1 0.1 0.1 0.3 
Koolau silty clay, 0-8% slopes 0.1 0.4 
Kolokolo clay loam 0.0 0.0 
Pooku silty clay, 25-40% slopes 1.9 2.1 2.5 2.2 

Water> 40 acres 0.1 0.1 0.1 0.0 
Riverwash 0.0 0.0 
Rock outcrop 16.3 16.3 15.2 16.3 
Rough broken land 1.8 1.6 1.7 1.7 
Rough mountainous land 57.6 57.2 60.2 61.2 
Total soil classifications 16 15 11 11 
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Appendix 21. Comparison of the land cover distribution in Halawa between watershed 
delineated with various CSA values. 

CSA values used to delineate watershed: 2ha 4ha 8ha 6ha 

Number of subwatershed cells: 416 247 161 91 

Land cover Percent of total area (%) 
High intensity developed 0.3 0.1 0.1 0.1 
Low intensity developed 0.8 0.5 0.4 0.4 

Shrub land 87.9 89.6 91.1 89.7 

Evergreen forest 11.0 9.7 8.4 9.9 

Total soil classifications 4 4 4 4 

Appendix 22. Comparison of the soil type distribution in Halawa between watersheds 
delineated with various CSA values. 

CSA values used to delineate watershed: 2 ha 

Number of subwatershed cells: 

Kaena 
Manana 
Rockland 

Soil type 

Rough mountainous land 

Total soil c1assifications 
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416 

2.4 
0.4 

20.3 

76.9 

4 

4ha 

247 

8ha 

161 

Percent of total area (%) 
1.2 0.2 

22.3 

76.5 

3 

21.9 

77.9 

3 

6ha 

91 

25.8 

74.2 
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Appendix 23. Data sources. 

Data 

Digital Elevation Model (OEM) 

Land cover 

SCS curve numbers 

Soil classification 

Precipitation (daily) 

Rainfall Isohyets 

Raingages 

Streamflow discharge (daily) 

Streamgages 

Sediment discharge (daily) 

Rfactormap 

SonNe 

USGS: 
datageocomm.comldeml 

NOAAC-CAP 
www.csc.noaa.gov/crs/lca/ccap.html 

SCSTR-55 
www.wcc.mcs.usda.govlhydrolhydro-tools-models-1r55.html 

NRCS SURRGO Database 
www.ncgc.mcs.usda.gov/productsldatasetslssurgo/ 

USGS 
waterdata.usgs.govlhi/nwislsw 

NOAA 
www.prh.noaa.gov!hnllhydrolpageslhydronet.php 

NCDC 
www.ncdc.noaagov/oaIcIimate/cIimatedatahtml 

Hawaii Statewide GIS Program 
www.hawaii.gov/dbedt/gis/ 

Hawaii Statewide GIS Program 
www.hawaiigov/dbedt/gis/ 

USGS 
waterdata.usgs.govlhi/nwislsw 

Hawaii State GIS Program 
www.hawaii.gov/dbedt/gis/ 

USGS 
waterdatausgs.govlhi/nwislsw 

NRCS 
www.mcs.usda.gov/technical/efotg/ 

119 



Appendix 24. Summary of data preparation for AnnAGNPS. 

Data preparation for AnnAGNPS is conveniently organized into a 12-step process that is 
accessed through the ArcView interface. Rather than reiterating these same steps, the 
following summary provides supplementary information on preprocessing the data to be 
used for the 12 steps outlined in the AnnAGNPS ArcView Interface Documentation 
(Bingner and Theurer, 200Sb). For more detailed instructions, please refer to Fares 
(2007a). 

DEM Utilities 

a USGS delivers the topographic data in 18 Spatial Data Transfer Standard (SDTS) 
files stored in a zip folder. Before processing the DEM, use the SDTS translator 
program to convert the SDTS files into a single DEM file. 

a The DEM file can now be imported into ArcView. 

Step 1: ClIp DEM 

a Clip the DEM as close to the watershed boundary as possible. This will greatly 
reduce processing time in subsequent steps. 

Step 6: Import TopAGNPS ArcView mes 

a In modifying the stream network generation parameters, the Critical Source Area 
(CSA) and Minimum Source Channel Length (MSCL) parameters can be adjusted 
to reflect a highly dissected watershed. A smaller CSA value will create a 
watershed network with more subwatershed cells. 

Step 8: Intersect ceUs with land cover data 

a The raw C-CAP land cover dataset is in Erdas Imagine image format. Convert the 
image to a grid format and then to a shapefile format. 

a The land cover dataset can now be imported into ArcView. 
a The watershed cell network will be intersected with the land cover dataset based on 

a key field. This key field usually contains a short string of characters identifying 
the each land cover type. Make sure this identifier is in text format and it should 
not be longer than 9 characters. 
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Intermediary step: Intersect AnnAGNPS cells with climate station data 

• The isohyetal method is the preferred method of estimating the mean depth of 
precipitation for tropical watersheds because it considers orographic influences. 
Giambelluca et al. (1986) developed a mean annual precipitation (mm) isohyeta1 
map for the state ofHawai'i which can be used to create the climate station data. 

• Combine the watershed boundary dataset and the rainfall isohyet map to create a 
dataset that delineates each of the isohyeta1 area as a polygon (see figure below). In 
the attribute table of the new dataset, assign a station number to each of the 
isohyetal area starting from O. This number should be stored as a character string 
rather than a number format. 

Watershed boundary 

////. 
... ... . . . . 

/// 
.1' 

/ .,," ,..' 

///,:./:,/ 
/' .. . / ." ,. " 

" /' 

Rainfall isohyets 
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Appendix 25. Summary of data preparation for N-SPECT. 

Data preparation for N-SPECT is primarily done in ArcGIS. The following are only brief 
descriptions for preparing each data category. For more detailed instructions, please refer 
to Fares (2007b). 

Topography 

I. Determine the USGS quadrangle maps that cover the area of interest Download 
the data. 

2. USGS delivers the topographic data in 18 Spatial Data Transfer Standard (SOTS) 
files stored in a zip folder. Use the SOTS translator program to convert the SOTS 
files into a single OEM file. 

3. Perform datum conversion from Old Hawai'ian Datum to North American Datum 
83. 

4. Merge separate OEM grids into a single spatially continuous raster dataset 
5. Remove all sinks in the OEM grid to create a depresionless OEM. 

Watershed Delineation 

I. Obtain flow accumulation and flow direction grids from the OEM. 
2. Determine the watershed outlet location. 
3. Use the flow direction grid and the outlet point to delineate the watershed. 
4. Create a watershed boundary dataset from the delineated watershed. 
5. Clip the OEM to the shape of the watershed bOundary. 

Land Cover 

I. The raw land cover dataset is in Erdas Imagine image format. Convert the image 
to a grid format 

2. Resample the land cover grid to match the resolution of the OEM grid. The 
resolution is typically 10m x 10m grid cells. 

3. Clip the land cover grid to the watershed boundary. 

SoU 

I. Soil data is delivered in a bundle that includes spatial and tabular data. Import the 
tabular data into Microsoft Access before using them in ArcGIS and N-SPECT. 

2. Clip the soil map to the watershed boundary. 
3. Join the "mapunit" and "component" tabular tables to the soil map. 
4. Export the soil map as a separate dataset 
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Precipitation 

1. Determine the active rain gauges in the study area. Sum up the daily rainfall 
amounts into annual rainfall values for each rain gauge. 

2. The isohyetal method is the preferred method of estimating the mean depth of 
precipitation for tropical watersheds because it considers orographic influences. 
Giambelluca et al. (1986) developed a mean annual precipitation (mm) isohyeta1 
map for the state of Hawai'i which can be used to spatially distribute rainfall 
throughout the watershed. Overlay the rain gauge map on the isohyet map. 

3. Distribute the annual rainfall amounts among the isohyets. Let's consider an 
example where the rain gauges lie on the isohyets. If rainfall ranges from 200 to 
400 in and spans across 5 isohyets or 4 isohyeta1 intervals, then the rainfall 
amounts at each isohyet would be: 200, 250, 300, 350, and 400 in. This process is 
referred to as linear interpolation. Enter these rainfall amounts into the isohyet 
dataset within ArcMap. 

1=:1 Watershed boundary 

.5 .5 .S .5 .S 
o 

~ 
0 8 0 0 
." ." ~ N M M Rain gauge 

4. Use Spatial Analyst within ArcMap to create a spatially continuous precipitation 
grid. 

5. Clip the precipitation grid to the watershed boundary. 

Rainfall-Erosivity (R) Factor 

1. Since the R factor image does not have spatial reference, a separate map with 
known spatial reference is required, and set as the base map. The Georeferencing 
function in ArcMap is used to adjust the R factor image to the base map. 

2. Identify at least four points on the base map as the control points. To ensure 
spatial accuracy and precision, the control points should be clear and visible in 
both the base map and the R factor image file. The control points should also be 
equally distributed throughout the area of interest. 

3. Use the Georeferencing function in ArcMap to add the control points. This will 
resize and shape the R factor map to the base map. 

4. Manually digitize the contour lines on the R factor map. Make sure to add the R 
factor values in the attribute table. 

5. Create a spatially continuous R factor map using Spatial Analyst. 
6. Clip the R factor map to the watershed boundary. 
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