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ABSTRACT 

A simple transpiration equation was used to develop a interstorm model using three 

important factors : atmospheric conditions, vegetation and soil moisture. A simple inter

storm model was used to keep track of the most dominant moisture flux in semi-arid 

regions: transpiration. The temporal resolution of the model was one day. The soil mois

ture changes due to rainfall were simulated using two types of rainfall - runoff models. The 

first model was a simple bucket model and second was a complicated model called 

KINEMA T. Both the models performed equally well because runoff forms a very small 

component of the entire water balance. The model was calibrated using Kendall'92 data 

and validated using Kendall'90 data. One of the inputs to the model was leaf area index 

(LAI) which was used as a vegetation component in the model. In semi-arid regions, LAI 

is strongly dependent on temperature and precipitation. This property was used as a way 

to find out the seasonal variability of LAI. It was observed that a seasonal variable LAI 

was found to produce better simlations than a constant value of LAI. . 



CHAPTER ONE 

INTRODUCTION 

1.1. Definitions and Historical Preview 
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Water availability is a very important rangeland management issue because 80% of 

the world's rangelands are classified as semi-arid and arid regions [Branson et al.,1981]. In 

addition, semi-arid and arid ecosystems cover 40% of the earth's land surface and are 

among the most sensitive land types to climate change. The major components which af

fect the water availability for any kind of ecosystem are precipitation, evaporation, 

infiltration, and runoff. These processes can be represented by a hydrologic model and 

estimates of these components are computed based on a variety of inputs and basic physi

cal properties of the land surface. In semiarid regions, runoff can be a significant fraction 

of precipitation and can even result in flash floods for monsoon period storm events. 

However, for most of the year, runoff comprises a very small percentage of the output, and 

in the case of Southern Arizona, averages only 4% of the annual precipitation. [Gifford 

1975; Lauenroth and Sims, 1976; Carlson et al. 1990]. On the average, almost all of the 

precipitation is evaporated, and the evaporation rate essentially controls the water balance 

in arid and semi-arid regions. Thus, to correctly characterize the water balance, it is im

portant to represent the evaporation rate accurately. On a larger scale, evaporation becomes 

even more important because together with precipitation, it governs the amount of soil 

moisture and runoff, and thus both the water yield and flood potential of a river basin. 
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For simplification, semi-arid hydrology can be described by two different process-

es: storm processes during which the dominant moisture fluxes are precipitation and 

runoff, and interstorm processes which are dominated by evaporation and tranpiration. In 

the context of this study, the most important functions of the storm model are to update the 

soil moisture state after every storm event and to find the fraction of precipitation that 

becomes runoff. The inputs required by the storm models are precipitation and antecedent 

soil moisture. The outputs are runoff and the amount of water that infiltrates into the soil. 

The interstorm model keeps an account of soil moisture losses between storm events by 

simulating the dominant moisture fluxes. It concentrates on energy/water balance aspects 

of the hydrologic cycle and simulates fluxes of moisture and/or energy. Because natural 

conditions switch between storm and interstorm processes, these models should be linked 

to provide a continuous update of the states of the basin. 

The level of complexity that exists in interstorm models is usually governed by the 

representation of the soil and canopy layers. Such models usually divide the "root zone of 

the soil and/or canopy-atmosphere zone into several layers" [Ehleringer and Miller, 1975]. 

[Denmead and Miller, 1976]. Models also differ in describing plant behavior and uptake 

from soil. Uptake from different soil layers is controlled by empirical approximations in 

models such as that of Goldstein et al. [ 197 4]. Many models also include complexities such 

as the "separation of the root zone into several layers with different root densities and soil 

water potentials, flow of soil water between layers, changing internal storage in the plant, 
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leaf diffusive resistance as a function of ambient conditions, etc." [Federer, 1979]. These 

models have a large number of parameters which are usually prescribed but sometimes are 

calibrated to fit the observed data. A local Soil-Vegetation-Atmosphere Transfer Scheme 

(SVATS) model developed by Famiglietti [1992] goes into details such as "dividing and 

partitioning the soil surface into bare soil and vegetated components". The canopy is also 

divided into wet and dry sections, and evaporation is computed separately for both . The 

soil column is partitioned into two layers, with the upper layer contributing to 

evapotranspiration. 

Many current models are very complex and need inputs with a temporal resolution 

which may be difficult to sustain for an extended period of time. Additionally, complex 

models require the specification of many parameters that can be difficult to measure and 

calibrate. The complex models produce better results, but, for a semi-arid region, the com

plexity will not improve the overall results to a great extent, because instantaneous 

variability in simulating evaporation is of little relevance. Evaporation will average to the 

annual precipitation over a year. Runoff forms only a small percentage of the total water 

balance equation, and the need for a complex rainfall runoff model needs to be established. 

An advantage of using simple models is that they require fewer parameters. How

ever, these models are not physically complete in their description of hydrologic processes, 

due to their inherent semi-empirical nature. Further, parameter values which are applica

ble for some areas may not produce good results in other areas. This may be true for 
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complex models as well but, due to the better representation of the study site, such models 

might perform better than simple models. 

The most suitable approach is to develop an interstorm model which is simple, yet 

captures the essential physics of the controlling processes. The parameters used in the 

model should be easy to estimate and should be physically based. This is true for model 

inputs as well. Some of the inputs to the models such as Leaf Area Index (LAI) are diffi

cult to measure but, with recent advances in remote sensing, this input might be provided 

from remotely sensed data. 

1.2. Objectives 

This study is a part of the Earth Observing System proposal (A.O. NO. OSSA-1188) 

and attempts to answer some of the questions raised to understand the hydrological cycle 

in semi-arid areas using a temporally distributed model. This study seeks to address the 

following question: 

What are the dominant hydrologic processes in arid/semi-arid basins and what 

level of complexity of both interstorm and storm model is required? 

Specific questions addressed in this thesis that are contributing to the above general 

issues are: 
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QUESTION A: 

How does soil moisture vary in time in arid/semi-arid basins and how does it 

affect the surface water fluxes? 

QUESTIONB: 

Can the processes controlling the dominant moisture fluxes in arid/semi-arid re

gions be captured by a two-mode storm/interstorm model, physically based model? 

QUESTIONC: 

How important is the seasonality of LAI in simulating ET and soil moisture? 

1.3 Approach: 

To answer the above questions, the following approach was adopted. 

( 1) Develop a simple interstorm model to simulate the dominant interstorm moisture 

fluxes in a semi-arid/arid watershed, the outputs of which are soil moisture and 

transpiration. 

(2) Perform multiobjective calibration of interstorm model using transpiration and soil 

water as objective functions for the year 1992 and then validate for year 1990 for a small 

watershed in southern Arizona. 

(3) Assess the accuracy of the simulated values of soil water and transpiration with the 

observed values. 
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(4) Compare of the predictions of the complex and simple model rainfall-runoff mod-

els in regards to how each accounts for changes in soil moisture due to precipitation and 

infiltration in semiarid/arid regions. 

(5) Study the importance of seasonality of LAI and find the ideal variation of LAI 

during the year using precipitation and temperature which would provide best simulation 

of ET and soil moisture. 

1.4 Test Site: 

The Walnut Gulch Experimental Watershed of the USDA Agricultural Research 

Service (ARS) was the field site selected for this study (Fig 1.1). It is semi-arid, 150 km2 

in area, and has long records of rainfall, runoff, and meteorological data. The catchment is 

an ephemeral tributary of the San Pedro River. The annual precipitation varies from 250 to 

500 mm with approximately 2/3 falling during the monsoon season (July-September). The 

surface soil (0-5 em) textures are gravelly loamy sands, and the soil typically contains a 

small quantity of organic matter. The rock content for the 0-5 em layer averages around 

30%, while the surface rock fraction is of the order of 50%. 

The Kendall subwatershed is located on the northeastern part of Walnut Gulch 

watershed. The vegetation cover for Kendall is relatively uniform. The leaf area index data 

collected for this site was for one square meter in an ungrazed site. The model was cali

brated using 1992 year data and was validated using 1990 year data. 
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Walnut Gulch 

e Kendall 
• Lucky Hills 

Figure 1.1 Walnut Gulch 

1.5 Contributions 

This study was part of the research entitled "Utilization of EOS data in quantifying 

the processes controlling the hydrologic cycle in arid/semi-arid regions". The research was 

able to address some of the issues related to semi-arid regions. The study showed that 

dominant moisture flux (transpiration) can be captured by a two-mode storm-interstorm 

model. The interstorm model was linked to two different models of varying complexity, 

and the two models' predictions had almost no consequence proving that for modeling 

water balance of semi-arid regions, complicated models do not improveresults to a great 
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extent. 

Simple interstorm models can perform well on a temporal scale which considers 

three factors to simulate the most dominant hydrologic process: atmospheric demand and 

plant and soil control the latter acting to reduce transpiration. 

The study was also able to emphasize the advantages of using remotely sensed data 

of LAI. It was shown that the vegetation factor is important in simulating the transpiration. 

LAI can be measured using remotely sensed data but satellite passes are at discrete inter

vals, and most of the models require daily values of LAI. This study characterized the 

behavior of LAI by using readily available information: temperature and precipitation. The 

behavior can be readily supplemented with remotely sensed data. Thus, remotely sensed 

data of LAI can be efficiently utilized for model input. 



2.1. lnterstorm Model 

CHAPTER2 

MODELS 
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Evapotranspiration is a major component of the water budget in semi-arid regions. 

The proportion of evaporation of surface water to the total evapotranspiration is approxi

mately 11% in semi-arid regions. Interception is around 7% of the total moisture losses, 

and transpiration is the dominant moisture flux and is around 82% of the total moisture 

input [Unland et al.1996]. The interstorm model developed in this study models transpira

tion assuming a constant 7% rainfall interception losses. Because soil evaporation is a very 

small component of the total moisture losses for the entire year, it was ignored. 

Stomata, the small apertures on the surface of leaves, are involved in the process of 

transpiration (Fig 2.1 ). Transpiration is a molecular diffusion process which controls the 

movement of water vapor from inside the stomata to the outside air. The air inside the 

leaves is assumed to be saturated, while that outside is usually less saturated. Water vapor 

movement is controlled by the plant, which closes the stomatal aperture in response to 

atmospheric moisture demand and the amount of water in the soil. The stomatal resistance 

of the whole canopy, often referred to as the surface resistance, is less when more leaves 

are present because there are more stomata through which transpired water vapor can 

diffuse. 
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Figure 2.1 Transpiration by Molecular Diffusion of water vapor 

[adapted from Shuttleworth, (1993)] 
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Conversely, stomatal conductance, the reciprocal of stomatal resistance, is greater 

when more leaves are present. This relation is not linear, because the stomatal conductance 

of leaves in the canopy is limited by reduced light levels at higher leaf area, and the average 

stomatal conductance of the leaves making up the canopy falls. The typical response of 

stomatal conductance to increasing leaf area is illustrated in Fig. 2.2 [Shuttleworth et 

al.1990] . 

As shown in Fig 2.2, the typical variation in stomatal conductance as a function of 

leaf area index is very similar to the square root of leaf area index. Thus, it is reasonable 

to suggest that an approximation of transpiration rate, T, is also proportional to the square 

root of leaf area index, thus: 

T . t. (LAI)112 ransp1ra 1on oc [Unitless] (2.1) 
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Figure 2.2 Variation in whole-canopy stomatal conductance as a function of leaf area index 

compared to the square root of leaf area index function 
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For most of the year, semi-arid regions are very dry and plants have a limited sup-

ply of soil moisture. Therefore the water status of the soil is very important for 

transpiration. With decreasing soil moisture, the plant's ability to extract water from the 

soil diminishes. Studies have been made of the variation in the moisture extraction in re-

sponse to decreasing soil water which have related transpiration to a soil moisture stress 

(SMS) [unitless] function/ (SMS) [Dyck, 1983], thus: 



T oc f(SMS) [Unitless] 
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(2.2) 

where SMS is defined as the ratio between available soil moisture [mm] and drying point 

(8ct) [mm]. Drying point may be defined as that soil moisture value below which the plant 

starts to extract less water due to the less availability of the soil moisture. Any soil moisture 

value above this point would exert no stress on transpiration rate due to soil moisture de-

ficiency and thus, the SMS would be equal to 1. 

c: 
0 

u 
(lj.... co 
)(:;:::' 
Q) ~ 

c: 
~ .Q 
::I ..... ..... u 
C/) c: 
·- ::I o-
~ 

1 -------------- - ?t-------. 

0~------~---+---· 
e 

Volumetric soil moisture fraction (unitless) 

Figure 2.3 Typical variation of the moisture extraction function in response to changes in the vol
umetric content. 8r and ew are the values of eat field capacity and wilting point, respectively. ed 
represents the point below which the transpiration starts to fall until wilting point is reached and is 
typically 50 to 80% of field capacity [adapted from Shuttleworth, 1993]. 

8ct is dependent on the type of vegetation and the type of soil and is usually 50 to 

80% of the field capacity. In the present study, the drying point 8ct is a parameter in the 

model to be estimated for semi-arid conditions. As shown in Fig 2.3, 8w was assumed to be 

zero in this study. 

Transpiration also depends on climatic conditions which in turn, determine Ep, the 
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potential evaporation. For any interstorm model to be physically realistic, it is important to 

acknowledge at least three controlling factors, namely vegetation cover, meteorological 

demand, and soil moisture status. The effect of these three factors are often assumed to be 

multiplicative, i.e: 

ET = K. ( LAI) 112
• f(SMS). Ep + Evaporation [mm day- 1

] (2.3) 

where K [ unitless] is a coefficient of proportionality which is also a parameter in the 

model. In this study, evporation is ignored because it is a very small percentage of the 

entire annual waterbalance. Equation 2.3 is a modification of the equation used by Ritchie 

J.T et al [1976]. 

Thus, in this model, the equation describing transpiration includes two process pa-

rameters which must be estimated. One is the value of ed, in the soil moisture stress and 

the second is the coefficient of proportionality, K. 

Potential evaporation is defined as the quantity of water evaporated per unit area, 

per unit time from an idealized, extensive free-water surface under existing atmospheric 

conditions [Shuttleworth, 1993]. This model uses the Penman equation to calculate the 

potential evaporation, thus 

E _ ~ (R A) r 6.43(1+0.536U2)D 
P - ~+r n+ h + r+~ ..\ (2.4) 



where: 

Ll : gradient of saturated vapor pressure with temperature [kPa co] 

Rn: the net radiation exchange for the free-water surface [mm day-1
] 

Ah: energy advected to the water body, mm/day, if significant ( neglected in 

this model) [mm day-1
] 

y: psychrometric constant [kPa °C] 

A: latent heat of vaporization of water [MJ kg -l] 

D: vapor pressure deficit [kPa] 

U2: wind speed at 2 meters elevation [m/s] 
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The Penman equation combines the energy required to sustain the evaporation and 

an empirical description of the diffusion mechanism by which energy is removed from the 

surface as water vapor. Because it accounts for both energy and diffusion, the equation is 

often referred to as a combination equation. The inputs required for the Penman equation 

are average wind speeds, relative humidity, average daily air temperature, and net 

radiation. In this study, these variables are available from measurements. 

The use of Penman estimate of Ep is based on the assumption that if soil at the site 

were completely saturated, the ET from the surface would be the same as that of an exten

sive free water surface. 
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2.1.1 Leaf Area Index(LAI) 

Leaf area index refers to the planar measurement of one side of a leaf blade. For flat 

leaves, this corresponds to about half of the total leaf surface area. LAI is defined as the 

foliage area per unit area of ground (m2/m2
) [Watson, 1947]. 

2.1.2 Manual Measurement 

Direct measurement of the area of the numerous, small leaves produced by grass

lands such as those at Kendall is time-consuming and difficult. However, clipped leaf 

samples can easily be weighed, and the dry weight used to estimate leaf area. The ratio of 

leaf area to dry leaf weight has been termed specific leaf area (SLA) [Nobel, 1983], and is 

determined for a particular species by the equation: 

SLA=LNLW (2.1.2) 

where LA is the leaf area (m2
), and LW is the leaf dry weight (g). 

Once the SLA for a species has been determined from a representative sample of 

leaves at a particular site, its values were used to transform measurement of standing leaf 

mass values, LM, to LAI using the equation: 

LAI=LMxSLA (2.1.3) 

At the Walnut Gulch site in Arizona, plant samples were made manually to deter

mine leaf area index. The data are very sparse spatial samples and for most of the leaf 

samples area were not measured; instead, only the values of leaf mass were taken. These 
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values were converted to LAI by first determining the dominant grass species present in 

this subwatershed and then applying the appropriate SLA values for this species to find the 

approximate value of LAI. 

This method of measuring LAI is very cumbersome, and many modelers resort to 

constant values of LAI in their models. It is shown in Chapter 4 that the interstorm model 

is sensitive to the variability in LAI and, thus, is important information that should be 

incorporated while simulating interstorm periods. When a constant value is used as a mod

el input, then the model ignores LAI seasonality. However, in this study, we attempt to find 

a means of determining LAI seasonality which gives better simulation of ET and soil 

moisture. It is closer to the seasonally varying observed values and therefore, is more re

alistic than an assumed constant value throughout the year. Because remotely sensed 

estimates of leaf area index are possible, discrete estimates of LAI obtained from the sat

ellite overpasses can be used as useful additional information. Information regarding the 

seasonality of LAI used in conjunction with remotely sensed estimate can be used as al

ternative observed LAI values, in case the data obtained from the field method are missing 

or are of bad quality. 

2.1.3 Remote Sensing 

The relation between Soil Adjusted Vegetation Index, (SA VI) and vegetation pa

rameters was investigated at Kendall using aircraft based measurements of surface 
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reflectance. 

SA VI= [(PNR- Prect)I(PNR + Prect)] (1 +L) (2.1.4) 

where 

PNR and Pred :reflectance factor for red and near infra-red. 

L : correction term. 

A strong, linear correlation between SAVI and both the percentage vegetation cov

er and the vegetation biomass were found [Moran et al., 1994].11 was suggested that SAVI 

is a surrogate measure of the temporal changes in vegetation cover and biomass at single 

site but SA VI is less successful in discriminating spatial differences in cover and biomass 

across the watershed. 

Observations of LAI for Kendall were made monthly. The model adopted in this 

study requires daily values of LAI. Hence, these values were linearly interpolated over the 

interval between the measurements. In practice, the model does not need a high temporal 

resolution of LAI, and it makes remotely sensed measurements of LAI appropriate. Re

mote sensing was not used, but a model was developed that was suitable for the application 

of remotely sensed data. 
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2.2.1 Storm Model 

To update the soil moisture after precipitation, it is important to include a storm 

model to account for the infiltration. For accurate representation, all the components of the 

water flow after precipitation need to be estimated; for this purpose, numerical models are 

required to quantify the relation between runoff and rainfall. 

A number of different models are used in practice. Some focused on modeling 

runoff and others on modeling loss, i.e. that part of the rainfall which does not become 

runoff. Many frequently used models assume one of the following: 

( 1) Loss is a constant fraction of rainfall in each time period. These types of storm models 

follow the traditional approach of estimating runoff by first finding the peak flow from an 

empirical formula. Depending on the size of the basin and the time of concentration, a 

hydro graph is drawn and the amount of runoff is determined. This determination of runoff 

is also called the "rational method". 

(2) Runoff starts once a selected loss rate or infiltration capacity is satisfied, i.e., once the 

bucket is filled, the model starts producing runoff. The bucket model used in this study 

also assumes to have a constant infiltration capacity and the runoff starts once infiltration 

capacity is reached. 

(3) Standard rainfall-runoff relation such as the U.S. Soil Conservation Services relation. 

( 4) Infiltration curve or equation representing capacity rates of loss decreasing with 
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time such as the Green-Ampt equation. 

(5) Models based on a kinematic wave description of flow over plane and conic surfaces 

and channels of regular cross-sections to simulate overland flows. They are often termed 

"physically based" models. Reviews of kinematic wave models are given by Overton and 

Meadows [1976], Woolhiser [1982], Woolhiser et al. [1990] and Stephenson and Meadows 

[ 1986]. This study uses the model developed by W oolhiser et al. [ 1990] as a physically 

based model. The details of this model are explained later in Section 2.2.2. 
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2.2.1 A Simple Bucket Model 

This type of model is represented in Fig 2.4. 

Precipitation 

) Runoff 

Capacity t 
Soil Water 

~ j 
Figure 2.4 A Conceptual Rainfall Runoff Bucket Model 

If the difference between field capacity and available soil water is less than the 

precipitation, runoff is generated, and the new value of soil water is set equal to the ca-

pacity of the bucket. If precipitation is less than this difference, the updated soil moisture 

is equal to the sum of the previous soil moisture and precipitation. 

In semi-arid regions, runoff is more dependent on the intensity of the rainfall and 

is not very dependent on antecedent soil moisture. However, in a bucket model, runoff is 
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more dependent on the antecedent soil moisture than on the intensity of precipitation. In 

other words, no runoff occurs until the bucket is filled regardless of the rainfall rate. Such 

models may not represent the actual physical process well. Because runoff is a small 

component of the overall water balance, this shortcoming does not influence the model 

results to any great extent. 

2.2.2 A Physically Based Spatially Distributed Complex Rainfall-Runoff Model 

KINEMA T is a computer-based hydrologic runoff model that characterizes the 

distribution and movement of water over a watershed during a specific rainfall event 

[Woolhiser et al., 1990]. Unlike the interstorm model which uses a semi-empirical ap

proach, this model is physically based and describes the actual physical processes that 

occur during a storm, such as runoff, interception storage, and infiltration. 

KINEMAT was used as a complex rainfall-runoff model to simulate infiltration 

and runoff, which is physically based, with runoff mainly dependent on the intensity of the 

rainfall. If the watershed is represented by more than one plane, these may be defined with 

their own set of parameters, initial conditions, and precipitation input. KINEMAT is a 

simplified version of KINEROS, with the difference being that KINEROS also accounts 

for erosion and sediment transport. KINEMAT calculates the surface runoff, the infiltra

tion, and performs flow routing. 
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2.2.3.1 Infiltration with KINEMAT 

Infiltration is defined as the amount of water passing into the surface of the soil, and 

it is the most important of the loss processes. With Hortonian runoff, infiltration is a direct 

loss which governs the volume of the flood runoff and influences the hydrograph shape. 

The infiltration expression used in KINEMAT is taken from Smith and Parlange [ 1978]: 

fc = Ks exp(F/B) I [ exp(F/B) - 1] (2.2.1) 

where: 

fc (unit: LT-1
) is the infiltration capacity. It is defined as the maximum rate at which 

the water can enter the soil, and is a function of initial soil water: Ks is the saturated hy

draulic conductivity and F is the amount of rain already absorbed in the soil, B is a variable 

in the model and is given by: 

(2.2.2) 

where Ss and ei are saturated and initial water contents [m3 /m3
]. In Equation (2.2.2) G is 

defined as the effective net capillary drive and can be thought of as a net or effective value 

of capillary head. Conceptually, G is a soil characteristic and does not incorporate the 

effect of initial water content, the latter being treated independently. For a short-time in

terval after the beginning of rainfall (or small values of F), Equation 2.2.1 approaches the 

gravity free infiltration relation and is given by: 

fc=BK/F (2.2.3) 
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The infiltration process for uniform soils, therefore, consists of two parts, one lim-

ited by rainfall intensity and the second limited by the infiltration capacity, the latter 

occuring only after the ponding time is reached. 

2.2.3.2 Plane Routing 

In KINEMAT, overland flow is simulated using a simplification of the de Saint 

Venant equation, which ignores the back water effect and wave attenuation. The original 

Saint Venant equations are the mass conservation equation, i.e.: 

(2 . 2. 4) 

and the momentum equation, i.e., 

bV bV (bh ) - + v- + g -+sf = o bt bx bx 
(2. 2. 5) 

In these equations tis time, xis distance along the longitudinal axis of the water-

course, A is the cross sectional area, V is the velocity, q is lateral inflow or outflow 

distributed along the x axis of the watercourse, g is the acceleration due to gravity, and h is 

the water-surface elevation above an arbitrary datum. In KINEMAT, these equations are 

simplified and solved numerically. 
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2.2.4 Kendall Subwatershed Modeling 

The topography of the Kendall watershed consists of a young drainage system 

carved into low rounded hills. Channels are small and vary in bottom width and depth. In 

some areas, the channels are broad swales, which are wide, shallow, and vegetated. In other 

areas, the channels are narrow, incised, and free of vegetation. The soils in this watershed 

are primarily sandy loams, and the vegetation is best described as grass-dominated. The 

KINEMAT model requires that the watershed be modeled by set of planes and channels, 

and this formed the focus of an earlier study [Garrett and Goodrich, 1992]. In the current 

study, the model resulting from that earlier study was adopted and treated as a "black box". 

The model requires antecedent soil moisture and precipitation (in the form of break point 

values) as its inputs. In this study the interstorm model was linked to both the bucket model 

and to KINEMA T, and the results were compared. This approach proved helpful in iden

tifying the importance of runoff in comparison with infiltration and evapotranspiration. 
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2.3 Linking of a Interstorm Model to Storm Model 

The interstorm model was linked to two kinds of storm models. 

2.3.1 Interstorm linked to a Bucket Model 

As shown in Fig. 2.5, the interstorm model runs continuously, while the storm 

model is activated only when there is a storm event. The interstorm model calculates po

tential evapotranspiration from the meteorologic observations listed in Table 2.1. 

Transpiration is computed from the value of potential evaporation, using soil moisture and 

leaf area index as moderating factors. During a storm event, there is a change in the soil 

moisture, which is modeled by a storm model, and the updated soil moisture is then trans

ferred to the interstorm model. When the bucket model is used as a storm model, the 

updated soil moisture update depends both on the amount of water present in the bucket 

and on the capacity of the bucket. If there is little precipitation and the bucket does not 

spill, then the entire precipitation is taken as an input to the soil water. When there is no 

precipitation, the model runs without activating the storm model, and soil moisture is up

dated merely by subtracting evaporation loss from the previous value of soil moisture. 

Because the model has a temporal resolution of one day, the model simplifies storm pro

cesses by summing all the storm event precipitation, if there are several storms in a day. 



Calculate Potential Evaporation ~---l 
using Penman Equation 

Calculate transpiration 
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Figure 2.5 Linking of interstorm model to bucket model 
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2.3.2 Interstorm Model Linked to KINEMA T Storm Model 

The KINEMA T storm model was also linked with the interstorm model. Once a 

storm event occurs, the soil moisture from the interstorm model is transferred to KINE

MAT as antecedent soil moisture, this being one of the inputs required to simulate 

infiltration. KINEMAT has more parameters than the bucket model and requires 

calibration. Although this model is more realistic, the need for such a complicated model 

for a watershed like Walnut Gulch can be assessed by comparing the results of both the 

bucket model and KINEMAT with the observed value of soil moisture and 

evapotranspiration. 

KINEMA T requires the initial soil moisture in the form of volumetric content and 

precipitation as inputs. Volumetric content is also called saturation index and is defined as 

the ratio of volume of water to the soil volume. The model output is runoff and infiltration. 

As shown in Fig. 2.6, the interstorm model has soil moisture output in millimeters. To give 

the initial soil moisture prior to the storm event as an input to KINEMA T, the soil moisture 

must be stated in terms of volumetric content. The depth of the soil column used to convert 

soil moisture in millimeter to volumetric content is 75 em. The reason for choosing this 

depth is explained in the Chapter 3. The porosity of the soil in this watershed is 0.453 

[KINEROS manual]. 
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Figure 2.6 Conversion of soil moisture from mm to volumetric content 



NEXT DAY 

Calculate Potential Evaporation 
using Penman Equation 

Calculate Transpiration 

T = K x sqrt(LAI) x Ep x SMS 

SMS=sw/ed ~ 
'-----------+----.---' ~ ~ 

Ep 

YES '------i Potential ET 

from Met data 

KINEMAT 

SW = SW +INFILTRATION 

Figure 2.7 Linking of Interstorm model to KINEMAT 
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2.4.1 Data Required for Developing Linked Model 

Table 2.1 

Data inputs required for interstorm model 

Data Units Temporal 
Resolution 

Surface Air Degree 1 day 
Temperature Centigrade 

Relative Humidity Percentage 1 day 

Wind Speed m/sec 1 day 

Net Radiation mm/day 1 day 

Leaf Area Index unitless 1day 

Initial Soil mm 1day 
Moisture 

Precipitation mm 1 day 

2.4.2 Calibration Parameters 

The parameters required to calibrate the interstorm model linked with the storm 

models are: 

( 1) Drying point 8ct 

(2) Coefficient K 



CHAPTER3 

CALIBRATION AND VALIDATION 

3.1 Calibration of the Model 
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Because all models and their parameters are approximations to reality, there is a 

need for calibration or checking with observed data. In this study, the parameters of the 

model, K and ed were estimated using ET and soil moisture 1992 observations over the 

Kendall watershed. As mentioned earlier, transpiration is the most dominant moisture flux 

in semi-arid conditions. For most part of the year, ET is almost equal to transpiration, thus 

for calibration purposes, modeled transpiration is compared to observed ET. 

3.1.1 Observed Soil Moisture 

The soil moisture data values were available in the form of volumetric content(%) 

which were collected at three different sites and later averaged. These values were mea

sured up to a depth of 7 5 em using time-domain reflectometry. The raw data were in % by 

mass and to measure soil moisture in millimeters, a bucket size must be specified to inte

grate soil moisture, which depends on the concept that the infiltration of water does not 

occur beyond the depth of the bucket. As shown in Fig 3.1, the soil moisture values near 

75 em do not change significantly over the course of the year; hence, integration of soil 

moisture to depths beyond 75 em should not be necessarily in order to adequately charac-
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terize changes in soil moisture. 
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Figure 3.1 Soil moisture profile up to a depth of 75 em 
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A depth of 75 em was used to calculate the soil water storage. The bucket depths 

assumed for calculating the total soil water change from measurements, as shown in 

Fig.3.2. 
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• 48 
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Figure 3.2 Soil moisture profile to convert volumetric content to mm 

In Fig. 3.2, the small arrows represent the levels at which TDR data were available, 

and these values were averaged over the sections shown. Because these values were mea-

sured at three different ungrazed sites, the values were averaged at each depth. After soil 
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moisture had been converted to mm at each depth, they were added to give the cumulative 

soil moisture value ( see Fig. 3.3.). These values were the observed soil moisture used to 

calibrate the model. 

3.1.2 Observed Evapotranspiration 

In 1992, evapotranspiration data were collected from the Kendall watershed for the 

entire year. Because the model has a temporal resolution of one day, the hourly observa-

tions were converted to daily values for the purposes of calibration. 

3.2.1 Esimation of Parameter K and ed 

3.2.1.1 Interstorm Model Linked with Bucket Model 

The coefficient K is a scaling factor in the relationship between transpiration and 

leaf area index. (refer to Eqn. 2.4) 

The first step in providing an optimal value was to identify the range of variation of 

the coefficient K by substituting observed values of leaf area index, potential evaporation, 

transpiration, and soil moisture and deriving values of K from: 

= x vLAI K ( 
Transpiration drying point) r;-;-; 

Potential Evaporation soil moisture / 
(3.3) 

To identify the value of K, the relationship of the transpiration, potential evapora-

tion, drying point and soil moisture to the square root of LAI was examined by plotting 
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them on an X-Y plot (Fig 3.4). The drying point Sct is typically 0.5 to 0.8 of the field 

capacity[Shuttleworth (1993)]]. The field capacity of the Kendall watershed is around 340 

mm [KINER OS manual]; thus, the drying point physically is approximately 210 mm to 

240 mm, if we assume the ratio of drying point to the field capacity to be 0.65. 

The best linear fit had a slope close to 1; and thus, physically the value of the 

parameter K should be around 1. 

To estimate both drying point Sct and coefficient K, a normal grid search method 

was used. This was chosen in preference to other methods because only two parameters 

had to be optimized; and hence, the RMSE response surface can be plotted, and the pa

rameters values chosen visually. Fig 3.5 illustrates the two response surfaces and shows 

that there is no absolute value of the two parameters which gives the best optimal values 

for both the criteria, soil moisture and transpiration. A parameter set (K and Sct) was there

fore picked which best simulates both soil moisture and transpiration. Table 3.1 and Table 

3.2 gives the associated parameter values and statistics, respectively 
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Figure 3.4 The parameter K is identified using observed data of evaporation, potential 
evaporation, soil moisture and the most realistic physical value of drying point. 
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3.2.2 Interstorm Model Linked with KINEMA T 

Once the parameters to be used in the bucket model had been identified, the inter

storm model was linked to KINEMA T using the same set of parameters that had earlier 

been obtained by separately calibrating that model. Table 3.3 shows the water balance for 

both the bucket model and for KINEMA T and shows that the difference in the predicted 

values is small. Therefore, for the purposes of linking the interstorm model to a storm 

model, the complexity of the storm model is not particularly important, and a simple model 

can be used with the same accuracy. Figure 3.6 displays plots of observed to modeled 

variables using both the bucket model and KINEMAT, again showing little if any advan

tage from using a more complex model. It should be noted, however, that there is no 

attempt to provide a spatially distributed description with the bucket model, and a more 

complex spatially distributed model is required for any kind of spatial analysis. 
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3.2.3 Results: 

Table 3.1 Comparison of interstorm model linked with KINER OS and bucket model 
Shows the RMSE and correlation coefficient using ET and SW as criteria for bucket model and KINEMAT 

Bucket Model KINEMAT 

ET SW ET sw 
RMSE 0.70 27.2 0.72 28 .5 

Correlation 0.71 0.98 0.7 0.96 
Coefficient 

Table 3.2 Mean and standard deviation 
Shows the mean and standard deviation for ET and SW. 

Mean Standard 
deviation 

ET 1.5 mm 0.94 mm 

sw 139 mm 46mm 

e Best set of parameters: 

K = 1.3, Sd = 215 (based on RMSE) 

Table 3.3 Water balance (Calibration) 
Shows the water balance for the year 1992. To account for the interception in the bucket model, the total 

precipitation input was 93% of the entire year. KINEMAT has interception component included in the model 

Bucket Model KINEMAT Observed 

Total Evapotranspiration 505.2 mm 507mm 484.15 mm 

Total Runoff 14.6 mm 17.9 mm 17* mm 

Total Precipitation(obs) 368.98 mm 395.98 mm 395.98 mm 
(excludes 
interception 
losses) 

Initial Soil moisture 190 mm 190 mm 190 mm 

Final Soil moisture 38.2 mm 34mm 82mm 

Error in Water balance 2.85 mm 
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Figure 3.6 Observed and predicted using the interstorm model with both KINEMAT and 

bucket model. 
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3.3 Validation of the Model 

Having been calibrated against data from 1992, the model was validated using 

Kendall data from 1990. The data was collected primarily during the monsoon period and 

so validation is made only for the 107 days for which data are available. 

3.3.1 Quality of Observed Data 

During the monsoon season of 1990, transpiration was computed from the energy 

balance residual using eddy covariance measurements of sensible heat. However, for most 

of 1990, the observed values of transpiration were computed from the energy balance using 

the estimates of sensible heat based on the variance of temperature. The variance method 

used to derive the sensible heat fluxes is based on a "similarity theory" and a derived rela

tionship between flux and variance of air temperature. This relationship has been described 

by Kanemasu et al. (1979), de Bruin (1982), and Wesely (1988) who gives a complete 

account of the ways in which variances can be used to estimate fluxes. Once sensible heat 

has been calculated, evaporation is deduced via the energy balance equation from mea

surements of R0 ,G, and H neglecting S, P, and Act. 

AE = Rn - H - G - [ S + P + Act] (3.4) 

where Rn : net radiation 

G : substratum heat flux 

S : stored energy 



P : biochemical energy 

Act : advected energy 

The minor components in bracket are neglected. 
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During the night, the value of sensible heat is inward, and the variance method is 

invalid for stable, night-time conditions. All the values of sensible heat calculated with the 

variance estimate of sensible heat were ignored. The calibration data were obtained using 

eddy covariance method and, to maintain consistency, it is necessary that the validation 

data also be measured using the same method. In a separate, ongoing study, Williams 

( 1996) showed that there is a discrepancy between the evapotranspiration values measured 

using different methods. That study also showed a greater possibility of error in the mea

surement of evapotranspiration than soil moisture, and corrected the 1992 ET data by 

requiring that both energy balance and water balance equations are satisfied. The 1990 ET 

needs to be corrected also, because a cursory glance at the water balance clearly shows that 

ET measurement during 1990 has significant error, as follows. 

During 1990, the cumulative observed evapotranspiration was 96.93 mm, while the 

cumulative precipitation including interception losses was 133.92 mm, and the change in 

observed soil moisture was 1.77 mm. Assuming a small proportion of this is runoff, which 

can be neglected, the water balance equation implies an error of 35.2 mm. This error is 

primarily believed to occur in the ET data; thus, so the model validation mainly focuses on 

soil moisture. 
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The validation of the model against 1990 data is illustrated in Fig 3.7. The model 

simulation of soil moisture is very close to the observed soil moisture, while the simulation 

of transpiration follows the general trend of the observed tranpiration but shows substantial 

difference in magnitude consistent with the observations made earlier. 

The regression plot is displayed in Fig 3.8. The predictions of soil moisture have a 

high correlation coefficient of 0.93, while that for transpiration (0.73) is poor due to likely 

errors in the observations (Table 3.4). 

The residual plots for both calibration data and validation data is displayed in Fig 

3.9. 

Table 3.4 Validation of the model using monsoon 1990 data 

ET Soil moisture 

Root mean square 1.21 mm 7.6mm 

Correlation Coefficient 0.71 0.93 

Range -0.08 - 3.88 mm 65.45 - 129 mm 

Table 3.5 Error in the water balance transpiration (mm) 

Observed Modeled 

SUM 147.3 mm 229mm 
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CHAPTER4 

SEASONALITY OF LEAF AREA INDEX 

4.1 Dependence of LAI 

As explained earlier, leaf area index is an important variable in the model, but 

manual measurement of leaf area index is a very cumbersome task. Due to the enormity of 

the task, many studies assume some constant value of leaf area index. For short runs, con

stant values of LAI would not produce significant errors in simulating transpiration but 

over a longer time interval, this would affect soil moisture and thus water balance. Because 

transpiration is related to soil moisture (refer to Eqn. 2.4), the model would eventually lose 

its accuracy. This is illustrated by Figure 4.1, which shows soil moisture simulations using 

different kind of LAI input scenarios. 

A constant value of LAI equal to 0.1 produced lower ET losses during winter, 

which is true, but during monsoons, underestimation of ET resulted in overestimation of 

soil moisture. Conversely, a higher value of LAI equal to 0.5 simulated overestimated ET 

during winters and thus resulted in underestimation of soil moisture. It can be clearly seen 

that any error in simulating either output would reflect on the other model output, and LAI 

plays an important role in simulating both outputs. 

The above discussion showed that assuming LAI to be constant is not realistic. 

Hence, it is essential to account for the seasonality or variability of LAI. Typically, the 

variation of LAI in semi-arid rangelands in Arizona is between 0.1 to 1.5. Vegetation 

growth in semi-arid regions depends on the availability of moisture in the soil and, thus, on 
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precipitation. The sensitivity of growth to soil moisture is more pronounced during sum-

mer than during winter. Two dominant factors appear to control the growth of vegetation, 

namely temperature and precipitation. 
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Figure 4.1 Sensitivity of soil moisture to LAI 

Observation of leaf area index values were made at the Kendall field sites at seven 

different locations, and there was significant spatial heterogeneity in the vegetation sample 

obtained. Figure 4.2 shows the mean value of LAI with vertical lines representing the 
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standard deviation. Due to the low confidence in the observed data, LAI was backcalcu-

lated using the equation for transpiration assumed in the model from the observed values 

of soil moisture, evapotranspiration, and potential evaporation. The variation obtained 

from this "ideal" LAI was assumed to be the best estimate of the seasonality behavior of 

the vegetation. 
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Figure 4.2 Mean value of LAI with standard deviation 
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To reduce the noise in backcalculated estimates, the values were smoothed using 

different window sizes and were then plotted together with observed values of LAI, the 

assumption being that LAI is slow varying and is corrupted by random noise. The data 

were smoothed using Fast Fourier Transform (FFT). Figure 4.3 shows that backcalculated 

values of LAI are close to observed values of LAI. When using a window size of 30 points, 

vegetation has essentially two phases of growth. One "growth" phase corresponds to a 

somewhat constant value of LAI but during the second "growth" phase in the monsoon 

period, there is significant vegetation growth. 

Similar window sizes were used to plot the observed values of precipitation and 

temperature (Figure 4.4 and Figure 4.5). These plots suggest that leaf area index is sensi

tive to precipitation. 

Because seasonality of LAI is dependent both on precipitation and temperature, the 

first step was to incorporate information from these variables. This was achieved by mul

tiplying smoothed temperature and smoothed precipitation. The product of temperature 

and precipitation was then divided by a normalizing factor so that it could be plotted with 

observed LAI and backcalculated LAI. Figure 4.6 illustrates that, with a window of 30 

points to remove the noise, the backcalculated LAI has similar timewise behavior to the 

product of precipitation and temperature. It seems that the product of precipitation and 

temperature is related to LAI peaks and, indeed, the general trend of LAI over the year. 
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Figure 4.3 Leaf area index backcalculated using observed values of ET and soil moisture 
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Figure 4.4 Observed precipitation smoothed using different window sizes 
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Figure 4.5 Observed temperature smoothed using different window sizes 
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Figure 4.6 LAI seasonality using the product of temperature and precipitation 
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For simplicity, the seasonality of LAI can be characterized by a function which 

remains constant for most of the year but, for the monsoon period, there is a peak as shown 

in Figure 4.7. 

1 

:5 0.5 

Julian Day 

Figure 4. 7 Approximate function of LAI 

In Figure 4.7, the days of the year when LAI peaks have already been obtained from 

Figure 4.6 by looking at the seasonality behavior. Values that are still unknown are the 

magnitude of LAI. Discrete values of remotely sensed LAI values can be used very effec

tively in this situation. One satellite pass over the watershed during monsoons and the other 

during rest of the year can provide useful information regarding the magnitude ofLAI. Due 

to the nonavailablity of remotely sensed data, the values of X1 and X2 are parameterized by 

again estimating them by using soil moisture and transpiration as the criteria. 
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4.2 Identification of LAI Parameters 

In this study, the analysis was performed using two different methods: 

4.2.1 Grid Search 

The first method used the same set of parameters ( K and Sct) used in the calibra-

tion process of the model. The LAI input required by the transpiration model was replaced 

by an LAI equation having the same shape as shown in the Fig 4.7. Parameters X1 and X2 

were then calibrated using a normal grid search using both evapotranspiration and soil 

moisture. The contour plots are shown in Figure 4.8 and the calibration results are shown 

in Table 4.1. 

Table 4.1 Calibration of LAI function 

Objective Parameters 
Function X1 X2 

Transpiration 0.4 0.1 

Soil moisture 0.7 0.1 

Back 0.5 0.1 
Calculated 
Values (LAI) 

In this problem, the best set of parameters are not very well-defined because it is 

difficult to choose which one of the criteria is most important. For the year 1992, both 

criterion's integrity must be respected. Because of this, an analysis was done using a sec-

ond method as follows. 
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Figure 4.8 Contour plot of soil moisture and evapotranspiration 

4.2.2 Simplex Search 

The second method re-parameterizes all four parameters in the model because of 
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the interaction between them using simplex method. That would mean that all the four 

parameters, coefficient of proportionality K, drying point Sct, X 1 and X2, needed to be 

identified again. The model was calibrated 100 times with a simplex search starting with a 

set of random numbers and with soil moisture as the criteria. Once the parameters were 

identified with soil moisture criteria, the process was repeated with transpiration as another 

criterion. Fig. 4.9 shows the spread of the parameters normalized between the range. GM

RNG is the geometric range which defines the spread of all four parameters. 

4.2.2.1 Pareto Optimality 

The above search has significant spread, and the best set of optimal parameters is 

difficult to identify due to the inability to compare the importance of the criteria. The best 

approach to this problem is to use Pareto optimality that helps to do this in a rational way. 

In this problem, both criteria are important for good calibration of the parameters. 

These data are plotted in Figure 4.10, a graph of soil moisture versus transpiration. It is a 

scatterplot of soil moisture versus ET. Scanning the graph reveals that the best points are 

lower on the page and to the left. The five points connected by a line are nondominated 

because there are no points better than these points. The other points are the dominated set. 

The set of all efficient solutions is called the efficient set or Pareto set. 

To find the efficient set, pareto ranking strategy was used. 



Calibration of Soil Moisture 

0.9 

0.8 

~0.7 
c 
~ 0.6 

"0 
_§ 0.5 

~ E 0.4 

0 z 0.3 

0.2 

0.1 

0~--------------~------------~--------------~ 
x1 

0.9 

0.8 

~0.7 
c 
~ 0.6 

"0 
.§ 0.5 

~ E 0.4 

0 z 0.3 

0.2 

0.1 

Figure 4.10 

x2 CoeffK 

Parameter Name 

Calibration of Evapotranspiration 

Parameter Spread- GMRNG = 0.7976 

x2 CoeffK 

Parameter Name 

Drying point 

Drying point 

Spread of parameters obtained after simplex search 

4.2.2.2 Pareto Ranking 
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Pareto ranking is based on the concept of nondominance. This ranking procedure 

starts by identifying all nondominated individuals in the population and assigns them rank 



71 

one. These individuals are then removed from the population, and the next set of nondom-

inated individuals are determined from the remaining population and assigned rank of two. 

This process is iterated until all points in the population are successfully ranked; by sorting 

the population, Pareto ranking essentially determines points that lay on the same Pareto 

fronts. In a population of p individuals, the assigned ranks are 1 ,2,3, ... Rmax where Rmax :s; p; 

the highest ranked individuals are the closest to the Pareto optimal set, while the lowest 

ranked individuals are the farthest. 
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Figure 4.10 Pareto set 
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The Pareto set obtained from the ranking method is given in Table 4.2. 

Table 4.2 Pareto Set 

X2 X1 Coefficient K Drying point Soil moisture (mm) ET (mm/day) 

0.04 0.38 1.47 150.0 43.7 0.64 

0.24 1.51 0.65 150.4 41.9 0.64 

0.23 1.51 0.68 175.8 25.0 0.64 

0.22 1.47 1.21 370.1 17.2 0.65 

0.11 0.44 1.34 248.1 12.1 0.68 

The parameter value of X2 = 0.22, X1 = 1.47, Coeff K = 1.2 and the drying point= 

370 mm performs the best because both criteria, soil moisture and ET, are minimized. 

Table 4.3 shows that this approach is better than using a constant value of LAI, and 

assuming a constant value of LAI produces more error than by following a function which 

is closer to the seasonal behavior. 

Table 4.3 RMSE for constant values of LAI 

LAI ET (mm) SW (mm) 

0.1 0.83 21.8 

0.3 0.93 41.3 

0.5 1.03 57.93 
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CONCLUSIONS AND DISCUSSION 
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The motivation for this study was to develop an interstorm model which models 

dominant moisture fluxes; and it focused on linking that interstorm model with a storm 

model. The motivation for linking the models was to study if the processes controlling the 

dominant moisture fluxes in semi-arid regions can indeed be captured by a two-mode 

storm/interstorm approach. The first step was to identify the dominant processes in semi

arid regions. 

An interstorm model was chosen which concentrated on the most significant mois

ture flux, namely transpiration. The approach of narrowing down attention to just one 

transpiration made the interstorm model simple with fewer parameters. The model con

siders just three factors: atmospheric demand, plant and soil control the latter acting to 

reduce transpiration. Results have shown that it is necessary to consider the interaction of 

all the three factors to evaluate transpiration in semi-arid regions. 

The interstorm model was linked with two different storm models of very different 

level of complexity; in each case, the results from both cases were compared to observed 

data. This comparison showed that the difference between the two model predictions had 

almost no consequence because runoff was only a very small component of the entire 

water balance. Thus, for any purposes of modeling the area average water balance, com

plicated models may not improve the results to any great extent, and quite a simple model 
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will suffice providing it captures the essential aspects which control the dominant moisture 

fluxes. 

The study also focuses on the importance of leaf area index seasonality. LAI can be 

measured using remotely sensed data, but satellite passes are at discrete intervals and most 

of the models require daily values of leaf area index. This would mean that seasonal be

havior of LAI must be known so that by knowing LAI values at any time of the year, one 

can interpolate values between intermittent observed data using the information of the be

havior of LAI. This study was successful in characterizing the behavior of LAI by using 

readily available observations of temperature and precipitation. The behavior can be sup

plemented with remotely sensed data, thus eliminating the cumbersome task of measuring 

LAI using field methods. 

The conclusions from this study are: 

(1) For semi-arid regions, the dominant moisture flux ET can be represented and modeled 

by a simple interstorm model because instantaneous variability of ET was not of great 

importance. Over the span of a year, it will average to the annual precipitation. 

(2) For the soil moisture update, a simple bucket model performs as well as a complicated 

physically based model since runoff was a very small component of the water balance. 

Error in simulating runoff did not influence the most dominant moisture ET to a great 

extent. 
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(3) The interstorm model is sensitive to seasonality in LAI, and the "ideal" LAI variations 

required for the model to give best simulations of soil moisture and ET look similar to the 

product of temperature (inC 0
) and precipitation (in mm) averaged over 20-30 days. 
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