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ABSTRACT 

A prevailing problem in applied hydrology is the estimation of runoff from 

ungaged small watersheds and drainage basins. In this study, arid and semiarid regions 

were Grouped according to their climatic, geomorphologic, and soil characteristics, 

disregarding their geographic position. 

Eighty watersheds were used in this study from three countries: U.S., Brazil, and 

Australia. Twenty-two climatic, geomorphologic and soil variables were used for the 

delineation of homogeneous Groups in the cluster analysis, and two major Groups were 

defined. The results suggest that homogeneous Groups can be delimited iiidependently of 

their geographic position. 

Cluster analysis and Andrews' plot were used for regionalization of the 

watersheds. The variables used for development of the models for each Group were 

selected by stepwise multiple regression analysis. The Andrews' plot fiirther examination 

reinforce the statement that hydrologically similar watersheds are independent of their 

geographic position. 

In a preliminary study 60 watersheds were used to determine the most important 

variables. For Group I, the stepwise multiple regression analysis reduced the available 21 

independent variables to three variables: rainfall, soil permeability index, and temperature. 

For Group II, only two variables were statistically significant (rainfall and watershed form 

fector). Once the most significant variables were selected, 20 additional watersheds with 

data were also included in the final study. 
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Upon evaluation of the regression statistics. Group n responded better than Group 

I. The equations were: 

Group I "Dry" 

Q = -68.476 + 0.0784P + 4.13 ITemp - 3.950Slpr 
n = 29 

= 70% 

SE =11.16 mm/yr 

Group n "Wet" 
Q= 129*10'^^ 

n = 37 
= 79% 

SE = 30.52 mm/yr 

Computed annual runoflF values for Group II showed a good agreement with 

observed values, suggesting that the developed equation is good for prediction of the 

annual runoflF water yield. In contrast, predicted values for the Group I showed poor 

agreement with the observed values, suggesting that the model should be treated with 

caution. 
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CHAPTER ONE 

INTRODUCTION 

1.1. Comparative Hydrology 

Civilization is supported by its soil and water resources. However, in recent years 

the importance of soil and water resources has increased as the growing population makes 

large demands on natural resources. This is especially true for arid and semiarid regions 

where water demands far exceed the water supply, and the environment is extremely 

susceptible to inadequate management. 

In these regions water is a crucial natural resource since precipitation is limited to 

rainfall and is characterized by high spatial and temporal variability. This temporal 

variability is shown in recurrent droughts, when the rainfall is well below the annual 

average for extended periods of time. Thus, the infrequent wetter periods support the 

region's agricultural economy and human supply. 

Water is a limiting and scarce resource in semiarid zones. Accordingly, water 

management in these regions should focus on enhancing water use efficiency and 

conservatively. This requires basic knowledge of the potential water supply (i.e. 

streamflow) so that it may be planned and managed to supply water during the dry 

periods. This is especially difficult in arid and semiarid regions because of lack of onsite 

data at points of interest. 



Thus, there have been many efforts to estimate surface water supply on ungaged 

watersheds. A popul^ approach is the use of comparative hydrology, which seeks to 

transfer hydrological information from gaged sites to ungaged ones. It is argued that the 

natural world is so complex and large that the use of classifications or analogs in the 

management of natural resources cannot be avoided. Comparative hydrology is used to 

identify zones with similar behavior, so that the hydrological effects can be compared in 

these regions, facilitating the transfer of knowledge and permutation of techniques (Woo 

and Liu, 1994). 

Comparative hydrology has been used to explore the broad-scale characteristics of 

hydrological processes, which represent the interaction between climate and the nature of 

surface land. It has also been used in hydrologic predictions, transferring information from 

one area to another with analogous characteristics. To make use of comparative 

hydrology, a framework must be defined and a scheme of regionalization established. The 

ideal scheme for hydrological regionalization should be based on an ecological 

classification, since it is the natural ecology of an area which most effectively integrates 

the different features of the hydrological regime (Chapman, 1989). 

Chapman's statement asstmies a suitable regionalization based on climate, geology, 

and land use. The relationship between cover vegetation, geomorphology, and some 

climatic variables might be the basis to define different eco-hydrological zones. Based on 

the idea that each identification zone has some common characterisdcs in different regions, 

a hydrologic behavior regionalization could be done, and data from gaged watersheds 

extrapolated into the same eco-hydrological zones. 
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1.2. Problem Statement 

A better understanding of the basic hydrologicai processes is important for 

effective watershed management. This is particularly so in arid and semiarid regions, 

where inadequacy of water supply is a major limitation to development. Insofar as the 

population increases and land use changes continuously in these regions, the prediction of 

water resources is very important. 

Estimates of the average annual water yield are required for many purposes, 

including agricultural planning and resources management. Annual runoff is a crucial 

descriptor of water resources potential. Some important applications of average annual 

water yield are in development studies for water supply planning, determination of 

minimum downstream release requirements for hydropower, studies of sediment and 

nutrient budgets, seasonal water flows and water rights, and siting of treatment plants and 

sanitary landfills. 

The water demand due to regional development, population growth, and 

agricultural development in arid and semiarid regions has increased in the last decades. 

Hence, the knowledge of the annual water supply will provide support to develop efficient 

water budgets for water use. A good example of the importance of annual water supply 

estimation is Fortaleza, Ceara, Brazil in 1993. As a result of three consecutive drought 

years and lack of average annual water yield prediction, a 70 million dollar channel of 100 

km had to be built in two months, to supply the city with water. If knowledge of average 

annual water yield existed, catastrophes like this could be reduced. 



Although the lack of streamflow, climate, and geomorphic data is an especially 

troublesome limitation in semiarid zones, the scarcity of hydrologic and geomorphologic 

information is an endemic problem in hydrology in almost all conditions. It is common to 

require estimates of hydrological parameters in locations where streamflow data have not 

yet been measured, or where the available streamflow record is too short to support a 

reliable estimate for the parameter of interest. In summary, the scarcity of hydrologic data 

is a problem common to all hydrology, but is especially important in the arid and semiarid 

regions. 

The Soil Conservation Service (1972) listed four methods to estimate average 

annual water yield from ungaged watersheds; 1) regional analysis; 2) water balance 

accounting; 3) the direct runoff method; and 4) the use of climatic and geographic factors 

(iso-runofif maps). However, Hawley and McCuen (1982) argued that estimation 

equations have some advantages when compared to maps of average annual water yield. 

• It is easy to determine the accuracy of estimates when equations are been used. 

• Equations can be easily programmed. 

• Only significant variables related to water yield are included in the estimation equation. 

• Factors that affect water yield can be evaluated systematically instead of subjectively. 

For a small ungaged catchment, the major problem in equation development is the 

estimation of the runoff parameters required as inputs to the generating model (Gan et al., 

1989). Statistical and physically-based models have been developed to evaluate the 

different processes (Vogel and Kroll, 1990; Seyhan, 1982; Bogardi et al., 1994; and 

Servat and Dezetter, 1993). 
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Regionalization is another procedure used in hydrology to deal with the lack of 

data in ungaged catchments. The regionalization technique is used in areas that share 

common special characteristics such as topography, climate, ecology, or soil. It has been 

used to facilitate the extrapolation of hydrologic data from sites where records have been 

collected to others where they are required but unavailable. Comparative hydrology may 

be the best approach since it attempts to identify regions with similar environmental 

attributes. 

1.3. Objectives of the Study 

There are three objectives to this study: 

1. To test the hypotheses that watersheds from different geographic location can be 

considered hydrologically homogeneous independent of their geographic position. 

2. To apply stepwise regression for a selection of variables that represent the frame of 

watershed hydrological response. 

3. To develop equations of average annual water yield applicable to ungaged watersheds 

in semiarid northeastern Brazil. 

A unique feature of this study is to produce a watershed regionalization based on 

data from diy regions in three different countries. Further, this regionalization study gives 

support to transpose data from gaged watersheds to ungaged ones. 
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1.4. Hypothesis 

The focus of comparative hydrology in this work is reduced to the following 

question; 'T)o watersheds in arid and semiarid zones with homogeneous geomorphologic 

characteristics and climatic conditions have comparable hydrologjcal behaviors?" This 

leads to the following formal hypothesis. 

H: Average annual water yield is analogous in watersheds with 

homogeneous environmental conditions independent of geographic 

location. 

This hypothesis asserts that zones from different geographical areas can have 

similar hydrological features. In this study, 'homogeneous environmental conditions' were 

considered as those where geomorphologic, soils and climatic characteristics are 

considered statistically alike. By Grouping similar sites into various zones or classes to get 

homogeneous environmental conditions, general predictions can be made, and the number 

of basins to be studied can be reduced. Since basins with similar properties and 

envirorraiental conditions should exhibit similar hydrologic behavior, regionalization of 

hydrological behavior in arid and semiarid regions should be successful. 

This hypothesis was tested by describing and comparing ecologies and annual 

runoff response from watersheds in arid and semiarid zones in northeastern Australia, 

northeastern Brazil, and the southwestern United States. The most effective parameters in 

relation to runoff response were selected for testing. Based on the fact that the purpose of 

comparative hydrology is to extrapolate from sites where records are available to others 
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where values are needed but not available, a specific model for each homogeneous Group 

was developed to predict the average aimual water yield. 

1^. Benefits 

The approach developed here was applied in regions in northeastern Brazil. 

Typified by Ceara state, this semiarid region is characterized by high spatial and temporal 

variability of rainfall (average « 700 mm), and high water deficit since mean annual 

potential evapotranspiration is almost four times the annual mean rainfall (average « 2700 

mm/year). 

In addition, 70% of Ceara state is underlain by granite. The residual soils formed 

on this crystalline rock are shallow with an average depth of 60 cm, and the base rock is 

sometimes exposed above the soil surface. This also leads to limited groundwater 

resources, so that the development of Ceara's agricultural and domestic water supplies is 

largely restricted to the eflBcient utilization of the transient surface water resources. 

In managing water resources, a serious problem is the lack of gaged catchments. 

Consequently, there is a need to develop methods that can be used to accurately estimate 

average annual water yield. The objective of this research is to develop a watershed 

regionalization based on environmental conditions for quantitatively estimating water yield 

characteristics for ungaged catchments in arid and semiarid regions. The results of this 

research wiU help solve problems such as evaluation of reservoir sizes for domestic 

supplies, estimation of irrigation supply, regional assessment of surface water resources, 

determination of water budgets, and agro-industrial water supply. 
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter deals with pertinent studies in related areas of hydrologic research in 

arid and semiarid regions, comparative hydrology, and statistical models developed for 

water yield analysis. The literature review converges roughly into annual water yield, 

regional homogeneity and applicability of cluster analysis, and principal component 

analysis in hydrological studies. 

2.1. Introduction 

For centuries man has survived in arid and semiarid regions, only by skillfully 

managing the vital but scarce natural water resource. Water yield is a good support for an 

eflScient water budget. Since the end of the last century, associating runoff yield with 

precipitation has been the primary concern of many hydrologic research programs 

(Kuichling, 1889; Grunsky, 1908; and Burger, 1915). At that time, predictions were 

developed in wet regions and in urban areas, where problems with storm-water drainage 

were more visible (Burger, 1915; Kuichling, 1889). Study of rainfall-runoff interactions in 

the arid and semiarid environment were intensified in the niid-1950's when the USD A 

selected Walnut Gulch Experimental Watershed as a research facility in the southwestern 

United States (Renard at al., 1993). 

Water has been identified as the most important factor limiting human occupation 

and the development of arid and semiarid zones. This results in high population 
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concentration in areas where water is available, and a sparse population in those where it 

is not. Water supplies on these populated areas usually comes from stored groundwater or 

stream flow from the more humid mountainous areas situated on the edge of the arid and 

semiarid zones. 

However, some of these regions are underlined by rocks, which are not receptive 

to ground water storage. Some areas of the Northeastern Brazil are a good example of 

this kind of geology. Soils are usually shallow, and groundwater is scarce and often not 

suitable for human consumption because of its salinity. Furthermore, typical well 

production is low, approximately 2000 to 3000 liters per hour (Ponce, 1995). Since 

surface water is the only source of water for many purposes, a good estimation of the 

surface water becomes crucial for the development and sometimes even the survival of a 

community. 

In general, greater spatial and temporal variations of rainfall-runofif are more 

common in the arid and semiarid zones than in humid regions. In fact, it is not uncommon 

for the standard deviation of the mean annual rainfall to exceed the mean value. One 

consequence of the high variability of climatological and hydrological parameters in 

semiarid and arid regions is that rainfall and runoff data need to extend over longer periods 

than in humid regions. "Although some arid-zone areas have continuous records for 

twenty years or so, this period of time is still relatively short because rainfall and flood 

events in such an environment are infrequent, and even twenty years may only include a 

few storms" (El-Hames and Richards, 1994). 



2.2. Arid and Semiarid Zone Classification 

Approximately one-third of the world's land surface is classified as arid and 

semiarid regions (Schilfgaarde,1995). That is, those areas where rainfall amount and/or 

rainfall temporal distribution is not suitable to support regular rain-fed farming 

(FAO,1981). These regions are characterized by a deficit of water, high solar radiation, 

high rainfall variability, and drought periods. The majority of the arid and semiarid zones 

in the world are usually located between 15° and 30° latitude in both hemispheres. 

The delineation of arid and semiarid zones is based upon climatic classification. 

The aridity of a region is expressed as an aridity index, which is often based on 

comparisons between precipitation and potential evapotranspiration. One of the most 

useful climate classification was developed by Thomthwaite (1948), in which climate 

cannot be classified as dry or wet by knowing precipitation only. Instead, he used the 

concept of potential evapotranspiration to develop his approach. 

In this classification system, climatic boundaries can be estimated rationally by 

comparing precipitation and evapotranspiration on a daily, monthly, or annual basis. 

Thomthwaite's climate classification is expressed as a moisture index (Im), and he defines 

it as; 

Where there is a water surplus and no water deficiency, the relation 

between water surplus and water need (Im) ccxistitutes an index of humidity 

(Ih). Similarly, \^ere there is a water deficioicy and no surplus the ratio 

between water deficiency and water need cOTStitutes an index of aridity Ga)-
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Expression of these indices are; 

• Index of humidity (Ih) 

„ 100*5 Ih = Eq. 2.1 
n 

• Index of Aridity 

,  eo*D 
la- Eq. 2.2 

n 

where, 

Di - index of humidity (%) 

la - index of aridity (%) 

S - water surplus, (length/time) 

D - water deficit, (length/time) 

n - water need, (length/time) 

The index of 60 given to the water deficit was used to express the beneficial results 

of water surplus stored as soil moisture to be used by plants during subsequent drought 

periods. Later, in 1955, Thomthwaite and Mather recognized that a deficit can begin as 

soon as soil moisture decreases by the action of soil evaporation. The weighting factor of 

water deficit was omitted in the aridity index, therefore, the new expression for aridity 

index became; 

, 100*D la = 
n 

Eq. 2.3 
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Even though Thomthwaite's experiences were in the northern United States, the 

methodology is extended to arid extremes. If the aridity index falls between the values of 

(-20) and (-40), it is considered a semiarid zone, and if the index falls between (-40) and (-

60), it is classified as an arid zone. This method has been applied to many regions, 

although Barry (1992) noted that it does not show good accuracy in tropical and semiarid 

zones. 

Another approach in relation to climate classification was generated by Budyko 

(1977). He developed a system similar to Thomthwaite's, but used a more fimdamental 

approach. Solar radiation, instead of temperature was used to express the energy required 

to evaporate the water equivalent to the annual precipitation. This new approach, called 

Rational Index of Dryness (RID) is defined as: 

RID = ^ Eq. 2.4 
Lr 

where 

Ro - net radiation of land surface (energy/areaxtime) 

Lr - heat required to evaporate the armual precipitation (energy/areaxtime) 

RID has a value less than unity in humid zones and greater than unity in dry 

regions. Values between one and two relate to the steppe zones, two to three to semiarid 

zones, and more than three to desert zones. A general world map of RID was created, but 

it has limitations because over large parts of the world there are no net radiation 

measurements. Therefore, this method should be used with caution. 
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The most recent classification of arid and semiarid regions in the world was 

developed by the framework of the Man and Biosphere Program (MAB), UNESCO 

(1979). This approach is a result of a world research program on arid regions to 

encourage and enhance the problem studies of those zones. 

The new classification shows the knowledge gained during the last decades about 

climates, soils and vegetation in these regions as well as a better understanding of the 

relationship among climate, soils, and cover vegetation. The index of aridity in MAB's 

approach is based on the ratio between the mean value of annual precipitation (?) and the 

mean value of annual potential evapotranspiration (PET) computed by the Penman 

equation. 

The degree of bioclimatic aridity depaids on the relative amounts of 

water gained from rainfall and lost by evaporation and transpiration; aridity 

rises as precipitation decreases and as evaporati(xi increases. ...The ratio 

P/PET was used in preferaice to the dififeraice P-PET, which refers rather to 

the same for many different climates. ... b arid and semiarid areas, the ratio 

P/PET expresses the degree of aridity better, because it gives the same value 

for all climates in wdiich the potential water toss is proportionally the same in 

relation to rainfaU (UNESCO, 1979). 

Table 2.1 - UNESCO Classification of Arid and Semiarid Regions. 

Aridity Index Classification 
P/PET < 0.03 hyper-arid zone 

0.03 < P/PET < 0.20 arid zone 
0.20 < P/PET < 0.50 semiarid zone 
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In addition to the three large categories, MAB's map development took into 

account simmier and .winter temperature criteria to introduce new subcategories. Using 

the MAB classification this approach is composed of a world map and explanatory notes. 

Watersheds used in the approach developed here were classified as arid and 

semiarid zones according to MAB map classification. This classification is up to date 

compared to other climate classifications (Rodier,1985; Pilgrim et al.,1988). 

2.3. Average Annual Water Yield 

Ahnost one hundred years ago, Grunsky (1908) stated a rule-of-thumb for 

estimating the runoff when the rainfall in known. 

The percentage of the annual rainfall, when less than 50 in., which runs 

to the stream is equal to the number of inches of rain. Whoi the annual rain 

exceeds 50 in., 25 in therefore goes to the ground (evaporates), the remainder is 

runoff. 

The runoff may be expressed in the following functions of precipitation; 

0 = 0.01 • P' P < 50 in/yr Eq. 2.5 

0 = P-15 P> 50 in/yr 

where, 

Q is annual runoff in inches 

P is annual precipitation in inches 



The limit between the quadratic and the linear fiinctions above corresponds to a 

slope equal to unity, piat is, to the point where an additional increment of precipitation 

causes more than an additional increment of runofT. 

However, he commented that the estimation of runoff using this approach, when 

covering large areas, is not satisfactory. He suggested that the best way to solve this 

limitation would be to study drainage basins in sub-watersheds. However, in the case of 

Sacramento River this was not possible because of the lack of data. 

Seven years later, Meyer (1915) proposed a new "model" to predict annual nmoflf. 

He believed that annual rainfall could not be estimated by merely applying a percentage 

coeflBcient to the total annual rainfall. The new "model" computed the total losses from a 

watershed, and the annual water yield was given by the siraimation of the difference 

between monthly precipitation and monthly losses. It can be expressed as: 

/? = f;(P-L) Eq.2.6 
1=1 

where 

R = annual runoff, in inches 

P = monthly precipitation, in inches 

L = monthly losses, (evaporation from water area, evaporation from land area, and 

transpiration from land area), in inches 

i = month 
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Since that time, water yield has been defined as the amount of water available fi-om 

a drainage area at a specific point (watershed outlet) over a specific period of time 

(Gardner, 1960; KeppeL, 1960; Singh, 1989). The average annual water yield of a 

catchment is used in management, planning of pollution control, and design of watershed 

projects, principally those involving irrigation. In arid and semiarid zones a very small 

percentage of their total precipitation is accounted for as water yield because of the 

channel's peculiar nature, transmission losses, as well as the runofif-producing storms 

(Gardner, 1960). 

A variation of Grunsky's equation was presented by Sellers (1965). He expressed 

the model as a function of the square of rainfall and expressed as Q = aP^, where a takes 

into account the annual variation of precipitation and the spatial differences in the amount 

of energy available for evaporation. 

To be consistent with hydrologic experience and Grunsky's model, the general 

fimction should be separeted in; 

Q = aP^ Q<P/2 

Q=P-7^ QSP/2 
(4a) 

The break point between these two fiinctions occurs when the slope reaches unity, 

or at the point where an additional increment of precipitation causes more than an 

additional increment of nmoff. That is, when dQ/dP = 1. 

To assist in application of this equation, he suggested four different regional values 

for a in the United States (Table 2.2). 
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Table 2.2 - Values of Regional CoefiBcients of Sellers' Equation. 

Regions a (inches"') 

Rock and Sierra Nevada Mountains ^.02 

Great Lakes, New England, North Appalachians O.OI - 0.02 

East Central States and West Coast 0.005 - 0.01 

Great Plains, Texas, Florida, and Southwestern deserts <0.005 

A<lapted fixxn Sellen (1969) 

Inadequate data sets in arid and semiarid environments are a major problem in 

hydrologic modeling; therefore, development of practical methods are required. Further, it 

is recognized that a thorough understanding of the factors which control the runoff 

process is needed, which can only be gained by systematically analyzing all the various 

factors involved. Systematic studies of this nature were conducted in humid environments 

(Benson, 1962; Chang and Boyer, 1975). However, knowledge of processes that occur in 

arid and semiarid regions are limited (Yair and Lavee, 1985). 

A regional analysis of the natural streamflow in four regions of the United States 

(eastern, central, southern, and western), was developed by Thomas and Benson (1970). 

They used a log transformation to produce a simpler mathematical expression. Results 

from the regression analyses suggest that characteristics of streamflow can be defined with 

more accuracy in the humid eastern and southern regions than in the more central and 

western regions. 

In another study, a multiple log linear regression was applied on a regional 

frequency analysis of multiyear droughts using geomorphologic watershed characteristics 
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and climatic information. (Paulson et al., 1985). This study was performed on data from 

streams within the Cdifomia Central Valley. The authors observed that a multiple log 

linear regression accurately predicts drought magnitudes related to specific exceedance 

probabilities in the semiarid western United States. Another important point is that 

regional regression analysis can be used to predict drought frequency, regardless of 

streamflow records availability. Thus, the best way to work in semiarid environments is to 

make a regionalization with gauged watersheds based on the geomorphologic and climatic 

characteristics of the region. 

Because data requirements cannot be met, sophisticated conceptual models are of 

limited theoretical and practical value. Researchers such as Pilgrim et al., (1988), Hawkins 

(1991), and Mimikow (1990) suggested the use of a regression model approach based on 

climatic and geomorphologic characteristics to estimate monthly or annual surface water 

yield. 

Multiple regression equations have been used extensively in hydrology and have 

providing a useful tool for prediction purposes (Osbom,1971; Gan et al., 1989; Sherwood, 

1994). The relationship between annual precipitation and annual runoff" often provides 

satisfactory results. A linear regression model is applicable in cases where there is 

appreciable carryover or lag between rainfall and runoff, as well as where a large part of 

the annual runoff" is derived from groundwater inflow from adjacent watersheds (Diskin 

1970). The best application of the linear regression model appears to be for annual 

rainfall-runoff relationships in watersheds where two or more distinct seasons are present. 
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because these watersheds have similar storage conditions just before the beginning of the 

rainy season every year. 

Regression equations and water balance models were shown to be suitable 

methods for estimating water yield on ungaged arid and semiarid watersheds (Lane 1982). 

A regression equation is the most practical method for estimating mean annual water yield 

in arid and semiarid zones (Hawley and McCuen, 1982). They based their conclusion on 

three points: 

1. regionalized regression equations appear as accurate as water balance estimates; 

2. water balance studies require considerably more input data and computational effort; 

3. data sets in semiarid regions are scarce. 

Their equation for semiarid region portions of the western United State was: 

Q = 8.205* 10"^ *p2.8906 * p^^i.6472 (New Mexico, Arizona, and 

Southern California) 
where, 

Q is mean annual runoff (in) 

P is mean annual precipitation (in) 

P23 is 60 minute, 25 year precipitation (in) 

In semiarid catchments, processes that affect runoff can be described as log-linear 

relationships between geomorphologic watershed characteristics and hydrological 

variables, such as the mean aimual runoff (MQ) (Reimers, 1990). Stepwise regression 

models were developed with the following variables: 
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MQim's-') = 10" * {AREA)" *{Py * {PVAR +1)'' * {PSAO +1)' *{LAKE + l)^ 

where a - f are fitted coeflBcients and 

AREA = basin area (km^) 

P = mean annual precipitation (mm year"') 

PVAR = variability of? 

PS AO = percentage of P falling in April to October (%) 

LAKE = percentage of a basin draining through a reservoir or lake (%) 

The values of "a", "b'Vc","d","e","r are -16.029, 0.885, 3.527, 1.488, 1.109, -

0.116 respectively. 

The coefficient of determination for fitting the regression was = 0.873 and SE = 

0.235. The coeflBcients of correlation of independent variables incorporated in the 

equation were lower than 0.4 . Variables describing geology, land use, and soil properties 

are of particular relevance for small basins, but, on the other hand, physiographic and 

climatic variables are important where large basins are considered. The variability of 

rainfall within the year and between years should be analyzed (Reimers, 1990). 

The major limitation for the use of many hydrologjc models on semiarid 

watersheds is that very few watersheds are gauged; thus, application of more complex 

models is diflBcult because the data for calibration is limited. "The simplified procedures 

require less information about physical features of the watersheds but are less general in 

their application The more complex procedures may be more physically based, but they 

require correspondingly more data and more complex computations" (Lane, 1982). 
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Some comparisons between simple and complex runoff models have been done, 

and the literature has generally shown that simple models have approximately the same 

accuracy as the complex ones. Wilcox et al., (1990) validated two different models 

designed to predict runoff from ungauged rangeland watersheds. They simulated annual 

monthly and daily runoff using a simple model, the curve number (CN), and a complex 

model based on the Green and Ampt (GAM) equation. The predicted rtinoff was 

compared to observed values in six uncalibrated watersheds located in Texas, Oidahoma, 

Arizona, Nebraska and Idaho. Results from this study suggested that the simple curve 

number can estimate runoff on uncalibrated watersheds as well as the more complex 

GAM, and the accuracy was not necessarily affected by increasing model complexity. 

The recognition of the high variability of precipitation and the scarcity of the data 

set are fundamental to a realistic modeling approach. For large catchments in an arid 

environment, where rainfall is not uniform and sometimes covers only a small part of the 

catchment, the basin should be divided into sub-basins, each of which is to be treated 

individually. In these regions, annual water yield from small catchments have been largely 

applied to estimate water harvesting, which is an important option for improving the 

management of rainfall in arid and semiarid regions (Oweis and Taimeh, 1996). Annual 

surface runoff is very important in arid zones where rain-fed agriculture is not feasible 

without the use of water harvesting (Bruins et al., 1986; Boers et al., 1986). 

At present, estimation of annual runoff has been used not only to predict the 

amount of water from a watershed but also to estimate of the annual pollutant load 

discharge, land degradation, and change of land use. James and Smith (1994) evaluated 



35 

the annual pollutant load discharge in Lake Tohopekaliga, Florida, based on an annual 

water budget. This evduation indicated that: 1) water quality improved considerably from 

1982 to 1992 as a result of diminishing phosphorus and nitrogen loading to the lake; 2) the 

water quality improvements were a response to watershed management changes. 

One approach for computing the average annual runoff volume (or depth) and 

annual pollutant loads under wet conditions is the prediction of armual storm runoff 

coefiBcients (ASRCs) (Pandit and Gopalakrishnan, 1996). ASRCs is defined as the simple 

ratio between annual runoff to annual precipitation. The authors cited that effects of 

urbanization on annual runoff volume and annual pollutant loads can be easily calculated. 

Furthermore, meaningflil statistical comparisons can be made between the annual pollutant 

loads estimated using simulated ASRCs. 

The annual runoff coeflBcient (Cr), defined as C/j = = (the fraction of the aimual 

rainfall which becomes runofl^ is a very simple and very usefiil indicator of the importance 

of recycling and the degree of recycling of moisture in a given area (Savenije, 1996). 

Furthermore, the author suggests that Cr is a good indicator for monitoring the change 

over time of the moisture recycling within a catchment because the annual runoff 

coefficient can express the reduction of evapotranspiration in a catchment. An increase of 

the runoff coeflBcient over time is a good indicator of land degradation; that is, changing 

the evapotranspiration capacity by deforestation, agricultural development, urbanization, 

or whatever charges the runoff. Savenije consider moisture recycling as one of the most 
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important mechanisms sustaining rainfall on continental catchments, particularly in 

semiarid zones. 

2.4. Comparative Hydrology 

Water resource development, suitable land use, and water management depend on 

a general comprehension of regional hydrology. The basic conception of the hydrologjcal 

cycle is not altered by regional conditions, but the importance of some water balance 

processes within a watershed may change considerably. Exploration of the linkages 

between hydrological responses and the factors influencing them provides the support to 

the comparative hydrology approach. In 1984, Kovacs presented a proposal to construct a 

coordinating matrix for comparative hydrology based on climatic and morphologic factors. 

He used them because they may alter the hydrological regime, and their characteristic 

parameters can be divided so that each range corresponds to a given hydrological region. 

In a general conception, regions can be defined as unit areas of the earth which 

share certain special characteristics, such as similarities of topography, climate, ecology, 

or geology. A hydrological region is formed by a group of basins which exhibit analogous 

hydrologic response patterns (Franchini and Suppo, 1996). However, the basins that 

constitute such region need not be contiguous. Also, a group of contiguous basins will not 

necessarily have analogous hydrologic responses. 

The purpose of comparative hydrology is to transfer knowledge and exchange 

techniques between watersheds, that is, the hydrological information collected at gauged 

sites can be transferred to ungauged sites if they are located in the same hydrologic region. 



37 

The prediction of the hydrological variables of a basin in the case of non-existent or 

restricted data can be improved by taking into account appropriate information from other 

basins, provided they are in the same hydrologic region (Cadivas, 1990). 

While dividing southwestern Nigeria into hydrological regions, Ogunkoya (1988) 

found that drainage basin geology and the nature of rock type underlying the basin 

influenced the classification. Andr^sian (1992) studied comparative hydrology of 

Mediterranean shrublands to provide a potential basis for regionalization. He investigated 

the linkage between watershed hydrology and ecology to validate the possibility of 

combining these two scientific domains into a new conception of watershed classification. 

This hypothesis was rejected because the differences in model parameter values were 

essentially due to the watershed's morphometric characteristics. The author suggested that 

the small number of watersheds (nine) was a strong restriction in his study. Nine 

catchments were not enough for defining one distinct group for fitting the regression 

equations and one for validating them. 

When it is desired to extrapolate the data set to ungauged catchments, the 

watershed classification should be based on measurable watershed characteristics, since 

the rainfall-runofiF response is influenced both by rainfall aspects and by geomorphologic 

variables of the catchments (Rittel et al., 1995). Regionalization is often used in hydrology 

to facilitate transference from places at which records are available to others at which 

values are required but not available. 

Hydrological regionalization is an important tool for the analysis of the spatial 

pattern of variation in hydrological phenomena, (Gottschalk 1984). He applied 



regionalization to a Swedish river runoff data to analyze the patterns of variation and to 

delimit regions where hydrologicai behavior may be regarded as uniform in relation to 

climate and physiography. He noticed that within regions the derived hydrologicai regions 

could be considered homogeneous with respect to the seasonal variation patterns in 

monthly coeflBcients of variation, skewness and correlation as well as coeflScients of 

skewness of annual nmoff^ annual floods, and annual low flows and that the mean values 

of annual and monthly runoff and of floods and low flows showed large geographical 

variability. He also observed that geographical variability was less pronounced in the 

coeflBcients of variation of annual runoff, annual floods, and low flows. 

In summary, the development of regional hydrologic models for the purpose of 

estimating runoff statistics at ungauged sites should be based on geomorphic, geologic, 

land use and climatic characteristics. In most sites where flow statistics are required, data 

are unavailable, because they are ungauged sites. Estimates of hydrologicai parameters at 

ungauged sites have traditionally been estimated fi'om regression models. The 

development and application of multiple regression analysis has been used to predict 

watershed hydrologicai characteristics (Magette et al., 1976; Vogel and Kroll, 1990). 

Riggs (1972) suggests that the multiple regression method is a usefiil tool in 

regionalization by using regression because nmoff can be related to watershed 

characteristics. However, he observed that the transference of hydrologicai information on 

low-flow characteristics analysis is not always appropriate This limitation appears due to 

the greater dependence of low-flow and watershed characteristics, which carmot be 

explained by a simple index. 
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Bum and Boorman (1993) investigated alternative methodologies for the 

assignment of ungauged catchments to a group based on physical characteristics and flow 

regime. The measured similarity was used to transfer parameters from gauged to 

ungauged watersheds. An important feature of this study was to escape from the idea of 

using data only from watersheds in the proximity of the study catchment towards the use 

of information from sites that are sinfiilar, but not necessarily close to the ungauged 

catchment. According to the authors "The only available method by which an ungauged 

watershed can be judged similar to, or different from others is by comparing catchment 

characteristics." 

The selection of watershed variables used in the prediction regionalization of mean 

armual flood and mean annual discharge can be based on two criteria (Seyhan, 1982): 1) 

the selected variables must confirm logical or known relationships with the hydrologic 

processes; and 2) and the variables should be easily obtained from maps or aerial 

photographs. From his results, a single runoff" equation for all watersheds of different sizes 

could not be developed. Furthermore, better predictions could be obtained when 

watersheds were clustered into groups according to their sizes. In Seyhan's study, the 

most important geomorphologic variables are watershed area, topographic factors, mean 

slope of the main channel, length of the main channel, watershed slope, and relief 

2^. Multivariate Methods 

In many geologic and hydrologic investigations, one is faced with the task of 

analyzing many variables measured on many samples. One good approach to solving this 
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task is multivariate analyses. In the last decades, multivariate analyses has had a more 

significant place in geomorphology and geology. Nowadays, multivariate techniques have 

been applied in hydrology mainly for predictive purposes to determine the most significant 

independent variables of a particular problem (Seyhan, 1982). Multivariate analyses is 

composed of a variety of techniques including fector analyses, cluster analyses, multiple-

regression and correlation analyses. 

In recent years multivariate analysis has been used to identify homogeneous 

regions. Techniques of clustering analysis have been used in many fields of study with the 

purpose of developing complete taxonomies or classification. The earth sciences (geology, 

soil science, regional science, geomorphology, remote sensing) have applied cluster 

analysis to classify land and rock formations, soils, river systems, water quality as well as 

streamfiow characteristics (Anderberg, 1973). 

Considering hydrologic problems, such as water quality, water supply, flooding, 

and low-flow, Huang and Femg (1990) demonstrated the application of land classification 

to surface water quality management. Cluster analysis was used for taxonomic land 

classification based on watershed units. Results provided high interrelationships of 

watershed characteristics and stream water quality. Such analysis could be the basis for a 

qualitative evaluation of conservation potential, land use allocations, and management 

policies, which would then be implemented to minimize pollution impacts. 

Using cluster analysis to classify streamfiow behaviors, Kim and Hawkins (1993) 

observed that streamfiow management in relation to deposition could be more efficient 

using the regions fi*om the clustering output. Further, they suggested that future analysis 
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based on clustering regions will result in more efiBcient management of water quality as 

well as determine a relationship between hydrologic behavior of each region and water 

quality. 

In the last decades, technicians and researchers have considered not only the 

quantity of water but also its quality as an effect of increasing water pollution. The 

monitoring of surface water quality is a diflBcult challenge because of the difficulties to 

control additional pollution sources. The development of a unified scheme of classification 

of lakes and rivers into relatively homogeneous groups as well as the identification of 

spatial and temporal variability of water components could improve the treads of detecting 

water quality tendency in a specific region. 

Cluster and component analysis were used by Momen et al., (1996) in detecting 

temporal and spatial patterns of water chemistry in Lake George, New York. They 

reported that the lake includes two major basins that have similar area and volume, but 

different biological community structure, plankton assemblages, and watershed 

development. The authors concluded that 1) cluster analysis based on the major 

components or on the original variables indicated that there are distinct differences in 

water chemistry between the two major basins of the lake; 2) the long-term temporal 

pattern that could be detected by cluster analysis was an increase in chloride 

concentrations; 3) cluster analysis is found to be an useml tool to detect both abrupt and 

gradual changes in time and space. 
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CHAPTER THREE 

MATERIALS AND METHODS 

This chapter will discuss the data set used and the analyses performed in the study. 

The first section describes the arid and semiarid climatic classification and briefly describes 

the location of the data set used in this research. The second part describes the 

computation of variables, the methods used to investigate the watershed regionalization 

and the equations developed to predict average aimual water yield. The data set was 

comprised of watersheds fi^om several places in Australia, Brazil and United States. This 

diversity of locations will be usefiil to evaluate average annual water yield in arid and 

semiarid zones in those countries. 

To evaluate the average annual water yield estimation in arid and semiarid zones, a 

comparative hydrological approach was developed based on the hypothesis that the 

geomorphologic system is the fi^amework in which the water yield process occurs in a 

drainage basin. Its components are the land (topography, area, and exposure), the cover 

vegetation (different land uses), the soil (texture and drainage), and the lithoiogy (mother 

rock type). Breakpoint rainfall and runoff data were available for each watershed and were 

used in the computation of average annual water yield. The geomorphologic and location 

characteristics of the watersheds were obtained fi'om maps. Watershed climatic 

characteristics were acquired fi'om publications, which will be discussed later. 
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3.1. Data Set 

A very large part of the earth's surface is classified as arid and seraiarid (one-third 

of the world area), where the water deficit is always present and the rainfall is not 

suflBcient to support rain-fed fanning. These regions encompass more than half of Afiica, a 

large part of the Middle East, parts of India and Pakistan, most of Australia, large regions 

in North and South America, and some parts of the Mediterranean Coast of Europe 

(Rodier, 1985). The data set used in this study came fi'om three countries (Australia, 

Brazil, and United States) located in three continents in both hemispheres. 

All watersheds used in this study were classified as arid and semiarid according to 

MAB map classification (UNESCO, 1979). This classification is expressed using an index, 

which is the rate between mean annual precipitation and mean annual potential 

evapotranspiration computed by the Penman formula. Three zones are defined and are 

described in Table 2.1. 

3.1.1. Watershed Descriptions 

3.1.1.1. Australia 

Brigalow Catchments 

A study to determine the long-term effect of land use on erosion, productivity, soil 

salinity, and soil fertility has been in progress since 1965 at the Brigalow Catchment Study 

site, located on the Brigalow Research Station - Queensland Department of Primary 

Industries, Australia. It is composed of three adjacent catchments, CI, C2, and C3 with 



16.8 ha, 11.2 ha, and 12.7 ha respectively. The land use for CI is brigalow forest, for C2, 

crop, and for C3, pasture. 

The Brigalow Catchment Study site is located at approximately 24° 50' S latitude, 

and at 149° 47' E longitude. Its average is altitude is 151 m above mean sea level (MSL). 

Mean aimual rainfall is 650 mm. However, annual rainfall ranged from 520 mm to 1100 

mm between 1983 and 1987, expressing a high temporal variability. Rainfall has a bimodal 

distribution, being strongly concentrated in the summer months (December to March). In 

general, more than 80 per cent of the total armual rainfall occurs within this period. 

The weather in this region is characterized by a very warm summer and a mild 

winter. Maximum temperatures occur from October to April exceeding 30°C, while cold 

days have temperatures between 10°C to 20°C. A water deficit is observed in every month 

of the year and the annual pan evaporation is around 2200 mm. Potential 

evapotranspiration is three times greater than the annual rainfall. This region was classified 

as a semiarid zone, since its rainfall/evapotranspiration is 0.30 (UNESCO, 1977). 

The topography of the three catchments was considered as well defined with 

concave surface geometry (Lawrence and Thorbum, 1989). Their aspect is; SW, S, and E 

for CI, C2, and C3 respectively. The same authors reported that the slope of watersheds is 

on average 2.5 percent. The geology of the underlying rock is predominantly composed of 

a Triassic sandstone formation with areas of shale and siltstones. 



3.1.1.2. Brazil 

Brazilian data came from five different experimental sites. Two of them, Juatama 

and Taua catchments, are located in the southwestern part of Ceara state. Sume is sited in 

central part of Paraiba state. Another one, Riacho do Navio catchment, is located in the 

central part of Pemambuco state, and the last one, Ibipeba catchment, is sited in the 

central part of Bahia state. They are all located in the semiarid northeastern region of 

Brazil and often cited as "Poligono das Secas", which means the Drought Polygon. 

Juatama Catchment 

The Jautama catchment study is located in the basin of the Jaguaribe river. This 

basin is one of the most important in the state of Ceara. The objective of the study is to 

define the behavior of small watersheds in the Northeastern part of Brazil and quantify the 

rainfall-runoff process. Juatama is located around 150 km Southwest of Fortaleza city. 

The catchment geographic position is at 05° 02' S latitude, and 39° 01' W longitude. Its 

average altitude is 200 m above MSL. 

This study started in 1963 with a net of rain gauges spread over the catchment 

area, 1920 ha, and one flume at the watershed outlet. Rainfall and runoff data were 

collected from 1963 to 1965. There is a gap of nine years in the data set from 1966 to 

1975 when data collection was resumed. 

P,ainfall distribution is unimodal and strongly concentrated in the autumn months 

(March to May). As a general rule, more than 80 percent of the annual rainfall occurs 

during this period. Mean armual rainfall is 816 mm. Between 1986 and 1987, annual 
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rainfall ranged from 384 mm to 1310 mm expressing the high temporal variability of 

rainfall distribution. 

The weather in this regions is identified by hot dry summer days and warm winter 

nights. The average maximum daily temperature in October is around 33°C while the 

colder nights of July can reach 20°C (Herbaud at al., 1989). A deficit of water is observed 

in ten to eleven months per year. The aimual potential evapotranspiration is 2700 mm, 

which is more than three times the average of annual rainfall. The 

rainfall/evapotranspiration rate is 0.30, which defines it as a semiarid region by UNESCO, 

1977. 

Juatama catchment is well defined with a concave surface, a SE aspect, and a 

maximum relief of 200 m. The mean slope of the watershed is 3.2 percent. The geology of 

the region is totally composed of pre-Cambrian crystalline rocks, overlaid by shallow 

sandy soil with a very low permeability (8 mm/hr), due to a high percent of clay at the B 

horizon (Leite and Marques, 1995). A recent mapping of the study area (1989) showed 

the following soil distribution: thirty-three percent of the total area as aridsols, forty-five 

percent as exposed rock, and twenty-two percent as alfisols (Herbaud at al., 1989). 

Native vegetation is low, thorny xerophile forests of variable density with 

cactaceae (C. gounellei, M. gounellei), euphorbiaceae (croton sp., jatropha sp. ), 

leguminous plants {Mimosa nigra, Pithecolombiem benth), and some areas have a 

predominance of Bromeliaceae species in some areas. Approximately, 12 percent of the 

total area is occupied by rain-fed farming of com, beans, and cotton. These crops have 



very low productivity (below the Brazilian average) because of the low technology 

employed by the fanners. 

Taua Catchment 

The Taua Catchment Study was developed to integrate hydrologjcal and ecological 

studies in the west zone of Ceara state. It consists of three catchments, Pirangi, Mundo 

Novo, Caldeirao, with 19400 ha, 1900 ha, 7700 ha, respectively. The study began in 1977 

with the implementation of of forty-four rain-gauges and three flumes over the studied 

area. Each rain gauge covers an area of 3.5 km^. The Taua Watershed is located 

approximately between the parallels 5° 32' S and 5° 44' S, and meridians 40° 08' W and 

40° 14' W. It has an average altitude of490 MSL. 

The three sub-basins have a mean annual rainfall of 550 mm, with a high 

coefficient of variation (0.40). This was most dramatically expressed between 1983 and 

1985, when the annual rainfall ranged from 216 mm to 1169 mm. Rainfall in May 1985 

was 392 mm, higher than the annual rainfall in 1982 and 1983. 

Hot and dry summer days and warm winter nights are also a characteristic of the 

weather in the region. According to Cavalcante at al., (1989) the average annual 

temperature is around 25°C the maximum daily temperature can reach 36°C in October 

through December, while the colder nights can reach 14 °C in July. 

Rainfall has a unimodal distribution, concentrated in the months of February 

through April. Bezerra (1995) observed that a rainfall deficit is present all year round. 



although the total rainfall in March or April could be higher than 200 mm. The annual pan 

evaporation is over 3000 mm, which is five and a half times larger than the annual mean 

rainfall. Measurements of evaporation fi-om Class-A pan can exceed 11 mm per day in 

October, and the lower values of water loss, 6-7 mm, are measured in April through June. 

The rainfall/evapotranspiration ratio of 0.18 defines this region as arid (UNESCO, 1977). 

The topography of the three sub-basins is well defined with concave surfaces, and 

the aspect goes fi-om southeast to south. Mean catchment slopes are 0.21%, 0.36%, and 

1.97% for Pirangi, Mundo Novo and Caldeirao watersheds respectively. Slopes are 

considered to be smooth (Cavalcante at al., 1989). The geology of the region is a Pre-

Cambrian Crystalline formation. The soils of the instnmiented watershed are 

predominately shallow sandy aridsols with large percentages of rock and gravel at the soil 

surface with some areas of entisols and vertisols of low permeability (Leite and Marques 

1995). 

Native vegetation is a mixed forest composed of xerophiles species such as 

faveleira (Cninodosculus phitacantus A/.), juazeiro (Sizyphus joazeiro, M), marmeleiro 

(Croton lundiams), and some cactacea species (Cereus gounelli, Cereus jamacatu). 

These vegetation species prevail in the central and southwestern zones of Ceara state and 

they are extremely well adapted to regions with a high rainfall deficit. Taua watershed 

cannot be considered an agricultural watershed, and only five percent of Mundo Novo 

sub-basin is used for rain-fed farming. 
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Sume Catchment 

The Sume Experimental Watersheds were developed to study the sediment yield 

under different soil management or irrigation methods. The observation of rainfall and 

runofiF covered 1976 to 1988. It consisted of three contiguous sub-watersheds, Gangorra, 

Umburana, and Jatoba with 137.4 ha, 10.7 ha, and 26.8 ha respectively. The total of 36 

raingauges were spread over the watersheds. Flumes were installed at the watershed 

outlets. The Sume Experimental Watersheds are located on a farm called "Fazenda Nova", 

in Sume county, Paraiba State at 7° 40' S latitude and 37° 00' W longitude. It is part of the 

upstream area of Paraiba River Basin. It has an average altitude of600 MSL. 

The climate is characterized by hot summer days and warm winter nights. The 

climatic characteristics of the Sume Experimental Watersheds are described by (Cadier, 

1994) as follows: mean annual temperature is 24° C with a maximum value around 33°C 

and a minimum value around 15°C in December and July, respectively. The mean aimual 

rainfall is 651 mm with unimodal rainfall distribution strongly concentrated in the summer 

months (February to April). However, aimual rainfall ranges from 328 mm to 1383 mm, 

expressing a high coefBcient of variation (0.38). 

Average annual insolation time is around 2800 hours. The evaporation from tank 

"Class A" pan is 2900 mm/year. The rainfall/evapotranspiration of the region (0.22) 

defines this as a semiarid region (UNESCO, 1977). 

The relief is gently rolling, which is representative of a considerable part of 

northeastern Brazil. Slopes range between 4% and 9% (Santos, 1997). The base rock 

geology is impermeable pre-Cambrian crystalline, (gneiss and quartzite). More than 85% 
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of the total basin is covered by brown non calcic vertisoils. The remainder is composed of 

parts of modal brown non calcic soils associated with rare vertisoils. 

Native vegetation is Caatinga of Cariris Velhos type, consisting of small sized trees 

and medium height brush of 2 m to 3 m. However, there are also trees and bushes of 4 m 

to 6 m , but they tend to be localized along the river banks. The dominant species are: 

Quebra-faca (Croton sp.), the Marmeleiro {Croton sonderianus) and the Caatingueira 

{Caesalpinia pyramidalis). About 30% of total area is occupied with irrigated crop 

(tomatoes), and the remaining 70% is grazed rangeland. 

Riacho do Navio Experimental Catchment 

The Riacho do Navio Catchment in northeastern of Brazil is the oldest 

experimental basin instrumented by SUDENE. It is located in the central part of 

Pemambuco state between parallels 08° 04' and 08° 18' S, and meridians 37° 47' and 38° 

03' W. This study began in 1970 and was interrupted in 1977. It is composed of six sub-

basin of 1560 - 46840 ha, but only two of them have a good hydrological data (Cardier, 

1994). Thus, Salobra (1560 ha) and Oscar Barros (4500 ha) sub-watersheds were the ones 

used in this study. The experimental watershed is approximately 300 km from the Atlantic 

coast, and it lies at 700 m of altitude. It receives some orographic influence of humid 

winds from the Atlantic ocean. 

The weather of the instrumented watersheds is characterized by hot summer days 

and warm winter nights. The average annual temperature is around 24°C with maximum 

daily temperature over 36°C between November and December, and in the colder nights 



(July-August), temperature can reach 13°C (Nouveiot and Ferreira, 1977). The mean 

annual rainfall is 520 mm. However, annual rainfall ranged from 500 mm to 1090 mm 

between 1975 and 1976 producing an accentuated temporal variability. Salobra and Oscar 

Barros sub-watersheds have the highest average annual rainfall of the region (740 mm). 

Both have unimodal rainfall distribution, strongly concentrated in the summer months 

(January to March). In general, 75 per cent of total rainfall occurs within this period. 

A water supply is observed April to May, and the aimual evapotranspiration of 

2750 mm is five times the average of the annual runofif. The rainfall/evapotranspiration 

ratio (0.20) defines this as a semiarid region (UNESCO, 1977). 

Nouveiot and Ferreira (1977) classified the topography of the two watersheds as 

well defined with a SW aspect. Mean slopes for Salobro and Oscar Barros are 0.7 per cent 

and 1.7 per cent, respectively, which are classified as smooth slopes. The geology of the 

underlying rock is basically crystalline pre-Cambrian formed of gneiss, schists, and 

amphiboles. More than sixty percent of the watershed is occupied by shallow entisols with 

moderate permeability and low capacity for water retention. 

Natural vegetation covers more than 70 per cent of the total area. It is a thorny 

forest with variable density and a high degree of xerophile species. The most dominant 

species are: Joazeiro (Zizyphus Joazeiro, L.), Umbuzeiro {Spondias Tuberosa, A.C.), 

Umburana (Amburana Cearensis, A.C. Smith), Brauna Q^Aelanoxylon Brauna, Schott), 

Pereiro (Aspidosperma Pyrifolium, Mat.), with some cactaceae species, such as Cereus 

Pemambucencis, L., and Pilocereus Ccnmellei, W. Similar to the Taua watershed, these 
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two watersheds cannot be considered agricultural watersheds, because only a small part is 

occupied by rain-fed crops with very low productivity. 

Ibipeba Experimental Catchment 

The Ibipeba Study Watershed is sited in the central part of Bahia state, 40 km 

north of Irece city. It is composed of five watersheds, Wl, W2, W5, W6, AND W7 with 

32150 ha, 1910 ha, 4680 ha, 1480 ha, and 6130 ha respectively. Land use is a mixture of 

native forest and crops, except for W2, which is occupied by caatinga forest, bare soil, and 

exposed rock matter. Wl was not taken into account in the study, because its area is 

bigger than the upper area limit (200 km^) considered in this approach. The geographic 

position of the instrumented watershed is between the parallels 11° 30' S and 11° 45' S, 

and meridians 41° 50' W and 42° 10' W. Elevation of the watershed ranges from 710 m to 

930 m MSL. The study was established in 1976 to estimate the regionalization of 

hydrological behavior of the central part of Bahia state. However, the survey was 

interrupted in 1985 by lack of personnel for data collection. 

The mean annual rainfaU is 600 mm. Rainfall varies considerably from year to year. 

Based on 19 years records , (Herbaud at al., 1989) reported that annual rainfall ranged 

from 195 mm in 1961 to 1048 mm in 1960. Rainfall has a bimodal distribution with the 

first maximum in November, and the second maximum in March. This zone is 

characterized by a long wet season beginning in October and ending in April. Evaporation 

ranges from 4 to 8.5 mm/day, Md aimual potential evaporation is close to 2100 mm. The 
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rainfall/evapotranspiration ratio is 0.29, which is evidence of a semiarid region (UNESCO, 

1977). 

Weather is very stable with hot summer days and warm winter nights. Maximum 

temperatures occur October to December, reaching 37°C, while cold nights remain 

between 9°C and 12°C. The mean annual temperature is 23.1°C. 

The topography of the study area is weU defined with a smooth relief and south to 

northwest aspect. Mean watershed slopes are 3.6%, 1.0%, 1.4%, and 0.5% to W2, W5, 

W6, and W7 respectively (Herbaud at al., 1989). Herbaud described the geology of parent 

material as calcareous dolomite with high storage water potential. The soils developed 

fi"om this material are generally deep and well drained, with high agricultural ability. 

Watershed vegetation is predominantly patterned by low, dense, and spiny 

xerophile species with a well developed deep root system. Major species are: licuty 

{Syagruscoronata, Mart), camaratuba {Cratylia mollis), umbuzeiro {Spodia tuberose), 

barauna (Schnopis brasiliensis), pau ferro {Caesalpinia ferrea. Mart). Some areas have 

predominance of Bromeliaceae species as macambira (Bromelia laciniosa. Mart), and 

Cactaceae species (Duque, 1964). Rain-fed crops are well cultivated. Probably more than 

30 per cent of total area is occupied with feijao (Phaselius vulgaris, L.), one of the most 

important crops of the northeastern part of Brazil. 

3.1.1.3 - United States 

The United States data came from six different experimental watersheds. Three of 

them. Walnut Gulch, Santa Rita, and Saflford watersheds, are located in Arizona; the 
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fourth one, Albuquerque watershed, is sited in the central part of the New Mexico. The 

others, Eliesel, and Lowrey Draw catchments, are located in Texas. The first three 

watersheds are located in the Southwestern region, and the latter ones are sited in the 

Central region of the United States. 

Wahiut Gulch Experimental Watershed 

The USDA-ARS Wahiut Gulch Experimental Watershed is located in southeastern 

Arizona near Tombstone. Instrumentation of the studied watershed was initiated in 1954 

with the purpose of studying hydrologic processes in the fi^gile semiarid ecosystems. It 

covers an area of 150 km^ in the San Pedro River Valley and is the only highly 

instrumented watershed in the Southwest. Walnut Gulch is a transition zone between the 

Chihuahua and Sonoran deserts. It is representative of 60 million hectares of brush and 

grass rangelands found throughout the semiarid zone of Southwest United States 

(Goodrich and Simanton, 1995). 

Based on its topography, drainage system, soil and vegetation. Walnut Gulch was 

divided in to 43 sub-watersheds with sizes varying firom 0.17 ha to 15000 ha. In this study, 

W-1, W-2, W-3, W-4, W-5, W-6, W-7, W-8, W-9, W-10, W-11, W-15, W-101, W-102, 

W-103, W-104 sub-basins were used. The respective areas were 15000 ha, 11370 ha, 900 

ha, 230 ha, 2230 ha, 9500 ha, 1350 ha, 1540 ha, 2360 ha, 1660 ha, 823 ha, 2400 ha, 

1.29ha, 1.46ha, 3.68ha, 4.53ha. Selection of the watersheds was based on Miller and 

Shillito (personal information) who consider these watersheds as ones with better rainfall-

runoff data. 
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The Walnut Gulch watershed is located at approximately 31° 43' N latitude and 

110° 41' W longitude, Elevation of the watershed ranges from 1300 m to 1829 m above 

MSL. Mean annual rainfall (270 mm) has a CV of 0.3 as estimated using over a period of 

34 years. In 1982, Osbom stated that Walnut Gulch summer rainfall results from air mass 

thunderstorms characterized by very high spatial variability, limited area extent, and short 

duration. Precipitation exhibits a summer/winter bimodal distribution, with more than 70% 

of the rain falling between July September. Winter precipitation develops from frontal 

storms characterized by long duration, low intensity, and large area coverage (Sellers, 

1960). 

The weather of this region is characterized by a mild winter and moderate summer 

heat. The mean monthly temperature ranges from 5°C to 30°C (Sellers at al., 1985). The 

annual average of pan evaporation is 2560 mm (Renard, 1970), and the water deficit is 

close to ten times the annual rainfall. The rainfall/evapotranspiration ratio (0.11) describes 

it as an arid region (UNESCO, 1977). 

The topography of Walnut Gulch can be described as gentle with undulating 

hillslopes incised by a youthful drainage system and an average slope around 11%. In 

1970, Gelderman reported that the geology of the underlying rock ranges from limestone 

to weathered granite intrusions, and soils are well drained, calcareous, gravely loams with 

a large percentage of rocks and gravel materials on the surface. 

Watershed vegetation is predominantly patterned by shrub Sonora Desert. The 

major shrub species are: creosote bush (JLcarea tridentata), white-thorn {Acacia 



constricta), tarbush (JFlourensia cerrma), and burro weed {Aplopappus termisectus). The 

major grass species are; black gramma {Bouteloua eriopoda\ blue grama {B. gracilis), 

and sideoats grama {B. curtipendula). Approximately 35% of cover vegetation is formed 

by shrub species (Renard et al., 1993) 

Santa Rita Experimental Watershed 

These experimental watersheds are located on the Santa Rita Experimental Range 

(SRER), 48 km south of Tucson, in Arizona, approximately 31° 48' 55" N and 110° 51' 4" 

W. The SRER is a 200 km^ outdoor laboratory established by the USD A in 1903 for 

ecological research, related principally to the range livestock industry (Martin and 

Reynolds, 1973). In 1975, USDA Agricultural Research Service established eight 

experimental watersheds. The main purpose was to investigate the impact of grazing and 

vegetation manipulation for rangelands on alluvial fans in the semidesert regions of the 

southwestern United States (Martin and Morton, 1993). In this study, WS5, WS6, WS7, 

and WS8 were used with drainage areas of 2.75 ha, 1.92 ha, 4.02 ha, and 3.08 ha, 

respectively. These watershed have an elevation of about 1170 m. 

Rainfall has a bimodal distribution with the first maximum in August, and the 

second maximum in January. About 60% of the rain falls between July and September. 

The mean annual rainfall is 440 mm (Lawrence, 1996). 

The geology of the wate.^sheds is dominated by Pleistocene alluvium fi^om mixed 

rocks. Soils are classified as aridisols, moUisols, and gravelly alluvium or rock (Martin and 
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Reynolds, 1973). Topography of the study area is classified as gently slope, ranging firom 

1.85% to 4.2%. 

Native vegetation is typical of southwestern grasslands that have been invaded by 

mesquite The major shrubs are velvet mesquite (Prosopis juliflora var. velutina), 

burrowed {Haplopappus tenuisectus [Greene] Blake ex Benson), prickly pear and choUa 

cactus (Ppuntia spp.), and desert zinnia (Zinnia pumila Gray). The most fi^equent 

perennial grasses are Arizona cottontop {Digitaria califonica [Benth] Henr.), Rothrock 

grama (Boutelona rothrockii Vasey), (Martin, 1966). Other shrubs, include Acacia {Acacia 

greggii and A. angustissima). Mimosa {Mimosa biuncifera and M. dysocarpa), and 

Calliandra {Calliandra eriophylla). 

Saflford Catchment 

The Safiford Catchment Study is sited near the Gila River within the Basin and 

Range Physiographic Province south of the Colorado Plateau (USDI, 1991). It is 

composed of four watersheds, W-I, W-II, W-IV. and W-V with 210 ha, 275 ha, 310 ha, 

and 293 ha respectively. The main stream of the first two watershed is Bonito Creek, and 

the other ones are located around the San Simon Creek. Safibrd watershed was 

established by the USD A-Arizona Agricultural Experiment Stations in 1939 and was 

suspended in 1967. 

The geographic location of the study area is between parallels 32° 25' N and 32° 

50' N, and the meridian 109° 31' W - 110° 00' W; its elevation varies from 1000 m to 

1370 m MSL. The mean annual precipitation is 240 mm with an unimodal distribution. 
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although most of southern Arizona is identified by a bimodal rainfall distribution. In I960, 

Sellers stated the folloy^g in relation to Saflford area precipitation: 

Towering Mt. Graham and its companicm peaks in the Pinaieno Mountain to 

the southwest of Safford have marked efiects on the local climate. The most important 

of these is the reducticxi in the winter precipitation. The moisture-bearing winds 

associated with these storms usually blow over the state fiom the west or southwest 

quadrants, so that the Pinaloio Mountains form a massive natural barrier which 

intercepts some of this moisture before it reaches Safford; a major part of it falls as 

rains or snow on the windward side and along the summit of these mountains. 

The weather of this region is catalogued by a hot summer and a mild winter. 

Maximum temperatures exceeding 35°C, occur fi-om July to August, while cold winter 

days are around 0°C. The low relative humidity usually accompanies extreme 

temperatures and helps to moderate the heat. The annual pan evaporation is around 1618 

mm (Keith, 1970). Therefore, the estimation of potential evapotranspiration is almost 

seven times larger than the annual rainfall. This region was classified as an arid zone, since 

its rainfall/evapotranspiration ratio is 0.15 (UNESCO, 1977). 

The topography of the four watersheds was considered well defined with mountain 

blocks and gentle valleys. Smalley (1983) considered that the river system (Gila River and 

i its tributaries) has developed a rectangular drainage pattern because of the alternating 

i 
? ranges and basins which are generally elongated and parallel. The same author reported 

that the geology of the underlying rock consists of basal conglomerate, calcareous 

lacustrine beds, and alluvium dated fi-om the Pliocene era. The topsoil is classified as a 



stony-gravely sandy loam, calcareous, well drained alluvial fans with denuded mountains 

as a result of geologic, erosion (Smalley, 1983; USDA,1967). 

The Safford watersheds have approximately 70% bare soil. The perennial and 

sparse vegetation is dominated by shrubs (creosote busch, mesquite, and false mesquite) 

with some short grasses (tabosa, three-awn, and black grama), and forbs (crassiana and 

psilostheple) (USDA,1967). 

Lowrev Draw Catchment 

Lowrey Draw watershed is located at an ephemeral effluent of the Rio Grande 

River Basin in Sutton County, Texas. The outlet of the biggest watershed is sited at the 

Sonora city limits. It was established by the USDA to study the rangeland of the Edwards 

Plateau. Although it had been established in 1938, the electronic data has recorded 

information from 1961 to 1971 (USDA, 1967). The Experimental Watershed is composed 

of six sub watersheds, W-14, S-9, S-IO, S-11, S-12, and S-13, with areas ranging from 

12300 ha to 700 ha. 

It is instrumented with 14 weighing-recording ram gauges and five flumes to 

measure runoff in the ephemeral channels. Also, seven additional watersheds, W-l,W-2, 

W-3, W-4, W-5, W-6, and W-7, with area ranging from 2 to 5 ha were used in this study. 

They are sited 45 km south of Sonora, East Fork Devils River, an ephemeral effluent of 

the Rio Grande River Basin. Geographic position of the study watershed is at 30° 34' N 

latitude, and 100° 39 W longitude, and its elevation is around 700 m above MSL. 



The mean annual rainfall is 550 mm with a bimodal distribution. The first 

maximum occurs in May, and the second one occurs in September. Although a six month 

rainfall season ( May-October) occurs, over there, a hydric deficit is observed every month 

of the year (Larkin and Bomar, 1983). The annual pan evaporation is close to 1900 mm 

resulting in a rainfall/evapotranspiration ratio equal to 0.29, which is evidence of a 

semiarid region (UNESCO, 1977). The region has a Subtropical Steppe climate, typified 

by semiarid to arid conditions. Maximum temperatures are present from June to August 

reaching 35°C, while minimum temperatures can drop below 0°C. 

Lowrey Draw Experimental Watershed has a gentle relief with an average slope 

lower than 5 per cent. Pool (1975) cited that the geology of Edwards Plateau is associated 

limestone of Lower Cretaceous age. The underling rock is formed of alternating beds of 

marly limestone and hard limestone and soils are residual limestone clays with the high 

majority of Tarrant and Valera series. Vegetation is principally formed by cedar, live oak, 

shin oak, and mesquites, which is used mostly as a range for cattle, sheep, and goats. 

Riesel Catchment 

The Riesel Study Watershed is sited ui the central part of Texas, in Falls County, 

27 km southeast of Waco and belongs to the Brazos River Basin. It is composed of four 

main watersheds, each divided into sub-watersheds, with areas ranging from 1 ha to 1772 

ha. The land use is predominantly agricultural, where 83% of the area is used to maintain 

good conservation practices (USDA, 1967). The geographic position of the instrumented 

watersheds is between the parallels 31° 20' N and 31° 31' N, and meridians 96^ 52' W 
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and 96° 53' W. Elevation ranges from 158 m to 172 m above MSL. This study begun in 

1938 and ceased in 1978. It was established to estimate the hydrologjcal behavior of the 

blacklands of Coastal Plains in Texas. 

Rainfall has a bimodal distribution with the first maximum in May and the second 

maximum in September. The mean annual rainfall is 812 mm (Bomar, 1995). Evaporation 

ranges from 2 to 8 mm/day, and annual potential evaporation is higher than 1600 mm. The 

rainfall/evapotranspiration ratio (0.49) defines it as a semiarid region (UNESCO, 1977). 

The ratio value of 0.49 is immediately below the upper limit of the semiarid category but it 

is still accepted since it falls within the limit. However, Larkin (1983) reported that this 

region has a subtropical subhumid climate characterized by hot summers and dry winters. 

Maximum temperatures occur in June to August, when temperature can reach 36°C. On 

the other hand, cold nights occur from December to January when temperature remain 

between 2°C and 8°C. 

The topography of the study area is well defined with a smooth relief and north to 

northeast aspect. The geology of the parent material varies in age from the earliest to the 

recent, with great quantities of underground water of considerable economic importance 

(Pool, 1975). Poll reported that soils are formed by dark-colored, limy, crumbly clays of 

the Harris, and Edna series. This region is marked by tall bunch grasses and it is used for 

cotton, com, and pasture lands. 



Albuquerque Catchment 

The Albuquerque watershed is located 30 km northwest of Albuquerque at the 

central valley of New Mexico. Its geographic position is 35° 11' latitude N, 107° 01' W 

longitude, and it lies at an elevation of 1828 m above MSL. Three sub-catchments, W-I, 

W-n, and W-HI, constitute the Experimental Watershed with 100 ha , 16 ha., and 71 ha, 

respectively. The main water channel, Rio Puerco, is a tributary of the Rio Grande Basin. 

It is maintained by the USDA in cooperation with the New Mexico Agricultural Research 

Service. 

RainfaU has a unimodal distribution with high concentration in July and August. 

Tuan et al., (1973), reported that summer is a "brief wet season" consisting of more than 

45% of the average annual precipitation. This fact is explained by an extension of the 

Bermuda subtropical cell of high pressure that moves into the Gulf of Mexico. The 

average annual rainfall is 167 mm with a CV equal to 0.33. This high variability is a 

characteristic of summer thunderstorms. The winter season is the dry season with very low 

precipitation, dominated by high pressures and relatively dry, stable continental air. 

Because of the strong influence of elevation on temperature, Albuquerque's 

weather is classified as a cold winter and cool summer (Bennett, 1986). The average daily 

minimum temperatures in January remain around 0 °C, while summer temperatures are 

expected to be close to 30 °C. The potential evaporation is considerably high all year 

round with a high deficit of water. The annual free water surface evaporation average is 

around 1520 mm, which is almost seven times larger than the annual mean precipitation. 



Precipitation/evapotranspiration ratio is 0.14, which is stated as an arid region 

(UNESCO, 1977). 

The topography of the region is considered to be moderate in the lower part of the 

watershed and steep at the upper portion, where bed rock is exposed. The geology of the 

underlying rock is composed of limestone and sandstone formed during Quaternary ages. 

The Albuquerque watersheds have very shallow poor soils with 22 per cent of 

sandstone rock exposure, which are classified as aridisols (Maker and Daugherty, 1986). 

Land cover is formed by sparse native vegetation with a high dominance of black grass 

and a few Juniper and Pinion trees. Eighty five per cent of the area is bare soil, vulnerable 

to wind erosion. The data set is recorded goes from 1941 until 1967. 

3.1.2. Data Acquisition 

The scarcity of data is an endemic problem in hydrologic analysis under ahnost all 

conditions. In arid and semiarid regions, due to their low economic potential, this problem 

is accentuated by the small number of gauged sites, record lengths, time scale of the data 

set, and accuracy of available data. In hydrologic modeling the quality of available data has 

a greater effect on the prediction accuracy than the quality of the model (Pilgrim et al., 

1988). 

Even though this is a limitation in model development, it is diflBcult to find 

accurate data for different watersheds with the same record length and time scale. It 

should be noted that record length of the data used in this study ranged fi'om 4 to 58 
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years. This is a shortcoming that should be taken into account when extrapolating to real 

conditions. This limitation is the result of data realities. 

The data used in this research was obtained from three different sources: 

1. The Superintendencia e Desemolvimento do Nordeste (SUDENE), which is a 

Brazilian governmental agency accoimtable for the development and management of 

human and natural resources in the northeastern part of the country. Files containing 

rainM-runoff series, geomorphologic watershed characteristics, soils description, and 

land utilization are published in The Serie Hidrologia books, Recife, Brazil. 

2. The Water Data Center is maintained by US Department of Agricultural Research 

Service (ARS) in Beltsville, Maryland. The Hydrology Laboratory is a research unit 

for the development of methods for predicting water yield and estimating the impact of 

environmental changes on water resources. The rainfall-runoff data was copied 

electronically from the Water Data Center via ftp protocol to hydrolab.arsusda.gov. 

The data archive consisted of breakpoint of precipitation and runoff data in a time-

series format. The watershed characterizing information, land use, and soils 

classification were obtained in the Hydrologic Data for Experimental Agricultural 

Watersheds in the United States book series. 

3. The source of Australian watershed data is Queensland Department of Primary 

Industries, Australia. All information on the rainfall-runoff data set as well as 

geomorphological information of the watersheds used in Australia came from a textual 

file published by Queensland Department of Primary Industries. 
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Over 100 watersheds were examined initially, but some watersheds were excluded 

from this study because the lack of complete information. In this research, 80 watersheds 

from the southwest United States, northeast of Brazil, and the northeast Australia were 

used. The catchments vary in size from seven to 19000 hectares, and the record lengths 

range from 4 to 57 years. 

3.2. Data Analysis 

A classification scheme may simply represent a convenient way for organiidng a 

large data set so that the use of information may be more efiScient. Watershed 

classification is based on the premise that regions of similar climate, geology, vegetation, 

land use and topography will respond similarly to hydrologic processes. Regional analysis 

methods are adequate to estimate events at gauged watersheds as well as generating 

means of estimating runoff characteristics at ungauged watersheds (Gordon et al., 1994). 

Multivariate techniques, such as cluster analysis and factor analysis have been used 

to identify homogeneous hydrological zones using geomorphological characteristics. 

Classification developed here was based on geomorphological, climatologjcal, 

topographical, soils characteristics, and land surface conditions of the watersheds. Hence, 

the steps used in this study to compute average aimual water yield, identify the 

homogeneous regions, the most adequate set of variables, and the estimation of average 

annual water yield are as follows. 
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3.2.1. Computation of Water Yield 

To compute the water yield from the electronic data, the ANNYIELD program 

was used. This program was developed by Simas and Hawkins (1996), and computes the 

rainfall and runoff yield based on a water year beginning October 1. It uses rainfall and 

runoff breakpoint data. It accumulates rainfall data based on a water year. It uses runoff 

rate, computes the total runoff over a period, and then accumulates it over the water year. 

3.2.2 Computation of Variables 

The most important step to make a watershed regionalization is to select the most 

appropriate set of variables. The exclusion of important variables could result in poor or 

misleading results (Nathan and McMahon, 1990). There are many variables that are 

correlated, which will directly or indirectly influence the transformation of rainfall into 

runoff in a watershed. 

In general, the variables that affect hydrologic processes operating within a 

watershed are dependent on climatic and land surface physical characteristics 

(geomorphological, vegetation, land use, and soil). Many researchers have considered 

watershed variables as a fimction of climatic, physiographic, vegetation, soil, and runoff 

characteristics (Eiselstein, 1967; Gregory and Walling 1973; Strahler, 1964; Paulson et al., 

1985; Linsley et al., 1975). 

Based on previous studies, actual availability of data and the physical features of 

the watershed, a total of twenty one variables were adopted as potentially useful in the 

prediction of average annual water yield (Table 3.1) 
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Table 3.1- Variables Selected for the Study 

\ arinhJo Descrintsoii 

Longitude (degree) The values were acquired directly from 
Australia' 
Brazil^ 
USA^ 

Latitude (degree) The values were acquired directly from 
Australia' 
Brazil^ 
USA^ 

Altitude (m) The values were acquired directly from 
Australia' 
Brazil^ 
USA^ 

Temperature (°C) The values were acquired directly from 
Australia' 
Brazil^ 
USA^ 

Mean annual rainfall (mm) Prediction of mean annual rainfall for watersheds with a 
considerable number of gauges was done by means of 
isohyetal method. Isohyetal maps were done using SURFER 
program. 

Area (ha) The values were acquired directly from 
Australia' 
Brazil^ 
USA^ 

Perimeter (km) The perimeter was measured using a clinometer, from maps 
published in 
Australia' 
Brazil^ 
usa^ 

Periarea (km) e stimated as the ratio of the watershed area to perimeter, 

n, r, 1 0.0\* c[rea\haX\ 
\Penarea[bn\̂  J 

Aspect (degrees) It was computed using the azimuth. To make a classification 
of aspect it was assumed that the aspect in the southern 
hemisphere is opposite to that in the northern hemisphere. 

Stream slope Computed as the ratio between the elevation at the point 
(dimensionless) where main stream is of first order and its length. 
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Table 3 .1 - Continued 
Watershed slope Computed as the fraction of maximum relief and the length 
( demensionless) of watershed. 
Watershed length (km) Measured considering a plane parallel to the main stream. It 

was measured using a clinometer. 
Watershed width (km) Defined as the ratio between measured area and watershed 

length. 

(rrr  jt, 1 0.0\* aa-ea\ha)\ 
MH- 'J 

Lenwid (dimensionless) This new variable was defined as the ratio between 
watershed length and watershed width described above. 

Length of stream (km) Measured with a clinometer from maps present in the same 
file where the variables cited above were determined. 

Maximum relief (m) The difference between the watershed outlet and maximum 
elevation. 

Land use (ordinal) The values were acquire directly from 
Australia' 
Brazil̂  
usa^ 
The land use of all watersheds were classified in four 
categories. See Table 3.2 

Soil texture (ordinal) Soil textures were classified according to U.S. Department 
of Agricultural textural classification triangle. See Table 3.2. 

Soil permeability The values were acquire directly from 
(ordinal) Australia' 

Brazil^ 
usa^ 
The soil permeability of all watersheds was classified in 
eleven categories. Table 3.2. 

UNESCO Index of aridity It is computed as the ratio of annual precipitation and 
(dimensionless) potential evapotranspiration. 
Hortonform It is the dimensionless ratio of watershed area A to the 
factor(dimensionless) square of watershed length, thus: 

Q.Q\* area[ha'\ 
4>y 

V {lengtl̂ km]) / 

' Queensland Department of Primary Industries 
^ Serie ICdrologia 
^ Hydrologic Data Experimental Agricultural Watersheds 

The values of the variables described above, are shown in Appendix I. 
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Table 3.2 - Categories Used for the Classification of Land Use, Soil Texture, and Soil 
Permeability Variables. 

Variables Classes Index 

native 1 

land use pasture 2 

mixture 3 

crop 4 

clay 1 

clay loam 2 

silt loam 3 

loam 4 

soil texture loam sandy 5 

clay gravely 6 

sandy clay 7 

sandy clay loam 8 

sandy loam 9 

sandy 10 

very slow 1 

slow 2 

soil permeability moderate - very slow 3 

moderate 4 

moderate-rapid 5 

rapid 6 

very rapid 7 

3.23. Analysis of Consistency 

Because of the statistical nature of this work, a suitable sample size and a 

consistent data set were desired. The lack of an adequate time series data set as well as the 

inclusion of poor quality data could mask the correct resuhs. To avoid these kind of 

problems, the data set was evaluated in two different ways. The first evaluation 



determined if the period covered by the data used in this study was long enough to be 

representative of rainf^ and runoflf events in the region. To do this evaluation, a periodic 

study of the variation in rainfall was performed. This procedure is shown by a plot of the 

average percentage deviation from the true mean by the record length on the abcissas. The 

second evaluation was to test if the data set had consistency. To analyze the consistency of 

a rainfall data, the double mass analysis was applied, a common analysis used to check the 

consistency of a station data in time. The double-mass analyses is performed by plotting 

the accumulated rainfall at the gauge in question against the average accumulated rainfall 

of a number of other nearby gauges which are influenced by the same meteorological 

conditions. To evaluate the consistency of the raingauge, a visual inspection on the slope 

line was made. If the slope did not change, if means that the raingauge has consistency in 

relation to the other raingauge. 

3.3. Watersheds Regionalization 

Two different approaches were used for regionalization of the watersheds. First, 

based on all variables described in Table 3.1 watersheds were grouped by using cluster 

analysis. Second, these clusters were verified and further examined using the Andrews' 

plot. 

Certainly, it is often useful to begin the search for clusters in multivariate data by 

examining relatively simple graphical displays as histograms, stem-and-leaf displays, 

boxplots, etc. Such diagrams could providing evidence of patterns or structure in the data. 

They may indicate that the data have or do not have distinct groups, thus giving a guide to 
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use a more appropriate model (Everitt, 1993). To evaluate the multivariate structiire of 

the selected variables, a combination of the univariate views provided by histograms with 

the bivariate scattergrams was perfiirmed. Examples of two type of these plots are shown 

in Figures 3.1 to 3.6. Since a number of these plots very clearly indicate the presence of 

groups in the data, cluster analysis seems to be appropriate for determining homogeneous 

watershed groups. 
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Figure 3.6 - Watershed Slope Histogram 

3.3.1. Cluster Analysis 

In the last two decades, multivariate techniques, such as cluster analysis, have been 

used to identify homogeneous hydrologjcal regions using hydrologic and 

geomorphological characteristics (Tasker, 1982; Hawley and McCuen, 1982; Haines et al., 

1988; Nathan and McMahon, 1990). Assuming that different homogeneous groups are 

dominated by different physical processes, and thus variables that are identified as 

important in one are not necessarily important in another, the study watersheds were 

divided into homogeneous groups that have similar behavior. This procedure was done to 

improve the output of the estimating equations of average annual water yield. Therefore, 

average annual water yield can be estimated using a regional model instead of a general 

one. 
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The first step in identifying groups of analogous regions is to undertake cluster 

analysis. As with other statistical procedures, a number of decisions must be made before 

the actud analysis procedure. Selecting the variables to include in an analysis is always 

crucial. If important variables are excluded, poor or misleading findings may resuh 

(Norusis,1990). 

Another disadvantage of using techniques such as cluster analysis is that the 

similarity measure is highly dependent on the scales of the measurements used. For 

example, when variables are measured on different scales, those that are measured in 

larger numbers will contribute more to the distance than variables that are recorded in 

smaller numbers. To elude this problem all variables were standardized to have a mean of 

zero and a standard deviation of one. 

To perform cluster analysis, an agglomerative hierarchical clustering with a 

combination of different measures of similarity and linkage methods was used. All the 

cluster analysis were undertaken using the SPSS statistical package. Among different 

linkage methods and similarity measures available on SPSS, five different linkage methods 

and three distinct similarity measures were connected. These linkage methods and 

similarity measures are presented in Table 3.3. A scheme of these connections is expressed 

by Figure 3.7 



Table 3.3 - Linkage Methods and Similarity Measures Used to Generate Clusters. 

Linkage Methods Similarity Measures 

I average linkage seuciid 

2 single linkage euclid 

3 complete linkage cosine 

4 median clustering 

5 • Ward's method 

cosme seuciid euclid 

Linkage Method 

Figure 3.7 - Flowchart of Different Combinations Among Limcage Methods and 
Similarity Measures. 



Different associations of the above linkage methods and similarity measures were 

undertaken for the two sets of variables used in the cluster analysis. The first one was 

formed by all variables, and the second one, the latitude and longitude variables, was 

excluded to generate subregions without geographic frontiers. This was done because this 

study assumed that homogeneous regions are independent of geographic position; that is, 

analogous regions do not necessarily mean continuous regions. 

A preliminary evaluation of the clustering procedure was done by investigating the 

agglomeration schedule and the dendrogram. By examining the agglomeration schedule, 

an idea of how dissimilarly the clusters are combined can be seen. Small coefficients 

indicate that fairly homogeneous clusters are being combined. Large coeflBcients indicate 

that clusters containing quite dissimilar members are being linked. The dendrogram plot is 

another way of visually representing the steps in a hierarchical clustering. It shows the 

clusters being combined and the values of the coefficients at each step (Norusis, 1990). 

This preliminary investigation gave support to dividing the watersheds into 

homogeneous groups. However, the final number of clusters were not only based on the 

output of the SPSS program but also on the previous investigations. Each cluster must 

have enough data points to make it possible to use at least two regional parameters in the 

model. 

3.3.2. Andrews' Curve 

For a better understanding of the similarity between watersheds within a 

homogeneous region, the Andrews' curve was used. Andrews' curve is a function 
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developed by Andrews (1972) to plot multivariate data in two dimensions using the 

following equation 

f j j )  = r, + jc, sin(/) + cos(/) + sin(2/) + x, cos(2/) +... Eq. 3.1 

The variables xi, X2, ... represent each of the variables used to characterize the 

watershed, and the function is plotted over the range -IT < / < IT. Gnanadesikan (1997) 

commented that the choice of the coeflBcient to be associated with each variable is 

important. That is, the results depend on the order of variablesthat are categorized. One 

suggestion of the author is to label Xi as the most important variable, X2 as the second 

most important variable, and so on. In this approach the criteria of correlation matrix was 

used. It means, xi was the dependent variable with the highest correlation in relation to the 

dependent variable. X2 was the one with the second highest correlation in relation to the 

dependent variable, and so on. 

Andrews showed that the difference between two curves preserves the Euclidean 

distance. For more illustration of Andrews' curve see Gnanadesikan (1997) and Gordon at 

al. (1994). 

The statistical properties of the function plot established by Andrews (1972) are: 

(i) The function representation preserves means. If r is the mean of a set 

of n multivariate observations .x„ then the function corresponding to r is the 

pointwise mean of the fimctions corresponding to the n observations; 

n i=i 



As a result the average will appear like an average in this plot. 

(ii) The fiinction representation preserves distances. One measure of the 

distance between two fiinctions that seems in accord with distance as judged by the 

human eve is 

X  ̂

Moreover, this distance is proportional to the familiar Euclidean distance 

between the corresponding points since 

||/x(0 - fyiol = + - (^. - yi) 
.=1 

Because of this relation, close points will appear as close flmctions and 

distant points as distant functions. Thus multivariate clusters and outliers may be 

identified visually firom the plot of the fimctions. It is this distance-preserving 

property that determines the coefBcient l/Vl and restricts the coefficients of t to 

integers. 

(iii) The presentation yields one-dimensional projections. For a particular 

value of t- to the function value is proportional to the length of the projection 

of the vector ..., xt) on the vector 

f 1 
/,(^o) = (^;^,smro,cos/o,sin2/o,cos2/o,...^ 

since 

The projection on this one-dimensional space may reveal clustering, outlier 

patterns, or other peculiarities that occur in this subspace and which may be 
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otherwise obscured by other dimensions. The advantage of this plot is that a 

continuum of such one-dimensional projections is plotted on one graph. 

3.4. Annual RunofT Model 

The most preferable basis for annual water yield estimates is the summation of 

calculated shorter-term nmofifs, as monthly, daily or storm event flows. However, the 

available hydrologic information in undeveloped countries is far from this reality. Thus, 

this study was developed with armual basin-on-average runoflF. In fact, the available data 

from Brazil are presented only in this format. Because of these considerations the study of 

water yield is treated here on an average annual basis. 

A preliminary study used 60 watersheds for which 21 independent variables were 

available. This preliminary study was done to determine the most important variables in 

the regression model, because there were 20 watersheds for which not all data was 

available. Once the most significant variables were determined, all watersheds were 

included in the study, using only the most significant variables. 

3.4.1. Selection of Variables 

The selection of appropriate variables is one of the most important steps in the 

regionalization process as well as in the nmoflf prediction, the elimination of important 

variables can result in poor predictions. A nimiber of stepwise regression equations were 

developed to selected the most suitable variables to be used in the annual runoff 

predictions. The stepwise regression equations were generated using all variables. In this 
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study, the stepwise multiple regression not only defined the most important variables, but 

also generated the runoflf model. This was done for each group defined according to 

item 3.4. 

3.4.2. Stepwise Multiple Regression 

To establish predictive equations of average annual water yield, the stepwise 

multiple regression analysis procedure was applied to the watersheds' groups. The 

equation is of the form 

where Qi is average armual water yield; X, are variables; a is the regression 

constant; and 6, is the regression coefiBcient for each variable. 

The choice of the independent set of variables used to fit the equation was selected 

by the stepwise procedure. This procedure was applied to each subregion defined by the 

cluster analysis and the Andrews' curve in the previous investigation. The evaluation of 

equations for each group was done beginning with the simplest equation up to the more 

complex ones that include a set of variables estimated by the procedure adopted in this 

study. 

For each subregion, equations were fitted as follows 

Q.=ci*xp* Eq. 3.6 

Q^=a^* X,^  *  X^"^-  *  X," '  *  *X„' '  

Eq. 3.7 

Eq. 3.8 

Eq. 3.9 

Eq. 3.10 



Because they are non-linear equations, a log transformation was applied to all 

dependent and independent variables. The general regression equation for each group 

therefore took the linear form 

logO = log(aJ + A, *log(^,) +.... *log(Jr ) Eq. 3.11 

Step by step, when a new variable was added to the more simple equation, the 

significance of adjoining this new variable was computed. This analysis was developed 

using SPSS, and as an output , the variation of between slope lines, the values of 

change of R^, and the significance of F, and confidence intervals, were obtained. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

This chapter presents the outputs and discussion of the analysis used to investigate 

the data set and to test if the hypothesis assumed in this study will be rejected. This 

chapter is divided into six sections. The first discusses the adequacy of the time series data 

and consistency of it. The second provides and explains the results obtained when pooled 

data were analyzed. The third shows how watersheds were classified in homogeneous 

groups. The fourth displays how prediction models were developed for each watershed 

group. The fifth tests the models developed m this study, and the sbcth presents a 

comparison of equations developed m this study to other models. 

4.1. Adequacy and Consistency of Time Series 

The data record is, in reality, only a sample of the total population of values which 

have occurred and which may be expected to occur. It is thus subject to statistical errors 

resulting fi-om the fact that it is only a sample of a larger population. Measurement errors 

can also contribute to these errors. Wide variations in the data set may be found when 

missing or inconsistent records are detected. The fi-equency with which records are taken 

at each station can contribute to these variations as well. 

Data must be consistent and the time series sufficiently large to represent the total 

population. Furthermore, statistical analyses are necessary to allow projections into the 

fiiture based on past properties of the watersheds. The most common technique for 
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detecting and correcting inconsistencies in a rainfall record is the double-raass-curve. This 

technique accomplishes this by comparison of the accumulated totals of the raingauge in 

question with the corresponding totals for a representative group of nearby raingauges. 

4.1.1. Consistency of Data 

Precipitation data is sensitive to changes in the type of raingauge used, itslocation 

and the environment around it. These changes can occur as a result of trees growing 

around a gauge, buildings or other constructions being built close to it, climatic changes, 

or even a change in the person who collects the data. Because of these possibilities, 

portions of rainfall data in this research were tested for consistency using the double-mass 

curve technique. In this study, rainM data wereconsidered consistent when slope break of 

the double mass curve did not persist more than five years. Spurious breaks in the double-

mass curve should have been recognized as such and were caused by the inherent 

variability in hydrologic data; breaks that persisted for less than five years should be 

ignored (Searcy and Hardison, I960; Linsley at al., 1975; Dingman, 1994). 

The Australian and Brazilian watersheds were not tested for rainfall consistency, 

because of the lack of breakpoint data and the short period of data of four years for 

Australia and eight years for Brazil. The files used in this study did not have the values of 

annual precipitation for each raingauge. Instead an annual average of the total rainfall data 

was available. The record period range fi-om 1971 to 1980. 

Examples of plots of double-mass curves for watersheds raingauges are presented 

in Figures 4.1 to 4.5. In each Figure, a single selected raingauge was tested against nearby 
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gauges. The tested gauges were later used in the model validation. As seen in Figures 4.2 

to 4.5, no deviations from the double-mass curve slope were longer than five consecutive 

years. This means that the tested gauge in each watershed had good consistency. 
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In Riesel in 1964 and in 1969 raingauge 14 deviated from the double-mass curve 

slope (Figure 4.1). Walnut Gulch's raingauge 44 (Figure 4.3) showed high consistency 

with the average of cumulative annual precipitation values of the other raingauges. The 

double-mass curve in Albuquerque (Figure 4.3) also showed good consistency between 

raingauge 1 and four adjacent gauges. The plots for Lowrey, Texas and SafFord, Arizona 

watersheds (Figure 4.4 and 4.5) were slightly more erratic than the first three, but in no 

case did the slope break persist for more than five years. 

A linear regression of double-mass curve analysis was developed for each 

watershed. Based on this analysis and visual inspection for their consistency, it was 

assumed that all tested watersheds showed very good data set consistency. The coefiBcient 

of determination, for all was higher than 0.9993. Further, the slope of the regression 

line was close to one. This high values are the result of unavoidable internal correlation 

inherent to the cumulative process. Table 4.1 summarizes this analyzes as well as the 

length of records used for each watershed. 

Table 4.1 - Summary of the Double-Mass Curve Analyses of Watersheds. 

Watershed Record of Years R^ Slope 

Riesel 33 0.9999 0.9921 

Walnut Gulch 35 0.9996 1.0446 

Albuquerque 27 0.9997 0.9944 

Sonora 11 0.9993 0.9646 

Safiford 32 0.9993 1.2067 
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4.1.2. Long-Term Average 

The consistency of a long-term hydrologic data series may be questionable because 

strict experimental control is difficult to achieve and the inherent variability of the water 

cycle is not easily understood. These two characteristics of hydrologic phenomena have 

generated an uncertainty in defining the minimum length of the precipitation time series. 

The length of record for each watershed was evaluated based on the average annual 

precipitation. This was done to determine if the record length was appropriate. 

The long-term average was estimated based on the most representative raingauges. 

In this study the efifective raingauges were those with no missing data, longer time series, 

and year-round operation. Watershed identification, area, time series, and number of 

raingauges used in this test are presented in Table 4.2. Figures 4.6 to 4.9 show the time 

series of the average annual precipitation, the total average value, and the five points 

moving average of several watersheds used in the study. 

Table 4.2 - Watershed Description on Area, Period of Record, and Number of Raingauges 

Site Ws p (mm) Area Record #of 
identification (ha) (years) raingauges 

Riesel 42004 833.00 1772.00 33 4 
W. Gulch 63001 310.00 14933.00 35 8 
Albuquerque 47001 180.00 99.00 27 5 
Saflford 45004 210.00 292.00 32 13 

Figures 4.6 to 4.9 show the time series of the average annual rainfeU, the total average 

value, and the five points moving average of several watersheds used in this study. 
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Figure 4.9 - Annual Precipitation - Albuquerque, New Mexico 
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All watersheds expressed variation in annual rainfall from year to year. 

Furthermore, these variations appear to be irregular. It is diflScuIt to judge from these 

graphs whether there is any tendency for the rainfall to increase or decrease with time, or 

if they change in a cyclic manner. 

The annual rainfall at RieseL, TX was below average for an eight-year period (1949 

to 1956), but it was never above average for more than five successive years. On the other 

hand, Saflford, AZ showed a tendency to have more successive years with an annual 

rainfall above average (Figure 4.7). Walnut Gulch, AZ showed a tendency to have a high 

number of dry year clusters closer to average than wet year clusters (Figure 4.8). 

However, Albuquerque, NM showed an opposite behavior; that is, the wet year clusters 

are closer to average than the dry year clusters. 

In the computation of the 5-years moving average curve, the value attributed for a 

certain year is the average of total aimual rainfall for the five antecedent years; for 

example, the rainfall for 1962 is the average rainfall for 1958 to 1962. The moving average 

curve showed that annual rainfall in Riesel, TX had a tendency to increase with time, while 

armual rainfall in Saflford, AZ showed a tendency to decrease in this data set. On the other 

hand, the moving average curve in Walnut Gulch and Albuquerque suggested that an 18-

year and a 20-year cycle in rainfall existed, respectively. However, no statement should be 

made in relation to the armual rainfall tendency based on this data set. A record of 30 years 

or 35 years for these watersheds is not large enough to determine if the annual rainfall 

records have a cycle tendency. 
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The long-term average rainfall variability was evaluated as well as it corresponding 

standard error of the mean. These results explain the precision with which the population 

mean is estimated from the sample. The standard error of the mean was estimated for each 

cumulative period of observation. Figures 4.10 to 4.13 show the standard deviation of the 

cimiulated time series. 
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Figure 4.13 - Long-Term Average - Safford, Arizona 

It can be seen from Figures 4.10 and 4.12, that Walnut Gulch, Riesel and 

Albuquerque have a small standard error of the mean. It means that the annual rainfall 

average does not depart greatly from the long term mean. Walnut Gulch and Riesel 

expressed a deviation from the average aimual precipitation of less than 5%, when the data 

record was greater than eighteen years. In other words, a long-term average for these 

watersheds can be estimated with a record of eighteen years within five percent or less 

from the correct value. On the other hand, Albuquerque watershed requires a longer 

period of observation (28 years or more) to estimate a long-term average with an error of 

6% in relation to the true average. Wisler and Brater (1959) reported that if a record is 

covered by a period of 30 years or more, the average does not diverge greatly from the 

true mean. 
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Although the annual rainfall data set in Saflford watershed has a record larger than 

30 years, the deviation from the true mean is nearly twenty five percent. This phenomena 

can be seen in Figure 4.13. This behavior could be explained by the high variability of 

annual rainfall in these watersheds. Statistics of annual rainfall indicated that Safford 

watershed has the highest standard error of the mean (51.14 mm) with a variation of 24% 

of the population mean. A summary of the statistics are presented in Table 4.3. 

Table 4.3 - Summary of Average Annual Rainfall Statistics for Riesel, Walnut Gulch, 
Albuquerque and Saflford Watersheds 
Watershed Annual P n St. Dev St. error of CV Max Min 

(mm) 
mean 

(mm) (mm) (mm) (%) (mm) (mm) 

Riesel 833.00 32 232.00 41.11 28 1304.00 448.00 

W. Gulch 310.00 35 80.11 13.25 29 460.41 226.99 

Albuquerque 180.00 27 60.02 12.22 33 401.49 85.87 

SafiFord 210.00 32 60.31 10.66 29 379.00 111.36 

Another point that expresses the high variability of the average annual rainfall is 

the range. For example: the armual rainfall range in Albuquerque is 175%, which shows a 

high temporal variability. 

Results suggest that the adequacy of the data set in relation to the time length is 

not stationary It depends on the variability of climatic characteristics. This means that 

twenty years can be a long enough period for a region, but another region may require a 

record of forty years to represent a long-term average. Dingman (1994) conunented that 
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the US National Weather Service considered a 30-yr period to compute the average 

annual precipitation, but this record period should be updated every ten years. 

In summary, the data set used in this study seems to be appropriate as far as 

consistency and time series length. That is, the slope of all double-mass curve developed 

here did not change, expressing a very good consistency of rainfall data. Further, the long 

term average did not change after twenty years. In other words, a twenty year time series 

is representative of the analyzed regions. 

4.1.3. Variables: Descriptive Statistics 

The input variables of the watersheds used in this study were statistically evaluated 

to analyze the variability of each element. The basic statistics are presented in Table 4.4. It 

is important to mention that, in general, watershed shape and topographic variables show 

a higher CV than the soil and climatic variables. This suggests that probably the 

watershed's shape and the topographic variables are the most important variables in the 

delineation of clusters. This is represented by the Euclidean distance, which is higher for a 

higher variability of a variable. 
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Table 4.4 - Statistics of Pooled Data (n = 60) 
Variables Unit Mean Median Mode Std Dev CV Skewness Kuitosiss 

lat degree . 27.64 31.28 24.50 8.60 31.11 -1.90 2.05 
Icm degree 95.16 96.53 149.47 26.14 27.47 -0.96 1.28 

elev m 690.85 595.00 164.16 570.66 82.60 0.58 -1.18 

temp °C 18.73 18.28 18.28 3.11 16.60 0.93 0.96 

P mm 614.02 650.00 650.00 279.56 45.53 -0.32 -1.54 

Q mm 71.85 32.85 3.42 71.58 95.63 0.50 -1.40 

area ha 1868.65 255.23 4.57 3854.37 206.26 3.05 9.43 

peri km 14.54 8.06 0.40 18.34 126.13 1.96 3.78 

periarea km"' 0.58 0.28 0.03 0.65 111.13 1.69 2.98 

asp degree - - - - - - -

strsl (%) 1.86 1.50 1.00 1.27 68.28 1.28 1.55 

wssl (%) 4.87 2.50 1.50 4.48 91.99 1.23 0.49 

wslen km 4.78 2.32 0.28 6.23 130.33 2.04 4.41 

wswid km 1.96 0.92 0.09 2.36 120.41 2.06 5.35 

lenwid - 2.61 1.81 0.95 2.33 89.27 2.17 4.51 

lenstr km 5.27 2.64 0.12 7.25 137.57 2.23 4.99 

maxrei m 108.10 36.57 3.66 170.39 157.62 2.29 4.95 

Ian - 2.41 2.00 2.00 0.88 36.51 0.56 -0.47 

shy - 3.33 1.50 1.00 3.02 90.69 0.95 -0.60 

slpr - 3.05 2.50 2.00 1.56 51.15 0.70 -0.38 

ppet - 0.31 0.29 0.49 0.16 51.61 0.07 0.31 

rf - 0.76 0.55 0.58 1.24 163.16 6.31 43.94 

4.2. Annual Runoff Model - Pooled Data 

The scarcity of data is an endemic problem in hydrologic analysis under almost all 

conditions. In arid and semiarid regions, due to their low economic potential, this problem 

is accentuated by the small number of gaged sites, record lengths, time scale of the data 

set, and accuracy of available data. In hydrologic modeling, the quality of available data 
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has a greater effect on the prediction accuracy than the quality of the model (Pilgrim et al., 

1988). 

Even though this is a limitation in model development, it is hard to find accurate 

data for different watersheds with the same record length and time scale. It should be 

noted that the data used in this study has a range of record lengths from 4 to 58 years. 

This is a shortcoming that should be taken into account when extrapolating to real 

conditions. This limitation is the result of data realities. 

Before starting the analysis of average annual water yield as function of watershed 

and climatic characteristics, a simple plot showing the average annual runoff" as a function 

of average annual precipitation was developed. Exponential and power models were used 

to evaluate the equation fit. These equations were developed using the 80 watersheds 

applied in this work. and SB for the power and exponential equation were 86%, 84%, 

and 25.86 mm/yr, 26.14 mm/yr, respectively. Figure 4.14 presents the relationship 

between rainfall and runoff and the fit of both equations. From the graph it may be seen 

that some Brazilian watersheds are not very well fit by the equations. 

The mathematical expressions for the fitting equations were: 

^ = 4.149*10"'^ Eq. 4.1 
n = 80 

= 86% 

SE = 25.86 mm/yr 
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Q= L648exp°°®^'' 

n = 80 
= 84% 

SE = 26.14 mm/yr 

Eq. 4.2 
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Figure 4.14 - Rainfall Runoff Relationship (80 watersheds). 

This section discusses the prediction of average annual water yield, based upon the 

influence of watershed and climatic characteristics. As a first approach, all watersheds 

were used in the analysis and a multiple regression analysis was performed on the data. A 

discussion on the correlation of variables is presented in this section. 
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Correlation Analysis 

The ideal condition of multiple regression models is that linear relationships among 

explanatory variables is not present, that is, correlation between independent variables is 

minimal. Even though this condition is not real in an actual data set, it is clear that a severe 

dependence on explanatory variables should be avoided. If a high correlation among 

explanatory variables is present, these variables are considered as having a 

multicollinearity behavior. 

Multicoilinearity refers to the situation in which there is high correlation between 

independent variables. Everitt and Dunn (1991) stated that if a high correlation is present 

between independent variables, the statistical significance of these variables is strongly 

dependent on the order in which they are added to the model. To analyze if 

multicollinearity is present among the regression variables of the average aimual water 

yield prediction, a correlation matrix was developed (Appendix HI). 

Multicollinearity is present in this data set, because a high correlation exists among 

independent variables (Appendbc EQ). Variables, such as area and perimeter (peri), are 

strongly correlated (> 0.90) in both data sets. Mayers (1986) commented that in the case 

of high correlation, one of the variables should be eliminated. In summary, highly 

correlated variables should not be used in the same regression model prediction as 

independent variables because coefficients become non-reliable and counter-intuitive. In 

the approach developed here, variables with correlation values greater than 0.35 were 

eliminated to minimize the multicollinearity effect. 
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A stepwise regression was developed for the original 60 watersheds using all 22 

variables (21 independent and 1 dependent). The form of the equation used for the 

regression analysis is given by Equation 3.11. The statistically significant variables in the 

regression equation were annual rainfall (P) and area. Variables selected in stepwise 

multiple regression were used to develop a nonlinear model. The form of the equation 

used for the regression analysis is given by Equation 3.8. 

Equations are; 

log(0 = -3.071 +1.828log(P)-OmXo^Area) Eq. 4.3 

n = 60 
= 32% 

SE = 76.54 mm/yr 

Q = 10-9^003 * p3.859 * 0.0198 

n = 60 
= 80% 

SE = 41.73 mm/yr 

It should be noted that stepwise regression selected only precipitation (P) and Area 

as statistically significant (95%significance level) variables, when The observed vs. 

calculated values for both equations can be seen in Figure 4.15. The response of the 

annual runoff to the selected variables using the log linear model was not good. On the 

other hand, the nonlinear model showed a good fit in relation to observed values. Since 

the good fit and good prediction generated by the nonlinear model could be a result of the 

high correlation between dependent variables, watersheds were grouped to improve the 

response. 
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Figure 4.15 - Observed vs. Calculated Values of Runoff for Pooled 
Watersheds 

4.3. Regionalization of Watersheds 

To investigate if watersheds from different sites could be classified in the same 

group, two different procedures were used. The first was, cluster analysis, a well known 

statistics test used to classify different populations. The second procedure was Andrews' 

curve. The output of these two tests discussed in the next two sub-sections. 

4.3.1. Cluster Analysis 

The preliminary study for finding the most significant variables for watershed 

regionalization was developed with the twenty one independent variables defined in 



Table 3.1. When applying cluster analysis for purposes of generating a watershed 

regjonalization, the most important choices to be made are the number of clusters to be 

formed and the algorithm to be used. To make groups of watersheds homogeneous, 

different cluster procedures were applied as described in Table 3.3. 

The preliminary screening of the output indicated that, in general, the most 

successful combinations of linkage methods and similarity were the WARD with 

SEUCLID, and the COMPLETE LINKAGE with SEUCLID. Table 4.5 and Figures 4.15 

to 4.18 show an example of agglomeration schedules and dendrograms, with details on 

how the data set was clustered. 



Table 4.5 - Agglomeration Schedule of the Data Set with Euclid Similarity 

stage Cluster i-irst 
Cluster Combined Appears 

Next Stage stage Cluster 1 duster i. Coefficients duster 1 Cluster "i. Next Stage 
1 18 19 5.189E-06 0 0 18 
2 22 23 1.453E-04 0 0 18 
3 59 60 2.594E-04 0 0 4 
4 58 59 1.323E-03 0 3 45 
5 7 14 2.721 E-03 0 0 8 
6 13 15 4.116E-03 0 0 29 
7 6 17 4.224E-03 0 0 14 
8 7 12 5.018E-03 5 0 13 
9 5 11 1.208E-02 0 0 14 
10 4 9 1.348E-02 0 0 19 
11 25 34 1.378E-02 0 0 26 
12 29 30 1.42gE-02 0 0 23 
13 7 16 1.463E-02 8 0 20 
14 5 6 1.781E-02 9 7 19 
15 49 50 2.446E-02 0 0 36 
16 39 42 2.838E-02 0 0 22 
17 24 28 3.010E-02 0 0 23 
18 18 22 3.725E-02 1 2 37 
19 4 5 3.747E-02 10 14 29 
20 7 8 3.793E-02 13 0 28 
21 20 21 4.000E-02 0 0 37 
22 35 39 4.327E-02 0 16 42 
23 24 29 5.237E-02 17 12 35 
24 37 38 5.266E-02 0 0 34 
25 1 2 5.700E-02 0 0 33 
26 25 27 5.929E-02 11 0 40 
27 48 57 6.416E-02 0 0 43 
28 7 10 7.210E-02 20 0 39 
29 4 13 7.269E-02 19 6 33 
30 33 41 8.997E-02 0 0 40 
31 45 56 .108 0 0 49 
32 44 47 .113 0 0 43 
33 1 4 .123 25 29 39 
34 37 40 .124 24 0 42 
35 24 26 .126 23 0 47 
36 49 52 .126 15 0 41 
37 18 20 .144 18 21 44 
38 51 53 .179 0 0 51 
39 1 7 .182 33 28 44 
40 25 33 .229 26 30 47 
41 49 54 .245 36 0 51 
42 35 37 .270 22 34 50 
43 44 48 .274 32 27 45 
44 1 18 .428 39 37 48 
45 44 58 .469 43 4 55 
46 32 36 .483 0 0 54 
47 24 25 .484 35 40 50 
48 1 3 .522 44 0 56 
49 45 46 .651 31 0 52 
SO 24 35 .715 47 42 58 
51 49 51 .833 41 38 52 
52 45 49 1.164 49 51 55 
53 31 43 1.204 0 0 54 
54 31 32 1.407 53 46 57 
55 44 45 1.460 45 52 56 
56 1 44 1 833 4R ss 5« 
57 31 55 2.738 54 0 59 
58 1 24 2.808 56 50 59 
59 1 31- 5247 58 57 0 
Note: The three coe£5cients below the line represent the Euclidean distance of 
groups present in Table 4.6. 
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label Mum label Mum 
HGE 55 — 

WGM 42 
WGG 37 — 

NGH 38 , ; 

WGI 39 "cutting" 
WGD 3-1 i ! 
WGL •11 -t- 1 
.^S.C 30 1 

SFA 24 
WGC 33 1 1 
SNB 44 
SNE 47 1 i 
SNC 45 -+ * 1 
SNF 4a + 1 1 
3ND 46 + 1 1 
BAB 51 _+ + 1 1 
SAC 52 -+ i ^ -+ 
PEA 53 1 1 
SFB 25 +-+ 1 1 
SFD 27 + i—- ; 1 
SEC 26 1 
WGJ 40 1 
ALA 28 1 
ALB 29 + i 1 
CEA 49 1 
BAA 50 1 
CED 57 + 1 1 + + 1 
AUC 60 -+ +-+ 1 1 1 1 
CEC 56 + 1 1 1 + 

RSS 18 -+ II 1 1 1 
RST 19 -+ II 1 1 1 
RSG 7 —1—+ ^—+ 1 1 1 
RSR 17 --I- 1 1 1 1 1 
RSE 5 1 1 
RSV 21 -+ 1 1 i 1 1 1 
AUA 58 + 1 1 1 1 1 
RSM 12 —r 1 1 1 1 1 
RSQ 16 -+-+ 1 I 1 
AUB 59 -+ 1 1 1 1 
RSU 20 —K ^ 1 t 1 1 
RSX 22 -+ 1 1 1 4. —(- 1 
RSN 13 — ^ ^  i  1  1  1 
RSL 11 - • ^ 1 1  I  1 
RSO 14 —-r j 1 I 1 
RSP 15 —r j 1 
RSZ 23 —+ 1 1 1 
RSA 1 —+ 1 1 1 
RSB 2 -+ 1 1 1 
RSI 9 —1 1 1 
RSJ 10 - + 1 1  !  1 
RSF 6 — +  - f — 1  
RSD 4 1 1 1 
RSH 8 -+ I t 1 
RSC 3 1 
PEB 54 1 
WGA 31 1 
WGB 32 i 
WGF 36 + + 1 
SNA 43 SNA 43 

Figure 4.16 - Dendogram Using Comple te Linkage with No Gfeographic Position 
Variables 
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CED 57 —-r 1 
AUC 60 i 
AUA 58 1 
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RSE 5 — 1 
RSV 21 I 
RSA 1 -* 1 
RSB 2 — 1 
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RSN 13 
RSL 11 
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RSP 15 —t. 
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RSF 6 
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RSQ 16 
AUB 59 

Figure 4.17 - Dendogram Using Ward Metnod with No Geographic Position Variables 
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The number of clusters to be defined in a classification depends on how much 

detail one wishes to show within the data set. One might find enough clusters to describe 

every significantly different range in the object. In the case of watersheds, however, if 

every object is examined with infinite precision, it might be found that they are all unique, 

due to different geomorphologic, climatic, and soils characteristics in a watershed. 

ilie goal of the cluster analysis in this study was to create a classification that 

recognizes gross characteristics differences. That is, the classification was intended to be 

an aid to understanding watersheds as a whole. 

It is clear that this study is not interested in the complete hierarchy or individual 

cluster, but in a number of clusters that have enough elements to predict regression 

analysis parameters. However, the selection of clusters cannot be arbitrary. A few broad 

class definitions have been attempted and they were naturally suggested by gaps or 

similarity changes that occurred among watersheds. Furthermore, groups comprised of 

few watersheds wereavoided because of the number of variables used in the regression 

equation. 

The dendrogram or tree does not provide cluster assignments by itself; therefore, 

the number of clusters to be formed must be chosen by the user. This flexibility is one of 

the subjective points in cluster analysis, since it gives enough degrees of fi-eedom for the 

user to achieve any desired result. One informal method used to assign the nimiber of 

clusters to be formed is cited by Everitt (1993). It consists in making an examination of 

the differences between the fiision level in the dendrogram, and "cutting" the dendrogram 

when large changes are observed. 



Based on this informal method, ocular judgment, and on the fact that each cluster 

should have suitable numbers of elements to estimate at least two or three regional 

regression parameters, the number of clusters were defined. The formation of three 

homogeneous sub-groups was observed. This can be seen in Figures 4.15 and 4.16. This 

group classification and the number of watersheds present in each group are summarized 

in Table 4.6. 

Table 4.6 - Sub-Group Classification and Characteristics (n = 60) 
Characteristics Group I Group n Group in 

"Dry" "Wet" "Big" 
Euclidean Distance 2.738 2.808 5.247 
n 27 28 5 
D. Area (ha) 16 < A < 4400 1 < A < 1900 9000 < A < 15000 

X = 1463 174.87 13529.35 

SD = 1348 478.69 3822.57 

Q(mm) 3.40 < Q < 120 26 < Q < 217 4.00 < Q < 47 

X = 19.42 129.75 12.70 

SD = 27.87 57.56 18.98 

P (mm) 180 < P < 800 650 < P < 950 308 < P < 675 

X = 419.70 841.81 387.71151.70 

SD = 232.24 119.93 

P/PET 0.11 < P/PET < 0.29 0.18 < P/PET < 0.49 0.11 < P/PET < 0.29 

X = 0.18 0.45 0.16 

SD = 0.07 0.09 0.07 

Temperature (°C) 13.63 < A < 25.83 18.28 < A < 25.83 13.65 < A < 26.00 
= 18.36 19.16 18.29 

SD = 3.71 2.13 4.51 

Although the Complete Linkage, and the Ward Method have shown approximately 

the same results, the dendrogram structures are different. It suggests that the cluster 

methods used here could be a fi-agile process of classification. To support weak points 
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such as this, some preliminary validation information was taken (Figures 3.1 to 3.6). The 

selection of sub-groups were fundamented on the Ward Method, since the cluster 

structure defined by the Ward Method was clearer than that defined by the Complete 

Linkage application. That is, the Ward Method displayed larger changes (bigger gaps) in 

the fiision level of dendrogram. The difference between these two methods can be seen in 

Figures 4.15 and 4.16. 

Watershed Sub-Groups 

As explained in the Materials and Methods Chapter, the watersheds were divided 

into sub-groups to secure more homogeneous regions. All analyses developed to 

investigate the data set were performed based on each sub-group. The variables values of 

each subgroup are presented in Appendbc H. 

Sub-group I was formed by an assortment of watersheds from Arizona, Brazil, 

New Mexico, and Texas. Sub-group II was formed by a series of watersheds from 

Australia, Brazil, and Texas. The last sub-group was comprised of watersheds from 

Arizona, Brazil, and Texas. The number of watersheds per site in each sub-group is shown 

in Table 4.7. Statistics of all variables were estimated to evaluate the variability in each 

sub-group (see Tables 4.8 to 4.10) in relation to the pooled data (Table 4.4). For current 

reference Group I = "Dry", Group n = "Wet", and Group HI = "Big". 



I l l  

Sub-group Site Number of watersheds 

I (Dry) 

Albuquerque - NM 3 

Saflford - AZ 4 

Walnut Gulch - AZ 9 

Bahia - Brazil 3 

Ceara -Brazil 2 

Pemambuco - Brazil 1 

Lowrey - TX 5 

n(Wet) 

Brigalow - Australia 3 

Ceara - Brazil 2 

Riesel - TX 23 

mCBig) 
Wahiut Gulch - AZ 3 

Ceara - Brazil 1 

Lowrey - TX 1 
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Table 4.8 - Statistics of the Variables Used to Predict Average Annual Water Yield for 

Sub-Group I "Dry" (n = 27) 

Variables Unit • Mean Median Mode Std Dev cv Skewness Kurtosis 

Lat d^ee 26.85 31.43 11.33 9.76 36.35 -1.39 0.19 

Lxm degree 92.25 107.01 42.00 28.69 31.10 -1.36 -0.05 

Elev m 1134.43 1203.96 700.00 434.29 38.28 -0.09 -1.07 

Temp °C 18.36 17.33 17.33 3.71 20.21 0.82 0.04 

P mm 419.70 274.68 274.68 232.24 55.33 0.66 -1.21 

Q mm 19.42 8.82 3.42 27.87 143.51 2.66 6.93 

Area ha 1463.55 1351.65 16.23 1348.24 92.12 1.17 0.91 

Peri km 16.87 18.00 18.00 9.15 54.24 0.26 -0.64 

Periarea - 0.71 0.69 0.10 0.43 60.22 0.51 -0.52 

Asp d^ree - - - - - - -

Strsi (%) 2.27 1.91 1.00 1.53 67.40 0.98 0.09 

Wssl (%) 7.32 7.92 11.19 5.02 68.58 0.41 -0.71 

Wslai km 5.61 4.95 5.63 3.49 62.21 0.75 0.25 

Wswid km 2.56 2.16 0.24 2.37 92.58 2.62 9.87 

Lenwid - 3.57 2.14 0.11 3.07 85.99 1.29 0.51 

Laistr km 5.89 5.58 6.00 3.86 65.53 1.24 1.54 

Maxrel m 149.67 99.06 42.67 131.52 87.87 1.46 2.80 

Lan - 2.00 2.00 2.00 0.67 33.50 1.59 4.81 

SIty - 5.33 5.00 9.00 3.02 56.66 -0.17 -1.41 

Slpr - 4.00 4.00 5.00 1.54 38.50 0.06 0.50 

Ppet - 0.18 0.15 0.11 0.07 38.89 0.49 -1.64 

Rf 0.45 0.38 0.14 0.27 60.00 0.67 -0.295 
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Table 4.9 - Statistics of the Variables Used to Predict Average Annual Water Yield for 

Sub-Group n "Wet" (n = 28). 

Variables Unit • Mean Median Mode Std Dev cv Skewness Kuitosis 

Lat d^ree 28.70 31.28 24.50 6.93 24.15 -3.03 8.61 

Lon degree 98.17 96.53 149.47 23.33 23.76 0.04 3.42 

Elev tn 189.46 166.50 164.16 92.18 48.65 3.49 11.07 

Temp °C 19.16 18.28 18.28 2.13 11.12 2.51 5.63 

P mm 841.81 875.40 650.00 119.93 14.25 -1.62 1.67 

Q mm 129.75 144.00 176.00 57.56 44.36 -0.87 -0.12 

Area ha 174.87 12.20 7.57 478.69 273.74 3.32 10.19 

Peri km 3.33 1.12 0.41 5.29 158.86 2.72 7.10 

Periarea - 0.18 0.09 0.03 0.22 122.22 2.52 2.18 

Asp degree - - - - - - -

Strsl (%) 1.59 1.44 1.30 0.91 57.23 0.71 -0.38 

WssI (%) 2.05 1.99 1.50 0.67 32.68 0.22 0.44 

Wslen km 1.06 0.35 0.22 1.84 173.58 2.95 8.27 

Wswid km 0.58 0.34 0.08 0.67 115.52 2.03 3.74 

Lenwid - 1.54 1.49 0.95 0.66 42.86 0.51 -0.03 

Loistr km 1.14 0.48 0.12 1.81 158.77 2.71 7.51 

Maxrel m 10.42 8.61 3.66 7.67 73.61 1.04 0.52 

Lan - 2.93 3 3 0.85 29.01 -0.24 -0.77 

Shy - 1.18 1.00 1.00 0.47 39.83 2.81 7.84 

Slpr - 1.89 2.00 2.00 0.56 29.63 -0.03 0.36 

Pprt - 0.45 0.49 0.49 0.09 20.13 -2.06 2.97 

Rf 0.82 0.67 0.70 0.55 0.67 3.34 14.11 
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Table 4.10 - Statistics of the Variables Used to Predict Average Annual Water Yield for 

Sub-Group m. "Big" (n = 5) 

Variables Ltait •Mean Median Mode Std Dev CV Skewness Kuitosis 

Lat d^ee 26.00 31.43 5.38 11.53 44.35 -2.22 4.96 

Loa degree 94.13 110.03 40.11 30.49 32.39 -2.13 4.60 

Elev m 1103.33 1417.69 490.00 468.57 42.47 -0.72 -2.64 

Temp °C 18.29 17..33 17.33 4.51 24.65 1.47 3.21 

P mm 387.71 280.15 273.86 151.70 39.13 0.61 -3.30 

Q (mm) 12.70 4.39 3.52 18.90 148.80 2.23 4.98 

Area ba 13529.35 12431.98 9510.14 3822.57 28.25 0.96 0.64 

Peri km 64.74 70.00 43.89 12.89 19.91 -1.29 1.84 

Periarea - 2.13 1.92 1.53 0.62 29.11 0.39 -3.06 

Asp degree - - - - - - -

Strsl (%) 1.10 1.45 0.21 0.74 67.27 -0.53 -2.99 

Wssl (%) 7.38 10.80 0.21 5.14 69.65 -0.84 -1.94 

Wslen km 21.16 20.92 14.93 5.78 27.32 0.13 -2.49 

Wswid km 6.00 5.90 5.43 1.16 19.33 1.25 0.86 

Lenwid - 3.37 2.84 1.79 1.09 32.34 -0.82 -0.94 

Lenstr km 25.13 25.68 16.09 6.53 25.98 -0.48 -1.33 

Maxrel m 430.00 618.56 65.00 326.88 76.02 -0.54 -3.22 

Lan - 1.80 2.00 2.00 0.44 24.44 -2.23 5.00 

Shy - 4.60 5.00 5.00 3.50 76.09 0.90 0.79 

Slpr - 4.40 5.00 5.00 0.89 20.23 -1.25 0.31 

Pp« - 0.16 0.11 0.11 0.07 43.75 1.52 1.91 

Rf 0.33 0.26 0.14 42.42 1.51 1.79 
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When grouping the data into Sub-group I "Wet", a decrease in the CV of all 

variables when compared to all watershed sets was observed. An effective reduction was 

observed in shape and size. This behavior indicates that the geomorphologic variables have 

a powerful decision in this sub-group delimitation. Sub-group I was basically composed of 

watersheds with an area smaller than 4,000 hectares and bigger than 200 hectares. The 

average annual rainfall is below 600 nmi for almost all watersheds in this group. Only 

three watersheds showed a rainfMl average over that value, around 700 mm. This 

watershed characteristic suggested the classification of a dry watershed for Sub-group I. 

Sub-group n "Wet" expressed an opposite behavior in respect to the all watershed 

set. In other words, the a CV of shape and size increased in relation to all watershed sets 

(Figure 4.17). On the other hand, climatic variables showed a good homogeneity. CV of 

rainfall decreased fi^om 45% (Table 4.3) to 14% (Table 4.8). The ratio between annual 

precipitation and annual potential evapotranspiration (P/PET) displayed a decline larger 

than 50% in its CV (Tables 4.3, 4.7 and Figure 4.17). These results suggest that climatic 

variables represent a major role in the Sub-group n "Wet" cluster. 

Although, Sub-group n "Wet" was predominantly formed by watersheds with 

areas smaller than 200 hectares, three of them had an area bigger than 1,000 hectares. This 

fact can justify the high CV expressed by size variables. With a mean of 841 mm Sub

group n displayed the highest depth of annual rainfall. 

Sub-group m "Big" appeared as the most homogeneous watershed cluster. As a 

rule, variability decreased for all watershed variables when contrasted with all watershed 

sets. Only one variable, temperature, had an increasing CV (Fig. 4.16). Shape and size 
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variables (area, perimeter (peri), ws width (wswid), stream length (lenstr) had a reduction 

in the variability greater than six times. For example, the CV of area went from 206% for 

all watershed sets (Table 4.3) to 28% for Sub-group HI (Table 4.9). This behavior implied 

once more that geomorphologic variables give an influential support in Sub-group 

delineation. 

Sub-group EH "Big" was composed of watersheds with areas larger than 10,000 

hectares. The average annual rainfall for each watershed ranged from 280 mm to 550 mm. 

Even though the sub-group was homogeneous, it was not used to predict a regional 

regression model, because it aggregated only five watersheds, and five objects are not 

enough to statistically develop a multiple regression analysis. Thus, it is omitted in the 

analysis that follows. 

4.3.2. Andrews' Curve 

If more than two variables are required to specify hydrologic similarity among 

different catchments, a simple two-dimensional scatter plot would not be adequate to 

highlight the similarities between catchments. In 1972, Andrews introduced a simple and 

useful method of plotting high-dimensional data in two dimensions. The values of 

variables are used as coefBcients in a Fourier function. This method is known as Andrews' 

curve or Andrews' plot. The choice of this technique between a number of other graphical 

techniques to plot high-dimensional data was based on the statement made by 

Gnanadesium (1977), Everett (1993), and Embrechts and Herberg (1991). They affirmed 
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that Andrews' plot does appear to be the most simple and usefiil technique to plot high-

dimensional data in two dimensions. 

Andrews' curve, described in sub-section 3.4.2, makes the interpretation of the 

results easier because it can map each multi-response observation into a flmction, f(t), of a 

single variable, t. The fimction f(t) is defined as a linear combination of orthonormal 

functions in t with the coeflBcients in the linear combination being the observed values of 

the responses. 

Variables that are considered most important for the classification should be 

associated with low fi-equencies (Embrechts and Herzberg, 1991). That is, in Equation 3.1 

xi should be the most important variable, X2 the second most important, and so on. For 

this purpose, the importance of variables was determined based on its correlation with the 

dependent variable (average annual runoflF)- The independent variable that showed the 

highest correlation with the dependent variable was selected as xi; the variable with the 

second highest correlation was selected as X2, and so on. This was achieved with the use 

of a correlation matrix. 

In this study, Andrews' plot was used to visualize outliers present in each 

homogeneous group. The outliers in each group were determined by inspection. If a 

plotted flmction came close to the band of functions at only a few values of t, then this 

was judged to function as an outlier. 

The overall heterogeneity of the catchments concerned is showed in Figure 4.18. 

Each curve represents a single catchment and is based on geomorphologic and climatic 

variables. Although Figure 4.18 indicates the heterogeneity of the sample, it can be 
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visualized that clusters are present in these watersheds. That is, while some watersheds 

were expressed as sine functions, others appeared as cosine functions. 

t 

Figure 4.18 - Andrews' Curve of Pooled Watersheds 

Andrews' plot for each homogeneous group are presented in Figures 4.19 to 4.21. 

A visual inspection of the sets of Andrews' curves indicated that the groups obtained from 

the cluster analysis could perhaps be improved upon. In some instances it was clear that 

certain watersheds could possibly be better allocated to another group. A watershed was 

identified visually as an outlier when all or part of its traces fell outside the densest regions 

of the group. 
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Figure 4.19 illustrates Andrews' curve for Group I "Dry". It was observed that at 

specific values of t, the group of flinctions come closer together. However, some 

watershed functions seem to stand out fi'om the remaining group. This behavior suggests a 

strong cluster at some points, alternated by weak clusters at others. One the other hand. 

Group n "Wet" (Figure 4.20) exhibited a very cohesive and more clearly defined group of 

functions. The presence of only two outlier watersheds can be seen, one fi-om Riesel, TX 

and another fi'om Ceara, BR. It is believed that these outliers were a function of the 

watershed area, because the area of these two watersheds is bigger than the others by one 

order of magnitude. 

Figure 4.21 shows the function plots of Group m "Big". This group did not 

exhibit outliers. All fimctions showed approximately the same tendency. Even though the 

watersheds were homogeneous, they were not used to derive a regional prediction 

equation, because the number of watersheds is not big enough to develop a regression 

equation. 

? 
f 
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Figure 4.19 - Andrews' Curve of Group I "Dry" 

outliers 

Figure 4.20 - Andrews' Curve of Group II "Wet' 
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Figure 4.21 - Andrews' Curve of Group HI "Big" 

Figures 4.22 and 4.23 exhibit the Andrews' plot of Group I "Dry" and Group II 

"Wet" without the outliers. The two outliers in Group IT "Wet" were assigned to Group I 

"Wet" because of similarity of functions (Figure 4.22). That is, the Andrews' curve of 

these two watersheds showed approximately the same tendency as the Andrews' curve in 

Group I "Dry" 

Even though Andrews' curve has been used here to identify outliers in 

homogeneous groups, it could be a usefiil technique to locate ungaged watersheds in a set 

of gaged ones. This statement is based on some statistical properties of the function plot 

established by Andrews (1972), and described in subsection 3.4.2. 



Ceara (CEQ and Riesel 
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Figure 4.22 - Andrews' Curve of Group I "Dry" without Outliers 
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Figure 4.23 - Andrews' Curve of Group II "Wet" without Outliers 
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In summary, the following statement in relation to the testing hypothesis was 

made. Through cluster analysis and Andrews' plot, the hypothesis that watersheds in arid 

and semiarid zones with similar geomorphologic characteristics and climatic conditions 

could be placed in the same hydrologic group was aflBrmed. This procedure indicated that 

homogeneous groups can be delimited independently of their geographic position 

4.4. Average Annual Water Yield Model - Regionalized Data 

As explained in section 4.2, the watersheds were partitioned into three groups, but 

only two groups had enough watersheds to statistically evaluate a multiple regression. It 

was expected that by grouping the watersheds, the response of the regression analysis 

would improve. The groups and number of watersheds per group are presented in Table 

4.7. 

4.4.1. Preliminary Study 

In this study, all 22 variables determined were used for the regression analysis. The 

evaluation was done for the groups defined in the previous section. This study was also 

used to determine the most important variables in the computation of the regression 

analysis, so that additional watersheds could be added to the matrix and used in the model 

development. 
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Group I "Dry" 

This group is basically formed by the SW watersheds in the United State and 

watersheds from Northeastern Brazil. Stepwise multiple regression was developed with 

outliers included and with)utliers excluded 

I. Approach I - Outliers Included 

H. Approach n - Outliers Excluded 

I. Approach I - Outliers Included 

This approach was developed to express the average annual water yield of a 

watershed by grouping 27 watersheds using the cluster analysis procedure. To evaluate 

how annual runoff responded to the different variables, one variable was added at a time 

(Equations 4.5 to 4.7). These equations are a linearization of Equations 3.7 to 3.10, to 

perform a multiple linear regression analysis. 

log(Q) = Iog(ao) + a, log(P) Eq. 4.5 

log(0) = logCaJ + a, log(P) - log(5//?r) Eq. 4.6 

logiQ) = log(ao) + a, logCP) - lo^Slpr) + Oj log( Temp) Eq. 4.7 
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The significance of change in the coeflBcient of determination (R^) due to the 

addition of a new variable was analyzed. In other words, the increase in the value of 

was statistically evaluated at each introduced variable. The statistics for the variation 

can be seen in Table 4.11. 

Table 4.11 - Change in the Coefficient of Determination (R^) Due to the Addition of a 
Variable to the Regression Equation in Group I "Dry" when Outliers Are Included (n=27). 

Equation R^ R^adjuacd R^change SM! F Sig. F Sig F 
Error change 

Eq. 4.5 0.4689 0.4458 0.4689 0.2660 20.308 0.000 0.000 

Eq. 4.6 0.6658 0.6354 0.1967 0.2157 21.912 0.000 0.002 

Eq. 4.7 0.7849 0.7541 0.1191 0.1771 25.539 0.000 0.003 

R'' - coef. of detennination; ac^usted - coef. of detennination adjusted to the population; R  ̂change -
change of R  ̂by the addition of new vaiiable; Std. Error - standard error of the regression analysis; F -
value that represents the significance of the regression itself Sig. F - significance of the regression 
equation; Sig. F change - significance of change of R  ̂when a new variable is added. 

All regression equations are significant to the 95% level of significance (Table 

4.11). The addition of each new variable increased the value of R^ significantly (95% 

significance level). An increase of almost 67% is observed fi-om Equation 4.5 to Equation 

4.7. There is also a decrease in the standard error of 34%. This means that all variables 

above should be used for the estimation of average aimual water yield. 

All variables contributed significantly to the regression equation, since all 

coefficients were signi^jpant to the 95% significance level (Table 4.12). The coefficients 

suggest that log(Q) increases with log(P) and log(Temp). It agrees with the general 

perception that precipitation is the most ippportant viable in a runoff equation. For the 



data set used here the positive sign of the Temp coefficient can be explained by the fact 

that watersheds with higher average temperatures have higher values of runoff in this 

group (Figure 4.24). A different result was observed by Love (1960), who cited that 

runoff has an inverse correlation with temperature. 

Table 4.12 - CoefBcients and Statistics of Regression Equations Used in Group I "Dry" 
when Outliers Are Included (n=27) 
Eq. Parameters coefif SE coefif t SigT 
Eq: 4.5 
log(ao) -1.6099 0.5769 -2.790 0.0104 
P 1.0072 0.2235 4.506 0.0002 
Eq: 4.6 
Iog(ao) -1.2738 0.4772 -2.669 0.0140 
P 1.0478 0.1816 5.769 0.0000 
SIpr -0.8006 0.2224 -3.600 0.0016 
Eq: 4.7 
Iog(ao) -2.7096 0.5775 -4.711 0.0001 
P 0.8668 0.1583 5.475 0.0000 
Slpr -0.7614 0.1829 -4.161 0.0004 
Temp 1.4949 0.4384 3.420 0.0026 
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Figure 4.24 - Relationship Between Annual Temperature and Annual 
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Figure 4.25 - Illustration of Regression Equation 4.7 for Cluster Analysis 
Grouping (Outliers Included) 
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RunofiF decreases with increasing soil permeability (Slpr) according to the 

coeflBcient in the equation. The decrease of runofiF with the increase of soil permeability 

(Slpr) is intuitive, because at higher soU permeability, water infiltration is faster 

(Figure 4.25). 

Figure 4.25 illustrates the observed and the computed values of runoff as a 

function of measured rainfall, while Figure 4.26 presents the relation between the observed 

and computed annual runoff. 
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Figure 4.26 - Relation Between Computed and Observed Average Annual 
Water Yield for Group I "Dry". 
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However, from Figure 4.26 it can be seen that neither the observed nor the 

computed runoff incr^es significantly when rainfall increases. In general, water yield in 

arid and semiarid regions is extremely afiected by transmission losses because of the dry, 

the coarse-texture, and the high porosity of the stream channels. Keppel (1960) 

commented that water yields from arid and semiarid regions are low, and they express 

only a small percentage of the total rainfall. In some cases, less than 10% of the total 

rainfall amount is runoff production. Renard (1970) also stated that only 10% or 15% of 

rainfall excess reaches the Walnut Gulch watershed outlet as runoff. 

From Figure 4.26 except at one point a very good relation between the observed 

and the computed values of average annual runoff can be seen. In other words, data points 

are close to the unitary slope line expressing a reasonable accuracy of the data. In 

summary, approach I (outliers included) showed a good expression of the average annual 

water yield of Group I "Dry". 

n. Approach II - Outliers Excluded 

This approach was developed to express the average annual water yield of a 

watershed by grouping 25watersheds using the Andrews' curve, that is, by eliminating the 

outliers from Group I "Dry". This approach was created to reflect the degree of 

disturbance generated by outliers in the average annual water yield prediction model. 

Equations similar to the ones developed in ^proach I (Equations 4.5 to 4.7) were 

generated. The analysis of significance of adding variables was performed. (Table 4.13). 
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Table 4.13 - Change in the CoeflBcient of Determination (R^) Due to the Addition of a 
Variable to the Regression Model in Group I "Dry" when Outliers Are Excluded (n = 25). 
Equation .R^tdjuoed R^duagB Std. Error F Sig. F SigF 

diange 

Eq. 4.5 0.4585 0.4385 0.4585 0.2719 16.937 0.001 0.001 

Eq.4.6 0.6530 0.6165 0.1945 0.2233 17.881 0.000 0.002 

Eq.4.7 0.8091 0.7772 0.1560 0.1702 25.424 0.000 0.001 
- coef. of detennination; adjusted - coef. of detenninadon adjusted to the population; change - change of 

by the addition of a new variable; Std. Error - standard error of tie regression analysis; F - value that represents the 
significance of the regression itself Sig. F - significance of the regression equation; Sig. F change - significance of 
change of R^ when a new variable is added. 

All equations are significant (Sig. F < 0.05) as seen in Table 4.13. The value of R^ 

increased significantly (95% significance level) by adding a new variables every time. From 

equation 4.1 to 4.3, an increase to 76% was observed in the R^ value. The Std. Error 

decreased by 37%. This means that the best prediction of average aimual water yield 

should be done using equation 4.7. The coefBcients for the best fit equation, the standard 

error coefBcient, and the significance of the coeflBcient in that regression equation are 

reported in Table 4.14 

Table 4.14 - CoeflBcients and Statistics of Regression Equations in Group I "Dry" when 
Outliers Are Excluded (n =25). 
Eq. Parameters coefF SB coeff t SigT 
Eq:4.5 
log (ao) -1.6738 0.6469 -2.588 0.0005 
P 1.0404 0.2528 4.116 0.0176 
Eq;4.6 
log (ao) -3.6297 0.8008 .̂532 0.0005 
P 0.8926 0.2125 4.200 0.0041 
Slpr 0.8926 0.5725 3.264 0.0002 
Eq:4.7 
log (ao) -3.2254 0.6194 -5.207 0.0000 
P 0.9567 0.1628 5.876 0.0012 
Slpr -0.7479 0.1950 -3.835 0.0001 
Temp 1.7883 0.4377 3.971 0.0009 
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By comparing Tables 4.14 and 4.12, it can be observed that Approach EI (outliers 

excluded) is very similar to Approach I (outliers included), since the two approaches have 

the same variables, and the regression coeflBcients have the same signs. However, 

Approach II (outliers excluded) shows to be a little more sensitive to changes in P and 

temperature (Temp), since their coeflBcients are larger than those in Approach I (outliers 

included). Changes in soil permeability (Slpr) aflfect these two approaches in the same 

way, since the coeflBcients are similar for all of them. 

An illustration of the computed and observed values of runoflF as a function of 

measured rainfall for Approach I (outliers included) and Approach II (outliers excluded) 

are presented in Figure 4.27. This figure suggests that the observed and computed average 

annual water yield is a low fraction of average annual rainfall. 
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"igure 4.27 - Illustration of Regression Equation 4.7 when Outliers are 
Included or Excluded. 
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igure 4.28 - Relation Between Computed and Observed Average Annual 
Water Yield for Group I "Dry" 

A comparison between the observed and computed values of long term average 

annual water yield is presented in Figure 4.28. It shows that for higher values of runoff, 

the computed runoff using Approach II (outliers excluded) is higher than those estimated 

by Approach I (outliers included). 

The statistical analysis of these two approaches are presented in Table 4.15. This 

analysis suggests that no one approach can be consider better than another. Both 

approaches have almost the same coeflBcient of determination (R^), with a significance of 

F. The standard error for Approach n (outliers excluded) is a little lower than that for 

Approach I (outliers included). The standard error reduction could be explained by the 

exclusion of outliers. Approach II (outliers excluded) is recommended for Group I, since it 

has a goodness of fit equation (R2 = 68% and SE = 12.34 mm/yr). 
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Table 4.15 - CoefiBcient of Determination (R^), and Significance of Regression when 
Outliers Are Included or Excluded for Group I "Dry". 

Approach R^ F F signif St. Error 

I (outliers included) 0.7849 28.059 0.0000 0.1771 

II (outliers excluded) 0.8091 29.033 0.0000 0.1702 
note: For Approach I (outliers included) n = 27. For approach II (outliers excluded) n = 25. 

Group n "Wet" 

This group is basically comprised of 23 watersheds from RieseL, TX, three 

watersheds from Australia, and two from northeastern Brazil. There is a predominance of 

small watersheds (areas smaller than 200 ha) in this group. As in "Wet", a multiple 

regression analysis was developed. It was based on two different classification of groups 

I. Approach I - Outliers Included 

II. Approach II -Outliers Excluded 

L Approach I - Outliers Included 

To evaluate how average annual water yield responds to the different variables, a 

stepwise multiple regression analysis was performed on the data set. Logarithm 

transformations ware used to linearize the eq;iations to analyze the multiple linear 

regression. The regression models developed with this approach were: 
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log(0) = log(ao) +ai log(P) Eq. 4.8 

log(0 = log(ao) + ai Iog(P) - ̂ 2 loSiRF) Eq. 4.9 

To quantify the improvement generated by the addition of each variable, the 

significance of adding a new variable was analyzed. That is, the increase in the value of 

was statistically evaluated at each introduced variable. Table 4.16 summarizes these 

results. 

Table 4.16 - Changes in the CoefiBcient of Determination (R^) Due to the Addition of a 
Variable to the Regression Equation when Outliers Are Included for Group n "Wet" 

Equation R^ R adjusted 1>2 Std. F Sig.F SigF 
Error change 

Eq. 4.8 0.6254 0.6098 0.6254 0.1349 40.07 0.000 0.000 

Eq. 4.9 
n2 r 

0.7838 0.7650 
r r»2 J- J 

0.1584 0.1047 41.70 0.000 0.000 
' - t%2 

change of the addition of new variable; Std. Error - standard error of the regression analysis; F -
value that represents the significance of the regression itself; Sig. F - significance of the regression 
equation; Sig. F change - significance of change of when a new variable is added. 

All regression equations were significant (Sig F< 0.05). The addition of each 

variable significantly increased (95% significance level) the value of R^. There was a 

significant increase in the value of R^ by adding a new variable (95% significance level). 

This means that a better prediction of average annual water yield can be obtained by using 

the final selection of variables. Table 4.16 presents these results. The values of the 

regression coefiBcients for these two equations is presented m Table 4.17. 
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Table 4.17 - Coefficients and Statistics of Regression Equations when Outliers Are 
Included for Group II "Wet" (n = 29). 
Eq. Parameters coefif SE coeff t SigT 

Eq: 4.8 

log (ao) -4.6921 1.0724 -4.375 0.0002 

P 2.3254 0.3673 6.330 0.0000 

Eq; 4.9 

log (ao> -4.1734 0.8945 -3.758 0.0010 

P 2.1266 0.2891 7.355 0.0000 

RF -0.4078 0.0993 -3.758 0.0006 

The regression coefficients were significant to the 95% significance level. The 

coefficients suggest that annual yield increases with rainfall (P) and decreases with the 

form factor (RF). The positive sign of rainfall is intuitively correct, since runoflT increases 

with increasing rainfall in a runoff prediction. 

Runoff decreases with increasing RF because RF is a direct function of area. 

Branson et al., (1981) commented that an inverse relation between area and runofiF depth 

in arid and semiarid zones can be explained by the fact that the channel of ephemeral 

streams has a high potential to absorb large quantities of runofiF. Before this time, Osbom 

and Renard (1970) stated that due to transmission losses runofiF per unit of area decreases 

with increasing size of the watershed in arid and semiarid regions. They used data from 

Riesel and Walnut Gulch to prove that. 

Figure 4.29 is an illustration of the observed mnofiF versus computed runofiF for 

Equation. 4.9. From this plot it can be observed that at the lower values approach I 

(outliers included) works better than for higher values of runofiF 
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'igure 4.29 - Relation Between Computed and Observed Average Annual 
Water Yield for Group n "Wet" (Outliers Included). 

n. Approach 11- Outliers Excluded 

This was generated to express the scale of disturbance that outliers could impose 

in an average annual water yield prediction model. The data set used in this approach is 

represented by the one used in Approach I without the outliers. Two outliers were 

detected by Andrews' plot; therefore, this group was comprised of 26 watersheds. 

The regression equations used in this approach were similar to the ones developed 

in Approach I (Equation. 4.8 and 4.9). In both approaches, average annual water yield is 

expressed as a fimction of two parameters, annual rainfall (P) and a watershed form factor 

(RF). A sunmiary of the statistics for the addition of a new variable is presented in 

Table 4.18. 
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Table 4.18 - Changes in the CoefiBcient of Determination (R^) Due to the Addition of a 
Variable to the Regression Equation when Outliers Are Excluded for Group II "Wet" 
(n = 26). 

Equation Readjusted Std. F Sig.F SigF 
Error change 

Eq.4.8 0.6314 0.6147 0.6314 0.1332 37.691 0.000 0.000 

Eq.4.9 0.7658 0.7435 0.1344 0.1087 34.333 0.000 0.002 
- coef. of determiuatioii; acgusted - coef. of determination adjusted to the population; change -

change of R~ by the addition of a new variable; Std. Error - standard error of the regression analysis; F -
value that represents the significance of the regression itself, Sig. F - significance of the regression 
equation; Sig. F change - significance of change of R  ̂when a new variable is added. 

From Table 4.18 it can be observed that all equations were significant (F < 0.05). 

All coeflBcients of detennination (R^) increased significantly (95% significance level) by 

adding a new variable. That is, a best prediction of annual runoflF can be done by using 

Equation. 4.9. 

Table 4.19 shows the value of the regression coeflBcients for each equation, its 

standard error, and the significance of the coeflBcients that is, whether coeflBcients are 

significant for each equation or not. 

Table 4.19 - CoeflBcients and Statistics of Regression Equations when Outliers Are 
Excluded for Group H "Wet" (n = 26). 
Eq. Parameters coeflF SE coeflF t SigT 

Eq: 4.8 

log (ao) -5.7525 1.2794 -4.496 0.0002 

P 2.6847 0.3373 6.139 0.0000 

Eq: 4.9 

log (ao) -4.2125 1.2505 -2.659 0.0137 

P 2.1415 0.3898 5.487 0.0000 

RF -0.4235 0.1221 -3.471 0.0023 
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A comparison between Table 4.19 and 4.17 suggests that these two approaches 

are similar because both of them show the same coeflBcient signs, and the equation 

parameters have a very close power value. An illustration of the observed and computed 

values of annual runofif for both approaches is presented in Figure 4.30. 

9 Australa 
A Braz3 
• Riesel 

1:1 line 

solid - outliers included 
open - outliers excluded 

so 100 ISO 200 

Observed Averags Annual Q (mm/yr) 

Figure 4.30 - Relation Between Computed and Observed Average Annual 
Water Yield for the Group n "Wet" (Outliers Excluded). 

It should be noted that the model of Group II "Wet" is largely an expression of 

experiences at the Reisel, Texas site. Of the total record, about 467 station years are from 

Riesel, and only 32 station years from Australia and Bra2dl. This is a shortcoming that 

should be taken into account when extrapolating to real conditions. This limitation is the 
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result of data realities: no data of such length or reliability was available from other Group 

n sites. 

Although the Riesel Experimental Watersheds are classified by UNESCO (1977) 

using the ratio P/PET as semiarid, they might also be considered as nearly subhumid. They 

are close to the class boundary, and small variations in either P or PET could place them in 

the subhumid class. It is clear that the limits of a class are a transition zone. 

In summary, the concluding models for estimating average annual runoff were: 

• Group I "Dry" 

Approach I - Outliers Included 

^^0 = -2.7096+ 0.86681og(/')-0.76141og(57/7r) + 1.49491og(re;;?7) Eq. 4.10 
n = 27 
R2 = 61% 
SE = 13.73 mm/yr 

Approach II- Outliers Excluded 

^g(0 = -32254+0.95671og(P)-0.74791og(57pr) + L78831og(7e/;?7) Eq. 4.11 
n = 25 
R2 = 68% 
SE = 12.34 mm/yr 

• Group n "Wet" 

Approach I - Outliers Included 

LogiQ) = -4.1734+2.1266Iog(P)-0.4078log(/2F) Eq. 4.12 
n = 28 
R2 = 61% 
SE = 29.11 mm/yr 
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Approach H- Outliers Excluded 

^og(0 = -42125 +2.1415logCP) -0.4235log(/?F) Eq. 4.13 

n = 26 

R2 = 58% 

SE = 30.02 mm/yr 

The fitting statistics (R^ and SE) given in Equations 4.10 to 4.13 above refer to the 

actual variables and not to the log-transformed variables (see Appendix IV for details). 

Using the actual variables, a more realistic interpretation of the model is obtained. The log 

transformation decreases the data variability, yielding a lower standard error (SE) than 

using non-transformed data. Consequently, the may be inflated when log-transformed 

data is used. In this study, all the plots showing the computed versus observed average 

annual runoff are in arithmetic scale. 

In summary, the previous study showed that only slight differences exist in 

goodness of fit and in model coeflBcients between model predictions if outliers are 

included or excluded. Thus, watersheds considered as outliers were used in the final study. 

4.4.2. Final Study 

In the previous section the most important variables in the development of the 

regression analysis were determined by stepwise multiple regression. This process 

determined rainfall and watershed form fector as the most important variables. This result 

enabled the use of 20 additional watersheds. These watersheds were added to the matrix, 

the groups were again selected; and the regression analysis developed. 
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Group Selection 

The break down in the cluster analysis was based on the Euclidean distance. The 

variables were standardized to a mean of zero and a standard deviation of one. The results 

were consistent with those obtained in section 4.3.1. using 60 watersheds. The watersheds 

were divided into three groups:!, II, and HI. The dendogram (Figure 4.32) suggests the 

following structure (Table 4.20) 
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Table 4.20 - Cluster Analysis Group and Characteristics (n = 80) 
Characteristics Group I Group U Group HI 

Thy" "Wet" "Big" 

Euclidean Distance 2.872 3.385 5.499 

n 32 41 7 

Area (ha) 1SA^4400 1^ A 5 6600 9500 5 A5 15000 
X = 730.96 734.59 14100 

SD = 1048.69 1505.69 3435.55 

Q(nmi^) 2 87.80 17.18^ Q 5 217.42 4.00 5Q 5 46.65 
— 17.93 107.62 15.62 
X = 19.88 64 19.37 

SD = 

P(mni/yr) I80^P^600 650 5 P5 962 308 5 P5675 
X = 378.54 817.34 423.82 

SD = 131.43 104.72 166.69 

P/PET 0.11 S P/PET 5 0.29 0.29 5 P/PET 5 0.49 0.11 5 P/PET 5 0.29 
X = 0.16 0.40 0.17 

SD = 0.07 0.10 0.08 

Temperature (°C) 13.63 5 T 5 25.83 13.65 5T5 26.00 13.65 5 T 5 26.00 
X = 17.13 19.14 13.66 19.44 

SD = 2.89 3.16 13.67 4.63 

Rf 0.092 5 Rf 5 1.03 0.365 5 Rf 5 3.260 0.225 5 Rf< 0.558 
X = 0.42 1.138 0.38 

SD = 2.89 1.45 0.22 

Of the 20 added watersheds, five were classified as belonging to Group I "Dry", 13 

as belonging to Group n "Wet", and two as belonging to Group m "Big". Before the 

development of new equations including the new points, the new points were used with 

the previously developed equations to measure the accuracy of forecasting with this new 

data. 

Greene (1993) proposed two different measures for assessing the predictive 

accuracy of forecasting. The first was the standard error (SE), and second one was mean 
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absolute error (MAE). In this study, SE was used to measure the accuracy of forecasting 

models. For Group I "Dry", the SE for the five new watersheds was 12.60 mm/yr 

compared to a SE of 13.73 mm/yr for the log-linear fit (Equation. 4.10). For Group II 

"Wet", the SE for the 13 new watersheds was 34.75 mm/yr compared to a SE of 29.11 

mm/yr for the log-linear fit (Equation 4.12). Thus, the accuracy of forecasting is not far 

fi'om model accuracy. 

Group I "Dry" 

As in the previous section, the statistics for the regression are presented, along 

with the appropriate plots. The variables selected for this group were rainfall (P), soil 

permeability (SIpr), and temperature (Temp). Tables 4.21 and 4.22 present the statistics 

(95% level of significance) of the log-linear and the nonlinear models respectively. 

Table 4.21 - Coefficients and Statistics of Log-linear Equation for Group I "Dry" (n = 29) 
Eq. Parameters coefF SEcoefF t SigT 

log(ao) -2.670 1.884 -1.417 0.169 

P 0.957 0.410 2.830 0.028 

Slpr -0.896 0.314 -2.856 0.007 

Temp 1.433 0.938 1.528 0.139 

LogQ = -2.670 + 0.957 * Log{P) -0.896* Log{Slpr) +1.433 * Log{Temp) Eq. 4.14 

n=29 
= 56% 

SE = 13.54 rrrai/yr 
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Table 4.22 - CoeflScients and Statistics of Nonlinear Equation for Group I "Dry" (n = 29) 
Eq. Parameters coefiP SE coefF 

Constant ^ 1.542 

P 1.653 0.499 

Slpr -0.224 0.234 

Temp 1.479 0.463 

Q = 552*10-^*P^^^^ *Slpr-^^ *Temp^^'^ Eq. 4.15 
n = 29 
R^ = 70% 

SE =11.16 nun/yr 

The observed annual runofif vs. computed annual mnoflfis presented in Figure 4.32. 

0 WslaatGukh,AZ 
# SanuRiu.AZ 
% SafTord^AZ 
M Albuquerque, NM 
• Sonon.'nC 
A Brazil 

• • - ' I;! Ine 
solid - log linear 
open - nonlinear 

Observed leverage Annuaf^ (mm/yr) 

Figure 4.32 - Relation Between Computed and Observed Average Annual 
Water Yield for Group I "Dry" Using Log-linear and Nonlinear Equation. 

Figure 4.32 shows that the fit is not very good for any range of the average annual 

runoff values. This has been discussed in subsection 4.4.1. 
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Group n "Wet" 

As in the previous section, the statistics for the regression are presented along with 

the appropriate plots. The variables selected for this group were rainfall (P) and watershed 

form factor. Tables 4.23 and 4.24 present the statistics (95% level of significance) of the 

log-linear and the nonlinear models respectively. 

Table 4.23 - CoeflBcients and Statistics of Log-linear Equation for Group II "Wet" 
(n = 37) 

Eq. Parameters coeflF SE coeflf t SigT 

log (ao) -11.769 1.576 -7.468 0.000 

P 4.700 0.544 8.644 0.000 

Rf -0.134 0.131 -1.021 0.315 

LogQ = -11.769 +4.700 • LogiP) -0.134 • Log{Rf) Eq. 4.16 

n = 37 
= 77% 

SE = 31.72 mm/yr 

Table 4.24 - Coefficients and Statistics of Nonlinear Equation for Group EI "Wet" (n = 37) 
Eq. Parameters coeff SE coeff 

Constante 1.29»10'" 1.820 

P 4.410 0.619 

Rf -0.093 0.110 

Q=L29»10-" Eq.4.17 
n = 37 

= 79% 

SE = 30.52 mm/yr 
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The two approaches are similar because both show the same coefBcient signs, and 

the equation parameters have a very close power value. An illustration of the observed and 

computed values of annual nmofif for both approaches is presented in Figure 4.33. The 

two prediction models show a good fit with the observed values. Appendix V presents a 

comparison between linear and nonlinear models developed in the previous study and final 

study. 
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• Soiiora,TX 
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Figure 4.33 - Relation Between Computed and Observed Average Annual 
Water Yield for Group n "Wet" Using Log-linear and Nonlinear Equations. 

The Riesei watersheds are a major part of the data resources for Group n "Wet". 

Unfortunately, it is the nature of small clustered watersheds to be similar, and thus the 

hydrologic data arising fi-om such a setting is not independent in a statistical sense. On the 
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other hand, it is not completely dependent either, insofar as there are limited differences. 

Use of the data here is based on the need for larger sample sizes and the limited variety 

that is offered. This problem of clustered similar non-independent data is acknowledged, 

but was by-passed in application. The entire data set was used in this work. 

In the final study, the best equations to use are: 

= -6SA16 + 0.0784P + 4.13 ITemp - 3.950Slpr (Qdry > 0) Eq. V.3 

n = 29 
= 73% 

SE = 10.86 mm/yr 

= 129*10'^' *Rf-oo93 4 

n = 37 
= 79% 

SE = 30.52 mm/yr 

The reader is referred to Appendix V, which presents the linear multiple regression 

derivation of Equation V.3. Figure 4.34 presents an approximate flowchart showing how 

to select the proper watershed groups. 
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Figure 4.34 - Flowchart Determined from Cluster Analysis to Identify Watershed Group 

4.5. Model Validation 

To evaluate the accuracy of the regression equations, five watersheds were 

selected for validation of Group I "Dry", and four watersheds were selected for validation 

of Group n "Wet". Even though these watersheds were grouped together, they were not 

used in the development of the regression analysis to be used in the validation. The 

watersheds to be used in the model validation were randomly selected. Watersheds 

WS63008 and WS63011 in Tombstone, AZ, WS45030 in Safford, AZ, and WS85000 and 
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WS86000 in Brazil were selected for Group I "Dry". WS42002, WS42008, WS42011 in 

Riesel, TX, and 50300 in Brazil were selected for hypotheses testing of Group H "Wet". 

Group I "Dry" 

A comparison of the computed and observed average annual water yield provides 

a basis for evaluating the accuracy of the model prediction. If the predictions were 

relatively accurate, the data should plot close to the 45° line connecting equal values of 

computed and observed annual runoff. The relationship between the computed and 

observed average annual water yield for WS63008, WS63011, WS45030, WS85000, and 

WS86000 is illustrated in Figure 4.35. 
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Figure 4.35 - Relation Between Computed and Observed Average Annual 
Water Yield for Group I "Dry". These points were not used in the 
derivation of the prediction equations. 
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Group n "Wet" 

The accuracy of the prediction model was evaluated with a base in three watersheds from 

the United States and one from Bra2dl. If the model showed a good accuracy, the studied 

hypothesis could not be rejected. The relationship between the computed and observed 

average annual water yield for WS42002, WS42008, WS42011 in Riesel, TX, and 

WS50300 in Brazil is illustrated in Figure 4.36. 
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'igure 4.36 - Relation Between Computed and Observed Average Annual 
Water Yield for Group II "Wet". These points were not used in the 
derivation of the prediction equations. 

The regression model in Group 11 "Wet" showed a good fit. The increase in the 

number of watersheds from 60 to 80 did not improve the response of the model very much. 
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The watersheds from three different countries were classified in the same group. The model 

showed a good accuracy and could be used in the prediction of average annual water yield. 

This suggests that the hypotheses could not be rejected- In other words, watersheds 

classified as homogeneous could respond similarly in relation to average annual water yield. 

4.6. Model Comparison 

The importance of hydrologicai parameters transference from gauged watersheds 

to those with few or no data availability in arid and semiarid zones was discussed in 

Chapter One of this study. This transference is easy when using a simple model because 

these regions usually have limited or no hydrologicai information. A concern with simple 

models was kept in mind during the study development. 

Previous models were developed for contiguous geographical regions (Grunsky, 

1908; Hawley and McCuen, 1982; Reimers, 1990; Mimikow, 1990; and Hawkins, 1991). 

The focus of this study was to develop an annual nmoff model for homogeneous, but not 

contiguous geographic regions. 

Grunsky's model was one of the first models developed for water yield prediction, 

and it has the advantage of being very simple. In 1908, Grimsky stated that: 

"The percentage of the annual rainfall, when less than 50 in., which 

runs to the stream is equal to the number of inches of rain. When the 

annual rain exceeds 50 in., 25 in. thereof goes to the ground 

(evaporates), the remainder is run-oflT. 
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When converted to mm, the mathematics expression is 

Q = 0.00039P^ P < 12700 mm 

Q=P-63>5  P;-1270mm, 

dO 
and the 635 mm are the losses (l/4a). This is defined when = 1. The point where an 

dP 

additional increment of precipitation causes an additional increment of runoff. 

A generalized form of Grunsky's equation was given by Sellers (1965) by replacing 

the 0.01 factor with the a factor. He expressed values of a for four geographical regions 

in the United States. The values of a suggested for Texas and the southwestern desert are 

less than or equal to 0.005 irf. 

To compare the equation developed in this study with Grunskys equation and 

Sellers' equation, the same set of data was used for all equations. Since the original data 

used by Sellers or Grunsky is not reported in the literature, it could not be used for 

comparison. The data available is this study allowed calculation of the Sellers-Grunsky 

coeflBcients directly, and it is presented in Table VI. 1 (see Appendix VI). It is calculated 

by 

a = Eq.4.18 

since values of Q are less than P/2. 

Values of a for the southwestern United States are presented in Table VT.I(see 

Appendbc VI). They range fi-om 0.00007 mm'* to 0.0003 mm"', and the average is 
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a =0.00013 mm"' which encompasses 0.0002 mm"' equivalent to Sailers book values of 

0.005 m\ 

Though Figures 4.37 and 4.38, Gninsky's model overestimates the data values 

between watersheds, because of the high fixed value of 0.01 in"' for a In a general 

analysis, the Sellers' model showed a tendency to overestimate low values of annual 

runoff. 

Although this work was developed only for average annual water yield, 

extrapolation to annual water yield for single years in individual watershed was performed. 

This exploration was tested in three watersheds from Riesel (WS42002, WS42008, 

WS42011) and one from Brazil (WS50300), which were not used in the derivation of the 

prediction equations. Results are present from Figure 4.39 to 4.42. The model developed 

in this study showed a better performance than the others, since it make a good prediction 

of average annual runoff as well as annual runoff in a specific watershed. 
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Figure 4.37 - Models Comparison for Pooled Watersheds in Group I "Dry" 
n = 29 
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Figure 4.38 - Models Comparison for Pooled Watersheds in Group II "Wet" 
n = 37 



156 

WS420Q2 800 

700 

O 600 

(y 500 

400 

300 
3 Q. 
1 200 1:1 line OD 

O Sellers 
O Grunsky 

100 -- o 

0 

0 200 400 600 800 

Observed Annual Q (mm) 

Figure 4.39 - Models Comparison for WS42002 (1956 - 1981). 
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Figure 4.40 - Models Comparison for WS42008 (1959 - 1981). 
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORK 

The majors goals of this research were to develop a comparative hydrology study 

and generate models to make average annual water yield prediction. Based on these 

objectives and the results obtained from this study, conclusions were drawn as outlined. 

5.1 Comparative Hydrology 

• Through cluster analysis and Andrews' plot the hypothesis that watersheds in arid and 

semiarid zones with similar geomorphologic characteristics and climatic conditions 

could be placed in the same hydrologic group was aflBrmed. This procedure indicated 

that homogeneous groups can be delimited independently of their geographic position. 

• Andrews' plot multi-dimensional graphic was a usefiil technique to identify outliers in 

homogeneous groups of watersheds. 

• An ocular inspection of sets of Andrews' plot indicated that the optimum group 

generated by cluster analysis could perhaps be improved by identification and 

elimination of outlier watersheds. 

• Annual rainfall and watershed form factor can be considered as the two most 

significant variables in the definition of homogeneous watershed groups by the cluster 

analysis and Andrews' plot technique. 
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5.2 - Model Performance 

• For smaller data set (60 watersheds), the prediction of average annual water yield 

was not affected by outliers, since there are only slight differences in goodness of fit 

and in model coeflBcients between model predictions if outliers are included or 

excluded. 

• The runoff process in Group I "Dry" seems to be more complex than in Group II 

"Wet", since more parameters are required to explain it than in Group U. While the 

log-linear equation developed for Group I "Dry" can be used to make average annual 

nmoff predictions. (R^ = 56 %, SE=12.56 mm/yr), the nonlinear model shows superior 

results (R^=70 %, SE=I1.16 mm/yr) 

• The runoff process in Group n "Wet" was expressed by two variables (average annual 

rainfall and a form factor). Equations developed for this group can be used to make 

annual runoff predictions. For the log-linear model, is 77% and SE is 31.72 mm/yr. 

For the nonlinear model = 79 %, and SE = 30.52 mm/yr. 

• The use of an additional 20 watersheds for Group I "Dry" did not improve the output 

firom the model. On the other hand, an improvement occurred in the fit for Group n 

"Wet". The R^ of the fitting model went fi-om 56 % to 77 %. 

• The nonlinear model showed a performance better than log-linear models in Group I 

"Dry" and Group n "Wet". 
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. Future Work 

A relation between annual runoff and rainfall pattern in relation to spatial and temporal 

variability should be considered. Since rainfall in arid and semiarid zones is 

characterized by a high variability, a hypothesis that annual rainM is more related to 

intensity and rainfall distribution than to total amount of rainfall should be tested. 

Andrews' curve is used to identify outliers based on the principle that similar 

watersheds have similar fimctions. Hence, a possible future study is to make an 

ungauged watershed classification following the Andrews' curve properties which 

considered that a group of functions can be expressed as the function average. This 

average fiinction could be used as a basis for classifying and grouping ungauged 

watersheds for other hydrologic studies 

As shown in Figure 4.14, the rainfall runoflT relationship was well fit with both the 

power and exponential equations. It would be interesting to evaluate these two 

equations using a new data set. It would also be interesting to determine if in fact 

mnoflf can be solely represented as a function of rainfall. 

High values of precipitation coeflBcients ( > 4.00) were observed in this study. Thus, it 

would be interesting to verify the precipitation coefficient values using a new data set, 

as well as to perform a sensitive analysis of the precipitation coefficients. 
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APPENDIX I 

General Data Set Matrix of Previous Study (60 Watersheds) 

The data presented here is the matrix comprising of all watersheds used in this 

paper. Columns identification from the left to the right. 

1. Watershed identification number 

2. State 

3. Record length (years) 

4. Longitude (degree) 

5. Latitude (degree) 

6. Altitude (m) 

7. Temperature (°C) 

8. Mean annual precipitation (mm) 

9. Mean annual runoflf (mm) 

10. Area (ha) 

11. Perimeter (km) 

12. Ratio of the watershed area and perimeter (km) 

13. Aspect (degree) 

14. Stream slope (%) 

15. Watershed slope (%) 

16. Watershed length (km) 

17. Watershed wide (km) 

18. Ratio of the watershed length and watershed wide 

19. Length of stream (km) 

20. Maximum relief (m) 

21. Land use (ordinal) 



22. Soil texture (ordinal) 

23. Soil permeability (ordinal) 

24. UNESCO index of aridity 

25. Horton form factor 

26. Watershed label 



Pooled Watersheds Used in this Study 

1 } 4 S 6 7 8 9 10 II |] 13 M 15 16 17 IB l» 70 71 77 73 74 }) 73 

42 0020 TX 33 313111 96 5334 170.34 18.38 88697 17348 334 31 687 034 1800 060 311 301 117 1.73 336 1834 3 049 0 579 RSA 

42 0030 TX 24 31 3038 96 5323 159 60 18 28 B8366 177 80 449 20 923 049 1800 0 50 2 17 2 82 160 1 77 356 2067 3 0 49 0566 RSH 

42 0040 TX 23 31 2859 965206 158 50 1838 91618 17603 1772 53 21 03 084 157 5 040 1.75 697 354 3 74 783 3048 0 49 0365 RSC 

42 0060 TX 24 31 2727 965248 167 94 18 38 877 82 171 95 7043 366 019 1575 0 70 324 1 17 060 1 93 164 1524 049 0SI7 RSI) 

42 0070 TX 24 312719 96 5255 16568 1838 871.98 18389 52 61 334 016 900 150 3.48 088 060 149 0.94 13.16 049 0673 RSt: 

42 0OB0 TX 33 31 2724 96 5311 167 20 1838 875 53 125 22 17 12 156 on 1125 140 302 040 043 093 044 608 0 49 1093 RSI-' 

42 0100 TX ' 24 31 2712 96 53 167 30 18.38 86358 16967 7 97 109 007 675 1 70 1 78 0 32 0 35 126 032 5-47 0 49 0793 RSO 

42 0110 TX 33 31 2836 96 5236 16416 18 28 856 23 13360 12505 486 0 26 67 5 too 242 101 1 24 081 1 53 18 34 0 49 1 238 RSH 

42 0120 TX 24 31783 96524 164 16 18 28 881 38 150 87 53 42 296 018 900 1 20 262 071 0 75 095 100 15.85 049 1048 RSI 

42 oiyo TX 13 31 383 965254 167.20 18 28 843 53 12319 35 33 238 016 900 1.30 3 87 067 0 53 1.27 061 1373 049 0 785 RSJ 

430140 TX 24 31 3836 96 5309 16730 1828 871 47 11303 660 1 10 006 450 1 50 328 0.44 015 392 044 8 33 049 0 342 RSI. 

42 01M TX 30 313808 96 5349 17034 1828 861 31 14046 1619 1.99 008 00 080 1 91 054 030 1.82 054 760 0 49 0 549 RSM 

42 0160 TX 24 31 3833 96 5354 16416 1828 891 79 12598 8 42 1.33 007 450 275 334 037 023 1-59 034 9.75 049 0629 RSN 

42 0170 TX 24 313 96531 15808 1828 86183 14402 753 1.14 007 900 130 195 0.34 0 23 1.49 0.22 304 049 0671 RSO 

42 0230 TX 11 31.2802 96 5304 17) 60 1828 890 77 148 59 108 041 003 1800 100 1 25 012 009 138 0.12 132 049 0 736 RSI* 

42 0240 TX 24 31 3848 965359 164 J6 1828 858 52 12954 1 30 0.40 003 00 2 10 381 on on 0.95 012 365 0 49 1048 RSQ 

42 0280 TX 34 31 3745 96 5314 169 33 1828 87538 16916 131 040 003 900 1 30 183 012 010 1 11 012 182 049 0899 RSK 

42 03M) TX 9 II 2S35 96 5349 16398 18 38 963 15 31742 132 045 003 3350 304 150 015 009 159 016 488 0 49 0638 RSS 

42 0360 TX B 31 2833 965344 16581 1838 963 15 207 26 1 30 0 37 005 2255 367 150 012 Oil 107 013 6 10 0 49 0934 RST 

42 0370 TX n 31 3836 96 5339 15911 1838 92202 113 53 4 57 0 58 008 900 3 30 1 50 0 26 017 1 50 015 488 0 49 0666 RSU 

42 0380 TX II 313811 96 5255 171 30 18 28 933 30 17603 2 27 061 004 67 5 300 1 50 0 33 010 2 27 012 366 0 49 0 441 RSV 

42 0390 TX II 31 2756 96 5307 173 52 18 38 951 74 (55 45 4 01 063 006 900 366 1 50 0 26 0 16 162 014 366 0 49 0617 RSX 

42 0400 TX II 31 2757 96 5308 172 52 18 28 951 74 149 35 4 57 088 0 05 1800 2 22 1 50 031 015 2 13 0 14 305 0 49 0 409 HSA 



1 2 3 4 5 6 7 8 9 10 II 12 13 H 15 16 17 18 19 20 21 22 23 24 25 26 

450010 AZ 32 32J02tf 109.313 100584 1736 181.10 889 210.13 888 0 24 3375 1.00 1133 390 054 724 438 6096 2 9 2 015 0138 SFA 

450020 AZ 32 32 502 1100012 1203 96 1736 26416 863 276 16 11 81 0 23 675 496 1060 482 0 57 841 558 33328 2 9 3 015 0119 SPU 

45 0030 AZ 32 323722 109.3642 1112.52 1736 205 23 355 30918 12 13 0 26 67 5 147 175 5 79 0 53 1085 620 99.06 2 9 4 015 0092 SPC 

450040 AZ 32 32 2522 109.393 137160 17 36 24968 660 292 39 1066 0 28 1125 2 39 16 70 496 039 839 575 13716 2 8 4 013 0119 SH) 

47 0020 NM 27 351042 107013 180594 1833 18364 9 14 W53 331 028 450 423 18 34 1 10 091 1 21 1 19 3334 2 9 1 014 0827 ALA 

47 0020 NM 27 35 II 10701IH 1821.18 1835 177 04 1067 1623 167 010 1575 362 12 26 066 0 25 264 081 4572 2 2 3 0 14 0 378 ALB 

47 0050 NM 27 351124 1070124 182880 1855 177 29 660 71 22 4 12 017 1125 2 79 848 123 058 2 14 164 45 72 2 4 3 0 14 0468 Al.0 

630010 AZ 35 31.4445 110091 141769 17.33 30992 3 32 14932 95 77 56 193 2700 145 II 05 25 75 580 444 3168 72526 2 5 5 Oil 0223 WQA 

03 0020 AZ 35 314403 1100535 1445.38 17 33 307 44 4 27 11371.70 7028 162 2700 1 70 1080 20 92 344 383 1568 659 49 2 5 3 Oil 0260 wau 

630030 AZ 35 31 4337 1100325 1405 26 17 33 32326 5 29 898 41 20 24 044 247 5 1 52 7 92 803 1 12 7.21 1008 284 2 3 3 Oil 0139 wcic: 

63 0040 AZ 35 314419 110024 1387 46 1733 323 26 882 22662 7.23 031 2250 2 33 757 141 094 237 288 6911 2 5 3 Oil 0389 wai) 

630050 AZ 35 31.4419 110024 143166 17 33 308 75 3 42 2229.14 21.74 103 337 5 120 7 98 563 396 1 42 304 13280 2 5 5 Oil 0 703 WOE 

630060 AZ 29 31.4335 1100305 1459 53 17.33 30899 439 9510 14 6197 134 337.5 1.77 1125 1610 391 2.73 21 40 61856 2 1 4 Oil 0 367 WQF 

630070 AZ 25 31 4402 1100333 1366 93 1733 297 02 3 87 135165 1939 069 337 3 1.91 1353 483 280 173 600 22829 2 5 4 Oil 0580 woa 

630080 AZ 28 31 4323 1100239 1449 22 17 33 28281 696 1349 95 2462 063 2250 174 931 840 185 455 U.32 22029 2 7 6 Oil 0220 WOli 

63 0090 AZ 23 31 4308 U0013 1471.41 17.33 326.91 634 2359 33 28.79 082 2700 233 1118 873 2.70 313 1392 30465 2 7 3 Oil 0308 WGl 

630100 AZ 23 314315 1100123 1326 74 1733 309 46 367 1663 26 34 59 048 247.3 243 1119 13.30 115 1064 1680 37867 1 7 5 Oil 0094 WOI 

630110 AZ 28 31 4428 109 394 148373 17 33 328 63 10 33 823 54 1368 060 2230 2 02 11 19 410 196 214 368 141.76 2 4 3 Oil 0467 WGl. 

630130 AZ 26 31 4246 U00223 1483 73 U33 308 73 342 2392 31 2302 104 337 3 1 19 8 33 363 423 133 600 24377 2 3 3 Oil 0 734 WGM 

700010 TX 11 30 3412 100.3836 70409 1363 360 32 4 83 12431 98 4389 2 83 222 3 040 360 1493 6 33 1 79 1609 8334 1 1 3 0 29 0 558 SNA 

700020 TX 11 30 3948 1003342 71628 1363 33626 798 71791 9 41 076 2700 036 170 174 2 62 103 161 1186 2 1 3 029 0954 SNB 

700030 TX 11 303748 1003312 70104 1363 347 62 856 2182 07 1760 1 24 2700 094 282 634 334 1 96 322 4419 2 1 3 0 29 0510 SNC 

700040 TX II 30 3624 100.3618 68684 1363 359 03 1062 4365 36 2611 167 2700 0 37 311 9 31 4 39 2 07 1127 53 34 2 1 3 0 29 0483 SNI) 

70 0030 TX 11 30 333 100 37 679 70 13 63 547 12 1481 1133 33 1183 096 3150 063 430 366 310 1 18 483 4167 1 1 3 0 29 0848 SNK 

700000 TX 11 30 3342 100 3748 67000 1363 53594 10 54 277 62 646 0 43 3150 100 536 2 24 1 24 1 80 241 42 67 2 1 4 0 29 0 556 SNF 



I 2 4 3 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

100000 CE 7 50254 39 0143 25000 2672 81600 120 00 192000 1860 103 450 322 3 22 620 310 200 5.77 20000 7 0.3 0499 CEA 

20 0000 BA 4 113319 42 0007 93000 2313 809 20 24 00 191000 1925 099 00 3 33 363 431 443 097 450 160 00 3 2 0 29 1026 BAA 

30 0000 BA 5 113319 42 0007 71000 2313 781 10 1052 468000 34 50 136 2225 0.99 100 1384 338 409 371 7000 4 9 029 0244 BAB 

40 0000 BA 5 114112 42 0049 73000 2313 80080 1840 148000 1800 082 1125 1.17 138 683 217 315 451 5300 4 9 7 0 29 0317 BAC 

50 0000 PE 8 8.0708 37.495 700.00 2323 73241 2110 4520 00 29 30 1 53 3375 399 068 1060 4 26 2 49 7.31 300.00 9 5 02 0402 PEA 

60 0000 PE 8 80552 37.5031 70000 25.23 75274 3960 156000 1800 087 00 578 171 128 1219 Oil 432 25000 2 2 02 9 521 PEU 

700000 CE 10 5 385 40112 490 00 2583 547 27 46 50 1940000 7000 277 00 021 021 2810 690 407 30 80 6500 10 5 0.18 0 246 CEU 

80 0000 CE 10 5334 4009 52000 2583 525 59 6410 190000 2000 0 95 00 0 26 036 745 2 55 292 575 27 00 3 2 0.18 0 342 CEC 

900000 CE , 10 5 391 40112 51000 25 83 546 43 87 40 7700 375 0 21 450 090 197 129 060 2 16 160 1900 2 3 2 018 0 463 CEO 

IIOOOO AIJ 4 U50I3 149 4733 15100 21 50 65000 26 10 1680 093 0 18 3150 1 50 250 023 0 74 031 053 900 1 1 03 3 260 AIJA 

120000 AU 4 24 5013 1494733 15100 21 50 65000 55 45 11 70 087 014 00 1 66 250 030 0 39 077 054 1000 4 1 03 1 300 AUU 

130000 AU 4 245013 149 4733 15100 21 50 65000 47 40 12 70 090 014 900 148 250 031 041 0 77 054 900 2 1 03 1296 AUC 

ON 
U\ 
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APPENDIX n 

Data Matrix for Each Sub-Group 

This approach presents the individual matrix for each sub-group. Identification of 

variables are accounted in appendix I. Each sub-group were identified as: 

Group I 

Group n 

Group in 



Group I (n = 27) 

1 2 3 4 3 6 7 8 9 10 11 12 13 14 15 16 17 18 19 30 21 22 23 34 2) 36 

4)0010 AZ 32 33.5026 109313 100584 17.36 181.10 889 21015 888 0.24 3375 1.00 1133 390 054 724 438 '60.96 3 9 3 015 0136 SFA 

4)0020 AZ 32 32)02 1100012 120396 1736 264 16 863 376 16 1181 0 33 675 496 1060 482 0 57 841 558 33528 2 9 ) 015 0119 SFB 

4)0030 AZ 32 Si3722 1093642 1113 53 1736 20533 3 55 30918 12 15 0 36 675 1 47 1 75 5 79 0 53 108) 620 99.06 2 9 4 01) 0 092 SFC 

4)0040 AZ 32 322)22 109 393 137160 17.36 249 68 660 292 59 1066 038 1125 239 1670 496 059 839 575 137 16 3 8 4 01) 0119 SFD 

470020 NM 27 3)1042 107013 1805.94 18 5) 18364 914 99.55 351 028 450 425 1834 1 10 091 121 1 19 53 34 2 9 1 014 0 627 ALA 

47 0020 NM 27 3)11 107 0118 1821 18 18.55 177 04 1067 16 23 167 010 157.5 562 1226 066 035 264 081 4)72 3 3 3 014 0 376 ALB 

47 0030 NM 27 3)1124 107 0124 183880 1855 177.39 660 7122 412 017 1135 379 848 123 058 2 14 164 4)72 3 4 3 014 0 408 ALC 

630030 AZ 3) 31 43)7 110032) 140)36 17 33 33326 5 39 89841 20 24 044 3475 1 53 7.92 805 1 13 721 1008 284 3 ) 5  Oil 0139 WGC 

63 0040 AZ 3) 31 4419 110034 1387 46 17.33 33326 881 336 62 73) 031 2350 2 33 757 341 094 257 288 6911 3 5 5 on 0369 WGD 

6300)0 AZ '35 31 4419 110024 1431.66 17.33 30875 3 42 2329.14 21 74 103 337 5 120 798 563 396 142 504 23280 2 5 5 Oil 0 703 WOE 

630070 AZ 2) 31 4402 1100))) 136693 17.33 297 02 387 13)16) 1959 069 337.5 1.91 13.53 483 380 173 600 338 29 3 5 4 Oil 0560 WGG 

630080 AZ 28 31 4323 1100239 1449 21 17.33 282 81 696 1549 95 3462 0.63 235.0 1,74 951 840 185 4.55 11.52 220.29 2 7 6 Oil 0220 WGH 

630090 AZ 23 314308 110013 1471.41 1733 326.91 634 2359.33 28.79 083 2700 333 12.18 875 2.70 335 13.93 30465 2 7 5 o.n 0308 WQI 

630100 AZ 23 314313 1100123 1526.74 17.33 30946 367 1663 26 34 59 048 247.5 243 11.19 1330 1.2) 1064 1680 378.67 2 7 5 on 0094 WOJ 

630110 AZ 28 31 4428 109.594 1483.73 17.33 33865 1053 823)4 1368 060 2250 202 11 19 4.30 1.96 214 568 142.76 2 4 5 Oil 0407 WQL 

6301)0 AZ 26 31 4246 110.022) 1483 73 17 33 30875 342 2392)1 23 02 104 3375 1 19 833 563 4 25 1 33 600 245.77 2 5 5 on 0764 WOM 

700020 TX 11 30 3948 100 3342 71628 1363 5)636 798 71791 941 076 2700 0)6 1.70 374 2 62 105 161 2286 2 1 3 039 0954 SNB 

700030 TX 11 303748 1003512 701.04 1363 547 62 856 218307 1760 1 24 2700 0.94 282 654 3.34 196 322 44.19 2 1 3 029 0 510 SNC 

700040 TX II 303624 100.3618 68684 1363 559 0) 1062 4365 36 2611 1 67 2700 037 311 9.51 4)9 307 1137 53 34 2 1 3 029 0463 SNO 

7000)0 TX It 30.3)3 10037 679.70 1363 547 13 1481 1133 53 1183 0.96 31)0 063 430 366 310 1 18 483 4267 3 1 3 029 0 640 SNE 

70 0060 TX II 30 3342 1003748 67000 1363 535 94 1054 27762 646 043 31)0 100 536 2 24 1 34 180 341 4267 3 1 4 0 29 0 556 SNF 

100000 CE 7 303)4 39 0143 250 00 2672 81600 130 00 1930 00 1860 1 03 4)0 3 22 3 22 6.20 310 300 577 200 00 1 7 3 03 0 499 CEA 

200000 DA 4 II33I9 42 0007 93000 2313 809 20 24 00 191000 1925 099 00 3 5) 365 431 4 43 097 4.50 16000 1 3 2 029 1 026 BAA 

300000 BA 5 113319 42 0007 71000 2313 781 10 10 53 4680 00 34 50 136 222 ) 099 100 13 84 338 409 5.71 7000 4 9 7 029 0 244 BAB 

400000 BA ) 114112 42 0049 73000 2313 80080 1840 1480 00 1800 082 113) 1 17 138 683 2 17 315 4 51 53.00 4 9 7 029 0317 BAG 

)00000 PE 8 8 0708 37 49) 70000 3533 732 41 31 10 452000 29 50 1 53 337) 399 068 1060 4 26 249 751 30000 1 9 5 02 0 402 PEA 

600000 PE 8 80)52 37 5031 70000 3523 75274 39 60 156000 1800 087 00 578 171 138 13 19 Oil 433 3)000 1 3 3 02 9521 PEB 



Group II (n = 28) 

1 2 3 4 ) 6 7 8 9 10 II 12 13 14 1) 16 17 18 19 20 21 22 23 24 2) 26 

410020 TX 33 31.3111 96)334 170.24 1828 886.97 17348 234 31 687 0.34 1800 060 211 201 1.17 173 236 1824 3^ 2 1 049 0)79 RSA 

420030 TX 24 313038 96)322 1)960 1828 88366 177 80 449 20 9 23 049 1800 0)0 217 282 160 177 3)6 2067 3 2 2 0 49 0)66 RSB 

42 0040 TX 23 3138)9 96)206 1)8)0 1828 91618 17602 1772 )3 2103 084 1)7) 040 1.7) 697 254 2.74 783 30.48 3 1 2 0 49 036) RSC 

420QM TX 24 31 2727 96)248 167.94 IS28 87782 171.95 7042 366 019 1)75 070 224 i.n 060 191 164 \5.24 3 1 2 049 0517 RSD 

42 0070 TX 24 312719 96)2)) 16)68 18.28 871.98 183 89 )2 61 334 016 900 1)0 248 088 060 1 49 094 12 16 2 1 2 0 49 0673 RSE 

42 001)0 TX 33 31 2724 96)311 167 20 1828 875)3 12)22 17 12 1)6 Oil 112) 1 40 202 040 0 43 092 044 608 3 1 2 0 49 1092 RSF 

42 0100 TX 24 312712 96)3 16720 1828 862 )8 16967 7 97 109 007 67) 1 70 178 032 02) 126 032 5.47 2 1 2 049 0793 RSQ 

42 0110 TX 33 31 2836 96)236 16416 1828 8)623 133 60 12)0) 486 026 67 5 IM 2 42 101 1 24 081 1)3 18 24 3 1 3 049 1 238 RSH 

420120 TX 24 31.283 96)24 164.16 1828 881.38 1)087 )342 2.96 018 900 1 20 262 071 0 7) 095 100 1)8) 3 1 2 0 49 1048 RSI 

42 0130 TX 13 31.283 96)2)4 167.20 1828 842)2 123 19 3) 33 2 28 016 900 130 287 067 0 53 127 061 1372 3 1 2 049 078) RSI 

430140 TX 24 31 2826 96)309 167.20 1828 87147 11303 660 1 10 006 4)0 150 3.28 0.44 0.15 292 044 823 4 1 2 0 49 0342 RSI. 

42 01)0 TX 20 31 2808 96)249 170 24 1828 861.31 140 46 1619 1.99 008 00 080 1.91 0)4 0.30 182 054 760 3 1 1 049 0 549 RSM 

42 0160 TX 24 31 2822 96)2)4 16416 1828 8VI.79 12)98 842 1.23 007 4)0 2 7) 234 037 0.23 1 59 0 24 9.7) 4 1 3 0 49 0629 RSN 

420170 TX 24 312 96)31 1)808 1828 86182 14402 7)3 1 14 007 90.0 130 19) 034 023 149 022 304 4 1 3 049 0671 RSO 

420230 TX 11 31 2802 96 )304 17160 1828 89077 148)9 108 041 003 1800 100 1.2) 012 009 1.38 012 122 4 1 2 049 0.726 RSP 

42 0240 TX 24 312848 96)2)9 164.16 1S28 858)2 129 54 1 30 040 003 00 210 381 0.11 0.11 095 012 365 3 1 2 049 1048 RSQ 

42 0280 TX 24 31 2745 96)314 169 33 1828 87)28 16916 121 040 003 900 1 30 183 012 010 1 11 012 182 2 1 2 049 0899 RSR 

42 03W TX 9 31 283) 96 )349 16398 1828 962 1) 21742 1.32 04) 003 22)0 3.04 I S O  01) 009 1,59 0.16 488 2 1 2 0.49 0628 RSS 

42 0360 TX 8 31 2833 96 )344 16)81 18.28 9621) 207 26 130 0 27 00) 22)) 367 1)0 012 on 107 013 610 2 1 2 049 0934 Rsr 

420370 TX 11 31 2836 96)239 1)911 1828 92202 112)2 4)7 0)8 008 900 320 1 )0 026 017 1 )0 015 488 4 1 2 049 0666 RSIJ 

42 0380 TX n 31 2811 96)2)) 17130 1828 933 20 17602 227 061 004 67) 300 1)0 0.23 010 2 27 012 366 2 1 2 049 0441 RSV 

42 0390 TX It 31 2756 96 )307 172)2 18 28 95174 15)45 401 063 006 900 266 1)0 026 016 162 014 366 4 1 2 0 49 0617 RSX 

42 0400 TX II 3127)7 96)308 172)2 18 28 9)1.74 149 35 4)7 088 00) 1800 222 1)0 031 015 2 13 014 30) 4 1 2 049 0 469 RSZ 

BO 0000 CE 10 )334 4009 52000 2)83 )25)9 6410 190000 2000 095 00 026 0.36 745 2 55 2 92 57) 27 00 3 2 I 018 0342 CEC 

900000 CE 10 )391 40112 51000 2)83 )46 43 87 40 77 00 37) 021 4)0 090 197 1 29 060 2 16 160 1900 2 3 2 018 0.463 CED 

110000 AU 4 24)013 149473 1)100 21 )0 6)000 26 10 I6B0 093 018 31)0 1 50 2)0 023 0 74 031 0)3 900 1 1 1 03 3 260 AUA 

120000 AU 4 24)013 149473 1)100 21 )0 6)000 )) 4) 1170 087 014 00 166 2.50 030 0 39 0 77 054 1000 4 1 1 03 1300 AUB 

130000 AU 4 24)013 149473 1)100 21)0 6)000 47 40 12 70 090 014 900 148 2)0 0 31 0 41 0 77 054 900 2 1 I 03 1 296 AUC 



Group III (n = 5) 

1 2 3 4 5 6 7 B 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

630010 AZ 35 31 4445 1100910 141769 1733 3099*2 352 14932.95 77 555 193 27000 1.45 11.05 25.749 5.799 4 440 3168 725.26 2 5 5 O i l  0 225 WQA 

630020 AZ 35 314405 1100555 144538 1733 307 44 4 27 11371 70 70283 162 27000 1 70 1080 20921 5436 3 849 2568 659 49 2 5 5 O i l  0 259 WGD 

630060 AZ 35 31 4355 1100305 1459 53 1733 30899 439 951014 61971 1.54 337.50 1.77 1125 16100 5907 2.726 21.40 618 56 2 2 4 O i l  0366 WQF 

700010 TX II 30 3412 100 3836 70409 1363 560 32 483 1243198 43891 283 22250 040 360 14933 8325 1794 1609 85 34 2 1 3 0 29 0 557 SNA 

70 0000 CE 10 53850 40.1120 49000 25 B3 547 27 46 50 1940000 70.000 2.77 000 021 021 28100 6904 4070 3080 6500 1 10 5 016 0145 CEB 
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APPENDIX in 

Correlation Matrix 

This approach presents the correlation matrixes for all watersheds and groups used 

in this study. Identification of variables are accounted in appendix I. Each sub-group were 

identified as; 

Group I 

Group n 

Group HI 



Correlation Matrix of All Watersheds 

TKMJ' 

UOGQ P ABBA PERI PERIAREA ASP STRSL HSSL V4SLEH HSWID LBNHID LBKSTR HAXREL LAN 9LTY SLPR ELEV LAT 

LOGQ 1.000 .898 - .364 - .554 .569 - .570 - .054 - .687 - .430 - .527 - .466 - .532 - .591 .  432 - .571 1 C
S

 

- .866 - .101 293 

I* .698 1.  000 - .259 - .430 .517 - .418 - .111 - .813 - .271 - .330 - .502 - .472 - .526 461 - .504 - .513 - .925 - .171 .224 

AREA - .J64 .259 1.000 .920 - .343 .195 - .209 .  104 .726 .641 .116 .904 .556 292 .301 .407 .247 - .2ttO .069 

PERI - . B B 4  .00 .920 1.000 - .497 .347 - .156 .264 .765 .665 .296 .968 .775 339 .437 .577 .454 - .24« .060 

CERIARSA .569 .517 - .343 - .497 1 . 000 - .284 .146 - .313 - .431 - .507 - .327 - .453 - .363 350 - .430 - .404 - .479 .264 - .062 

ASP - .570 .416 .195 .347 - .284 1.000 - .192 .351 .120 .365 .037 .304 .386 267 .139 .447 .416 .288 - .478 

STHdL - .P54 111 - .209 - .158 .148 - .192 1.000 .299 - .056 - .165 .121 - .164 .195 263 187 - .004..  263 - .042 .  .229 

WiSI.  - .667 .613 .104 .284 - .313 .351 .299 1.000 .167 .191 .409 .339 .536 311 .478 .366 .842 .386 - .310 

WS1.HN - .430 .271 .726 .785 - .431 .120 - .056 .167 1.000 .619 .449 .746 .563 372 .366 .416 .362 - .364 .177 

WSHID - .527 .330 .641 .885 - .507 .365 - .105 .191 .819 1.000 .080 .601 .656 377 .245 .441 .380 - .239 - .015 

l.EHWID - .466 .502 .118 .296 - .327 .037 .  121 .409 .449 .066 1.000 .368 .347 209 .679 .426 .463 - .U79 .046 

LENSTR - .532 .472 .904 .968 - .453 .304 - .164 .339 .746 .801 .368 1.000 .756 .  356 .440 .541 .460 - .147 .001 

HAXRBL - .591 - .526 .556 .775 - .383 .368 .195 .536 .563 .656 .347 .756 1 .000 356 .413 .518 .588 - .017 - .027 

LAN .432 .461 - .292 - .339 .350 - .267 - .263 - .311 - .372 - .377 - .209 - .356 - .356 l.OOl) - .311 - .137 - .428 .215 - .097 

SLTY - .571 - .564 .301 .437 - .430 .139 .167 .476 .366 .245 .679 .440 .413 -311 1.000 .655 .599 - .265 .279 

SLPR - .668 - .513 .407 .577 - .404 .447 - .004 .366 .416 .441 .426 .541 .516 - .137 .655 1.000 .612 - .076 -.0U9 

BI.EV - .860 - .925 .24 7 .454 - .479 .410 .283 .84 2 .362 .  388 .483 .460 .588 - .428 .599 .612 1.000 .162 - .201 

l>T - .101 - .171 - .260 - .242 .264 .286 - .042 .366 - .364 - .239 - .079 - .147 - .017 .215 - .265 - .076 .162 1.000 - .8t)i  

TEMP .293 .224 .089 .060 - .062 - .476 .229 - .310 .177 - .015 .046 .001 - .027. - .097 .279 - .069 - .201 - .863 

1.000 

•-4 



Correlation Hatrln o t  the Variables Used Group J (n - 2 b )  

VARIABBS LOGO UXSP UXSAREA LOGPERI LOGPSAR lOGSTRSL LOGWSSL LOGW5LEN L0GW5WID LOGLEWID LOGLNSTR LOGMXREL LOGLAN LOGSLTY LOGSLPR LOGTBHP LOGPPBT LOGRF 

LOGO I .  .000 

UXjP ,665 1,  .000 

L0GAR8A ,153 ,674 1.000 

LOGPERl 010 .502 .947 1.000 

l^XiPEAR ,279 .775 .94 9 .796 1.000 

L0GSTR3L ,277 .211 - .364 - .271 - .416 1.000 

LOGWSSL .452 .780 - .517 - .397 - .562 .241 

LOGWSLEK ,132 .332 .790 .666 .613 - .364 

L0GW5WID ,345 ,746 .656 .694 .927 - .230 

LOGLEWID .433 .444 - .181 .050 - .391 - .089 

LOGLNSTR ,120 .189 .719 .674 .493 - .163 

IXX»WREL .007 - .019 .378 .516 .204 .487 

LOGLAN .505 .217 - .108 - .056 - .147 - .481 

LOGSLTY .118 - .319 - .016 .164 - .216 .436 

LOGSLPR .400 .062 .323 .448 .167 - .226 

LOGTEMP .579 .332 .177 .207 .129 .626 

LOGPPET .649 .820 .308 .107 .475 - .366 

1 .000 

- .310 1.000 

-.b2b .3^6 I.000 

.251 .460 - .664 1,000 

- .099 .660 .370 .337 1.000 

.122 .361 .271 .031 .564 I .000 

.004 .168 - .307 .426 - .054 - .388 1.000 

.156 .306 - .265 .516 .303 .460 .126 1.000 

- .189 .569 .012 .445 .455 .198 .506 .237 I .000 

- .341 .056 .222 - .166 .089 .425 - .339 .572 - .038 1.000 

- .681 .089 .394 - .303 - .141 - .378 - ,056 - .467 - .193 .052 I .000 

.433 .340 .162 - .050 .390 .069 - .251 - .460 .664 -1.000 - .337 - .031 - .426 - .516 - .445 .166 .303 1.000 



Correlation HatriK of the Variables UaeU in Group 11 <n •26) 

VARIABES LOGO LOGP LOGARSA UXSPERI LOGPEAR UX3STRSL UXJ WSSL LOGWSLBN LOGWSWID LOGLEWIO LOGLNSTR LOGKXRBL LOGLAN LOGSLTY LOGSLPR LOGTBHP LOGPPBT LOGRF 

UXJQ 1.000 

hOG? .791 1.000 

IXXSARBA - .182 - .436 1.000 

LOGPERI - .062 - .360 .984 I .000 

LOGPEAR - .317 - .500 .97? .924 1.000 

LOGSTRSL .147 .452 - .02B - .040 - .767 1.000 

LOGWSSL - .022 .239 - .234 - .230 - .210 .300 1.000 

IjOGWSLEH - .053 - .362 .979 .989 .926 - .822 - .299 1.000 

LOGWSWID - .321 - .499 .972 .927 ,90b - .791 - .146 .903 1.000 

IjOGLEWID .525 .167 .309 .423 .  160 - .312 - .400 .497 .076 1.000 

LOGLNSTR - .199 - .472 .975 .950 .956 - .852 - .150 .918 .956 .269 1.000 

LOGHXREL - .235 - .444 .679 .838 .093 - .575 .005 .642 .076 .183 .901 1.000 

LOGLAN .276 .202 .011 .068 - .059 - .058 - .060 .110 - .105 .467 - .061 - .118 1.000 

LOGSLTY - .  174 - .621 .528 .527 .500 - .515 - .338 .553 .473 .320 .f  37 .474 - .  104 1.000 

LOGSLPR .705 .634 - .236 - .143 - .337 .306 .190 - .143 - .331 .335 - .291 - .263 .318 - .104 1.000 

LOGTEMP - .697 - .966 .421 .350 .487 - .401 - .304 .375 .451 - .030 .444 .430 - .274 .709 - .566 1.000 

LOGPPBT .709 .960 - .416 - .344 - .485 .396 .375 - .368 - .450 .053 - .441 - .429 .279 - .700 .576 -1.000 1.000 

LOGRF .525 - .167 - .309 - .423 - .160 .312 .400 - .497 - .076 -1.000 - .269 - .103 - .467 - .320 - .335 .030 - .053 1.000 
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APPENDIX IV. 

Equations Used to Obtain the Fitting Statistics 

The and Standard Error (SE) of the log-linear fit are given by: 

i;[iog(a)-iog(a)f 

Eq.rV.l 

ZPogcej-iogce)]' 
i=l 

SE = 
2[iog(a)-iog(dtf 

^ Eq.IV.2 
n - 2  ^  

With the advent of advanced statistical packages a direct fit of the non-linear 

equations is possible. However, care must be taken since the numerical algorithms may not 

always converge to the appropriate solution. In general, the solution depends on the 

starting values of the iterative process. In this study, the starting values were those 

obtained with the log-linear fit. 
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The and Standard Error (SE) of the direct fit to the nonlinear equation and in 

the arithmetic de-transform of the log-linear equations are given by; 

Zca -Qj' 
/ ? '= ! -  — Eq. IV.3  

1=1 

Z ( a - Q , y  
SE = V — ; Eq.IV.4 

n - 2  

In order to compare the direct and the log-linear fit the R^ and SE statistics given 

by Equations rv.3 and rv.4 were used. 
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APPENDIX V 

Comparison Between Linear and Nonlinear Models. 

In order to make an inspection of the model estimation developed in this study, a 

comparison between the log linear model and a multiple linear regression was developed 

for each group in the final and previous studies. The fitting statistics of equations are 

presented in Table V. 1. 

In summary, the linear equation developed within each group in previous and final 

studies were: 

• Previous Study (60 watersheds) - outliers included 

= -29.394 + 0.0309P + 2.862r-5.605//7r 

n = 27 
= 59% 

SE = 16.03 mm/yr 

Eq. V.l 

= -81.667 + 0283 P - 24.178/?/ Eq. V.l 
n = 28 

= 65% 
SE = 27.12 mm/yr 

• Final Study (80 watersheds) 

= -68.476 + 0.0784P + 4 . 1 3  I T -  3 . 9 5 0 S l p r  

n = 29 
R^ = 73% 
SE = 10.86 mm/yr 

Eq. V.3 
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Qwet = -270.056 + 0.47IP - 5.650/?/ Eq. V.4 
n = 37 

= 77% 
SE = 31.80 imn/yr 

where, 

Qdry - average annual runoff (mm) in "Dry" group 

Qwet - average annual runoff (mm) in "Wet" group 

P - average aimual precipitation (mm) 

Temp - average annual temperature (°C) 

Slpr - soil permeability index 

Rf - form factor 

Table V. 1 - Fitting Statistics for Logiinear, Noilinear, and Linear R^ressicm Equaticxis. 

Group Previous Study Final Study 

Equation nmlinear logiinear linear nonlinear logiinear linear 

n 27 27 29 29 29 

Dry R^(%) 68 59 70 56 73 
SE (mm/yr) 12.34 16.03 11.16 13.54 10.86 

n 28 28 37 37 37 

Wet R^(%) 58 65 79 77 77 
SE (mm/yr) 30.02 27.12 30.51 31.72 31.80 

Previous stucfy^ - group definition based on 60 watersheds. Final stucfy - group definition based on 80 

watersheds, n - sample size, - the coefficient of determination in %, SE - standard error of the 

regression analysis in mm^ 

Regionalization of the watersheds separated the watersheds in homogeneous 

groups. Within each group the linear model results in a fit that is comparable that using 

the nonlinear model or the log-linear model. For the set of data used in this study, and 

within each group, the fitting results indicate that the nonlinear physical hydrologic 

processes may be represented by a linear relationship. 



178 

APPENDIX VI 

Sellers' Equation Coefficients 

Table VI. 1 - Sellers CoeflBcients (g) for all Watersheds (80 watersheds) 
Ws# ST Record Tetnp P Q a a 

year "C (mxa/yr) (tajnfyr) (mm-1) (in-1) 
42.0020 TX 33 18.28 886.97 173.48 0.0002205 0.00560 

42.0030 TX 24 18.28 883.66 177.8 0.0002277 0.00578 

42.0040 TX 23 18.28 916.18 176.02 0.0002097 0.00533 

42.0060 TX 24 18.28 877.82 171.95 0.0002231 0.00567 

42.0070 TX 24 18.28 871.98 183.89 0.0002418 0.00614 

42.0080 TX 33 18.28 875.53 125.22 0.0001634 0.00415 

42.0100 TX 24 18.28 862.58 169.67 0.0002280 0.00579 

42.0110 TX 33 18.28 856.23 133.6 0.0001822 0.00463 

42.0120 TX 24 18.28 881.38 150.87 0.0001942 0.00493 

42.0130 TX 13 18.28 842.52 123.19 0.0001735 0.00441 

43.0140 TX 24 18.28 871.47 113.03 0.0001488 0.00378 

42.0150 TX 20 18.28 861.31 140.46 0.0001893 0.00481 

42.0160 TX 24 18.28 891.79 125.98 0.0001584 0.00402 

42.0170 TX 24 18.28 861.82 144.02 0.0001939 0.00493 

42.0230 TX 11 18.28 890.77 148.59 0.0001873 0.00476 

42.0240 TX 24 18.28 858.52 129.54 0.0001758 0.00446 

42.0280 TX 24 18.28 875.28 169.16 0.0002208 0.00561 

42.0350 TX 9 18.28 962.15 217.42 0.0002349 0.00597 

42.0360 TX 8 18.28 962.15 207.26 0.0002239 0.00569 

42.0370 TX 11 18.28 922.02 112.52 0.0001324 0.00336 

42.0380 TX 11 18.28 933.2 176.02 0.0002021 0.00513 

42.0390 TX 11 18.28 951.74 155.45 0.0001716 0.00436 

42.0400 TX 11 18.28 951.74 149.35 0.0001649 0.00419 

45.0010 AZ 32 17.36 181.1 8.89 0.0002711 0.00688 

45.0020 AZ 32 17.36 264.16 8.63 0.0001237 0.00314 

45.0030 AZ 32 17.36 205.23 3.55 0.0000843 0.00214 

45.0040 AZ 32 17.36 249.68 6.6 0.0001059 0.00269 

47.0020 NM 27 18.55 220.47 9.14 0.0001880 0.00478 

47.0020 NM 27 18.55 215.9 10.67 0.0002289 0.00581 

47.0030 NM 27 18.55 215.5 6.6 0.0001421 0.00361 
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63.0010 AZ 35 17.33 309.92 3.52 0.0000366 0.00093 

63.0020 AZ 35 17.33 307.44 4.27 0.0000452 0.00115 

63.0030 AZ iS 17.33 323.26 5.29 0.0000506 0.00129 

63.0040 AZ 35 17.33 323.26 8.82 0.0000844 0.00214 

63.0050 AZ 35 17.33 308.75 3.42 0.0000359 0.00091 

63.0060 AZ 29 17.33 308.93 4.39 0.0000460 0.00117 

63.0070 AZ 25 17.33 297.02 3.87 0.0000439 0.00111 

63.0080 AZ 28 17.33 282.81 6.96 0.0000870 0.00221 

63.0090 AZ 23 17.33 326.91 6.34 0.0000593 0.00151 

63.0100 AZ 23 17.33 309.46 3.67 0.0000383 0.00097 

63.0110 AZ 28 17.33 328.65 10.53 0.0000975 0.00248 

63.0150 AZ 26 17.33 308.75 3.42 0.0000359 0.00091 

63.0101 AZ 24 17.33 280.85 22.5 0.0002853 0.00725 

63.0102 AZ 28 17.33 273.67 22.47 0.0003000 0.00762 

63.0103 AZ 26 17.33 280.85 20.1 0.0002548 0.00647 

63.0104 AZ 28 17.33 284.35 16.38 0.0002026 0.00515 

70.0010 TX 12 13.63 560.32 4.83 0.0000154 0.00039 

70.0020 TX 12 13.63 556.26 7.98 0.0000258 0.00066 

70.0030 TX 12 13.63 547.62 8.56 0.0000285 0.00073 

70.0040 TX 12 13.63 559.05 10.62 0.0000340 0.00086 

70.0050 TX 12 13.63 547.12 14.81 0.0000495 0.00126 

70.0060 TX 12 13.63 535.94 10.54 0.0000367 0.00093 

10.0000 CE 7 26.72 816 120 0.0001802 0.00458 

20.0000 BA 4 23.13 809.2 24 0.0000367 0.00093 

30.0000 BA 5 23.13 781.1 10.52 0.0000172 0.00044 

40.0000 BA 5 23.13 800.8 18.4 0.0000287 0.00073 

50.0000 PE 8 25.23 732.41 21.1 0.0000393 0.00100 

60.0000 PE 8 25.23 752.74 39.6 0.0000699 0.00178 

70.0000 CE 10 25.83 547.27 46.5 0.0001553 0.00394 

80.0000 CE 10 25.83 525.59 64.1 0.0002320 0.00589 

90.0000 CE 10 25.83 546.43 87.4 0.0002927 0.00743 

11.0000 AU 4 21.5 650 26.1 0.0000618 0.00157 

12.0000 AU 4 21.5 650 55.45 0.0001312 0.00333 

13.0000 AU 4 21.5 650 47.4 0.0001122 0.00285 

64.0010 NM 23 18.86 353.06 4.57 0.0000367 0.00093 
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50.1000 BA 8 23.12 706.12 17.72 0.0000355 0.00090 

50.2000 PB 12 25.83 675.1 41.3 0.0000906 0.00230 

50.3000 PB L2 21.5 791.2 78.72 0.0001258 0.00319 

50.4000 PB 12 21.5 764.8 65.2 0.0001115 0.00283 

70.0070 TX 12 13.63 626.11 57.16 0.0001458 0.00370 

70.0090 TX 10 13.66 620.27 24.66 0.0000641 0.00163 

70.0100 TX 9 13.63 730.25 37.37 0.0000701 0.00178 

70.0110 TX 9 13.63 614.43 39.12 0.0001036 0.00263 

70.0120 TX 9 13.63 649.73 17.18 0.0000407 0.00103 

70.0120 TX 9 13.63 649.73 17.18 0.0000407 0.00103 

70.0130 TX 9 13.63 541.02 30.48 0.0001041 0.00264 

76.0050 AZ 16 17.13 442.11 16.72 0.0000855 0.00217 

76.0060 AZ 15 17.13 469.41 1.63 0.0000074 0.00019 

76.0070 AZ 15 17.13 412.34 25.15 0.0001479 0.00376 

76.0080 AZ 15 17.13 459.67 30.07 0.0001423 0.00361 

Note: Ws# - watershed number, ST - State (USA or Brazil) or location code; Record - length of record (yr); Temp -

average annual temperature (°C); P average annual precipitation (mm/yr); Q - average annual runoff (mm/yr); a -

Sellers-Gnmsky coefiBcient (in ') or (mm '). 

The a are given by: 

-a = 
n 

a = 0.0019 

a = 0.00013 mnf^ 
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APPENDIX Vn 

General Data Information on the Watersheds (80 Watersheds) 

In this appendix, we have informatioa on watershed identification. The key to information presented below 
is: Ws# - watershed number, ST - State (USA or Brazil) or location code; Record - length of record (yrX Temp -
temperature ("C); P - average amual precipitation(mm/yrX Q - average annual runoff (mm/yr); Area - drainage area 
(ha); SIpr - soil permeability index; P/PET - ratio between average aimual precipitation and average amiual potential 
evapotranspiration; Rf - Horton form factor; wsid - watershed identification. 

Ws# ST Record Temp P 5 Area SIpr P/PET Rf WSID 
year "C mm/yr mm/yr (ha) 

42.0020 TX 33 1828 886.97 173.48 234.31 1 0.49 0.579 RSA 
42.0030 TX 24 18J28 883.66 177.80 44920 2 0.49 0.566 RSB 
42.0040 TX 23 18.28 916.18 176.02 1772.53 2 0.49 0.365 RSC 
42.0060 TX 24 1828 877.82 171.95 70.42 2 0.49 0.517 RSD 
42.0070 TX 24 1828 871.98 183.89 52.61 2 0.49 0.673 RSE 
42.0080 TX 33 18.28 875.53 12522 17.12 2 0.49 1.092 RSF 
42.0100 TX 24 1828 862.58 169.67 7.97 2 0.49 0.793 RSG 
42.0110 TX 33 1828 85623 133.60 125.05 3 0.49 1.238 RSH 
42.0120 TX 24 1828 881.38 150.87 53.42 2 0.49 1.048 RSI 
42.0130 TX 13 1828 842.52 123.19 35.33 2 0.49 0.785 RSJ 
43.0140 TX 24 18.28 871.47 113.03 6.60 2 0.49 0.342 RSL 
42.0150 TX 20 1828 861.31 140.46 16.19 1 0.49 0.549 RSM 
42.0160 TX 24 1828 891.79 125.98 8.42 3 0.49 0.629 RSN 
42.0170 TX 24 1828 861.82 144.02 7.53 3 0.49 0.671 RSO 
42.0230 TX 11 1828 890.77 148.59 1.08 2 0.49 0.726 RSP 
42.0240 TX 24 1828 858.52 129.54 1.20 2 0.49 1.048 RSQ 
42.0280 TX 24 1828 87528 169.16 121 2 0.49 0.899 RSR 
42.0350 TX 9 1828 962.15 217.42 1.32 2 0.49 0.628 RSS 
42.0360 TX 8 1828 962.15 207.26 1.30 2 0.49 0.934 RST 
42.0370 TX 11 18.28 922.02 112.52 4.57 2 0.49 0.666 RSU 
42.0380 TX 11 1828 9332 176.02 227 2 0.49 0.441 RSV 
42.0390 TX 11 1828 951.74 155.45 4.01 2 0.49 0.617 RSX 
42.0400 TX 11 1828 951.74 149.35 4.57 2 0.49 0.469 RSZ 
45.0010 AZ 32 17.36 181.1 8.89 210.15 2 0.15 0.138 SFA 
45.0020 AZ 32 17.36 264.16 8.63 276.16 5 0.15 0.119 SFB 
45.0030 AZ 32 17.36 20523 3.55 309.18 4 0.15 0.092 SFC 
45.0040 AZ 32 17.36 249.68 6.60 292.59 4 0.15 0.119 SFD 
47.0020 NM 27 18.55 220.47 9.14 99.55 1 0.14 0.827 ALA 
47.0020 NM 27 18.55 215.9 10.67 1623 3 0.14 0.378 ALB 
47.0030 NM 27 18.55 215.5 6.60 7122 3 0.14 0.468 ALC 
63.0010 AZ 35 17.33 309.92 3.52 14932.95 5 0.11 0225 WGA 
63.0020 AZ 35 17.33 307.44 A.%1 11371.70 5 0.11 0260 WGB 
63.0030 AZ 35 17.33 32326 529 898.41 5 0.11 0.139 WGC 
63.0050 AZ 35 17.33 308.75 3.42 2229.14 5 0.11 0.703 WGE 
63.0060 AZ 29 17.33 308.93 4.39 9510.14 4 0.11 0.367 WOP 
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Wws# ST Record Temp P Q Area Slpr P/PET Rf WSID 
63.0070 AZ 25 17.33 297.02 3.87 1351.65 4 0.11 0.580 WGG 
63.0080 AZ 28 17.33 282.81 6.96 1549.95 6 0.11 0.220 WGH 
63.0090 AZ 23 ' 17.33 326.91 6.34 2359.33 5 0.11 0.308 WGI 
63.0100 AZ 23 17.33 309.46 3.67 1663.26 5 0.11 0.094 WGJ 
63.0110 AZ 28 17.33 328.65 10.53 823.54 5 0.11 0.467 WGL 
63.0150 AZ 26 17.33 308.75 3.42 2392.51 5 0.11 0.754 WGM 
63.0101 • AZ 24 17.33 280.85 22.50 1J9 6 O.Il 0.293 WGN 
63.0102* AZ 28 17.33 273.67 22.47 1.46 3 0.11 0.331 WGO 
63.0103* AZ 26 17.33 280.85 20.10 3.68 4 0.11 0.254 WGP 
63.0104* AZ 28 17.33 284.35 16.38 4.53 4 0.11 0.368 WGQ 
70.0010 TX 12 13.63 560.32 4.83 12431.98 3 0.29 0.558 SKA 
70.0020 rx 12 13.63 556.26 7.98 717.91 3 029 0.954 SNB 
70.0030 TX 12 13.63 547.62 8.56 2182.07 3 029 0.510 SNC 
70.0040 TX 12 13.63 559.05 10.62 4365.36 3 029 0.483 SND 
70.0050 TX 12 13.63 547.12 14.81 1133.53 3 029 0.848 SNE 
70.0060 TX 12 13.63 535.94 10.54 277.62 4 029 0.556 SNF 
10.0000 CE 7 26.72 816 120.00 1920.00 2 0.3 0.499 CEA 
20.0000 BA 4 23.13 809.2 24.00 1910.00 2 0J29 1.970 BAA 
30.0000 BA 5 23.13 781.1 10.52 4680.00 7 029 0.706 BAB 
40.0000 BA 5 23.13 800.8 18.40 1480.00 7 029 1.848 BAC 
50.0000 PE 8 25.23 732.41 21.10 4520.00 5 02 0.783 PEA 
60.0000 PE 8 25 J3 752.74 39.60 1560.00 2 02 0.952 PEB 
70.0000 CE 10 25.83 547.27 46.50 19400.00 5 0.18 0.246 CEB 
80.0000 CE 10 25.83 525.59 64.10 1900.00 I 0.18 0.342 CEC 
90.0000 CE 10 25.83 546.43 87.40 77.00 2 0.18 0.463 CED 
11.0000 AU 4 21.5 650 26.10 16.80 1 0.3 3.260 AUA 
12.0000 AU 4 21.5 650 55.45 11.70 1 0.3 1.300 AUB 
13.0000 AU 4 21.5 650 47.40 12.70 1 0.3 1.296 AUC 
64.001* MM 23 18.86 353.06 4.57 17352.98 4 0.15 0.806 MNA 
50100* BA 8 23.12 706.12 17.72 6630.00 5 029 1.036 BAD 
50200* PE 12 25.83 675.1 41.30 13700.00 - 029 0232 SUA 
50300* PB 12 21.5 791.2 78.72 1070.00 - 029 0.953 SUB 
50400* PB 12 21.5 764.8 65.20 2680.00 - 029 1.256 sue 
70.007* TX 12 13.63 626.11 57.16 4.13 3 029 0.910 SNG 
70.009* TX 10 13.66 620.27 24.66 2.71 3 029 1.325 SNI 
70.010* TX 9 13.63 730.25 37.37 1.82 3 029 0.549 SNJ 
70.011* TX 9 13.63 614.43 39.12 2.91 4 0.29 0.879 SNK 
70.012* TX 9 13.63 649.73 17.18 2.79 2 0.29 1.192 SNL 
70.012* TX 9 13.63 649.73 17.18 2.79 2 0.29 1.192 SNL 
70013* TX 9 13.63 541.02 30.48 4.94 2 0.29 0.688 SNM 
76.005* AZ 16 17.13 442.11 16.72 2.75 3 0.15 0.267 SRA 
76.006* AZ 15 17.13 469.41 1.63 1.92 4 0.15 0.197 SRB 
76.007* AZ 15 17.13 412.34 25.15 4.02 3 0.15 0.326 SRC 
76.008* AZ 15 17.13 459.67 30.07 3.08 3 0.15 0.263 SRD 
* Indicates the 20 watersheds used in the second stage of investigation. 
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