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ABSTRACT 

Two simple evaporation models, the Priestley-Taylor model, and a Penman

Monteith based model, were calibrated using data from meteorological-flux stations in the 

USDA-ARS experimental watershed. The residual eddy covariance technique employed 

propeller vertical anemometers for measurement of sensible heat. These limited frequency 

response instruments significantly underestimated the sensible heat flux, resulting in an 

overestimation of the latent flux. By adjusting the sensible heat frequency response 

correction factors the energy balance evaporation estimates were more closely matched to 

the mass-balance estimates. The models performed well during calibration, but poorly for 

the validation period. The two simple models were also calibrated to BA TS-modeled 

latent heat fluxes at a site in the Tucson mountains. With calibration, they reproduced the 

BATS output reasonably well. Finally, the two models were applied to the CienegaCreek 

watershed, and their results support the assumption of earlier investigators that the 

precipitation and evaporation essentially balance for the basin's desert grasslands. 
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Introduction 

The Cienega Creek watershed represents an important riparian resource in southern 

Arizona, a region which has lost an estimated 90 percent of its perennially flowing 

streams in the last century due to groundwater pumping, damming, and diversions (Eden 

and Wallace, 1992). Within the Cienega Creek watershed, the Empire-Cienega Resource 

Conservation Area (established in 1988 and administered by the Bureau of Land 

Management) encompasses 45,000 acres of public lands, IO miles of riparian streamflow, 

and is characterized by grasslands described as a superior example of native grasslands in 

Arizona (BLM 1992). 

Protection and management of the water resources of this basin reqwre a 

quantitative and complete understanding of its dominant hydrological processes. In semi

arid regions, precipitation and evapotranspfration are the dominant moisture fluxes. This 

study focuses on the development and calibration of two simple evapotranspiration 

models with the goal of applying these models to describe the daily, monthly, and 

seasonal cycle of evapotranspiration in the Cienega Creek watershed. 

This study was funded by the NASA-EOS Interdisciplinary Research Program 

(NASA IDP-88-086), and is also a part of a thesis workshop project in the Department 

of Hydrology and Water Resources at the University of Arizona. In working to help meet 

the goals of both of these projects, this study analyzed and used EOS-relevant data 

products (surface energy balance data collected by the USDA-ARS at Walnut Gulch) to 
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calibrate two simple evapotranspiration models. These models are then applied to the 

Cienega Creek watershed. Thus, this study satisfies in part the goal of the Cienega Creek 

thesis project: to assess both qualitatively and quantitatively, the dominant hydro logic 

process~s in the upper Cienega Creek watershed, and to describe these interrelated 

processes in such a manner that the information derived may be useful for policy-makers 

as inputs to water-resources management decisions. 

As a part of the EOS project, this study partially addresses several of the questions 

raised in the original proposal, specifically: 

QUESTION 2: Water fluxes: What are the magnitudes of spatially and temporally 

distributed water fluxes (precipitation, runoff, infiltra~ion, recharge, evapotranspiration), 

particularly during storm periods, in arid/semi-arid basins? How do these interact with 

regional climate? 

This study seeks to characterize the magnitude and temporal cycle of the 

evapotranspiration flux for several semi-arid study sites, specifically the Kendall Hills 

and Lucky Hills study sites in Walnut Gulch, and the Cienega Creek watershed. 

QUESTION 3: Energy fluxes: What are the values of energy fluxes (net radiation; 

sensible, latent, and soil heat flux; photosynthetically active radiation), particularly during 

interstorm periods, in arid/semi-arid basins? How do these interact with regional climate? 

This study involves a careful analysis of the surface energy flux data from the 

USDA-ARS Walnut Gulch Experimental Watershed near Tombstone, Arizona. Through 
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this analysis, deficiencies in the energy balance data were scrutinized by comparison with 

mass-balance evapotranspiration predictions, seeking a physically realistic compromise. 

In assessing the use of simple models describing evapotranspiration fluxes in semi

arid regions, the predictions of the Penman-Monteith and Priestley-Taylor based models 

which are described in this study are compared to a complex and comprehensive surface 

energy balance model, the Biosphere Atmosphere Transfer Scheme (BATS) (Dickinson, 

et al. 1993), as used in a study by Unland et al. in the Tucson mountains (Unland, 

Houser, Shuttleworth, andLiang-Yang1996). 

This thesis describes the development of two simple models which are calibrated for 

several semi-arid study sites in southeast Arizona. The data used to calibrate the models 

are extensively analyzed, the calibration process is described, and the utility of simple 

models in describing the predominant hydrological fluxes in semi-arid regions is discussed. 

The models are applied in a predictive mode, and their predictions are reviewed and 

placed into the context of the water resources assessment of the Cienega Creek watershed. 

The advantages and disadvantages of simple models relative to more complex and 

physically realistic models are discussed. Finally, directions for future research are 

suggested, focusing on areas of improvement or problems which need to be addressed for 

reliable application of simple models for quantitative assessment of the hydrology of 

semi-arid regions. 
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Chapter 1 

Evapotranspiration Estimation and Measurement 

This chapter introduces four important models of varying complexity that are 

commonly used to estimate evaporation: the Penman-Monteith, the Priestley-Taylor, 

Shuttleworth-Wallace formulations, and the Biosphere Atmosphere Transfer Scheme. The 

mechanisms employed by each model for treatment of evapotranspiration under 

environmental stress factors ( focusing on soil moisture stress) will be delineated. In 

addition, three commonly applied means of measuring evapotranspiration using standard 

micrometeorological techniques are discussed: the Bowen ratio energy balance method, 

eddy covariance method, and the eddy covariance/energy balance technique. 

Finally, a brief overview of several important studies of the surface energy balance 

in arid and semi-arid regions is provided, focusing on each study' s implementation of the 

aforementioned evapotranspiration models and measurement techniques. The strengths of 

complex models which more completely represent the physics of surface energy exchange 

will be described in contrast with simpler models which are easy to apply and calibrate. 

The present study is motivated by the need for a simple model which accurately 

reproduces observations, yet is straightforward to cahbrate. 

1.1 Penman-Monteith Equation 

Penman(1948) derived a rigorous formula for evaporation (£0) from an open water 

surface; the Penman "combination" equation-so named due to the combination of energy 



16 

balance and aerodynamic terms in a single equation (Thom and Oliver 1977): 

E = _AR_n0_+_yE_a 
. o A+ y (1.1.1) 

R,,o is the net radiative flux to the water surface (W m-2
), A is the slope of the saturated 

vapor pressure curve, y is the psychrometric constant (both in kPa °K-1), and E0 is 

Penman's empirical aerodynamic, or ventilation term, given by: 

Ea = 0.26D(l + 0.536 · u) (1.1.2) 

in whichD is vapor pressure deficit(kPa) and u is windspeed (m s-1
). Penman expressed 

the evapotranspiration from short vegetation (ET), amply supplied with water, as a 

fraction of the open-water surface evaporation: ET = f £ 0. Rijetma (1965, as cited by 

Thom and Oliver 1977) showed that f is related to the difference in albedo between open 

water and vegetated ground cover, and therefore expressed Penman's equation as: 

E - ARn +yEa 
T - A+y (1.1.3) 

where Rn is the net radiative flux to the vegetated surface itself, rather than to an adjacent 

open water surface. Penman's equation does not account for surface resistance, and 

therefore is applicable as an estimate of evaporation from a wet surface. Thom and Oliver 

( 1977) showed that Penman's empirical wind function implicitly assumed an 

unrealistically small surface roughness (1.37 mm). However, this small roughness length 

partially compensates for the Penman equation's lack of a surface resistance. In addition, 

the effect of instability on the aerodynamic resistance is quite similar across a wide 
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variation in roughness length, with the result that Penman's equation empirically allows 

( to an extent) for instability, and is broadly applicable to surfaces with larger roughness 

(Thom and Oliver 1977). 

Monteith ( 1965) derived from first principles a more general form of Penman's 

equation; which incorporates a surface resistance and is therefore applicable to 

evaporation from an unsaturated surface. The familiar Penman-Monteith equation for 

latent heat flux (A£): 

(1.1.4) 

In this equation, R,, is the net radiation flux, G the soil heat flux (both in W m-2
), p is air 

density (kg m-3
), cP is the specific heat of dry air (J 1cg-:1 °K-1), D is the vapor pressure 

deficit (kPa) between canopy stomata and overlying air, rs is the stomata! or surface 

resistance to vapor transport ( s m-1 
), and r a is the aerodynamic resistance· to heat 

transport (s m-1
). The latent heat flux is opposed by a surface resistance rs, which is the 

sum of both a stomata! resistance (r st) and a boundary layer resistance to vapor transport 

(rv ). The sensible heat flux (H) is opposed only by the boundary layer resistance to heat 

transport, or aerodynamic resistance. The boundary layer resistance to vapor transport is 

generally assumed equal to the boundary layer resistance to heat transport (r a). These 

resistances oppose the sensible heat flux (H), and latent flux as outlined in figure 1.1: 
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H AE 

Figure 1.1 Penman-Monteith resistance framework 

The Penman-Monteith equation treats the entire canopy as a "big leaf', considering 

that the individual leaf stomatal resistances act as one single "bulk" stomata} resistance. 

The entire canopy is assumed to be at the same temperature, and the vapor pressure 

within the canopy stomata is assumed to be saturated with respect to the canopy 

temperature. 

The "big leaf' assumption treats the energy balance as a budget for a single surface 

(the canopy); therefore the Penman-Monteith equation does not separately treat fluxes 

from surface components other than the canopy (van den Hurk 1996). On a sparsely 

vegetated surface, fluxes from surfaces other than the canopy (i.e. fluxes from the soil 

surface) may be significant. The big leaf assumption is especially poor during hot, dry 

periods during which a large proportion of sensible heat flux originates from the hot soil 

surface. It is also poor soon after rainfall, when evaporation from the bare soil surface is 

significant (Stannard 1993 ). 
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Models that utilize the big leaf approximation parameterize an aerodynamic 

resistance for the entire canopy (Shuttleworth 1994 ). The aerodynamic resistance to heat 

transfer is defined as the integral of the inverse eddy diffusivity between the level of the 

roughness length for heat transfer (zop) and a reference height (zm): 

(1.1.5) 

where Kn ( m s-1
) is the eddy diffusivity for heat transport ( commonly assumed equal to 

the diffusivity for momentum and vapor transport), and r0 (s m-1
) is the aerodynamic 

resistance. Kn is parameterized according to the mixing length hypothesis (Shuttleworth 

1994): 

(1.1.6) 

where k is von Karman's constant (dimensionless), u. is the friction velocity -(m s-1), 

u(zm) is the wind velocity at the reference height, z0µ (m) is the roughness length for 

momentum, and d (m) is the zero-plane displacement. Thus, z0p +dis the level of the 

effective source/sink of sensible heat. Substituting the above expressions for KH and u. 

into the expression for r a and integrating yields: 

(1.1.7) 



20 

The roughness length for momentum transfer is commonly assumed to be ten times the 

roughness length for heat transfer: z0µ ::::: 10 z0p. Using this approximation yields the 

neutral aerodynamic resistance: 

(1.1.8) 

or, written in terms of the roughness length for momentum: 

(1.1.9) 

The stomatal resistance of plants to fluxes of latent heat varies throughout the 

growing season, and in response to environmental factors such as soil moisture stress, 

temperature, vapor pressure deficit, and radiation. Models which relate stomata! control 

to various influencing environmental variables are commonly expressed in the· form of 

stomata! conductances ( the inverse of the stomata! resistance). These models are 

parameterized in the form (Shuttleworth 1989): 

(1.1.10) 

where g0 is the unstressed stomatal conductance ( m s-1), and gi are the individual 

functions each of which varies between zero and unity, relating stomatal conductance to a 

specific environmental variable. 
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The Penman-Monteith equation is one of the most widely used models of 

evapotranspiration. There are several reasons for its widespread popularity: it is a simple 

model, requiring meteorological data at only one level, and it is based on a realistic 

representation of the physics of energy exchange between a vegetated surface and the 

overlying atmosphere. 

1.2 Priestley-Taylor Model 

. Priestley and Taylor (1972) introduced a model for potential evapotranspiration, in 

which the potential latent heat flux (AE) is related to the net radiation (R.,,) and soil heat 

flux(G) by: 

(1.2.1) 

where a is the dimensionless Priestley-Taylor parameter. 

Slayter and Mcilroy (1961) as cited by de Bruin (1983) note that when saturated air 

flows above a wet surface, because both the surface and overlying air are saturated, the 

aerodynamic term of the Penman-combination equation ( 1.1. 4) vanishes, yielding: 

(1.2.2) 

Under such conditions the value of a is unity. Above wet surfaces of significant areal 

extent, air is frequently not saturated, resulting in a value of alpha greater than one. 

Priestley and Taylor observed an average value of a to be 1.26 for wet surfaces. 
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Several investigators have used simple models of the atmospheric boundary layer 

(ABL) coupled with one-dimensional models of surface fluxes in efforts to explain the 

behavior of the Priestley-Taylor formulation in terms of feedback processes between 

surface fluxes and growth/entrainment in the ABL (de Bruin 1983) (McNaughton and 

Spriggs 1986). McNaughton and Spriggs expand on the work of de Bruin, using an ABL 

slab model in which air from the free atmosphere ( with specified profiles of potential 

temperature and specific humidity) is instantaneously mixed throughout the ABL upon 

entrainment. The surface boundary is modeled assuming conservation of energy, and a 

Penman-Monteith "big leaf' parameterization of the canopy (McNaughton and Spriggs 

1986). An example of feedback between evaporation and growth of the ABL follows. A 

growing ABL which entrains dryer air will cause an increase in the humidity deficit in the 

ABL, and a subsequent increase in evaporation. However, an increase in evaporation 

causes a decrease in the sensible heat flux, which will decrease the rate of growth of the 

ABL. This is but one example of a feedback mechanism between surface fluxes and 

boundary layer processes, but this feedback process regulates the vapor pressure deficit 

in the ABL and allows the postulation of potential evapotranspiration rates 

(Shuttleworth 1993). 

McNaughton and Spriggs conclude that the Priestley-Taylor model is an over

simplification, because the evaporation rate predicted by their slab model was highly 

sensitive to properties of the free atmosphere which affect the ABL, specifically the 
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profiles of potential temperature and humidity. However, they also conclude that the slab 

model confirms the relative importance of available energy over wind speed which is 

implied by the Priestley-Taylor equation, due to model insensitivity to changes in 

windspeed (McNaughton and Spriggs 1986). 

Priestley and Taylor (1972) assert that relating actual evaporation to the potential 

rate predicted by ( 1.2.1) requires a measure of the limiting effects of soil moisture. They 

examined the ET/PET fraction (actual evapotranspiration/potential evapotranspiration) as 

a function of the accumulated difference between evapotranspiration and precipitation 

(f (E - P) dt). They observed a straight line relationship whereby ET /PET ~ 1 for well 

watered conditions (small values of J (E - P) dt). As J (E - P) dt increased in value, an 

approximately linear decrease in ET/PET was observed. However, they noted marked 

differences between soils in the value of J (E - P) dt at which ET /PET began to fall below 

unity, and suggested further study to assess the factors which influence this "downturn 

point" (Priestley and Taylor 1972). 

Davies and Allen (1973) used Bowen-Ratio AE measurements over a crop in 

Ontario and gravimetric measurements of soil moisture to study the relationship between 

a and surface soil moisture. Based on their experimental results, they suggest a model for 

the Priestley-Taylor alpha of the form (Davies and Allen 1973): 

(1.2.3) 
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Where a 0 and fls are fitting parameters, SM is the near-surface soil moisture, and SM_t is 

the surface soil moisture at field capacity. 

In summary, the Priestley-Taylor equation is an attractive means of estimating 

latent energy fluxes due to its simplicity, and because the assumptions implicit in its 

structure are partially borne out by the physics of feedback processes between surface 

fluxes and entrainment in the ABL. 

1.3 Shuttleworth-Wallace Model 

The Shuttleworth-Wallace (Shuttleworth and Wallace 1985) energy combination 

model is similarto the Penman-Monteith model, essentially treating a sparsely vegetated 

surface through two components: the canopy and the soil surface. The opposite extremes 

of a closed canopy and a bare soil surface can each be represented by a one-dimensional 

transpiration or evaporation model In the Shuttleworth-Wallace model, evaporation from 

the soil and transpiration from the canopy are each treated within a Penman-Monteith 

formulation; each component with a corresponding resistance framework, as outlined in 

figure 1.2 (followingpage). 

The net fluxes of latent and sensible heat are composed of components originating 

from the soil surface (H; and A.Es), and from the canopy (He and "J..Ec) (Shuttleworth and 

Wallace 1985). Latent flux from the canopy is opposed by two resistances in series: a 

stomatal resistance (r /) and an aerodynamic resistance (r /). 
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Figure 1.2 Shuttleworth-Wallace Resistance Framework 

Latent flux between the soil surface and the height of mean canopy flow is opposed by a 

soil surface resistance (r /), in series with an aerodynamic resistance (r /) . Sensible heat 

fluxes from the canopy and between soil surface and the level of mean canopy flow are 

each opposed by a single resistance (r ac and r as respectively). The net sensible and latent 

heat fluxes are opposed by a single resistance, r a°, between the height of mean canopy 

flow and the reference height. 

The total net radiative flux is partitioned between the soil surface and the canopy. 

The net radiation at the soil surface is approximated from the net radiation at the top of 

the canopy using a Beer's law relationship: 

R! = Rn exp(-C · LAI) (1.3.1) 

where R,, is the net radiation at the top of the canopy, and R,,s is that at the soil surface 

(both in W m-2), C is an extinction coefficient, and LAI is the leaf area index (both 

dimensionless). The total latent heat flux is expressed as a sum of fluxes from the canopy 

and soil as follows (Shuttleworth and Wallace 1985): 
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AE=CcPMc +C8 PM8 (1.3.2) 

where PMc and PMs denote the Penman-Monteith equation applied to the canopy and to 

the bare soil, respectively, and Cc and Cs are asymptotic coefficients which are functions 

of the individual resistances, the psychrometric constant, and the slope of the saturated 

vapor pressure curve. The Penman-Monteith combination expressions have the following 

forms: 

(1.3.3) 

AA+ pcPD-Ar;(A-As) 1(,: +r:) 
PM8 =~~--~---~~~-----~~-

A + y 1 + ,: 1( raa . + r:) 
(1.3.4) 

A is the availableenergy, andAs is the energy available at the soil surface (R,,S - G); both in 

W m-2
, the resistances are as defmedabove. 

The coefficients Cc and Cs are expressed as: 

(l.3.5) 

(1.3.6) 

where 

(1.3.7) 



Rs = ( A + y ),: + y ,: 

Re= (A +y ),; + yr/ 
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(1.3.8) 

(1.3.9) 

Shuttleworth and Wallace show that equations 1.3.5-1.3.9 portray the expected 

asymptotic behavior by examiningtwo limits; bare soil evaporation only (in the absence 

of a canopy), and the limit of a full canopy (no available energy at the soil surface). If 

there is no canopy, r/ and therefore Re are infinite, A= As, Cs is unity and Cc is zero. If 

there is a full canopy, As is zero, r/ and therefore Rs is infinite, Cc is unity and Cs is zero. 

In the latter case, the Shuttleworth-Wallace model collapses to the Penman-Monteith 

equation representing evapotranspiration from a canopy, ignoring the underlying surface 

(Shuttleworth and Wallace 1985). 

The Shuttleworth-Wallace model represents an advancement in the representation of 

energy exchange over a sparsely vegetated surface. The two-layer model accounts for 

fluxes originating from the soil surface, and is attractive because its data requirements are 

not significantly greaterthan for the Penman-Monteith model itself 

1.4 Biosphere-Atmosphere Transfer Scheme (BATS) 

The Biosphere-Atmosphere Transfer Scheme (BATS) was developed at the 

National Center for Atmospheric Research (NCAR) by Dickinson, et al. to realistically 

portray the complex interactions between the land surface and overlying atmosphere, and 

to provide a computational framework such that these interactions could be included in 

general circulation models ( GCM's ). Before the development of land surface models such 
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as BATS, GCM's typically used only very simple bucket representations of the storage 

of moisture at the earth's surface and its subsequent release to the atmosphere (Arain 

1994). 

The physical phenomena which are included in BATS may be categorized into two 

sets: energy exchange and mass balance. BATS' treatment of energy exchanges includes 

determination of net radiation exchange, albedo, momentum, sensible heat and moisture 

exchanges, and surface temperature. Hydrological components (mass balance) include 

surface soil moisture, surface runoff, snow, dew, and interception of precipitation by the 

vegetation canopy (Dickinson et al. 1993 ). 

Since BA TS was designed for the purpose of coupling to GCM' s, it permits the 

selection of a land surface class within each GCM grid square. BA TS includes 18 land 

cover classes, within which BA TS permits treatment of the following land surface 

conditions: bare soil, soil with vegetated cover, snow covered soil, frozen soil, sea, sea ice, 

and inland water. Each of the 18 land cover classes is associated with a set of default 

parameters which describe various vegetative properties (vegetation cover fraction and 

albedo, minimum stomata! resistance, leaf area index ranges, and stem area index), soil 

properties (upper soil layer and rooting zone depths, fraction of roots in upper soil 

layer), and surface aerodynamic properties (the roughness length). Soil properties are 

further subdivided according to soil texture class, from very fine to very coarse. Within 

each texture class the following properties are defined: porosity, minimum soil suction, 
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saturated hydraulic conductivity, thermal conductivity, the Clapp & Hornberger exponent 

( cf Clapp & Hornberger 1978), and a wilting point; defined as the moisture content 

relative to saturation_ at which transpiration ceases ( the moisture content at which the 

capillary suction reaches 15 bars). 

BA TS' treatment of energy fluxes is similar to the one-layer formulation of the 

Penman-Monteith equation, whereby latent and sensible heat fluxes are driven by 

gradients of humidity and temperature respectively, and are opposed by one-dimensional 

diffusive resistances. Like the Penman-Monteith equation, the canopy is treated as an 

equivalent "single big leaf" BA TS differs from a Penman-Monteith formulation in that it 

treats soil surfaces through a separate set of flux equations ( as previously mentioned, the 

Penman-Monteith model includes no treatment of bare soil). In addition, BATS considers 

distinct resistances for transfer between the air within the canopy and the overlying air, 

and transfer between foliage surfaces and air within the canopy. BA TS also allows for 

partial wetting of the canopy (Dickinson et al. 1993 ). 

The processes which are represented in the canopy aside from the aforementioned 

sensible and latent heat fluxes, are the net exchange of radiation, ground shading, and 

moisture on canopy surfaces due to precipitation or dew. Canopy moisture which 

exceeds the storage capacity drips to the ground. The canopy surface may be partially 

wet, causing transpiration to cease for the wet fraction. The vegetation cover is 

partitioned into transpiring and non-transpiring fractions by the leaf area index and stem 
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area index, respectively. Seasonal variations in leaf area index are permitted, while the 

stem area index is assumed constant. 

BA TS allows for buoyancy by using a drag coefficient which is a function of 

stability as parameterized by the bulk Richardson number. This drag coefficient is then 

used as a turbulent transfer coefficient for computation of latent and sensible heat fluxes. 

The drag coefficient over a non-vegetated surface is computed from: 

cDN { 1 + 24 . .5(-cDN Rj )1'2} R. <0 
l 

Cn = CDN 

1 + II.SR; 

(1.4.1) 
R· ;;::0 l 

where C DN is the neutral drag ·coefficient, and R; is the bulk Richardson number (both 

dimensionless). The latent and sensible heat fluxes over a non-vegetated surface are then: 

(1.4.2) 

(1.4.3) 

where Va is the magnitude of the wind velocity at anemometer level (m s- 1),/g is the ratio 

of actual to potential soil evaporation, Qs is the surface specific humidity, Qa is the air 

specific humidity (both in kg kg-1), Ts is the surface soil temperature, and Ta is the air 

temperature (both in °K ). 

For vegetated surfaces, an aerodynamic resistance is computed: 

(1.4.4) 
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wherein C1 is a foliage/airtransfer coefficient (m s-112
), Ua1is the magnitude of the wind 

velocity vector incident upon the foliage (m s-1
), and D1 is a characteristic leaf dimension 

in the direction of wind flow (m) (Dickinson et al. 1993). The sensible heat flux from a 

vegetated surface is now given by: 

(1.4.5) 

where o1 is the vegetated fraction, LSA1 is the sum of leaf-area and stem-area indices, T1 is 

the foliage temperature, and T af is the air temperature above the canopy. 

The moisture flux from the wetted portion of the canopy is given by: 

(1.4.6) 

in which Qf4
T is the specific humidity at the water surface, saturated with respect to 

foliage temperature, and Qaf' is the specific humidity of air at the level of the foliage. 

Transpiration from the dry fraction of the canopy is computed as a fraction of the 

evaporation from the wet fraction as follows: 

(1.4.7) 

where b(E1WET) is a step function which is zero or unity depending on the sign of EfEr_ 

The function takes on unit value for EfET > 0 ( evaporation), and takes on a value of zero 
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for EfET < 0 (condensation). Ld is the fraction of foliage surface that is not wet, and rs is 

the stomata} resistance ( s m-1 ). 

The mechanism by which BA TS determines the maximum transpiration sustainable 

by vegetation is especially relevant in semi-arid regions for which soil-water is frequently 

a transpiration-limiting factor. If the computed transpiration exceeds the maximwn 

sustainable transpiration, BA TS recomputes the stomata! resistance so that the rate of 

transpiration is equal to the maximum sustainable rate. This maximum is determined by a 

weighted average of a "wilting factor" which is computed for each soil layer: 

Err max = y ,o ~ Rn ( 1 - WiT) (1.4.8) 
i 

in which Yr0 is the maximum sustainable transpiration rate, Ra is the fraction of roots in 

the /h soil layer, and Wu is a wilting factor, which is zero at soil saturation, and one at the 

wilting point ( the soil moisture at which transpiration ceases) defined by: 

· s-:B -1 
Wl l 

LT= ---B--
S -1 w 

(1.4.9) 

wherein s; is the ratio of soil moisture to soil moisture at saturation in the ,di soil layer, sw 

is the ratio of soil moisture to that at saturation for which transpiration ceases (the soil 

moisture at which capillary suction is 15 bars). The exponent B is the exponent defined 

by Clapp and Hornberger ( 1978) which relates changes in hydraulic conductivity and soil 

water potential to changes in soil moisture content ( Arain 1994 ). 
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BA TS is a comprehensive land-surface-atmosphere exchange model, offering an 

accurate portrayal of processes governing energy, momentum, and moisture at the surface 

of the earth. BA TS accomplishes this description without sacrificing simplicity or 

computational facility. Dickinson points out that BATS' representations of several sub

processes are still much simpler in form and concept than the "most elaborate" 

representations available, specifically for soil water, plant water storage and budgets, and 

snow physics. BATS offers significant forecast improvement over the simple bucket 

models previously coupled to GCM's. Frequently applied in a stand-alone form 

( uncoupled to a GCM), BA TS is a rigorous, robust model of energy and moisture fluxes 

at the surface of the earth. As such, it is the standard against which other, simpler models 

are compared in this study, for periods in which latent energy flux observations are not 

available. 

1.5 Evaporation Measurement 

There . are several micrometeorological techniques for evaporation measurement 

which are relevant to the work in this study. The Bowen ratio energy balance, eddy 

covariance, and residual eddy covariance methods are commonly applied. Each system 

has operational strengths and weaknesses. Equipment durability is an important issue 

when subjected to extremes of temperature and radiation common in semi-arid 

environments. Compromise between durability and reliable results is sometimes difficult, 

because each technique becomes unreliable in certain meteorological circumstances. 
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The Bowen ratio is defined as the ratio of sensible to latent heat flux (~ = H I 'A.E). 

Investigators commonly use measurements of the Bowen ratio to determine how the 

available energy (A) is partitioned between latent and sensible heat, assuming a balance of 

fluxes at the earth's surface: 

A=Rn -G-S=H+AE (1.5.1) 

where R,, is net radiation, G the soil heat flux, S is storage of energy in the canopy, H is 

sensible heat and AE is latent heat (all in W m-2
). Energy storage within the canopy is 

often neglected, thus: 

(1.5.2) 

H = ----~ R_n _-___ G) 
1 + f3 

(1.5.3) 

Assuming that the sensible and latent heat fluxes are governed by the same laws of 

turbulent diffusion: 

(1.5.4) 

(1.5.5) 

wherein KH and K v are the coefficients of turbulent diffusion for heat and vapor transport, 

respectively (both in m2 s-1), e is vapor pressure (kPa), and 0 is potential temperature 

(°K). If KH and Kv are assumed equal, then: 



ae 
~=yae 
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(1.5.6) 

In practice, the Bowen ratio is typically determined by measuring differences m 

temperature and vapor pressure between two different measurement heights. 

There are several techniques commonly employed to measure these gradients. The 

psychrometric apparatus measures the vapor pressure and temperature at two different 

heights using aspirated wet bulb psychrometers. A common apparatus ventilates ambient 

air past two thermal diodes, one dry, the other wetted by a saturated wick ( cf. Black and 

McNaughton 1971, Fritschen ~d Simpson 1989). The two diodes provide measurements 

of wet bulb and dry temperature, and the vapor pressure from the wet bulb depression. 

Systematic error in temperature gradients may be introduced by using two different 

instruments at two different heights to measure temperatures. These systematic errors are 

commonly minimized by interchanging the instruments between the two levels, whereby 

their effects tend to cancel when averaged over the exchange period. Operationally, this 

system is reasonably simple, although complications arise from freezing of the wet bulb 

wicks at low temperatures. 

A second commonly employed system measures air temperature at two different 

heights with copper-constantan fine wire thermocouples, and uses a single cooled mirror 

dewpoint hygrometer to alternately measure the dew point of air ducted to the mirror 

from two different heights. The dewpoint mirror operates by sensing the change in mirror 

reflectance caused when water condenses on the mirror surface. Using the single mirror to 
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measure the dew point at differing heights eliminates systematic error in the gradient. This 

system is reasonably operationally reliable, although when the vapor pressure is 

extremely low, the mirror can "miss" sensing the dewpoint when cooling, and cause 

freezing. 

The Bowen ratio technique becomes problematic during stable conditions when it 

approaches -1, and in general when gradients of humidity are very small. Because the 

humidity gradient appears in the denominator of equation 1.5.6, extremely small gradients 

lead to a very large (and, in stable conditions, negative) Bowen ratio. In addition, small 

uncertainties in the humidity gradient are amplified, causing large uncertainties in the 

Bowen ratio, as can be demonstrated by a propagation of errors computation. However, 

despite these concerns, because of its reliability, and theoretical and operational 

simplicity, the Bowen ratio is one of the most widely applied means of observation of the 

surface energy balance. 

Expressions relating the vertical turbulent fluxes of latent and sensible heat to 

covariances of vertical velocity with the scalar properties of specific humidity and 

potential temperature are derived by applying Reynolds' averaging process to the 

conservation equations for moisture and heat in the atmospheric boundary layer. The 

expressions for latent and sensible heat flux are then: 

"AE== p"Aw'q' 

H=pcpw'0' 

(1.5.7) 

(1.5.8) 
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where w is the vertical wind velocity (m s-1), and q is specific humidity (kg kg-1). 

Overbars denote temporal averages, and primes indicate deviations from the temporal 

average. 

The eddy covariance technique requires fast response instruments to measure 

rapidly fluctuating scalar quantities, and at a sufficiently high sampling frequency to 

ensure that the full range of eddy frequencies contributing to turbulent transport are 

recorded. Typical frequency ranges for eddy transport range from 10-3 to 10 Hz ( van den 

Hurk 1996). 

Sonic anemometers are widely used to sample windspeed, and (for uniaxial 

instruments) operate by measuring travel time differences of a sound pulse transmitted 

between two transducers parallel to the wind component of interest. Temperature 

fluctuations are commonly measured using fine-wire, fast response thermocouples. 

Humidity fluctuations are commonly measured using optical hygrometers. These 

instruments measure the water vapor concentration in an air sample by using a 

spectrometer to observe the attenuation of radiation in bands corresponding to water 

absorption, relative to a reference (for a dual beam hygrometer). Common absorption 

bands used are Lyman-a and Krypton. 

Important considerations for application of eddy covariance techniques include 

corrections to flux terms necessitated by flow distortion caused by the presence of 

measuring devices and their supporting structures in the flow field. In addition, 
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instrument response corrections are required, to assess the effect of instrumental 

frequency response on the measured fluxes. 

An additional means of utilizing eddy covanance measurements to measure 

evaporation involves a balance of surface energy fluxes, with measurements of sensible 

heat flux using eddy covariance, concurrent with measurements of net radiation and soil 

heat flux. The latent heat flux is then deduced as the residual in the surface energy balance, 

again neglecting canopy energy storage: 

AE=R -G-H n (1.5.9) 

The primary advantages of this technique are instrumental reliability and cost. Fast 

response hygrometers or gas analyzers commonly employed to measure humidity 

fluctuations are expensive instruments, and have significant power and maintenance 

requirements. If latent heat flux is computed as a residual, these instruments are not 

needed. Sonic anemometers are a significant expense however, and vertical velocity is 

sometimes measured using simple inexpensive vertical propeller anemometers. Although 

inexpensive, these devices offer limited frequency response in comparison to sonic 

anemometers. Another problem introduced by using the energy balance residual to 

measure latent fluxes is that measurement errors in the other three components of the 

energy balance accumulate in the evaporation. Especially for problematic sensible heat 

measurements, this can lead to significant errors in measured evaporation. 
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A second residual method for measurement of latent heat flux uses sensible heat flux 

computed using the variance, or "sigma-T," instead of eddy covariance. According to 

Monin-Obukhov similarity theory, turbulent fluxes of atmospheric scalars during 

unstable conditions may be related to the variance of the scalar of interest. For sensible 

heat, following Tillman 1972: 

wherein the stability parameter is: 

z-d 
~== -

L 

(1.5.10) 

(1.5.11) 

and 0 0 is the standard deviation of potential temperature, C 1 and C2 are constants, 

commonly taken to be 0.95 and 0.05, respectively, k is von Karma.n's constant, z is the 

measurement height, d the zero-plane displacement (both in meters), g is gravitational 

acceleration ( m s-2
), 0 is the potential temperature (°K ), L is the Monin-Obukhov len~ 

and the overbar represents a temporal average, where the standard deviation is about that 

average. 

In the limiting case of free convection, t » C2, and ( 1. 5 .10) reduces to: 

(1.5.12) 
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Using this 'formulation for the sensible heat flux in unstable conditions, permits an 

additional estimate of latent heat flux, as a residual using the variance sensible heat 

computation, instead of as a residual using eddy covariance measured sensible heat. 

The-aforementioned techniques for evaporation measurement are but several among 

many, however, they are the three techniques most relevant to this study. Other 

techniques could employ the variance method to directly estimate latent heat flux from 

fluctuations in specific humidity, for example. Each of the methods described offers 

distinct advantages, and each has unique shortcomings. Because of these respective 

limitations and advantages, most studies employ several techniques to supply 

measurements of surface fluxes. Several of these studies conducted in semi-arid 

environments are hereafter discussed. 

1.6 Owens Valley Study 

From December 1983 through October 1985, the U.S. Geological Survey, in 

cooperation with the Los Angeles Department of Water and Power, conducted a 

comprehensive study of evapotranspiration and the surface energy balance in the Owens 

Valley, California, as a part of a project whose goal was to characterize the impacts that 

ground-water pumping in the basin would have on endemic vegetation (Duell 1990). This 

semi-arid valley stretches between the Sierra Nevada and Inyo mountains in eastern 

California. The Sierra Nevada, which rise to the west of Owens valley, receive most of the 

precipitation from moist pacific air masses before they reach the valley, with the result 
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that the mean annual precipitation averages only 100 to 150 mm on the valley floor (Duell 

1990). 

Seven micrometeorological sites were located in an approximately north-south 

orientation along the valley floor, and evapotranspiration was measured by two different 

techniques: Bowen ratio energy balance, eddy covariance, and estimated using the 

Penman-combination method. The latter relied upon meteorological variables and stomatal 

resistances estimated from Bowen ratio data to compute the latent flux. 

The Bowen ratio apparatus used a modified Fritschen net radiometer, a soil heat flux 

plate at a depth of 10 mm, and two sets of ventilated wet and dry bulb psychrometers 

which were exchanged on a 15 minute cycle to measure temperature and humidity 

gradients (Duell 1990). 

Duell concludes that nighttime data are unimportant in the context of the study 

since available energy is low; yielding insignificant latent energy fluxes. In general, 

negative net radiation drives negative fluxes of sensible and soil heat at night. In addition, 

Duell highlights four situations in which Bowen ratio measurements became problematic: 

(1) temperature inversions at night or at sunrise or sunset, (2) measurement errors of the 

wet or dry bulb psychrometers, (3) instrumental malfunction, and ( 4) temperature or 

vapor pressure gradients that were too small to measure reliably. The fourth problem is 

one which is frequently encountered in applying the Bowen ratio to evaporation 

measurement in semi-arid areas; also reported by Unland et al. ( 1996). Duell notes that at 
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several of the sites in the Owens Valley, dry and wet bulb temperature gradients were 

frequently smaller than the stated ±0.2 °C accuracy of the psychrometer thermistors. The 

Owens Valley report concludes that averaging over a month all the measured fluxes for a 

specific data collection time interval to produce a monthly average diurnal flux minimizes 

the effects of these sources of error in the Bowen ratio method. 

Latent heat flux was also measured using two eddy covariance techniques. The first 

technique employed a Lyman-alpha dewpoint hygrometer coupled with a Campbell 

Scientific uniaxial sonic anemometer. The second computed latent heat flux as the energy 

balance residual, using the eddy covariance sensible heat. The eddy covariance 

measurements proved to be the least reliable technique, providing data from only 24-96 

hours per month (Duell 1990). 

Fewer data were available from the direct method due to malfunctions of the 

Lyman-alpha hygrometer. Duell asserts that the residual method appears to overestimate 

evapotranspiration, while the direct method underestimates latent fluxes. Weaver 

hypothesizes that the difference is due to energy storage, which is neglected in the surface 

energy balance equation from which the residual latent energy is computed, although he 

indicates that further study is necessary (Weaver 1990). 

Estimates of potential evapotranspiration were obtained from the Penman equation, 

using measurements of net radiation and soil heat flux, and standard weather variables 

measured at automated weather stations. Estimates of actual transpiration were obtained 
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using a Penman-combination method, and an apparent psychrometric constant adjusted 

using vapor diffusion resistances back-calculated from the Penman-Monteith equation 

using latent flux data given by the Bowen ratio apparatus. 

Potential evapotranspiration estimates exceeded the Bowen ratio estimates by a 

factor of 5 to 10 (Duell 1990), which is attributed to the high vapor pressure deficits 

common in the semi-arid region. Duell concludes that the assumed equality of vapor and 

heat resistances in the Penman equation is rarely satisfied in the climatic and vegetative 

regime of Owens valley because of plant stomatal control on water loss during conditions 

of soil-water stress and high vapor pressure deficit (Duell 1990). This motivated his use 

of the Penman-combination equation with an apparent psychrometric constant calibrated 

using vapor diffusive resistances computed from the Penman-combination equation and 

latent fluxes from the Bowen ratio. The form of the apparent psychrometric constant 

used in the study follows (Duell 1990): 

(1.6.1) 

in which r v is the diffusive resistance to vapor transport, which Duell has combined as a 

single term· ( which is the sum of stomatal and boundary layer resistances). 

Using Bowen ratio data, a monthly average estimate of the effective vapor diffusion 

resistance was computed, and this was used in the Penman-combination equation for 

estimation of actual evapotranspiration. Estimates provided in this manner proved higher 
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than Bowen ratio estimates, which he attributed to errors in calibration of the Penman

combination method versus Bowen ratio data. 

Several key findings from the Owens Valley study are relevant to the current study. 

First, Bowen ratio night time data were neglected, because the technique proved least 

reliable during stable conditions, during which latent fluxes were low. Bowen ratio data 

collected during the day were still successfully used to calibrate stomata! resistances for a 

Penman-Combination model. Similarly, night time data were neglected in the present 

study, due to stalling of the vertical propeller used to measure sensible heat through eddy 

covanance. 

Secondly, the study demonstrated the relative reliability of direct eddy covariance 

and residual eddy covariance methods. The direct method was compromised by failures of 

the hygrometers, whereas the residual method proved more reliable. The long term data 

set used in this study used the residual eddy-covariance method to provide latent heat 

flux measurements. 

Lastly, the Owens Valley study demonstrated the relative magnitudes of direct eddy 

covariance versus residual eddy covariance evaporation measurements. The residual 

method proved to consistently exceed measurements using direct eddy covariance. The 

author concludes that the residual method may be considered a maximum estimate, 

whereas the direct method may be considered a minimwn estimate. Likewise, the residual 
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method utilized in the present study was found to significantly over-estimate latent heat 

fluxes. 

1.7 Monsoon '90 multidisciplinary field campaign 

The Monsoon '90 experiment was an intensive campaign conducted during the 

summer of 1990 to characterize at a basin scale, areal fluxes of energy and moisture in the 

semi-arid USDA-ARS Walnut Gulch experimental watershed in southeast Arizona. The 

watershed is an ephemeral tributary to the San Pedro River in the foothills of the Dragoon 

Mountains. Precipitation ranges from 250 mm to 500 mm annually with about two thirds 

falling during the late summer monsoon season. The lower two thirds of the watershed are 

dominated by shrub vegetation, while the upper third is grass-dominated (Kustas and 

Goodrich 1994). 

During the Monsoon '90 field experiment, there were eight 9 m high meteorological 

flux (METFL UX) towers located along two roughly linear east-west transects in the 

Walnut Gulch watershed. Two of these sites were more intensely monitored: the Lucky 

Hills ( site 1, shrubland dominated), and Kendall Hills ( site 5, grassland dominated). These 

are the two sites for which ground measurements were _ made preceding (in June) and 

following (in September) the Monsoon '90 July-August intensive campaign. The 

METFLUX towers at sites 1 and 5 were re-activated at the end of 1990, and provided the 

data for the current study. The METFL UX towers provided measurements of net 

radiation, soil heat flux, air temperature at 2 and 9 m, windspeed and direction, and 
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relative humidity. At five of the towers, the sensible heat flux was measured using a 

vertical propeller anemometer and a fine wire thermocouple; latent flux was computed as 

an energy balance residual. In addition, two high 2 m eddy-covariance tripods were 

rotated between several of the sites; the longest period of contiguous data (24 days) were 

collected at site 1. The eddy covariance tripods provided independent measurements of all 

four components of the surface energy budget. Finally, at site 1 and site 5, 2 m high 

Bowen ratio tripods were operated (Stannard 1994 ). 

The Monsoon 90 experiment lasted 32 days and focused on using both ground

based and remotely sensed data to estimate spatial distributions of surface energy fluxes 

at the watershed scale, and on developing and testing models which use remotely sensed 

data for comparison with observations (Kustas and Goodrich 1994a ). Modeling efforts 

focused on short term, spatially distributed estimates of latent energy fluxes. These 

results were compared with "ground truth" from the spatially distributed array of 

METFLUX stations in the basin (Kustas, et al. 1994b). 

The model employed used measurements of incoming shortwave radiation coupled 

with remotely sensed estimates of surface temperature and relative humidity to estimate 

net radiation. Soil heat flux was deduced to be a variable fraction of the net radiation. 

Sensible heat flux was estimated using a single layer aerodynamic resistance, remotely 

sensed surface temperature, and air temperature in a single-layer diffusive model (Kustas, 

et al. 1994b ). 
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The model computed latent heat flux as the residual of the other three modeled 

components, and model predictions at two different grid sizes were compared with 

METFL UX observations for three days with contrasting conditions (Kustas, et al. 

1994b ). At a model pixel size of 0.2 km, average difference between model predictions 

and METFL UX observations for the three days were 5% for net radiation, 20% for soil 

heat flux and sensible heat flux, and 15% for latent energy flux (Kustas, et al. 1994b ). The 

reason hypothesized for the better agreement between observations and modeled latent 

flux was compensating errors in the energy balance equation caused by model 

underestimation of sensible heat and overestimation of ground heat flux (Kustas, et al. 

1994b ). The model was fo~d to be highly sensitive to variations in important model 

parameters such as the roughness lengths for heat and momentum transfer. This 

sensitivity, acting in concert with the spatial variation in these parameters, complicates 

model prediction of areal energy fluxes, and provides the impetus for further study of the 

role of remotely sensed data for purposes of predicting spatially variable fluxes. 

Moran et al. ( 1994) reported that remotely sensed estimates of latent fluxes yielded 

mean absolute differences of 40 W m-2 and 76 W m-2
, between model-predicted residual 

latent heat flux and METFL UX tower measured LE, using two different models for 

computing sensible heat flux using remotely sensed data as inputs (Moran et al. 1994 ). 

This difference is significant, and is attributed to inaccuracies in the METFL UX data on 

the one hand, and to cumulative errors in remotely sensed estimates of net radiation, 
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sensible and soil heat fluxes on the other. The comparison is further compromised because 

remote estimates tend to provide spatial averages, while the METFL UX data provides a 

point measurements (Moran et al. 1994). 

Perhaps most relevant to the current study were intercomparisons between 

observations provided by different flux measurement techniques, specifically, concurrent 

measurements of sensible and latent heat fluxes. Comparisons between direct method and 

residual method eddy covariance for latent heat flux were performed. For sensible heat 

flux, Stannard ( 1994 ), reports that the residual data were generally of smaller magnitude 

than the direct method data. The difference is greatest at site 5, where the slope of the 

least-squares regression line was O. 71, with direct data on the horizontal axis. At site one, 

a temporal trend in the slope of the regression line was observed. Direct method and 

residual method observations agreed well in June (slope of0.96), but differed significantly 

in July and August (slope of 0.72). This behavior is attributed to the differing source 

areas of the instruments; the direct· method eddy covariance tripod was installed at a 

height of two meters, whereas the propeller and thermocouple used for the residual 

method were mounted at a height of nine meters. The residual method's larger source area 

included denser vegetation in valley bottoms. However, differences due to the denser 

vegetation in the source area of the residual method instruments were unimportant in 

June, because the vegetation was assumed to be dormant due to the hot, dry conditions. 

During July and August, following monsoon precipitation, the vegetation had leafed out, 
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and the differing fluxes observed were presumed due to the presence of denser vegetation 

within the source area of the residual instruments (Stannard 1994 ). The denser vegetation 

in channel bottoms was assumed to partition more of the available energy to latent heat 

than to sensible heat in comparison to the sparse hilltop vegetation. Although the sensible 

heat fluxes differed notably between the two systems, the latent heat fluxes were of quite 

similarmagnitudeduringthe July-August period (slope ofregressionline0.98). 

Significant differences were also observed at site 6, for which the slope of the 

regression line for sensible heat flux was 0.80, and for latent heat flux was 1.29 (again with 

direct method data on the horizontal axis). This corresponds to a significantly smaller 

sensible heat and ·therefore correspondingly larger latent heat flux, as measured by the 

residual method. These discrepancies were attributed to predominance of non-horizontal 

mean winds at site 6 (Stannard 1994 ). 

Site 5 offered the only opportunity for intercomparison of fluxes measured using 

the residual method and the Bowen ratio, since this was the only site at which the two 

sensors were collocated. These comparisons indicated that the residual method again 

yielded significantly lower sensible and higher latent heat fluxes than the Bowen ratio 

system. This was evident in a plot of evaporative fraction ('A.EI [ .R,, + G]) for the residual 

method versus the Bowen ratio data, for which all of the points fell above the line of unit 

slope. Again, these differences were attributed to different vegetation characteristics in the 



50 

source areas of the two instruments, since the Bowen ratio tripod was 2 m high, 

compared to the 9 m installation of residual method equipment. 

Kustas, et al. ( 1994c) compared sensible heat flux derived from the variance 

technique with the eddy covariance results at site 1 for 402 hourly measurements. In 

addition, he compared the residual latent heat flux computed using the two different 

estimates of sensible heat. The sensible heat flux agreed well between the two techniques, 

with a root mean square error (RMSE) of 27 W m-2
, and a bias of only 7 W m-2

. The 

residual latent heat flux displayed poorer agreement, with a RMSE of about 50 W m-2
, 

and a bias of 18 W m-2
. Kustas attributes the poorer agreement between latent heat 

estimates to uncertainties in available energy due to the large spatial hetereogeneity of 

ground heat flux, coupled with the fact that net radiation and ground heat flux are 

essentially point measurements, whereas latent heat is averaged over instrumental fetch. 

Kustas concludes that the variance residual technique provides a suitable means of 

determining latent energy flux during unstable conditions, because the differences between 

the direct eddy covariance system and the eddy covariance residual technique were of 

comparable magnitude to the differences between the eddy covariance and the variance 

residual techniques. 

For a brief period, the Monsoon 90 experiment provided many different means of 

characterizing spatially variable surface energy fluxes using both remotely sensed data and 

ground observations. Comparisons between flux observations obtained using different 
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techniques highlighted the degree to which various methods may differ in results. 

Differences were attributed primarily to differing vegetation characteristics in the different 

source areas of instruments operated at different heights above the surface. These 

differences agree with the observed underestimation of sensible heat fluxes during 1992 

by the propeller anemometers at sites 1 and 5 that were used in the present study. 

Modeling efforts showed that spatially distributed estimation of latent energy fluxes 

is possible, although complicated by high spatial variability in key model parameters. 

Nonetheless, the study was biased toward brief efforts of intense activity to model 

spatial variability, with much less focus on long term temporal characterization. This 

provides the impetus for further study of latent energy fluxes over longer time periods, 

with less emphasis on spatial variability, but more emphasis on description of seasonal 

trends and explanation of the environmental factors that influencethem. 

1.8 San Luis Valley study 

Stannard (1993) conducted a study in the San Luis Valley of Colorado from 1985 to 

1988 (Stannard 1993). The San Luis Valley, a high elevation semi-arid environment, is 

bounded by the San Juan and Sangre de Cristo Mountains. Precipitation ranges from 180 

mm on the valley floor to 750 mm in the surrounding mountains; almost all of the 

precipitation which falls in the basin is returned to the atmosphere as evapotranspiration 

(Stannard 1993). , 
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Net radiation, soil heat flux, and sensible and latent heat fluxes were each 

independently measured during the study. Sensible and latent heat fluxes were measured 

using eddy covariance: one dimensional sonic anemometers were operated in concert with 

either a lyman-alpha or krypton hygrometer, and a fine wire thermocouple (Stannard 

1993 ). Due to very small or zero measured values of LE at night, and problematic 

measurements during stable conditions, essentially all nighttime data was ignored. The 

daytime data was divided into two sets of alternate days, one of which was used for 

-
calibration of three different models, the other of which was used for model testing. The 

models studied were the Penman-Monteith, Shuttleworth-Wallace, and Priestley-Taylor 

(Stannard 1993 ). 

The Penman-Monteith model was implemented with a stomatal resistance which 

varied as a function of leaf area index, solar radiation, and vapor pressure deficit. The 

model for stomatal resistance was calibrated using non-linear regression. Model results 

were not significantly improved by using functions for temperature and soil moisture 

deficit (Stannard 1993 ). 

The Shuttleworth-Wallace model was also applied, since the big-leaf assumption 

implicit in the Penman-Monteith equation is not well satisfied by the sparse canopy of 

the study area. The same canopy bulk stomatal resistance formulation as used in the 

Penman-Monteith equation was used in the Shuttleworth-Wallace formulation. Soil 
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surface resistance was computed to increase in direct proportion to the cumulative 

amount of water evaporated after a rainfall event (Stannard 1993). 

In addition to the aforementioned formulations, the Priestley-Taylor equation was 

also used to estimate latent fluxes. Stannard found alpha to be independent of soil 

moisture in the context of his study: due to shallow water tables (0.8-1.6 m over the 

course of the study), it was deduced that the vegetation had sufficient access to moisture, 

·and therefore transpiration did not vary with surface ·soil moisture. In addition, 

formulations relating alpha to net radiation, vapor pressure deficit, leaf area index, 

temperature, and cumulative soil evaporation since rainfall were analyzed using linear 

regression. Only leaf area index and cumulative soil evaporation following rainfall were 

found to have significant effect on the value of alpha. Therefore, non-linear regression was 

used to calibrate an expression for alpha which was a function of leaf area index and the 

cumulative evaporation from the soil since rainfall events (Stannard 1993 ). 

Model parameters for all three models were selected using non-linear regression on · 

measured latent energy fluxes. Stannard found that the Penman-Monteith model yielded 

significantly inferior predictions when compared to the Shuttleworth-Wallace and 

Priestley Taylor models. Two reasons are provided for this contrast: (1) the big leaf 

assumption of the Penman-Monteith model is particularly poor during dry hot periods 

when a significant proportion of sensible heat originates from the soil. (2) the Penman

Monteith equation cannot simulate large evaporation from the soil immediately following 
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precipitation, because it is exclusively a transpiration formula. The value of R2 for the · 

Penman-Monteith model was 0.56. The Priestley-Taylor and Shuttleworth-Wallace 

models performed similarly, with R2 values for the simulation period of 0.79 and 0.78 

respectively. Both of these formulations tended to perform better after rainfall, because 

the Shuttleworth-Wallace model used a soil surface resistance which "shorts out" after 

rainfall, and the expression for the Priestley-Taylor alpha included a formulation to 

increase alpha after rainfall (Stannard 1993 ). 

Stannard's study provides another precedent to neglecting night time data, as was 

done in the present study. More importantly, the surprising success of a simple model 

such as the Priestley-Taylor in comparison to the more physically realistic Shuttleworth-

-
Wallace model provides strong motivation to further explore the use of simple models. 

1.9 Tucson Mountains Study 

Unland et al. ( 1996) conducted a study in the Tucson Mountains, a semi-arid, 

Sonoran Desert site in southeast Arizona (Unland et al 1996). Surface energy balance data 

were measured using Bowen ratio, eddy covariance, and sigma-T from May 1993 through 

June _ 1994. The site was located immediately west of the Tucson Mountains, in an 

alluvial setting, with coarse soils and typical Sonoran Desert vegetation. Annual 

precipitation over the study period was 275. mm (Unland et al. 1996). 

The Bowen ratio energy budget measurement technique provided the data for the 

largest fraction of time during the study. The eddy covariance apparatus was only fully 
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operational for a short period in the early stages of the study, and therefore direct 

comparison of the fluxes measured by the two methods was only possible for this period. 

In practice, although the Bowen ratio was operationally more reliable, its measurements 

were at times problematic due to very small humidity gradients; Bowen ratio data were 

rejected if the value of the humidity gradient was less than the resolution of the chilled 

mirror used to sample the dewpoint (Unland et al. 1996). Therefore, the calibration of the 

BA TS model utilized both eddy covariance data and Bowen ratio data, and placed more 

faith in the eddy covariance data when the latent heat flux is very low. 

Using the observed measurements of the surface energy fluxes, the BATS model 

was found to perform poorly using the default CCM2 set of parameters for semi-arid 

vegetation. Specifically, the BA TS model in general tended to underestimate the latent 

heat flux. Large latent heat fluxes during and immediately after precipitation events were 

generally overestimated, and these large fluxes decayed too quickly following a 

precipitation event (Unland et al. 1996). The BATS model was manually calibrated using 

the observed energy balance data, and a new, site-specific set of parameters was derived 

which resulted in much better model performance, which realistically portrayed the 

slower observed dry-down after precipitation events. Significant changes from the CCM2 

default set of parameters include a decrease of the minimum stomatal resistance from 200 

s m-1 in the CCM2 parameter set to 6 s m-1 for the Tucson Mountains site, and a decrease 
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of root fraction in the upper root layer from 0.8 to 0.3 (Unland et al. 1996). The BATS 

modeled fluxes were found to reliably match observations using these new parameters. 

The study conducted in the Tucson mountains provides a significant opportunity to 

assess the long-term performance of a simple model for latent energy fluxes in comparison 

to a detailed model such as BATS. In addition, it provides a significant time series of data, 

useful for examining the response of desert vegetation to soil moisture stress and 

precipitation forcing, and for deriving model parameters which reproduce these responses 

accurately. 

1.10 Summary 

In conclusion, a review of the literature provides the impetus for the implementation 

of simple models applied to semi-arid regions. The work of Stannard ( 1993) involved 

using models of simple to intermediate complexity, and showed that a simple model such 

as the Priestley-Taylor evapotranspiration model performed quite well in relationship to 

a more complex, two-layer, Shuttleworth-Wallace formulation (Stannard 1993). Few 

studies have calibrated simple models using extended data sets. Complex models, such as 

the BA TS model, show promise for modeling the surface energy balance in semi-arid 

regions, .however, this reliable performance required (in the case of Unland et al. 1996) an 

arduous manual calibration to select a set of parameters which behaved realistically. The 

large number of parameters in a complex model such as BA TS complicates (but does not 

preclude) the application of automated optimization algorithms for parameter selection. 
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Simple models typically have fewer parameters, and may be easily optimized using 

techniques such as non-linear regression, or other automated parameter selection 

algorithms. To summarize, simple models of latent energy exchange show promise for 

application to sparse vegetation in semi-arid environments, and their smaller number of 

parameters are more readily calibrated than complex models with large numbers of 

parameters. The need in this study for a simple model, straightforward to calibrate, · 

capable of predicting seasonal trends in evapotranspiration, coupled with an opportunity 

to further investigate the role of simple models in semi-arid hydrology, provides the 

impetus for the investigation conducted in this study. 
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This chapter discusses the observed Walnut Gulch surface energy flux data, and 

addresses the problem of underestimation of the sensible heat flux that results in an 

overestimation of the latent energy flux. The technique of measuring evapotranspiration 

as a residual of the surface energy balance is reviewed The reasons for concentrating on 

the sensible heat flux as the source of problematic data are presented, focusing on the 

documented limited frequency response of vertical propeller anemometers. The frequency 

correction scheme of Blanford and Gay (1992) based on work by Moore (1986) is 

presented, with the specific predictions of this correction scheme as applied to the one 

dimensional propeller eddy covariance device and the sonic eddy covariance techniques 

(Blanford and Gay 1992) (Moore 1986). An implicit assumption of the scheme used by 

the USDA-ARS in applying the correction scheme will be illustrated. Lastly, the mass 

balance is examined in concert with the energy balance, providing a means by which the 

energy balance data may be corrected to yield predictions which are more physically 

realistic. 

2.1 Walnut Gulch energy balance data 

Precipitation and evapotranspiration are the dominant moisture fluxes in semi-arid 

regions, and over a long (annual or decadal) term, these two fluxes are of similar 

magnitude. This expected similarity provides a simple first comparison when analyzing 



59 

the surface latent energy flux data for Walnut Gulch, and a basic check on their 

plausibility. The precipitation data for these study sites are supplied by the USDA-ARS 

raingagesnearest the meteorological-flux stations (gage82 near Kendall Hills, gage 83 near 

Lucky Hills); raingageswere not actually located at the metflux sites. The following table 

summarizes the results for the 1992 calendar year: 

Table 2.1 Precipitation-Evaporation Comparison: 

Site: Kendall Hills Lucky Hills * 

Precipitation (mm) 454 290 

Evapotranspiration (mm) 708 408 

*This is the comparison for days 91-291, the longest time period uninterrupted by 

missing/unreliable data. 

For the Kendall Hills site, the evapotranspiration is almost 1.6 times the 

precipitative input. For the Lucky Hills study site, the ratio is about 1.4. Because both 

sites are located on hill crests, they are both many meters above the water table 

(Breckenfeld 1993). The vegetation does not have access to deep water at either site, and 

depends on soil moisture stores replenished by precipitation for moisture. It is 

implausible for the recorded evaporation by the met-flux stations to exceed the 

precipitative input by the observed factor of around 1. 5. 
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2.2 Evaporation as an energy balance residual 

The meteorological flux stations installed at the Kendall Hills and Lucky Hills study 

sites use the residual eddy covariance system as outlined in section 1.5, to measure latent 

heat flux. The measured components of the surface energy balance are R.,,, the net 

radiation, G, the soil heat flux, and H, the sensible heat flux. 

The net radiation is measured by a REBS Q6 net radiometer, and soil heat flux is 

taken as the average of plates installed at a depth of 5 cm: one under cover, and one under 

bare soil, and corrected for the energy storage of the soil overlying the plates. 

The sensible heat flux at both Kendall and Lucky Hills is measured using eddy 

covariance: a Gill propeller anemometer installed at 9 m was used to measure vertical 

velocity, and air temperature was measured by a .075 mm chromel-constantan 

thermocouple installed at the same height. 

Of the three components of the surface energy balance which are directly measured 

by the met-flux stations, the sensible heat flux is the most problematic. Measurement of 

net radiation and soil heat flux are simple by comparison. Net radiation and soil heat are 

fluxes which vary more or less smoothly over a diurnal cycle. Both are measured by 

recording a differential voltage between two surfaces of differing temperature; this voltage 

is proportional to the differences in radiative ( or in the case of soil heat flux, conductive) 

energy input to the surfaces. This voltage varies relatively smoothly over the diurnal 

cycle. Since the energy balance requires the surface soil heat flux, it is necessary to 
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compute a correction to the flux due to the storage of energy in the soil overlying the soil 

heat flux plates. In this study, the surface soil heat flux is derived from the heat flux at 

five centimeters using the following formulation (Kustas and Daughtry 1990): 

o.os ars 
Gs= Go.os + f C(z)Ttdz 

0 

(2.2.2) 

Where: Gs is the soil heat flux at the surface, G0_05 the soil heat flux measured at 5 cm, 

C(z) is the volumetric heat capacity (J m-3 °K-1
), Ts is the soil temperature measured 

between the plate and ground surface (°C). The heat capacity, C(z ), is evaluated as 

weighted average of the heat capacities for soil, organic matter, and water, using the soil 

fraction, organic matter fraction, and the volumetric soil moisture as weights. The soil 

temperature measured at 2.5 cm was used to compute the rate of change of soil 

temperature. 

Plots of the daily total energy fluxes measured at each of the sites measured at sites 

1 and 5 is shown in figures 2.1 and 2.2. 

While examining sources of error in the latent flux term, the sensible heat flux is the 

variable of primary interest in this study. Specifically, it hypothesized in this study that 

the overestimation of evapotranspiration in the met-flux data is caused by an 

underestimation of the sensible heat flux by the propeller eddy covariance system. 

There are several reasons for focusing on the sensible heat flux. First, as previously 

stated, measurement of net radiation and soil heat flux are simpler in principle and easier 
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in practice, since they involve measuring quantities which vary smoothly over a diurnal 

cycle. Second, substantial variations in the sensible heat flux observed by different 

techniques, using a variety of instruments deployed at several heights was observed 

during the Monsoon '90 experiment, as outlined in section 1. 7, highlighting the 

problematic nature of sensible heat measurement. 

Third, although fluxes measured at the two Walnut Gulch sites are not expected to 

be equal, because of their close proximity, they should be highly correlated. Table 2.2 

summarizes the correlation between individual daily total fluxes at each of the station~: 

Table 2.2 Flux correlation between sites 

Flux Component Coefficient of Determination (r2) 

Net Radiation 0.93 

Ground Heat 0.87 

Sensible Heat 0.69 

The sensible heat displays substantial1y lower correlation between the two sites than do 

the other measured fluxes. 

Frequent measurement of zero sensible heat flux during stable conditions is the final 

and most important indicator that sensible heat flux is the likely culprit causing over

estimation of latent heat flux. A typical sensible heat diurnal cycle is shown in figure 2.3, 

clearly registering negligible sensible heat at night. This indicates that the vertical propeller 

anemometer essentially stalls under conditions of stability and correspondingly low 
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vertical wind velocity. Because net radiation and ground heat flux are frequently small and 

negativeduringthe night, the computed night time latent flux is negative. Negative latent 

heat flux during conditions for which the atmosphere is not at saturation or near 

saturation is unphysical. Because of the consistent night time small or zero sensible heat, 

and corresponding negative latent heat, daily and yearly evaporation totals reported 

hereafter neglect night time data, assuming the daytime flux to adequately characterize the 

daily total. 

2.3 Propeller Anemometer Frequency Response 

The limited frequency response of propeller anemometer based eddy covanance 

systems for sensible heat flux measurement is well documented. McNeil and Shuttleworth 

(1975) reported that an eddy covariance device systematically registered an average of 

24% less sensible heat than a Bowen ratio system deployed above a pine forest (McNeil 

and Shuttleworth 1975). 

More recent work by Blanford and Gay (1992) is of immediate relevance to the 

present study. They derived a correction scheme based on the frequency response of t~e 

instrument, based on work by Moore (1986), who formulated frequency response 

corrections for the Institute of Hydrology's "Hydra" eddy covariance system. The 

corrections derived by Blanford and Gay were tested at site 1 in Walnut Gulch. The 

sensible heat flux data published by the USDA-ARS implement the Blanford and Gay 

corrections. 
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Following Moore (1986), the correction, ll.H, to the "true" sensible heat fluxHtrue, is 

given by: 

(2.3.1) 

where Sweis the atmospheric co-spectrum of w (vertical velocity, m s- 1
), and e (potential 

temperature °K), at frequency n (Hz). Moore provides empirical functions for Swe based 

on fits to data from boundary layer experiments in Kansas and Minnesota (Moore 1986). 

T we is the instrumental co-spectral transfer as a function of transport frequency. This is a 

product of individual transfer functions which vary between zero and unity, given by: 

(2.3.2) 

where Ts is the transfer function due to vertical separation between wind and temperature 

sensors, Twp is the transfer function associated with averaging the vertical velocity over a 

path oflengthp (m), G0 is the frequency response of the fine-wire thermocouple, and Gw 

is the frequency · response of the propeller anemometer. 

Noting that the observed sensible heat fluxH0 bs may be expressed as H1rue - ll.H, and 

substituting into equation 2.3.1, the fraction of the "true" sensible heat measured by the 

instrument is: 
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00 

Hoos fo T »(J (n)Sw6 (n)dn 
--== 

00 

Jo Swe(n)dn Htrue 
(2.3.3) 

Dividing [Hobs,prop I H1rue] by [Hobs, sonic I H1rue], the following expression is obtained: 

. 00 

H prop Jo Twa, prop( n )S »(J ( n )dn 

Hsonic r
00 

Twa sonic{n)Sw0 (n)dn Jo , 

(2.3.4) 

The above expression may be evaluated using specific transfer functions for path-

averaging, instrument response, and vertical separation as given by Moore (1986). Two 

different functions were employed by Blanford and Gay for the atmospheric co-spectrum 

of sensible heat, each specific to stable or unstable conditions. They used the results to 

assess the performance of the METFL UX propeller-based eddy covariance system in 

comparison to a sonic-anemometer based system during the Monsoon '90 campaign. 

Blanford and Gay obtained the following prediction for the relative performance of 

the propeller-based and sonic anemometer based eddy covariance systems compared in 

their study: 

H prop == {0.74 
Hsonic 0.91 

Stable 

Unstable 
(2.3.5) 

This result was compared to field measurements conducted at the University of 

Arizona Experimental Farm, in addition to five days of concurrent measurement with the 

two systems at site 1 during Monsoon '90. The latter results are most relevant in the 

context of the present study. 
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Table 2.3 Propeller-Sonic eddy covariance comparison 

Conditions Measured Hproi/Hsonic Predicted Hproi/Hsonic 

Stable 0.50 0.74 

Unstable 0.89 0.91 

The perfonnance of the propeller-based system is poor during stable conditions, in 

agreement with the 1992 observations. However, the system apparently behaved 

admirably during unstable conditions, in conflict with the underestimation of sensible heat 

in the 1992 data. 

It should be noted that the correction factors applied to the sensible heat flux data 

by the USDA-ARS are simply the inverse of the predicted ratio of propeller and sonic 

sensible heat: [Hprop I Hsonicr
1
. Implicit in applying this correction is the assumption that 

the sonic anemometer is a perfect instrument (i.e. it completely characterizes the_ sensible 

heat transport across the full range of transfer frequencies). Formally, the correction 

which should be applied is given by the inverse of equation (2.3.3), as follows: 

- [H prop ]-1 - [Jooo T Ml, prop (n)Swa (n)dnl-1 
Hcorr-HobsH -Hobs oo 

true Jo Swa { n )dn 
(2.3.6) 

2.4 Monsoon '90 Mass and Energy Balance ET estimates 

The availability of rainfall and runoff records from the USDA-ARS watershed 

accompanying the energy balance data provides an opportunity to compare the mass 
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balance and energy balance evaporation estimates. Given soil moisture measurements, 

runoff data, and precipitation data, the mass balance estimate for evaporation may be 

computed as: ET = P - RO - ASM, where precipitation, runoff, and soil moisture are 

expressed as millimeter equivalents. 

Precipitation data were obtained from gage 83, near the Lucky Hills METFLUX 

station, and gage 82, near the Kendall Hills site. Runoff data were provided by flume 

63102, near the Lucky Hills site, and flume 63112, near the Kendall Hills site. These are 

the flumes draining the smallest subwatersheds near the METFL UX stations. Flume 

63102 drains an area of 17479 m2
, and flume 63112 drains an area of 19145 m2

. 

Volumetric runoff was divided by these areas to provide millimeter equivalents. 

Soil moisture data were recorded using TDR instruments on an approximately bi

weekly basis during 1992 (the time frame of focus for the present study), and more 

frequently during Monsoon '90 (readings 6/28/90, 7/12/90, and daily readings from 

7/17/90 - 8/21/90). At Lucky Hills, soil moisture was measured in six different trenches, 

at depths ranging from 5 cm to 54 cm. At Kendall Hills, soil moisture was measured in 

two different locations: on a north-facing hillslope, protected from grazing, and a south

facing location, exposed to grazing. The data considered for the mass balance reported 

hereafter were taken from the north-facing exclosure. Within the north exclosure, 

measurements were taken in six trenches, with depths rangingfrom 5 to 75 cm. TDR soil 

moisture was reported volumetrically ( cm3 /cm3). 
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For use in the mass balance, TDR readings taken at the same depth in different 

trenches were averaged. To convert from a volumetric reading to a depth equivalent, 

readings taken at individual depths were summed as a depth-weighted average. The top-

most probe's volumetric reading was averaged over the distance from the surface to the 

mid-point between the top-most probe and the probe immediately below. Probes beneath 

were multiplied by the distance from the midpoint between the probe of consideration 

and the probe above, to the midpoint between the probe of consideration and the probe 

below. The reading of the deepest probe was only averaged over the distance from the 

probe itself to the mid-point between it and the probe above, to avoid weighting its 

reading too heavily. 

The energy balance data from the propeller eddy covariance system were integrated 

over the Monsoon '90 experiment, neglecting night time data, and the totals compared 

with the mass balance estimate obtained from the precipitation, runoff: and soil moisture: 

Table 2.3 Monsoon '90 mass/energy balance ET comparison 

Component Kendall Hills Lucky Hills 
DOY 202/90- 223/90 DOY 200/90- 227/90 

Precipitation (mm) 43.9 108.9 
Runoff(mm) 0 23.7 

ASM(mm) -19.6 16.1 

mass balance ET (mm) 63.5 69.1 

energy balance ET (mm) 67.1 65.2 
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The mass balance and energy balance estimates of evapotranspiration agree within 

five percent during the Monsoon '90 campaign, suggesting that the propeller eddy 

covariance system performed satisfactorily during the experiment. 

2.5 1992 Mass and Energy Balance ET estimates 

As of the time of this writing, runoff data for the 1992 calendar year for the flumes 

of interest in Walnut Gulch is not available. However, runoff comprises only a very small 

component of the annual water balance; precipitation and soil moisture change are the 

variables of dominant interest for mass balance estimation of evaporation in this semi-arid 

environment. Therefore a value for runoff was judiciously estimated, using average 

fractions of runoff to rainfall for the small subwatersheds of interest, over the 12 years 

(1963-1975) for which on-line data are available for Kendall Hills, and the 14 years (1963-

1977) for Lucky Hills. 

For the period of data available, essentially all of runoff from these small 

subwatersheds occurs during the monsoon season: 

Table 2.4 Runoff fraction during monsoon 

Site Fraction of annual runoff 
occurring between DOY 180-280 

Kendall Hills 0.997 
1963-1975 

Lucky Hills 0.949 
1963-1977 
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Because almost all of the runoff for these subwatersheds occurs between DOY 180-280, 

the average fraction of runoff to precipitation during this time frame was computed over 

the period of available record. This average fraction was then multiplied by the total 

precipitation between DOY 180/1992-280/1992 to obtain a guess for the runoff during 

1992, for use in obtaining a mass-balance estimate of evaporation. 

Table 2.5 Average runofl7rainfall ratios 

Site Runoff/Precip DOY 180-280 

Kendall Hills 0.08 
1963-1975 

Lucky Hills 0.10 
1963-1977 

The above fractions were multiplied by the precipitation occurring in the 180-280 

time frame for 1992 to obtain a runoff estimate, and a subsequent mass balance ET 

estimate for 1992. Because of the small magnitude of the runoff, errors caused by this 

judicious estimation process should not significantly compromise the mass balance. 

It should be noted that the mass balance for the Lucky Hills site was conducted for 

a time interval spanning DOY 91/1992 - 291/1992, due to the presence of missing and 

unreliable data. Examining figure 2.2, two intervals spanning a total of 33 days of zero 

latent heat flux are due to missing sensible heat, and a resultant inability to compute latent 

heat flux. In addition, examining the time frame immediately before and after DOY 

300/1992 for Lucky Hills, a sharp dip is observed, resulting in unphysical negative 

evaporation readings, followed by a sharp increase, unaccompanied by a large 
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precipitation event. Due to the missing data and the aforementioned irregularities, the 

Lucky Hills mass/energy balance comparison is constrained to the DOY 91-291 time 

frame. 

Table 2.6 1992 mass/energy balance ET comparison 

Component Kendall Hills Lucky Hills 
DOY 91-291 

Annual Precipitation (mm) 454 450 
Precipitation (mm) 217 241 

DOY 180-280 
Average Runoff/Precip 0.08 0.10 

DOY 180-280 
Runoff estimate (mm) 17 24 

~SM(mm) -62 -23 

mass balance ET (mm) 499 318 
energy balance ET (mm) 709 408 

The energy balance estimates of evaporation exceed the mass balance estimates by a 

factor of 1.42 for Kendall Hills, and by a factor of 1.28 for Lucky Hills. These 

observations illustrate the problem of energy balance over-estimation of the latent heat 

flux. 

2.6 Residual latent flux using variance sensible heat 

Estimates of the sensible heat flux from the variance method are available, using the 

air temperature measured at heights of 4 m and 9 m. The variance sensible heat flux 

provides an alternate estimate of latent heat flux as a residual. Unlike the results obtained 

by Kustas, et al., during Monsoon '90 and outlined in section 1.7, the variance estimates 
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of latent heat flux during 1992 compare poorly to the eddy covariance based results on an 

annual time scale: 

Table 2.7 1992 Variance-residual latent fluxes 

Site ET ( 4 m residual) ET (9 m residual) Mass balance estimate 
(mm) (mm) (mm) 

Kendall Hills 511 205 499 
Lucky Hills 335 (-170) 449 

The variance sensible heat flux measured at 9 m significantly overestimates the 

sensible heat flux, resulting in an annual evaporation that is only half the mass balance 

estimate for Kendall Hills. The overestimation is so severe for the Lucky Hills site that 

the net integrated latent flux is negative. 

The variance estimates from the air temperature measured at 4 m are of similar 

magnitude to the mass balance estimates, especially for Kendall Hills. The 4 m variance 

data for the Lucky Hills site manifest a significant overestimation of sensible heat flux, 

resulting in an underestimation of the evaporation relative to the mass balance prediction. 

2.7 Mass balance adjustments of eddy covariance sensible heat flux 

The goal of calibrating a simple model for use in determining evaporative flux on a 

seasonal or annual time scale requires a long time series of latent flux data, which provides 

a physically realistic "picture" of the behavior of the latent heat flux. Because of the 

discrepancies in both the eddy covariance residual and the variance residual estimates of 

evaporation, neither data set provides an excellent basis for model calibration, in light of 
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their disagreement with the mass balance. However, they represent the longest time series 

of evaporation data available for local (SE Arizona) watersheds. 

To compromise the need for an extended data set with the need for physically 

plausible results, the eddy covariance data were adjusted to yield better agreement with 

the mass balance. This was accomplished by simply increasing the sensible heat 

correction factors above the values predicted by Blanford and Gay, until reasonably close 

agreement with the mass balance was achieved. The results of this adjustment are 

summarized in tables 2.8 and 2.9, and in figures 2.4 - 2.7. 

Table 2.8 Corrected energy balance latent fluxes 

Site Corrected Latent Flux (mm) Mass Balance ET (mm) 
Kendall Hills 507 499 
Lucky Hills* 318 318 

*DOY 91-291 

The modified correction factors, summarized in table 2. 9, were selected such that 

the corrected yearly total latent flux most closely matched the mass balance estimate, 

without causing unrealistic negative net daily evaporations. 

Table 2.9 Mass balance based sensible heat correction factors 

Correction Kendall Hills Lucky Hills 
Factor 

Blanford& 1.1 1.1 
Gay 

Mass balance 1.54 1.34 

The mass balance suggests a correction factor which exceeds the frequency 

integrated correction factor of Blanford and Gay by 40% for Kendall Hills and by 22% 
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for Lucky Hills. The correction factors which evidently performed quite well during the 

short term Monsoon '90 field campaign, did not perform adequately on a long-term basis 

in 1992. 

Applying a correction factor which adjusts hourly sensible heat flux data on the 

basis of an annual mass balance is not without problems. Examining figure 2. 8, it is 

evident that the increased adjustment factor yields a latent heat flux which is negative 

when integrated over the course of the DOY 323/1992 at Lucky Hills, which is unrealistic 

due to the dry atmosphere on the day of interest. When the correction scheme yields a 

negative daily total latent energy flux, the value was set to zero. It should be noted that 

the latent heat flux as reported by the ARS (with the Blanford and Gay correction 

applied), is essentially zero as integrated over the diurnal cycle. Therefore, the increased 

adjustment factor does not cause significant problems beyond the measured data as 

corrected using the Blanford and Gay scheme, insofar as it is realistic or possible to 

measure such small fluxes using the residual technique at all. 

Another issue which bears examination is the behavior of the mass balance 

correction factor as a function of time. Toward this end, the mass balance based 

adjustment factor was computed on the finest time resolution possible: the increment 

between soil moisture readings. The mass balance evaporation estimate was derived using 

precipitation and change in soil moisture between individual TDR readings (neglecting 

runoff since small, and unavailable), and the sensible heat adjustment factor which best 
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matched the mass balance estimate was computed. The results of this analysis are 

presented in figures 2.9a and 2.9b. Data points which are not connected are indicative of 

missing TDR data, or a nonsensical mass balance (i.e., soil moisture increase 

unaccompanied by precipitation). 

The adjustment factor does not have a clear temporal trend. There is no clear 

evidence that it increases to a peak, and then drops to one on a periodic basis, as might be 

expected if the vertical anemometer behaved more poorly as its bearings deteriorated 

between replacements, for instance. In order to remain consistent with the approach 

followed by Blanford and Gay of a single correction factor, applied to hourly sensible 

heat data, the single, annual mass balance based correction factor was implemented to 

correct the sensible heat data. 

2.8 Soil moisture based adjustment factor 

A second means of deriving an adjustment factor for the sensible heat flux is by 

comparison of measured soil moisture with that predicted by the energy balance. 

Assuming that there is no recharge, and that runoff is insignificant, the soil moisture may 

be computed as: SM(t) = SM0 + f (P - LE) dt, where SM0 is an initial soil moisture 

measurement, P is precipitation and LE is the energy balance measured latent flux, all in 

millimeters. This is the means by which soil moisture is computed in the model ( with 

measured latent flux replaced by modeled latent flux) used in this study, to be discussed 

later in further detail. 
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To the extent that this is a valid approximation applicable for soil moisture 

accounting, an adjustment factor may be derived which yields the best agreement between 

the measured soil moisture and the energy balance predictions. This was accomplished by 

selecting a factor which minimizes the root mean squared error between the TDR

measured soil moisture and the energy balance predicted soil moisture on days of soil 

moisture measurement. Plots of the RMSE versus the adjustment factors are shown in 

figures 2.10 and 2.11, and the resulting energy balance soil moisture with soil moisture 

measurements are shown in figures 2.12 and 2.13. 

As is evident by comparing figures 2.11 and 2.13, the energy balance computed soil 

moisture much more closely matches the TDR measurements for Kendall Hills than for 

Lucky Hills. Note again that the energy balance data for Lucky Hills range from DOY 91-

291, the longest span uninterrupted by missing data. There are several possible 

explanations for this observation. The first is that the energy balance evaporation data for 

Lucky Hills are simply not as accurate as those for Kendall Hills, which is given credence 

by the strange unrealistic behavior of the Lucky Hills data immediately surrounding DOY 

300, as previously discussed. The second possibility is that the assumptions implicit in 

computing the soil moisture based on accumulated precipitation and evaporation, are 

better met by the Kendall site. This is conceivable because the vegetation at the Kendall 

site, primarily grasslands, may not access soil moisture as deeply as the vegetation at the 

Lucky Hills site, primarily shrubland. The mesquite which are predominant at Lucky 
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Hills are known to access soil moisture to depths of several meters. Therefore the 

assumption that the soil moisture exchange is adequately characterized by readings taken 

to a depth of only 50 cm at Lucky Hills may be poor. 

Table 2.10 Soil-moisture based correction factor 

Correction Kendall Hills Lucky Hills 
Factor (DOY 91-291) 

Mass balance 1.54 1.34 
Soil Moisture 1.47 1.38 

It should be noted that while figure 2.12 shows that the correction factor for which 

the RMSE is minimized for the Lucky Hills site is 1.32, this correction factor causes the 

energy balance predicted soil moisture to become negative. The reported correction factor 

is the minimum RMSE for which the energy balance soil moisture prediction does not 

become negative. 

Table 2.11 Soil moisture based flux comparison 

Site Soil moisture corrected flux Mass Balance ET (mm) 
(mm) 

Kendall Hills 537 499 
Lucky Hills* 304 318 

*DOY 91-291 
While the soil moisture accounting clearly does not exhibit similar results between 

the two sites, the fact that the correction factors derived from the soil-moisture 

accounting are so similar to those derived from the mass-balance is encouraging. Although 

this agreement may in fact be purely coincidental, the similarity lends credence to validity 

of the soil-moisture accounting method. 
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2.9 Summary 

Measurement of surface energy fluxes for long periods of time in harsh semi-arid 

environments creates difficulty and forces compromises. The propeller anemometers 

implemented in the Walnut Gulch watershed are robust devices that are not fraught with 

instrumental power requirements, as are direct eddy covariance systems; nor the 

problems of freezing that plague mirror hygrometer Bowen ratio instruments. The 

propeller anemometer eddy covariance systems are therefore well-suited for deployment 

in a harsh environment where more expensive equipment requires more frequent attention. 

It is important to realize that the propeller anemometers do represent a compromise 

in terms of data quality. Their limited frequency response has been documented in the 

literature, and correction schemes for frequency response limitations demonstrated a 

remarkable measure of success during short-term experiments such as Monsoon '90. This 

success notwithstanding, the frequency corrections of Blanford and Gay have yet to be 

proven over a long time period; as applied to the data used in this study, they proved 

inadequate. 

The 1992 time series which are available from the Walnut Gulch watershed are the 

most extensive uninterrupted time series for any watershed in Southeast Arizona, and 

therefore are a valuable resource for study of evapotranspiration in this semi-arid 

environment. Adjustments to these data based on mass balance evaporation estimates, 

and on soil moisture observations yield predictions which are physically more plausible, 
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but not without problems (negative daily total latent heat fluxes and poorly matched soil 

moisture at Lucky Hills). As long as these problems are recognized, and the uncertainties 

which they produce in conclusions drawn from these data are acknowledged, the corrected 

data may contain valuable information regarding the process of evaporation at these semi

arid sites. Consequently, these data will be used, with due caution and note of their 

shortcomings, as the basis for calibrating a simple model of evapotranspiration used in the 

present study. 
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Kendall Hills Surface Fluxes 1992 
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Figure 2.1 Kendall Hills fluxes 1992 



Lucky Hills Surface Fluxes 1992 
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Figure 2.2 Lucky Hills surface fluxes 1992 
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Figure 2.3 Propeller stalling at night, Kendall Hills 1992 



Kendall Hills 1992 
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Figure 2.4 Measured and adjusted sensible heat fluxes, Kendall 1992 
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Figure 2.5 Measured and adjusted latent heat fluxes, Kendall 1992 
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Lucky Hills 1992 
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Figure 2.6 Measured and adjusted sensible heat fluxes, Lucky 1992 
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Figure 2.7 Measured and adjusted latent heat fluxes, Lucky 1992 
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Figure 2.12 Lucky Hills soil moisture-based correction factor 

Lucky TDR and Energy Balance Soil Water 
120r-----------.-------------.------------.-----------.----------------------r------------------------

1 OO I ±_ ~R~gy Balanc~ 

e so++ ++ 
.s + + 
Q) ... 
:, 
1iS 60 
·5 
~ 

·o 
w 40 

20 

+ 
+ + 

+ ++ 

+ 

+ 

O.__---------'-----------L-------------.__----~....L---------_._----------L------------_._--------~ 
0 50 100 150 200 250 300 350 400 

Day of Year 
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Chapter 3 

Model Development and Optimization 

This chapter outlines the structure of the two simple evapotranspiration models 

employed in this study, a Penman-Monteith based evapotranspiration model, and a 

modified Priestley-Taylor radiation based evaporation model. The formulations which 

provide inputs to the main model are described (for example, the formulations for zero 

plane displacement and roughness length which are input into the Penman-¥onteith 

model for computing aerodynamic resistance). The parameter values which are supplied 

by the sub-models, or identified from physical characteristics (for example, mean 

vegetation height) will be described and discussed. The optimization techniques which 

were implemented for selection of process parameters which are not otherwise estimable 

are described. The results of the parameter estimation process will be presented, 

discussing the values of the parameters which were selected by the optimization- process. 

Finally, the assumptions implicit in the choice of objective function used for 

optimization, and the number of optimization trials necessary for reasonable probability 

of success will be assessed. 

3.1 Priestley-Taylor Model Development 

The modified Priestley-Taylor equation as developed by Davies and Allen (1973), 

and discussed in section 1.2, uses a function for the Priestley-Taylor alpha ( equation 
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1.2.3) which allows for reduction of evaporation under conditions of soil moisture stress. 

This investigation uses a slightly different form of ( 1.2.3 ), as follows: 

[ {
SM0 -SM}] a=al-exp b (3.1.1) 

where a and b are parameters, SM0 is the wilting point (mm), the value of soil moisture at 

which evaporation essentially ceases. SM is the model-computed surface soil moisture, 

computed by both the Priestley-Taylor and Penman-Monteith models as outlined in 

section 2.8. The difference between the formulation of Davies and Allen (equation 1.2.3), 

and the function given in 3 .1.1 is the use of a wilting point parameter. As the soil 

moisture approaches the wilting point, the evaporation approaches zero as the 

exponential term approaches one. The use of a wilting point parameter is necessary to 

approximate the strong dry down under conditions of extreme soil water stress in semi-

arid environments. This is different from the form in 1.2.3, wherein alpha approaches a 

maximum as soil moisture approaches the field capacity, and a strong dry-down is not 

produced unless the soil moisture is essentially zero. 

3.2 Penman-Monteith based model development 

As discussed in section 1.1, the "big leaf' assumption implicit in application of the 

Penman-Monteith equation to canopies is poorly satisfied by sparse canopies under 

certain conditions. Specifically, during hot dry periods, significant proportions of the 

sensible heat flux originate from the hot soil. The big leaf model assumes that all the 
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sensible heat originates from the canopy. In addition, immediately after rainfall, 

evaporation directly from the soil surface is significant. The model utilized in this study 

attempts to incorporate evaporation from the soil and soil surface using an empirical 

equation for soil I surface evaporation. Total latent energy flux is then: 

(3.2.1) 

where E1 is the total latent flux, Epm is the transpiration as computed by the Penman

Monteith model given by (1.1.4), and Ess is the soil/surface evaporation as computed by 

an empirical model which is discussed in detail in a later section. 

The Penman-Monteith equation, which models transpiration from the canopy, 

requires several inputs which describe the aerodynamic properties of the canopy. 

Calculation of the aerodynamic resistance requires a means of estimating the roughness 

length zo,M and zero plane displacement d. Shaw and Pereira (1982) computed these 

aerodynamic parameters using a numerical model that involved a second-order turbulent 

closure. They indicated that the higher-order closure scheme provided superior results 

within the canopy than did gradient-diffusion models, and the data from their numerical 

simulations contributed several curves relating zo,M and d to canopy density as 

represented through leaf-areaindex(Shaw and Pereira 1982). 

Choudhury and Monteith (1988) fit functions to the numerical data of Shaw and 

Pereira; these functions were used to estimate zo,M and d for utilization in the Penman

Monteith equation in this study: 
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where 

{

Zo,s + 0.3hX0.5 
ZoM = 

' 0.3h(I-dlh) 

o~ X s 0.2 

0.2 < X s 1.5 

d = l. lh In ( 1 + X o.2s ) 
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(3.2.2) 

(3.2.3) 

(3.2.4) 

h is the mean vegetation height (m), zo,s is the soil roughness length (m), X is the 

dimensionless product of the drag coefficient cd and L, the leaf area index. 

In addition to aerodynamic properties, the Penman-Monteith model requires a 

parameterization of the control exerted by canopy stomata on transpiration in response 

to environmental factors such as temperature, solar radiation, and most importantly for 

this semi-arid environment, soil moisture. The influences of these factors are commonly 

represented using a product of individual stomata! conductance response functions, as 

given by (1.1.9). This study only considers the influence of soil moisture on stomatal 

conductance. Considering other environmental influences on conductance did not improve 

model agreement with observations, and in some cases worsened model results. Therefore, 

the stomata} conductance was modeled using the· following functional form: 

(3.2.5) 

where gs is the effective stomata} conductance, g0 is the stomatal conductance in 

conditions of low soil water stress, and &u is the soil moisture stress function. 
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Stewart (1988) as cited by Shuttleworth (1989) specifies the following form for the 

soil moisture stomata! conductance relationship: 

(3.2.6) 

where K is a fitting parameter, 68 is the soil moisture deficit (the difference between soil 

moisture and the soil moisture at field capacity) (mm), and f> 8m is an empirically 

determined maximum soil moisture deficit (mm). This study uses a slightly modified form 

of (2.4.3) to represent the response of vegetation to changes in soil moisture. The soil 

moisture deficit o 0 is replaced by the actual soil moisture averaged over the rooting depth, 

and 08m is replaced by the wilting point, the value of the soil moisture at which 

transpiration ceases, commonly held to be the soil moisture at which the soil capillary 

suction is -15 bars (Dickinson et al. 1993 ). The functional form follows: 

(
SM0 -SM) 

gM(SM) = 1- exp K (3.2.7) 

where SM is the soil moisture averaged over the rooting zone (mm), K is a fitting 

parameter, andSM0 is the wilting point (mm). 

In context of the present study, the stomata! conductance equations above were 

inverted and written in the form of an effective bulk stomata! resistance as follows: 

'eff = [( ) ] l-exp SM0 -SM IK 

r'.IJ 
(3.2.8) 
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where rerr is the effective bulk stomata! resistance, and r so is the minimum bulk stomata! 

resistance, the value of stomatal resistance in conditions of low soil water stress. 

Precipitation is the major forcing which drives fluxes of soil moisture, and spatially 

heterogeneous precipitation fields contribute to the extreme spatial variability of soil 

moisture in semi-arid environments. Because of the strong influence that precipitation has 

on soil moisture and fluxes thereof, an empirical treatment of the soil evaporation process 

was developed which uses precipitation as input. Faures (1990) used an exponential 

decay model to describe the evolution of soil moisture between storm events in the 

Walnut Gulch watershed. The purpose of this model was to estimate antecedent soil 

moisture for storm events which were not immediately preceded by a soil moisture 

measurement. Faures expressed volumetric soil moisture as a function of time as follows: 

(3.2.9) 

where 0(t) is volumetric soil moisture (cm3 cm-3
) , 00 is an initial soil moisture, '3sm is a 

decay constant ( and regression parameter) ( days- 1 
), and t is time in days. This empirical 

formula was regressed against TDR soil moisture observations, and provided adequate 

predictions of pre-storm soil moisture when measurements were unavailable, with an 

average R2 value of 0.99 for the three time periods on which it was calibrated (Faures 

1990). 

The representation of soil I surface evaporation used in this study is based on the 

empirical formulation of Faures. The evolution of soil moisture between storm events is 
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assumed to be governed by evaporative loss to the atmosphere. Decreases in soil moisture 

are therefore caused by evaporation from the surface soil moisture zone. Recharge of 

deeper soil moisture from the surface zone is assumed to be negligible. Therefore, the 

evaporation rate from the surface I soil may be represented by the rate of change of soil 

moisture. Thus, 

(3.2.10) 

The above equation may be simplified: 

ae - = a ·ex.I-~ t] at ft. Psm 
(3.2.11) 

If the response of a linear system to a unit impulse is represented by the function h( t), 

then J,(t), the response of the system to an arbitrary input function J(t), is the convolution 

of h(t) and l(t) as follows: 

00 

y(t) = f I( i:)h(t - i:)dt (3.2.12) 

Now the function (3.2.11) which represents the rate of change of soil moisture with time 

is treated as the impulse response of the soil moisture to rainfall. Writing (3.2.11) in a 

slightly different form, let the unit impulse response h( t): 

where f,. = a, and b = ll~sm· 

ae 
h( t) = fr · exp( -t I b) ex -at (3.2.13) 
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The evaporation signal is then obtained through the discrete convolution of the response 

function with a precipitation input: 

(3.2.14) 

where ppt(T,) is the precipitation input on day T,, fr represents a fraction of precipitation 

input to soil moisture which is evaporated immediately on the day of the precipitation 

event~ t; is the current model time index, bis an empirical decay constant (days), and i\T, is 

the model time step of one day. 

Soil moisture is a state variable in the modet and is computed at each time step as 

an initial soil moisture averaged over the rooting zone (mm), plus the cumulative 

precipitative inputs minus the cumulative evaporative outputs. Again, recharge is 

assumed to be negligible, and the soil moisture is assumed to be dominated by an exchange 

between input from precipitation and loss through evaporation and transpiration. 

3.3 Physically estimated and sub-model supplied parameters 

In order to obtain an estimate of aerodynamic resistance for use in a Penman

Monteith model, values of key aerodynamic parameters are necessary. The empirical 

formulations of Choudhury and Monteith (1988) describingthe numerical model of Shaw 

and Pereira ( 1982) yield the results for the roughness length for momentum zo,M and zero 

plane displacement d, at Kendall and Lucky Hills, summarized in table 3.1. 
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Estimates of mean vegetation height from Kustas (1994c) were used in (3.2.2) and 

(3.2.3) to compute zo.M and d. The coefficient of drag in (3.2.5) was selected to be 0.07, as 

suggested by Shuttleworth ( 1990). Leaf area index data were measured only at Kendall 

Hills during the 1992 period of study. The LAI value used for Kendall Hills was the 

yearly average of 0.27 for these data. An LAI value of unity was selected for Lucky Hills, 

based on Weltz (1995) as cited by Unland et al. (1996). Values of zo,M and d as estimated 

by fitting the theoretical neutral wind profile to wind profile data (Kustas 1994c) are 

provided for comparison. 

Table 3.1 Roughness length and zero-plane displacement 

Kendall Hills Luc Hills 

0.10 0.27 

0.04 0.12 

0.01 0.03 

0.54 0.60 

0.01 0.08 

The computed values of zero plane displacement compare poorly with the values 

estimated from the wind profile. However, the wind profile estimates have high standard 

deviations: 0.14 m for Kendall Hills, and 0.32 m for Lucky Hills. In addition, as shown in 

figure 3.1 (a plot of r a given by (1.1.9) as a function of LAI), the value of the aerodynamic 

resistance--ultimately the variable of interest as input to the Penman-Monteith equation--

is not highly sensitive to leaf area index. The lack of sensitivity of the aerodynamic 

resistance minimizes the importance of the lack of leaf area index data for Lucky Hills. 
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The computed estimates for momentum roughness length and zero plane 

displacement were used in ( 1.1. 9) to compute the numerator of the aerodynamic 

resistance. The number reported for Kendall Hills is the average of the values obtained by 

using each individual leaf area index measurement to compute the aerodynamic resistance 

numerator. The number reported for Lucky Hills assumes a leaf area index of one. 

Table 3.2 Numerator of the aerodynamic resistance 

Site Numerator of r a 

Kendall Hills 213 
Lucky Hills 156 

The value of the aerodynamic resistance numerator for Kendall Hills, the grassland site, is 

encouragingly close to the value of 208 given for the reference crop of height 0.12 m, as 

defined by Shuttleworth (1993). 

The fmal parameter which was estimated from physical data is the wilting point, 

SM0, in (3.2.8). Initially, estimation of the wilting point was attempted through 

optimization. However, the wilting point and the minimum stomata! resistance were 

found to be highly interactive parameters, and therefore not uniquely identifiable by 

optimization. Therefore, the wilting point was identified through other means, because it 

is the least sensitive parameter of the two, as shown in figure 3 .2, and therefore more 

poorly estimable using an automated optimization procedure. 

Fortunately, the wilting point is readily identified from soils data. The wilting point 

is commonly defined as the value of the soil moisture at which the suction is equal to 15 
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bars. Based on percentages of sand and clay, the soils at both Kendall Hills and Lucky 

Hills are classified as a sandy loam according to the USDA soils classification triangle. As 

given by Rawls et al. (1993), the value of soil water (cmwate/ Cintotai-
3
) averages0.095 for a 

sandy loam at a matrix potential of 15 bars. This average volumetric soil moisture was 

multiplied by the depths over which the soil moisture was averaged at Kendall Hills and 

Lucky Hills (75 cm and 50 cm, respectively) to yield the following results for the wilting 

point: 

Table 3.3 Wilting point 

Site Wilting Point (mm) 
Kendall Hills 71 
Lucky Hills 48 

In summary, the submode! and physically estimated parameters for the Penman-

Monteith formulation include d, z0./vf, r a, and SM0. The four parameters which are not 

otherwise estimable were estimated using an automated optimization algorithm. These 

four parameters are: r s0, the minimum stomata! resistance, K, the decay constant of the 

soil moisture stress function, f,., the fraction of precipitation immediately evaporated by 

the soil on the day of rainfall, and b, the decay constant for the soil evaporation function. 

3.4 Optimization methods: the objective function 

The optimization process requires selections for the optimization algorithm, a 

criterion for determining the stopping point for the algorithm, and a quantitative measure 

of the difference between observations and model output, the objective function. 
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The objective function employed in the parameter selection process was the 

commonly applied simple least squares (SLS): 

SLS = ~ n [uobserved _ LE computed ]
2 

Lit=O t t 
(3.4.1) 

where LEr°bserved is the eddy-covariance residual observed daily total latent heat flux at 

time t, and LEtomputed is the model computed daily total latent heat flux. 

The SLSobjective function is commonly applied as a curve fitting technique. When 

treated as a statistical estimator, application of SLS involves implicit assumptions 

regarding the distribution of measurement errors in the data. Sorooshian and Dracup 

(1980) developed objective functions which account for the stochastic nature of errors in 

measurement of streamflow. Their objective functions are based on maximum likelihood 

theory, and have been widely used for calibration of streamflow models. SLS is a 

maximum likelihood estimator when: ( 1) the joint probability distribution of the errors is 

normal with mean zero, and (2) the autocovariance matrix of the errors has the structure 

cr2 I, where I is the identity matrix, and the variance of the errors, cr2, is constant 

(Sorooshian and Gupta 1995). The maximum likelihood estimators objective functions of 

Sorooshian and Dracup (1980) apply in cases when measurement errors are correlated 

(non-zero off-diagonal terms in the covariance matrix), and for measurement errors that 

have non-constant variance. Maximum likelihood estimators have been shown to be 

superior to SLS for calibration of streamflow and soil moisture accounting models in a 
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number of studies. These estimators commonly yield parameter estimates which produce 

significantly improved model results during forecast than do SLS estimates. 

SLS is applied in the present study, recognizing that its implicit assumptions may 

not be satisfied. However, these assumptions may be examined by approximating the 

errors using the residuals between the optimized model output and the measured latent 

heat fluxes and examining their distribution. This analysis will be discussed in a later 

section. 

3.5 Optimization method for Priestley-Taylor model 

The two parameters for the Priestley-Taylor model were estimated using a grid 

search technique. This method is attractive because the behavior of the objective function 

may be observed visually by plotting a response surface which represents its value at 

points of a grid whose coordinates are ordered pairs of parameter values, and which spans 

the area defined by the maximum and minimum permitted for each parameter. For the 

Priestley-Taylor model,'these maximaand minima were selected based on the results of a 

preliminary manual calibration. 

The grid must be constructed with fine enough spacing so that an adequate sampling 

of the objective function behavior is achieved. Typically a course grid search is conducted 

over the entire parameter space, followed by a finer grid search in the immediate vicinity 

of the apparent minimum. The grid search is feasible only for problems with very few 

parameters. For larger numbers of parameters, the number of points for which the 
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objective function must be evaluated becomes prohibitively large, requiring excessive 

computational resources. Sufficiently sampling the objective function in a 

multidimensional space is extremely time consuming and inefficient. 

3.6 Optimization method for Penman-Monteith model 

The optimization algorithm employed for estimation of the four parameters in the 

Penman-Monteith based model was the multi-start simplex method, based on the 

downhill simplex algorithm of Nelder and Mead (1965). The downhill simplex method is a 

direct search technique, which means that it uses only information given by function 

values to select an improvement direction in the n-dimensional parameter space. No 

derivatives are computed. The simplex algorithm implemented was that outlined by 

Jacoby, Kowalik, and Pizzo ( 1972 ). 

The following description of the simplex algorithm is given by Sorooshian and 

Gupta ( 1995). Illustrations graphically depict a simplex for a two-dimensional problem. 

For non-linear optimization of a function with n parameters: 

( 1) Randomly choose n + 1 points confined within the bounds of the allowed 

parameter space, and evaluate the objective function at each of these points. This set of 

n + 1 points forms the simplex, and is the minimum number of points required to span 

the n-dimensional space. 

(2) Rank the points based on the value of the objective function (for minimization, 

the higher values are ranked lower) 
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(3) Determine the centroid of the n best points of the simplex 

( 4) Select a new point by reflecting the worst point through the centroid ( figure 

3.3A). If the function value at this reflection point is superior to the worst point, proceed 

to step 5, if not, proceed to step 6. 

(5) Select a new point by expanding the reflection by a factor of two (figure 3.3B). 

If the function value at this expansion point is superior to the reflection point, replace the 

worst point by the expansion point. Otherwise, replace the worst point by the reflection 

point. Proceed to step 8. 

(6) Select a new point of contraction, located at the midpoint between the worst 

· point and the centroid (figure 3.3C). If the contraction function value is better than the 

worst point, replace the worst point by the contraction, and proceed to step 8. If the 

contraction point is worse than the worst point of the simplex, proceed to step 7. 

(7) Shrink the simplex by relocating each point to the midpoint between its present 

location and the best point (figure3.3D). Proceed to step 8. 

(8) Iterate through the above steps, stopping when the simplex size, as defined 

below, becomes smaller than a selected criterion for convergence. The optimum ts 

approximated by the simplex point for which the objective function value is smallest. 

At step (3), the function value for reflected point is also compared with the second 

worst point in the simplex. If the reflected point is not better than the second worst 

point, a contraction is performed. This is necessary because if the reflected point is not 
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Figure 3 .3 Simplex non-linear optimization algorithm 
better than the second worst point, the reflection would be the worst point in the next 

simplex, and would simply be reflected back to its original position in the next iteration. 

The figure notation follows Sorooshian and Gupta ( 1995): 

X 1 denotes the highest ranked simplex point, with the lowest function value. X2 

denotes the second ranked point, and X3 denotes the third ranked point. Xcn denotes the 

centroid ofX1 and X2, the two best points. Xr is the reflection point, Xe is the point of 

expansion, and Xe is the contraction point. X2,s and X3,s are the shrunken points derived 

The size of the simplex is defined to be: 

104 
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(3.6.1) 

where 0 /,max and 0 /,min are the highest and lowest values of the ith parameter within the 

simplex, and 0 ;max and 0 ;nun are the maximum and minimum values allowable for the ith 

parameter. These bounds were determined by preliminary manual calibration. The 

convergence criterion selected for the present study stopped the procedure if the size of 

the simplex became smaller than 0.001. 

The downhill simplex technique is a local search algorithm, meaning that it 1s 

designed to find the optimum of a single-minimum function by constantly improving the 

function value: moving "downhill" on the response surface. However, most model 

response surfaces have local minima (Sorooshian and Gupta 1995). Thus, the success of 

the algorithm in finding the "global" minimum within the parameter space will depend on 

the starting point of the simplex. 

The multi-start simplex procedure effects a "global" search by randomly selecting 

starting simplexes within the parameter space, and conducting a number of repeated trials 

of the downhill simplex routine. If the probability that the simplex procedure fails to find 

the global minimum on an individual trial is p, then for m trials, the probability of failure 

is pm. Therefore a multi-start procedure should be iterated a sufficient number of times 

such that this probability of failure is below some selected acceptable level. The 

probability of failure is not known in general, but may be approximated using a 
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"synthetic" test. The procedure is run for some largenwnber of trials, using model output 

generated with a known set of "true" parameters as the calibration criterion. Since the 

"true" values of the parameters are known, the success of the algorithm in locating them 

may be assessed, and thereby provide some measure of the failure probability of the 

algorithm. 

To assure that at least a local minimwn was reached upon termination of the simplex 

process, the 10 best points were chosen based on their objective function values from a 

set of 100 multi-start trials. The algorithm was then re-started by randomly forming 

simplexes from these ten best points. The algorithm can only improve the value of the 

objective function, so any further improvement moves the simplex closer to the minimum. 

In practice, no improvement was derived from the restart procedure. 

Duan et al. (1992) found the multi-start simplex method performed well on a simple 

watershed model. They achieved a success rate of 99% with 12 restarts. The multistart

simplex method performance deteriorates as the nwnber of parameters increases. A 

weakness of the algorithm is that it does not share information obtained about the 

response surface between iterations, and that it requires many function evaluations. 

However, for the small number of parameters for the Penman-Monteith model used in 

this study, the multi-start simplex procedure performed satisfactorily. 
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3. 7 Optimization results for Priestley-Taylor Model 

Similar to the findings of Stannard (1993) outlined in section 1.8, the Priestley-

Taylor model performed quite well in comparison to the more complex Penman-Monteith 

based model. The response surfaces for the Priestley-Taylor optimization at both Kendall 

Hills and Lucky Hills are shown in figures 3.4 and 3.5. The optimum parameters are 

summarized in table 3 .4. 

Table 3.4 Priestley-Taylor calibrated parameters 

Site a b(mm) 

Kendall Hills 0.76 22 
Lucky Hills 0.56 9 

The larger decay constant for Kendall Hills indicates that the model prefers a slower 

"shut-down" of evaporation as soil moisture approaches the wilting point than at Lucky 

Hills. Time series and smoothed time series of measured and modeled latent fluxes are 

displayed in figures 3.6-3.9. Plots of model~d versus measured latent flux are shown in 

figures 3 .10 and 3 .11 The associated model calibration statistics are summarized in table 

3.5. 

The Priestley-Taylor model reproduces the major features of the seasonal trend in 

latent heat flux quite well for the Kendall Hills site, as evident in figure 3. 7. The two 

periods of zero latent heat flux at Lucky Hills from DOY 1-14 and bracketing DOY 70 are 

periods of missing data. The general trend at Lucky Hills displays an over-estimation of 

the dry down during the dry period bracketing DOY 175, and an under-estimation of 
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latent fluxes during the wet period around DOY 250. However, the model probably 

represents a more accurate response than the observed data from DOY 290-350, where 

the observed data displays highly oscillatory behavior, a sharp dip in measured fluxes, 

followed by a sharp spike unaccompanied by a large precipitation event. 

Table 3.5 Priestley~Taylor calibration statistics 

Statistic Kendall Hills Lucky Hills 
R2 0.81 0.64 

DRMS(mm) 0.42 0.54 
MBE(mm) -0.05 -0.09 

CV 0.28 0.43 

Computed statistics include the coefficient of determination R2
, the daily root mean 

square error (DRMS), the mean bias error (MBE), and the coefficient of variation (CV). 

Definitions of these statistics are included in appendix A. 

The calibration statistics confirm that the Priestley-Taylor model performs 

reasonably well, especially for the Kendall Hills site. The coefficient of determination is 

considerably smaller and coefficient of variation larger for Lucky Hills, with root mean 

square error and bias similar to Kendall Hills. 

The scatter plots of modeled vs. measured latent fluxes, shown in figures 3 .10 and 

3 .11, display a reasonably even scatter around the 1: 1 line. There is an underestimation of 

the larger fluxes at both sites, which is more pronounced at Lucky Hills. 

Validation data were provided by the USDA-ARS from 1993 METFLUX 

measurements. The validation period is DOY 1/1993 - 159/1993 for Kendall Hills, and 
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DOY 160/1993 - 270/1993 for Lucky Hills. The sensible heat flux data for these periods 

were adjusted using the same factors as were applied to the 1992 data. The model 

performance is significantly poorer during the validation period. Plots of the measured 

fluxes during the validation time periods are shown in figures 3 .12 and 3 .13. Performance 

statistics are summarized in.table 3.6. 

Table 3.6 Priestley-Taylor validation statistics 

Statistic Kendall Hills Lucky Hills 
R2 0.65 0.68 

DRMS (mm) 0.43 0.82 
MBE(mm) 0.13 -0.45 

CV 0.29 0.56 

Plots of the measured and modeled time series are shown in figures 3.14 and 3.15. 

The measured soil moisture which was used to initialize the model at Lucky Hills was 

below the wilting point. Therefore, the model predicts zero latent flux until the model-

computed soil water exceeds the wilting point, following precipitation. The time series 

plots show that the model follows the general trend, but is prone to over-estimation at 

Kendall Hills, and under estimation at Lucky Hills. There is some question as to whether 

the poor validation performance is due to poorly estimated parameters, or unreliable data. 

The validation period is extremely dry at Lucky Hills, with the exception of significant 

precipitation events around DOY 240/1993. Similarly, except for the period preceding 

DOY 20/1993 at Kendall Hills, the validation period is also quite dry. Certainly the 

accuracy of the residual method is compromised for measurement of very small fluxes, 
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where the size of the measured flux may be on the order of the size of accumulative errors 

in the three measured components of the surface energy balance. 

Plots of modeled vs. measured latent flux during the validation period are shown in 

figures 3.16 and 3.17. While the coefficient of determination is higher at Lucky Hills, it 

has larger root mean square error and coefficient of variation, and significantly larger bias. 

3.8 Optimization results for Penman-Monteith Model 

The parameter values for each of the 100 trials of the multi-start simplex 

optimization of the Penman-Monteith model are shown in figures 3.18 and 3.20. Figures 

3.19 and 3.21 show the results for the 50 best trials, based on objective function value. 

Table 3.7 shows the ranges over which the parameters were allowed to vary. The 

parameter values shown in figures 3 .18-3 .21 are normalized over these ranges. 

Table 3.7 Penman-Monteith parameter ranges 

Parameter Lower bound Upper bound 
rs0 50 450 
K 10 1000 

1/fr 1 100 
b 1 100 

While the results for all trials show a significant distribution in parameter values, 

the fifty best trials exhibit a reasonably consistent set of parameters. As previously 

discussed, the restart procedure yielded no further improvement in the parameter values. 

The optimum parameters selected, based on objective function value, are summarized in 

table 3.8. 
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Table 3.8 Penman-Monteith calibrated parameters 

Parameter Kendall Hills Lucky Hills 
r s0 (s m-1

) 81 203 
K(mm) 108 31 

fr 0.017 0.019 
b (days) 6.7 3.9 

It should be noted that the calibration procedure actually optimized for 1/f,., to improve 

the ability of the algorithm to distinguish small values of this parameter. Thus, the 

optimized values obtained were 56 for Kendall Hills, and 52 for Lucky Hills, which were 

simply inverted to yield the values shown in the table. 

Figures 3.22-3.25 show time series and smoothed time series of measured and 

modeled latent fluxes. Comparing figure 3.23 (Penman-Monteith model) to figure 3.7 

(Priestley-Taylor), it is evident that the Penman-Monteith model better matches the 

observed dry-down in periods of no rainfall, and also better matches peaks in the latent 

flux associated with rainfall events. The better match of the dry down is probably due to 

the more physically realistic representation of the drydown response encompassed by 

the stomata} conductance functions in the Penman-Monteith equation. Likewise, the 

empirical soil/surface evaporation term included in the Penman-Monteith formulation 

provides a second mechanism for increasing the latent flux following precipitation in 

addition to the decrease in stomata} resistance from increased soil water. The only 

mechanism through which the Priestley-Taylor model increases latent fluxes following 
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rainfall events is through an increase in the effective value of alpha accompanying soil 

moisture increase. 

The plots of modeled vs. measured latent flux, shown in figures 3.26 and 3.27 

confirm the utility of the soil/surface evaporation term; indicating a lesser tendency for 

the Penman-Monteith model to underestimate large fluxes associated with precipitation, 

when compared to the Priestley-Taylor model, as shown in figures 3.10 and 3.11. 

Assessed quantitatively, the performance of the Penman-Monteith based model is 

essentially identical to that of the Priestley-Taylor model during the calibration period. 

As with the Priestley-Taylor model, the model performance was significantly superior for 

the Kendall Hills site. The model statistics are summarized in table 3.9. 

Table 3.9 Penman-Monteith calibration statistics 

Statistic Kendall Hills Lucky Hills 
R2 0.83 0.62 

DRMS (mm) 0.38 0.56 
MBE(mm) -0.04 0.004 

CV 0.26 0.44 

The model performance dramatically degraded for the validation, again similar to the 

Priestley-Taylor model. Time series of measured and modeled latent flux are shown in 

figures 3.28 and 3.29. However, the Penman-Monteith model does perform better during 

the validation period than does the Priestley-Taylor model, with significantly smaller root 

mean square error. Examiningthe time series, and comparing figures 3.28, 3.29 and 3.14, 
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3.15, the Penman-Monteith model more closely matches the phase of the observed latent 

flux trend. 

Table 3.10 Penman-Monteith validation statistics 

Statistic Kendall Hills Lucky Hills 
R2 0.54 0.67 

DRMS (mm) 0.48 0.73 
MBE(mm) 0.16 -0.25 

CV 0.33 0.51 

Plots of modeled vs. measured latent heat flux during the validation period, shown in 

figures 3. 30 and 3 .31, confirm the higher scatter observed during the validation period, and 

highlightthe period of zero computed flux at Lucky Hills, for the time period where the 

soil water was below the wilting point. 

In summary, the Priestley-Taylor and Penman-Monteith models perform quite 

similarly. The better match of larger fluxes obtained by the Penman-Monteith model 

coupled with an empirical soil/surface evaporation model confirms the necessity for 

representation of the soil evaporation process for modeling moisture fluxes in semi-arid 

regions. The disparity in model performance between Kendall Hills and Lucky Hills has 

several possible explanations. The L uck:y Hills data are noisier and may therefore contain 

poorer information with which to obtain parameter estimates. However, the assumptions 

of the soil moisture accounting scheme, whereby only · exchanges between soil and 

atmosphere are treated, and soil moisture is averaged over a depth of only 50 cm, may not 

be well satisfied at Lucky Hills. 
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The Penman-Monteith model performs reasonably well for the Kendall Hills site 

during the validation period. The general trend of poorer performance during the 

validation period for both sites and for both models deserves attention, and adds to the 

uncertainty in the accuracy of the parameters derived from these calibrations. Whether the 

parameters were poorly estimated due to poor calibration data or a deficiency in the 

calibration process, or whether the observed data during the validation period are of poor 

quality is a question that will be examined in section 3.9. The validation data may be 

assessed by again examining the mass balance and energy balance ET estimates. Runoff 

data was neglected ( and unavailable) for compiling the following mass balance: 

Table 3.11 Validation period mass balance 

Site Kendall Hills Lucky Hills 
1993 DOY 1-159 DOY 160-270 

Precipitation (mm) 206 169 

ASM(mm) -95 4 

Mass balance ET (mm) 301 165 
Energy balance ET (mm) 231 158 

The validation data were adjusted using the mass-balance derived correction factors 

for 1992, and their agreement with the mass balance is reasonable. However, unlike the 

situation in 1992, this mass balance comparison is compromised because of the lack of 

runoff data for 1993, especially for Kendall Hills. The Kendall Hills validation period 

begins DOY 1/1993, and therefore includes the period of record precipitation and flooding 

that occurred over southeast Arizona in January of 1993, a period which likely contained 
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significant runoff events for Kendall Hills. Including runoff could account for the 

disparity in the mass and energy balance. 

The disparity between model performance dwing calibration and validation periods 

highlights significant uncertainty in the representativeness of the values of the parameters 

derived through optimization, using the observed data from the Walnut Gulch watershed. 

However, the Penman-Monteith model does perform reasonably well dwing the 

validation period, especially in consideration of uncertainties in the observed data during 

this period. 

3.9 Cross Calibration 

In order to examine the disparity in model performance between the calibration and 

validation data sets, a cross calibration study was performed. For this procedure, the 

models were calibrated using the data that was originally used for validation. 

Subsequently, the models were calibrated to a data set consisting of all the available data, 

including both the original calibration and validation data sets. 

Substantial improvement in model performance for the validation data set after 

calibration to that data, and subsequent poor performance when using this second set of 

calibrated parameters in comparing model output to the original calibration data, can 

indicate that the model is simply being force-fit to observed data during the calibration 

process. This would indicate that while the model can reproduce observations when 

calibrated, it may not include sufficient representation of the underlying physical process 
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to provide meaningful forecasts. A second possible explanation for poor validation 

perfonnance followed by good performance upon calibration to the original validation 

data is non-stationarity in the values of the parameters; i.e. they are changingwith time. 

The Priestley-Taylor and Penman-Monteith models were calibrated to the original 

validation data sets for Kendall and Lucky Hills, time series with duration 159 days and 

100 days, respectively. These shorter time periods in 1993 · did not contain significant 

dry-down events following precipitation ( as observed after the monsoon in 1992, a wetter 

year). Therefore, the 1993 data do not contain much information about the values of the 

drydown parameters in the models. 

Indeed, this is confirmed by the values obtained by the optimization routines, which 

indicate that the dry down · parameters are essentially non-identifiable when calibrating to 

the 1993 data. The parameter values are outside the bounds set for the original calibration; 

these bounds had to be modified for the cross calibration: The cross calibration 

parameters are outlined in table 3.12: 

Table 3.12 PM Cross calibration parameters 

Parameter Kendall Hills Lucky Hills 
rs0 (s m-1

) 2 1317 

K(mm) 8600 14 
f,. 0.0046 0.013 

b (days) 15 914 

Examining the parameter values obtained by calibrating to the 1993 data, it is 

evident that extreme values are obtained because the parameters associated with dry-
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down are not sufficiently identifiable. The excessive value of the decay parameter K for 

the Kendall Hills data is compensated by an extremely low value of r s0, and vice versa for 

the Lucky Hills data. Similarly, the parameters for the Priestley-Taylor model were 

considerably different when calibratingto the 1993 data: for Kendall Hills; a= 0.83, b = 

63 mm, for Lucky Hills; a= 0.81, b = 15 mm. 

The model performance was not greatly enhanced by optimization for the 1993 

observations. The performance for the cross calibration parameters versus the 

performance using the original calibration parameters is summarized for the Penman 

Monteith model as follows: 

Table 3.13 PM Cross calibration performance 

Statistic Kendall Original Kendall Cross Lucky Original Lucky Cross 
Parameters Calibration Parameters Calibration 

R2 0.54 0.61 0.67 0.73 
DRMS(mm) 0.48 0.41 0.73 0.64 
1\,IBE (mm) 0.16 0.06 -0.25 -0.14 

CV 0.33 0.28 0.51 0.45 

Comparing the performance statistics, the parameters which were estimated by calibrating 

the model to the 1993 validation data do not considerably improve the model's 

performance, lending credence to the set of parameters obtained during the original 

calibration, and opposing the conjecture of force-fitting. The cross calibration parameters 

for the Priestley Taylor model are summarized as follows: 
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Table 3.14 PT Cross calibration performance 

Statistic Kendall Original Kendall Cross Lucky Original Lucky Cross 
Parameters Calibration Parameters Calibration 

R2 0.65 0.72 0.68 0.74 
DRMS(mm) 0.43 0.36 0.82 0.66 
MBE(mm) 0.13 0.005 -0.45 -0.23 

CV 0.29 0.25 0.56 0.46 

As shown in table 3.14, similar to the results of the cross calibration for the Penman-

Monteith model, the cross calibration did not yield notable improvement for the 

Priestley -Taylor model. 

Finally, the models were calibrated using the entire available data set, including the 

original 1992 calibration data and the 1993 validation data. Because the 1993 data do not 

contain substantial information about the parameters, it was expected that the parameters 

obtained when calibrating using all of the data would be quite similar to those obtained in 

the original calibration. This is in fact true, as evident in tables 3.15 and 3.16: 

Table 3.15 PM Overall 1992-1993 calibration performance 

Parameter Kendall Original Kendall Overall Lucky Original Lucky Overall 
(PM) Calibration Calibration Calibration Calibration 

rs0 (s m-1) 81 60 203 171 
K(mm) 108 161 31 35 

f,. 0.017 0.011 0.019 0.019 
b (days) 6.7 8.0 3.9 2.2 

Comparing the two sets of parameter values, there are small differences between the 

two calibrations for r s0 and for K at the Kendall Hills site. Overall, however, the 
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parameter sets are quite similar, and the overall calibration helps to confirm the values of 

the parameters obtained from the original calibration 

Table 3.16 PT Overall 1992-1993 calibration performance 

Parameter (PT) Kendall Original Kendall Overall Lucky Original Lucky Overall 
Calibration Calibration Calibration Calibration 

a 0.76 0.78 0.56 0.61 
b(mm) 22 26 9 12 

Similarto the results from the Penman Monteith overall calibration, the parameters 

for the Lucky Hills overall calibration do not differ greatly from the original parameters. 

More information could be derived from a cross calibration test where the original 

validation data displayed more drydown behavior, and therefore contained more 

information about the drydown parameters. However, the lack of improvement in model 

performance during the validation period when calibrating to the 1993 validation data, 

does tend to confirm the validity of the original parameter set. In addition, the cross 

calibration indicates that the model is probably not being forced to fit the observed data 

during the calibration and validation periods. 

3.10 Optimization for the Tucson Mountains study site 

The study site in the Tucson Mountains is described in section 1. 9. Because of 

equipment problems with both the eddy covariance and Bowen ratio systems operated 

during this study, a continuous, year-long time series of measured data are not available. 

Therefore, the output of the BATS model, optimized based on a limited period of 
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available flux measurements, was used as the criterion on which to calibrate the two 

simple models employed in the present study. 

The observed net radiation and precipitation, and the BATS modeled transpiration 

and soil evaporation are plotted in figure 3.32. Because the BATS model separately 

computes the transpiration and soil evaporation components of the latent heat flux, the 

Penman-Monteith transpiration term and the soil/surface evaporation term of the 

Penman-Monteith based model were separately optimized to the BATS component 

output. 

Mean vegetation height and leaf area index, as prescribed by Unland et al. ( 1996) for 

their study, were used in equations 3.2.2-3.2.4 to determine roughness length and zero 

plane displacement. These parameters were in turn used to compute the value of the 

numerator of the aerodynamic resistance from equation 1.1. 9. Values for these parameters 

are summarized in table 3.17. 

Table 3.17 Tucson Mountains pre-specified parameters 

Parameter Value 
mean vegetation height (m) 1.2 

zo(m) 0.11 
d(m) 0.55 

numerator of r a 77 

Based on soil texture, Unland et al. determined a wilting point corresponding to the 

BA TS soil texture class 3. For this texture class, Dickinson, et al. ( 1993) give a wilting 

point, the ratio of soil water to that at saturation when transpiration ceases, of O .151. The 
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wilting point in both of the simple models implemented in the present study is in terms 

of millimeters of soil water in the rooting zone. A rooting zone depth of 1 m as defined by 

Unland et al (1996), yields a wilting point of 151 mm. However, this cannot be used as 

the wilting point in the two simple models, because the BA TS model computes the 

wilting point according to a weighted average of its Wu factor, as defined by equations 

1.4.8 and 1.4.9. Therefore, BATS produces transpiration fluxes even when the soil water 

in the rooting zone is below the wilting point. Soil water has to be at or below the wilting 

point in both the rooting zone and the surface soil layer, which is contained in the rooting 

zone, for transpiration to cease. This behavior is portrayed for the Tucson Mountains 

study in figure 3.33. · Transpiration ceases when Wu approaches one. Notice that the 

rooting zone wilt factor is almost always one, and only when the surface zone wilt factor 

approaches one does the overall weighted average approach one. 

If the simple models were to use a wilting point of 151 mm, given the starting soil 

moisture in the rooting zone of 133 mm, they would compute essentially no latent heat 

flux. Therefore, the wilting point was chosen based on the value of the BA TS computed 

soil water in the rooting zone at which the weighted average Wu term approaches one. As 

seen in figure 3.34, this value is approximately 130 mm. 

The parameters for the Priestley-Taylor model were estimated using a grid search. 

The value estimated for the parameters a and b were 0.95 and 41 mm, respectively. A 

plot of the Priestley-Taylor model output and the BA TS net latent heat flux output is 
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shown in figure 3.35. A plot of the Priestley-Taylor output vs. the BATS output is 

shown in figure 3.36. The Priestley-Taylor model reproduces the latent flux trends as 

predicted by BATS quite well, with a coefficient of determination between P-T and 

BATS of 0.77. 

The parameters for each component of the Penman-Monteith based model were also 

estimated using a grid search technique, with the Penman-Monteith component and the 

soil/surface component each calibrated against the transpiration and soil evaporation 

component outputs of the BA TS model, respectively. The parameters values estimated 

are summarized in table 3.18. The optimized value of the minimum stomata! resistance is 

reassuringly close to the valueof6 s m-1 as optimized.by Unland et al. (1996). 

Table 3.18 P-M optimized parameter values, Tucson Mountains 

Parameter Value 
r s0 (s m-1) 14 
K(mm) 820 

f,. 0.012 
b (days) 12 

The time series of the P-M and BATS transpiration are shown in figure 3.37. A plot 

of the soil evaporation terms is given in figure 3.38. The Penman-Monteith latent flux 

displays significant noise compared to the BA TS output. The empirical convolution 

model of soil/surface evaporation follows the timing of soil evaporation peaks predicted 

by the BATS gradient-diffusion model of soil evaporation. The two are highly correlated 

with an R2 value of 0.84. There is a slight overestimation of small fluxes and 
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underestimation of large fluxes by the convolution method relative to BATS. A plot of 

total latent flux as predicted by the PM based model vs. that of BA TS is shown in figure 

3.39. The Penman-Monteith based model also displays a high degree of correlation with 

the BATS prediction, with a coefficient of determination of 0. 71. 

In summary, the Tucson Mountains study provides a means for estimating 

parameters at a third semi-arid biome, a site with characteristic Sonoran desert vegetation, 

in addition to the grassland and shrubland sites studied in Walnut Gulch. In addition, it 

provides an opportunity for assessing the ability of simple models to predict temporal 

trends in latent heat fluxes, relative to the more complex BATS model. With optimization, 

the models match quite well the timing of the peaks in evaporation and the corresponding 

subsequent dry down. The empirical soil/surface evaporation formulation is especially 

successful in duplicating the timing of soil evaporation peaks and ensuing decay. The 

higher correlation of the Priestley-Taylor model results with BATS prediction, relative to 

the Penman-Monteith based model, confirm that increased complexity does not 

necessarily always yield better predictions. In addition, it confirms the importance of 

accurate measurements of net radiation, soil heat flux and precipitation, relative to 

aerodynamic variables, for modeling of latent heat fluxes in a semi-arid environment. This 

highlights the dominant importance of solar and precipitative forcings over atmospheric 

demand as the components which drive latent heat fluxes in this climate. 
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3.11 SLS assumptions, number of simplex trials 

As previously discussed, the use of the simple least squares objective function for 

model optimization involves several implicit assumptions. It is therefore important to 

examine these assumptions to see how well they are met in context of the present study. 

The "true" fluxes are reproduced when the residuals between the model 

computations and observations are exactly the same as the differences between the 

observations and the "true" data: 

£ t = ~~ [LE~e - LE,?bs ]2 
~l=l l l 

(3.11.1) 

(3.11.2) 

Note that when Et = Em, LEtomputed = LE/"'e. Thus, a maximum likelihood objective 

function seeks to maximize the similarity of the distribution of residuals between model 

computations and observations to the assumed probability distribution · of the 

measurement errors. Residual analysis utilizes the residuals between the modeled output 

and the observations as an approximation to the measurement errors in the calibration 

data. 

The principal assumptions of the SLS objective function that bear further 

examination are those of homogeneous variance (homoscedascity) and uncorrelated errors. 

The Kendall Hills observed and model-computed latent heat fluxes will be used to 

examinethe behavior of the residuals. The residuals are plotted versus time in figure 3.40. 
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The lack of a temporal trend in their magnitude supports the hypothesis of homogeneity. 

The frequency plot of the residuals, shown in figure 3.41, displays a fairly Gaussian 

distribution of errors, with a mean very close to zero. The mean of the residuals is in fact 

quite small, 0.04 mm. Figure 3.42 shows a plot of the absolute value of the residuals 

versus the measured latent heat flux. The size of the residuals shows no clear dependence 

on the size of the measured fluxes, supporting the hypothesis that the measurement 

errors are not highly dependent on the magnitude of the measured latent flux. 

In examining the implicit assumptions of the SLS objective function, it has been 

shown that these assumptions are likely not violated for the latent heat flux data used for 

model calibration. This does not necessarily indicate that the assumptions are true, 

because other sets of assumptions may also produce results which do not violate the 

assumptions of the simple least squares objective function. However, based on an 

analysis of the model residuals, it is probable that the SLS assumptions are at · least not 

violated. 

A second central issue to the calibration of the model is whether the probability that 

the multi-start simplex routine failed to find the local minimum within the parameter 

space is smaller than some acceptable level. For this study, a probability of less than one 

percent that the multi-start procedure fails to find the minimum is considered acceptable. 

Then given the probability of failure p on a single trial, since the probability of failure Pi 
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in m trials is P1= pm, the number of trials needed so that the overall probability of failure 

is less than P1 is given by (Sorooshian and Gupta 1995): 

(3.11.3) 

In practice, this number is a lower bound for the number of trials necessary, since the 

probability of failure for a single trial is uncertain. To approximate this probability, a 

synthetic data set was constructed, whereby a set of "true" model parameters were 

chosen, and used by the Penman-Monteith based model to generate a time series of "true" 

latent heat fluxes. Since it is possible for the model to exactly duplicate this set of fluxes, 

there exists a point in the parameter space ( the selected "true" point) where the objective 

function value will be exactly zero. 

The simplex algorithm was executed n = 1000 times within this parameter space. 

The resulting percentage of trials which failed to find the true minimum is treated as an 

approximation of the failure probability. For the synthetic data trial, the "true" 

parameters were selected to be: r s0 = 190 s m-1
, K = 56 mm, 1/fr = 40, and b = 14 days. Of 

the 1000 trials, 366 failed to locate the "true" parameters. Failure was defined to be 

instances in which the results of a trial did not yield a "normalized average distance" from 

the true parameters of less than O.01, where the nonnalized average distance is chosen to 

be: 
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(3.11.4) 

Figure 3.43 shows a plot of the frequency distribution of the normalized average distance 

for the 1000 trials of the synthetic data test. 

The behavior of the multi-start procedure as applied to the actual measured flux data 

may be compared to the synthetic test by assuming that optimum selected by the 

algorithm is the "true" optimum, and comparing the results with the synthetic test. Figure 

3. 44 shows the frequency distribution of the normalized average distance for the 100 

trials of the multistart simplex routine for the Kendall Hills 1992 data. Applying the same 

criterion for failure as for the synthetic test, and again assuming that the optimized 

parameters are the "true" optimum, the Kendall Hills test yields a probability of failure of 

0.57. Comparing the two frequency distributions demonstrates that they are similar, 

although the synthetic test has essentially tailed off beyond davg > 0.2, while the Kendall 

Hills results do not tail off until davg > 0.3 approximately. Using the two estimates of 

probability offailurep, of 0.37 and 0.57, obtained from the synthetic test and the Kendall 

Hills test, respectively, yields the following results for the minimum number of trials: 

Table 3.19 Minimum number of trials 

Probability of Failure Minimum number of trials 
0.37 5 

0.57 8 
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In either case, the 100 trials which were executed for the optimization routine far 

exceed the lower bound established by the synthetic test. Therefore there is a reasonable 

degree of confidence that the algorithm successfully located the optimum within the given 

parameter space. 

3.12 Summary 

The two simple evaporation models utilized in this study may be readily optimized 

using simple optimization techniques, in contrast with more complicated models, which 

are more difficult to calibrate due to their numerous parameters. The relative ease of 

optimization is one distinct advantage of using simple models. In addition, an examination 

of the model residuals indicates that the assumptions implicit in the application of the 

simple least squares objective function are probably not violated by the data used for 

calibration. 

Finally, the simple models were calibrated to the output of the BATS model for the 

Tucson Mountains study site, and performed well in reproducing the BA TS soil 

evaporation, transpiration, and net latent flux outputs. This favorable assessment should 

be restrained by the fact that the simple models were calibrated to match the BATS 

output. This was necessary because of the lack of temporally extensive observed data. 

However, the comparison does indicate that the simple models are capable of reproducing 

the same behaviors as the BA TS model, which more completely represents the processes 

of surface energy exchange. 
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Tucson Mountains Measured and BATS-modeled Fluxes 1993-94 

-E6 
g 
C: 

24 
co 
,3 

/l 2 
a5 z 

0 

3 -E 
E 
"c' 2 
0 

~ 
-~1 
C: co 
'--
I-

0 

2 

-11.5 

ci. 
1 co· 

> w 
~0.5 
Cl) 

0 

20 -E 
§, 15 
C: 
0 
~ 10 -·a. 
·o 5 Q) 
~ a.. 

0 
150 200 250 300 350 400 450 

Day of Year 

Figure 3.32 Surface radiation and moisture fluxes, Tucson Mountains 
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Chapter 4 

Model application to Cienega Creek watershed 

This chapter describes the application of the two simple evaporation models, 

calibrated using data from the USDA-ARS Walnut Gulch experimental watershed, to 

assess the evaporation from grasslands in the Cienega Creek watershed. A brief 

description of the study area is provided. Physical parameters (mean vegetation height 

and wilting point) are estimated for input into the Penman-Monteith based model. Since 

radiation data are not available for the study area, the expected similarity between net 

radiation measured at the Kendall Hills grassland site and the Cienega Creek grasslands is 

adopted as the basis for using the Kendall Hills net radiation data as input to the model 

for Cienega Creek. In addition, soil heat flux data are also unavailable, the flux of heat into 

the ground is neglected. These two assumptions are examined. Finally, the two simple 

models calibrated as a part of this study are applied to the Cienega Creek watershed, and 

the results are discussed. 

4.1 Study area description 

The Cienega Creek watershed is a desert grassland which receives an average of 406 

mm of precipitation annually. This high basin, with an average elevation of 1370 m, is 

dominated by blue and black grama grasses, mesquite, yucca, and juniper, oak and 

beargrass (Ogden 1970). The highest elevations in the basin (maximum elevation is 2881 

mat the top of Mt. Wrightson) are dominated by Ponderosa pine forest. Cienega Creek 
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drains the basin, and flows perennially for 16 km, supporting riparian communities of 

mesquite, cottonwood, and sacaton grass (Ogden 1970). 

The primary source of recharge to the groundwater of the basin is from mountain 

front recharge (Simpson 1983). The basin is bounded by the Empire Mountains to the 

northwest, the Whetstone Mountains to the east, and the Santa Rita Mountains to the 

west. Summer convective and orographic precipitation accounts for about 65% of the 

annual average precipitation. Moist air masses from the Gulf of Mexico are the dominant 

moisture source for these storms. Winter precipitation, generally from Pacific frontal 

systems, account for 35% of the average annual rainfall (Simpson 1983). 

The Bureau of Land Management has operated a Remote Automated Weather 

Station (RAWS) in the Cienega Creek watershed since 1991. The Empire RAWS station 

is located on the Empire Ranch, at an elevation of 1402 m in the south central portion of 

the basin. The Empire Ranch supports grassland vegetation and mesquite; oak and juniper 

occur near shallow groundwater in bottomlands (Ogden 1970). The Empire Gulch 

drainage flows perennially for a short reach immediately north of the ranch. 

The RAWS station provides hourly measurements of windspeed and direction, air 

temperature and pressure, relative humidity, and precipitation. Windspeed is measured at 

a height of 6.1 m by a Handar model 430 a anemometer, and air temperature and relative 

humidity are measured at a height of 1.8 m by a Handar 435 a radiation shielded probe. 

Precipitation is recorded by a Handar tipping bucket raingage. 
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4.2 Estimation of physical parameters 

The mean vegetation height was estimated by conducting a crude vegetation survey, 

more or less randomly measuring vegetation height along a 500 m transect in the direction 

of the mean wind from the RAWS station. The frequency distribution of measured 

vegetation heights is shown in figure 4 .1. There are two peaks in the frequency 

distribution, one near 0.4 m and another near 2.5 m, corresponding to grass and mesquite 

shrubs, respectively. The mean height for vegetation under 1 m is 0.34 m, and for 

vegetation heights over 1 m, the mean is 2.32 m. The overall mean vegetation height for 

the sample obtained was 0.95 m. Using this mean vegetation height, again assuming unit 

leaf area index, equations 3.2.2, 3.2.3 and 1.1.9 yield the following values for the 

aerodynamic properties of the vegetated surface: 

Table 4.1 Empire RAWS aerodynamic parameters 

Parameter Kendall Hills 
Mean vegetation height (m) 0.95 

Computed d(m) 0.70 

Computed zoM (m) 0.07 
Numerator of r 0 175 

The wilting point was estimated from soils data. Soils data were obtained from 

unpublished USDA-SCS soil classification maps and reports, provided by the Tucson 

office of the SCS. The soils at the Empire RAWS station are part of the Bernardino-White 

House series, classified by the SCS as a sandy clay loam. According to Rawls et al. 

( 1993 ), the value of soil water ( cmwate/ CIDtotai-
3

) averages O .148 for a sandy clay loam at a 
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matric potential of 15 bars. Therefore, for soil moisture averaged over a depth of 7 5 cm, 

the wilting point for the Bernardino-White House soils is computed to be 111 mm. 

4.3 Net Radiation data from Kendall Hills 

Because net radiation was not measured at the Empire RAWS station, this study 

relies upon the net radiation measured at the Kendall Hills grassland site for input to 

models applied to the Cienega Creek watershed. Net radiation is a function of 

( 1) shortwave solar energy incident at the surface (2) the albedo of the vegetated surface, 

which partitions the incident energy between absorbed and reflected fractions, and (3) the 

surface emissivity and temperature, which control the net exchange of longwave radiation 

at the surface, according to the Stefan-Boltzmann blackbody relationship. These factors 

are summarized as follows (Shuttleworth 1993): 

Sn=Sin(l-ab) 

Ln = -fe'aT4 

(4.3.1) 

(4.3.2) 

(4.3.3) 

where R,, is the net radiation, Sn is the net shortwave solar radiation at the surface, Ln is 

the net longwage radiation at the surface, Sm is the incident incoming solar radiation ( all in 

W m-2
), and ab is the surface albedo. The cloud factor f, is a fraction proportional to the 

ratio of actual incoming solar radiation to that occurring in clear sky conditions. The 

emissivity E', is a function of humidity which allows for the lower effective source of 
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downward longwave radiation at high humidities, a is the Stefan-Boltzmann constant 

(W m-2 °K-4
), and Tis the temperature (°K). 

The incident solar radiation for the Kendall Hills site and the Empire RAWS site 

will obviously differ on an hourly and daily basis, under the influence of differing cloud 

conditions. However, the two sites are geographically proximal (Kendall Hills is 

approximately 64 km east of the Empire site), and of similar elevation (Kendall Hills, 

1526 m, Empire, 1402 m). Therefore, over a period of months, and certainly annually, the 

incoming solar radiation should be expected to be quite similar. 

The albedo of the two sites should be broadly similar as well, because of the 

similarity of vegetation cover. Like the Empire site, the Kendall Hills site is characterized 

as a desert grassland, dominated by black grama and hairy grama grasses, and curly 

mesquite (Weltz et al. 1994 ). These vegetation types are also dominant at Empire (Ogden 

1970), as previously described in section 4.1. 

Finally, the net longwave radiation should be similar for both sites. Since longwave 

radiation is controlled by surface temperature, the expected similarity of longwave 

radiation may be assessed by examining the surface air temperature at both sites. Figure 

4.2 shows a plot of the air temperature for the Empire station versus that at Kendall Hills 

for 1992. They are very highly correlated, with a coefficient of determination of 0.97. 

Therefore, it is a reasonable assumption that the net longwave radiation for the two sites 

is similar. 
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Because of the similarities between each of the factors which influence net radiation 

at the two sites, a high degree of similarity for the long term net radiation is expected. 

Therefore, utilization of the Kendall Hills net radiation measurements for input to 

evaporation models at the Empire site should yield results which are plausible for 

estimation of evaporation on a longerterm basis. 

In addition to the lack of measured net radiation for the Empire site, soil heat flux 

data are unavailable as well. However, the soil heat flux tends to integrate to zero on a 

long term basis, because outward and inward fluxes tend, on average, to be of nearly equal 

amplitude and duration. Indeed, for 1992, the average daily soil heat flux at Kendall Hills 

was -0.10 mm, while for the net radiation, the averagedaily flux was 3.0 mm. The average 

daily ratio between the two fluxes is 16%, and the ratio between the yearly total net 

radiation and yearly total soil heat flux is only 3%. Because of the dominance of net 

radiation over soil heat flux on a long term basis, neglection of soil heat flux should not 

adversely affect long term predictions. 

In summary, because of the overall similarity between the Kendall Hills and Empire 

study sites, the net radiation data from Kendall Hills is being applied to the Empire site. 

In addition, the model parameters calibrated for the Kendall grasslands site will be 

employed in the Priestley-Taylor and Penman-Monteith based models, assuming 

comparable response to precipitation and conditions of soil water stress between the 
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similar vegetations at the two sites. Aerodynamic parameters were independently 

estimated for the Empire study site. 

4.4 Model results for the Empire study site · 

The weather variables measured at the Empire RAWS station during the 1992 year 

are summarized in figure 4.3. These data were coupled with the net radiation data from 

Kendall Hills as inputs to the Penman-Monteith based and Priestley-Taylor models. 

Because an initial value for soil moisture is not available at the Empire site, a model 

"spin-up" period was executed. This procedure was initiated with a guess for the initial 

soil moisture. Each model was then run iteratively, recycling the same annual input data, 

until the value of the soil moisture at the end of the iteration failed to change by more than 

1 mm from the value at the end of the previous iteration. With initial guesses ranging from 

completely dry, to completely saturated, the iteration procedure converged to an initial 

soil moisture of 209 mm, within 6-11 iterations. The spinup cycle was selected so that it 

begins and ends in a fairly wet period, therefore the spinup begins at DOY 350/1991 and 

ends at DOY 366/1992. 

Smoothed plots of the evaporation cycle, as predicted by the Priestley-Taylor and 

Penman-Monteith based models are shown in figure4.4. The two models agree quite well 

on the timing of evaporation peaks and drydowns. The Penman-Monteith based model 

predicts a higher evaporation rate accompanying precipitation, due to its empirical soil 

evaporation term. The yearly cycle is quite similar to that at Kendall Hills, although there 
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is no pre-monsoon drydown because of more frequent rains at Cienega Creek in May and 

June of 1992. The results for the model period are summarized in table 4.2. 

Table 4.2 ET totals DOY 350/1991 - 366/1992 

PM eva ration (mm) 583 
PT eva ration (mm) 602 

582 

The PT model estimates a slightly higher evaporation than the PM model, largely 

because its "dry-down" is slower. However, to the extent that the uncertain model 

predictions may be used to assess the moisture balance for the grasslands of this basin, 

the balance between precipitative and evaporative fluxes is well confirmed. Simpson et al., 

in their 1983 report, assessed the water balance of the Cienega Creek basin. Simpson 

states: "Only a small percentage of the estimated basin-wide average annual rainfall ... 

[recharges] the water table. In lowland areas with relatively deep soils, it is believed that 

essentially all of the rainfall is returned to the atmosphere as evapotranspiration." The 

model results substantiate these assumptions. 

Because the evapotranspiration and precipitation essentially sum to zero for the 

grasslands which dominate the upper Cienega Creek basin, they may be essentially 

neglected in computing the overall water balance. The basin-wide water budget for the 

Cienega Creek watershed requires an estimate for the volume of shallow groundwater 

discharged to the atmosphere by riparian vegetation to approximate the net evaporative 

loss from the basin. In addition, riparian evapotranspiration is a flux which requires 
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calibration in the groundwater model which is being implemented by another member of 

the thesis workshop, Liciniu Bota. 

While the riparian evapotranspiration is the flux of greatest interest, smce it 

effectively represents the net evaporative loss from the basin, it is also the most difficult 

flux to measure or estimate. Micrometeorological techniques for measurement of 

evaporation from tall vegetation ( such as the cottonwoods along the perennial reaches of 

Cienega Creek, which reach heights of over 20 m) are inadequate. Because tall riparian 

vegetation is confmed to streambanks, their transpirative fluxes are not amenable to 

measurement by micrometeorological techniques, which require extensive uniform 

horizontal source areas. Meteorological stations near the stream could reliably measure 

transpiration from the sacaton grasses and mesquite stands which populate the stream 

side. 

The models calibrated as a part of this study are not applicable to riparian areas, 

because they are predicated on the assumption that exchange of moisture occurs only 

between the surface soil and atmosphere, by evaporation from the soil and surface 

directly, and by transpiration from the vegetation. Riparian vegetation rely upon access to 

shallow groundwater to sustain transpiration. Because the model assumes that the 

vegetation response is governed by soil moisture stores which are replenished by 

precipitation, the model is poorly suited to predict evapotranspiration in a riparian area, 

notwithstanding the lack of meteorological and radiation data for the riparian zone. 
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A computation of potential evapotranspiration may provide a means of establishing 

an approximate upper bound on the net evapotranspiration flux from the riparian zone. 

Toward this end, the Penman potential evapotranspiration was computed using the 

meteorological data from the Empire RAWS station and the net radiation data from 

Kendall Hills site. A smoothed plot of the potential rate is shown in figure 4.5. The total 

potential evaporation for the Empire RAWS data is 1800 mm. This large potential rate is 

due to strong radiative forcing and atmospheric demand, especially in the summer season. 

The fraction of the potential that is actual evapotranspiration is controlled by availability 

of moisture through precipitation, ground and soil water, vapor pressure deficit, and 

temperature, all of which influence vegetation response to radiative and atmospheric 

forcings. Simpson ( 1983) estimated transpiration from the riparian vegetation by talcing 

an average annual rate of 1676 mm of water consumption for mesquite with 100% canopy 

density. He used aerial photos to estimate canopy density and areal extent, and estimated 

a net volumetric loss. In millimeter equivalents, Simpson's estimate corresponds to 635 

mm per year. The potential estimate seems reasonable as an upper bound for riparian 

evapotranspiration; as it is of similar magnitude to the Simpson estimate obtained 

assuming 100% density of mesquite vegetation. 

4.5 Summary 

The evapotranspiration processes in the Cienega Creek watershed grasslands are 

essentially characterized by a balance between precipitation and evapotranspiration. The 
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models calibrated for this study confirm this approximate balance, which has been 

assumed by previous investigators. The computed potential rate provides an approximate 

upper limit for the transpiration losses from riparian vegetation ( stream side mesquite 

stands). To adequately characterize the transpiration from taller riparian vegetation, such 

as cottonwoods, meteorological techniques are not sufficient. The most promising 

methods for such measurements are isotope tracer techniques, which provide an avenue 

for further study. 
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Conclusions 

The purpose of this study was to calibrate two simple evaporation models for 

application in the semi-arid grassland watersheds at Cienega Creek. Simple models were 

required because of the limited data available for the Cienega Creek watershed, 

necessitating a model with correspondingly fewer data requirements and fewer parameters 

for calibration. 

The Priestley-Taylor and Penman-Monteith based models were calibrated using 

data from the Walnut Gulch experimental watershed. These data provided the basis for 

calibrating the two models for a year long time series. These time series depicted the 

response of the vegetation to various wetting and drying cycles, and characterized the 

"drydown" response observed in periods without rain. The drydowns ensured adequate 

activation of the soil moisture response functions for the PT and PM models, increasing 

the identifiability of the relevant dry down parameter; the decay constant K. 

Although temporally extensive, the propeller eddy covariance residual time series 

are a compromise between long-term, low maintenance flux measurement and data quality. 

The propeller systems are not as prone to instrumental failure as the direct eddy 

covariance and Bowen ratio systems employed in the Tucson Mountains site. While this 

reliability allowed for a longer period of uninterrupted data, the data from the 

operationally less reliable systems offer significantly higher quality. Although frequency 

response corrections for the propeller systems have been derived, their corrections 
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proved inadequate for the time period investigated in this study, resulting in evaporation 

estimations that were implausible. Mass balance estimates of evaporation provided a 

means of adjusting the energy balance data to yield results which were physically 

realistic. 

The simple models performed well during calibration periods, but poorly dming 

validation. The calibration and validation results were better for the Kendall Hills data set 

than for Lucky Hills, indicating that the assumptions made for soil moisture accounting 

may be more valid for the grassland site. 

The simple models reasonably reproduced the peaks of evapotranspiration 

following precipitation, and subsequent dry down, as computed by the BA TS model. It is 

important to note that the models were optimized to the BA TS output, since flux 

observations were not available for an extensive time period due to instrumental 

difficulties. A more objective means of assessing the performance of the simple models 

would involve independent calibration of both models to observed fluxes and subsequent 

comparison; this deserves further study. Nonetheless, in light of their simplicity, the 

simple models performed satisfactorily in matching the behaviors predicted by the more 

complex BATS model. The superior correlation between the Priestley-Taylor modeled 

latent flux and the BATS output as compared to the Penman-Monteith based model 

confirms that increased complexity need not necessarily improve predictive capability. 
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In addition, the similarity of performance between the Priestley-Taylor model and 

the Penman-Monteith model at the Kendall Hills site, and the similarity of their 

predictions for the Cienega Creek basin confirm the relative importance of model forcings 

for accurate predictions. Radiation and precipitation are the dominant forcings which 

drive fluxes of latent energy in this semi-arid region. The response of vegetation to these 

driving inputs is governed by moisture availability. Therefore, for modeling of latent 

fluxes in semi-arid environments with complex or simple models, the most important 

variables of interest are the net radiation, precipitation, and soil moisture. The 

atmospheric demand is less important in governing interstorm latent energy flux. The 

utility of simple models for estimating evapotranspiration can be attributed to the 

simplicity of the evaporation process in the semi-arid environment. Essentially all 

precipitation inputs to the upper soil layer are returned to the atmosphere as evaporation 

and transpiration; the model acts only to assess the timing of this inevitable return flow. 

From a remote sensing perspective, the dominant influence of net radiation, soil 

moisture, and precipitation is encouraging. All of these variables are estimable from 

remotely sensed data. Net radiation may be derived using satellite data, and rigorous 

radiative transfer models. Soil moisture estimation from pushbroom microwave 

radiometers shows promise. Precipitation estimation from radar systems is progressing; 

and although inaccurate without calibration, radar offers spatial coverage unparalleled by 

raingages. Since evaporation in semi-arid regions is so strongly driven by precipitative 
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inputs, spatially distributed precipitation data are important for any spatial modeling of 

evaporation. 

Applied to the Cienega Creek watershed, with some judicious assumptions, the 

results of the models confirm the relative balance of precipitation and evaporation for this 

semi-arid grassland. This finding is in agreement with assumptions made by previous 

investigators (Simpson 1983 ). While the models are not capable of estimating riparian 

evapotranspiration, the potential evapotranspiration serves as an approximate upper limit 

on the latent flux from riparian areas. 

Future Work 

Certainly a significant weakness of the current study is the questionable quality of 

the data used to calibrate the simple models of evaporation. Obtaining a temporally 

extensive data set of high quality for a semi-arid site would be invaluable for calibrating 

models of varying complexity for this climate. Unland et al. ( 1996) successfully calibrated 

the BA TS model with data obtained at a semi-arid site. Nevertheless, instrumental 

difficulties limited the continuity and temporal extent for which reliable data were 

available. Many data were omitted because of stringent quality control criteria. 

Implementation of a reliable flux measurement system that provides plausible 

measurements, but which does not require nearly daily attention would be a contribution 

of significance to further study in this region. Independent calibration of simple and 
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complex models using a longer term time series of higher quality would provide a more 

objective means of assessing their relative performance and viability. 

The models calibrated for this study are point models. The extreme spatial 

heterogeneity of precipitation fields in semi-arid environments clearly complicates 

spatially distributed modeling of latent fluxes, which are dependent on correspondingly 

spatially distributed net radiation and soil moisture fields. Simple models may show some 

promise on a point basis, but whether this simplicity can apply at larger scales is 

questionable. Further work is necessary to assess the utility of simple models for larger 

scale estimates of regional latent energy fluxes. 

In conclusion, simple models have fewer parameters for calibration, and are 

correspondingly easier to implement in a data limited environment, such as that for the 

Empire site in the Cienega Creek watershed. The simple models employed in this study 

yield plausible predictions for the annual evapotranspiration cycle of the grasslands in 

this semi-arid watershed. 



171 

References 

Arain, Altaf Muhammad. Spatial Aggregation of Vegetation Parameters in a Coupled Land 
Surface-Atmosphere Model. M.S. thesis, University of Arizona Dept. of Hydrology and 
Water Resources, 150 pp., 1994. 

Black, T.A. and McNaughton K.G. Psychrometric apparatus for Bowen-ratio 
determination over forests. Boundary Layer Meteorology 2, 246-254, 1971 

Blanford, J.H. and L.W. Gay. Tests of a robust eddy correlation system for sensible heat 
flux. Theoretical and Applied Climatology 46, 53-60, 1992. 

Bureau of Land Management, Empire-Cienega Resource Conservation Area, Publication 
BLM-AZ-AE-92-026-8300, 1992. U.S. Department of the Interior, Bureau of Land 
Management, Safford District. 

Breckenfeld, Donald J. Soil survey of Walnut Gulch Experimental Watershed, Arizona. 
Unpublished USDA-SCS report, 1993. 

Choudhury, B.J. and J.L. Monteith. A four-layer model for the heat budget of 
homogeneous land surfaces. Quarterly Journal of the Royal Meteorological Society 114, 
373-398, 1988. 

Clapp, R.B. and G.M. Hornberger. Empirical equations for some soil hydraulic 
properties. Water Resources Research 14, 601-604, 1978. 

Davies, J.A. and C.D. Allen. Equilibrium, potential and actual evaporation from cropped 
surfaces in southern Ontario. Journal of Applied Meteorology 12, 649-657, 1973. 

de Bruin, H.A.R. A Model for the Priestley-Taylor parameter a. Journal of Climate and 

AppliedMeteorology 22, 572-578, 1983. 

Dickinson, R.E., Henderson-Sellers A. & Kennedy, P.J. Biosphere Atmosphere Transfer 
Scheme (BATS) Version 1 e as Coupled to NCAR Community Climate Model. NCAR 
Technical Note, NCAR, 72 pp, 1993. 

Duan, Q., S. Sorooshian and V .K. Gupta. Effective and efficient global optimization for 
conceptual rainfall-runoff models. Water Resources Research 28(4), 1015-1031, 1992. 



172 

Duell, Lowell F.W. Estimates ofEvapotranspiration in Alkaline Scrub and Meadow 
Communitites of Owens Valley, California, using the Bowen-Ratio, Eddy Correlation, 
and Penman-Combination methods. U.S. Geological Survey Water-Supply Paper 2370-E, 
1990. 

Eden, S. and M.G. Wallace, Arizona Water: Information and Issues, Issue Paper No. 11, 
Water Resources Research Center, University of Arizona, 1992. 

Faures, Jean-Marc. Sensitivity to small scale spatial variability of observed rainfall in a 
distributed model. M.S. thesis, University of Arizona Dept. of Hydrology and Water 
Resources, 169 pp., 1990. 

Jacoby, S.L.S., J.S. Kowalik, and J.T. Pizzo. Iterative methods for nonlinear optimization 
problems. Prentice-Hall, Englewood Cliffs NJ, 1972. 

Fritschen, L.J. and J.R. Simpson. Surface energy and radiation balance systems: general 
description and improvements. Journal of Applied Meteorology 28, 680-689, 1989. 

Kustas, W.P. and C.S.T. Daughtry. Estimation of the soil heat flux/net radiation ratio 
from spectral data. Agricultural and Forest Meteorology 49, 205-223, 1990. 

Kustas, W.P. and D.C. Goodrich. Preface. Water Resources Research 30 (5), 1211-1225, 
1994a. 

Kustas, W.P., M.S. Moran, K.S. Humes, D.I. Stannard, P.J. Pinter, L.E. Hipps, E. 
Swiatek, and D.C. Goodrich. Surface energy balance estimates at local and regional scales 
using optical remote sensing from an aircraft platform and atmospheric data collected over 
semiarid rangelands. Water Resources Research 30 (5), 1241-1259, 1994b. 

Kustas, W.P., J.H. Blanford, D.I. Stannard, C.S.T. Daughtry, W.D. Nichols, and M.A. 
Weltz. Local energy flux estimates for unstable conditions using variance data in semiarid 
rangelands. Water Resources Research 30 (5), 1351-1361, 1994c. 

McNaughton, K.G. Evaporation and advection I: evaporation from extensive 
homogeneous surfaces. Quarterly Journal of the Royal Meteorological Society 102, 181-
191, 1976. 

McNaughton, K.G. and T.W. Spriggs. A mixed-layer model for regional evaporation. 
Boundary Layer Meteorology 34, 243-262, 1986. 



McNeil, D.D. and W.J. Shuttleworth. Comparitive measurements of the energy fluxes 
over a pine forest. Boundary Layer Meteorology 9, 297-313, 1975. 

Monteith, J.L. Gas exchange in plant communities. In Environmental Control of Plant 
Growth, pp. 95-112, Academic, San Diego, 1965. 

Moore, C.J. Frequency response corrections for eddy correlation systems. Boundary 
Layer Meteorology 37, 17-35, 1986. 

Moran, M.S., W.P. Kustas, A. Vidal, D.I. Stannard, J.H. Blanford, and W.D. Nichols. 
Use of ground-based remotely sensed data for surface energy balance evaluation of a 
semiarid rangeland. Water Resources Research 30 (5), 1339-1349, 1994. 

Nelder, J.A. and R. Mead. A simplex method for function minimization. Computer 
Journal 17, 308-313, 1965. 

Ogden, P.R. Natural Ecology of the Empire Ranch and development considerations. 
Unpublished report to the firm of Wilsey & Ham, Arcadia CA, 1970. 

Rawls, W.J., L.R. Ahuja, D.L. Brakensiek, and A. Shirmohammadi. Infiltration and soil 
water movement. In Handbook of Hydrology, D.R. Maidment (editor). McGraw Hill, 
New York, 5.1-5.51, 1993. 

Rijetma, P.E. An analysis of actual evapotranspiration. Agricultural Report No. 659, 
W ageningen, Netherlands, 1965. 

173 

Priestley, C.H.B. and R.J. Taylor. On the assesment of surface heat flux and evaporation 
using large-scale parameters. Monthly Weather Review 100, 81-92, 1972. 

Shaw, R.H. and AR. Pereira. Aerodynamic roughness of a plant canopy: a numerical 
experiment. Agricultural Meteorology 26, 51-65, 1982. 

Shuttleworth, W.J. Evaporation. In Handbook of Hydrology, D.R. Maidment ( editor). 
McGraw Hill, New York, 4.1-4.53, 1993. 

Shuttleworth, W.J. HWR 524, Hydroclimatology class notes. Department of Hydrology 
and Water Resources, University of Arizona, unpublished class handout, 1994. 

Shuttleworth, W.J. Micrometeorology of temperate and tropical forest. Phil. Trans. R 
Soc. Lond B 324, 299-334, 1989. 



174 

Shuttleworth, W.J. and J.S. Wallace. Evaporation from sparse crops--an energy 
combination theory. Quarterly Journal of the Royal Meteorological Society 111, 839-855, 
1985. 

Shuttleworth, W.J. The theoretical relationship between foliage temperature and canopy 
resistance in sparse crops. Quarterly Journal of the Royal Meteorological Society 116, 
497-519, 1990. 

Simpson, E.S., U. Kafri, and J.H. Randall. Effects of groundwater pumpage on surface 
and groundwater flows in adjoining basins. Research project technical completion report 
#A070-ARIZ, U.S. Dept. of the Interior, 1983. 

Slayter, R.O., and LC. Mcllroy. Practical Microclimatology. UNESCO, Paris, 300 pp, 
1961. 

Sorooshian, S. and J.A. Dracup. Stochastic parameter estimation procedures for 
hydrologic rainfall-runoff models: correlated and heteroscedastic error cases. Water 
Resources Research 16 (2), 430-442, 1980. 

Sorooshian, S. and V.K. Gupta. Model Calibration. In Computer Models of Watershed 
Hydrology. V. P. Singh ( editor). Water Resources Publications, Highlands Ranch CO, pp. 
23-68, 1995. 

Stannard, David I. Bowen Ratio Measurements at sites C and F. In Evapotranspiration 
Measurements ofNative Vegetation, Owens Valley, California, June 1986. USGS Water 
Resources Investigations Report 91-4159, 1992. 

Stannard, David I. Comparison of Penman-Monteith, Shuttleworth-Wallace, and 
Modified Priestley-Taylor Evapotranspiration models for wildland vegetation in semi
arid rangeland Water Resources Research 29 (5), 1379-1392, 1993. 

Stannard, David I, J.H. Blanford, W.P. Kustas, W.D. Nichols, S.A. Amer, T.J. Schmugge, 
and M.A. Weltz. Interpretation of surface flux measurements in heterogeneous terrain 
during the Monsoon '90 experiment. Water Resources Research 30 (5), 1227-1239, 1994. 

Stewart, J.B. Modeling surface conductance of pine forest. Agricultural and Forest 
Meteorology 43, 19-35, 1988. 



175 

Thom, AS. and H.R. Oliver. On Penman's equation for estimating regional evaporation. 
Quarterly Journal of the Royal Meteorological Society 103, 345-357, 1977. 

Tillman, J.E. The indirect determination of stability, heat and momentum fluxes in the 
atmospheric boundary layer from simple scalar variables during dry unstable conditions. 
Journal of Applied Meteorology 11, 783-792, 1972. 

Unland, H.E., Paul Houser, William J. Shuttleworth and Zong-Liang Yang. Surface flux 
measurement and modeling at a semi-arid Sonoran Desert site. Journal of Agricultural and 
Forest Meteorology (In Press) 1996. 

van den Hurk, B.J.J.M. Sparse canopy parameterizations for meteorological models. 
Ph.D. thesis, Wageningen Agricultural University, Netherlands. 271 pp., 1996. 

Weaver, Harold L. Eddy Correlation Measurements at sites C and F. In 
Evapotranspiration Measurements of Native Vegetation, Owens Valley, California, June 
1986. USGS Water Resources Investigations Report 91-4159, 1992. 

Weltz, M.A., J.C. Ritchie, and H.D. Fox. Comparison oflaser and field measurements of 
vegetation height and canopy cover. Water Resources Research 30 (5), 1311-1319, 1994. 



176 

Appendix A 

Model Performance Statistics 

Coefficient of Determination (R2
): 

where overbars denote the average of computed or observed latent fluxes. 

Daily Root Mean Square (DRMS): 

DRMS= ! ~~ ( LE~omputed _ LE;°bs } 
2 

n ~,-1 ' 

Mean Bias Error (MBE): 

MBE _ LE~omputed _ LEf!bS 
- l l 

Coefficient of Variation ( CV): 

_1_ ~n (LE~omputed _ LE;°bs )
2 

n - I ~i=l z 
CV= ------=======-------

LEf!bs 
l 



A 

a 

a 
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B 
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C 

C(z) 

AppendixB 

List of Notation 

available energy (W m-2
) 

available energy at soil surface (W m-2
) 

P-T soil moisture function coefficient (dimensionless) 

Priestley-Taylor parameter (dimensionless) 

P-T soil moisture function parameter (dimensionless) 

surface albedo (dimensionless) 

Bowen Ratio (dimensionless) 

P-T soil moisture function decay parameter (mm) 

soil moisture decay constant (days-I) 

Clapp and Hornberger coefficient 

P-T soil moisture function decay constant (mm) 

also used for P-M soil evaporation decay constant (days) 

canopy radiation extinction coefficient (dimensionless) 

soil heat capacity 

variance sensible heat constant 

variance sensible heat constant 

Shuttleworth-Wallace canopy coefficient (dimensionless) 

Shuttleworth-Wallace soil coefficient (dimensionless) 

drag coefficient (dimensionless) 

neutral drag coefficient (dimensionless) 

foliage/air transfer coefficient (m s-112
) 

specific heat of dry air (J kg-I °K-1
) 

slope of saturated vapor pressure surve (kPa °K-1
) 
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D 

d 

e 

E' 

Epm 

Ess 

Er 

E, 

E1r 

Et,RZax 

f 

/g 

fr 
y 

G 

vapor pressure deficit (kPa) 

zero plane displacement ( m) 
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averaged normalized distance of parameters from true values 

characteristic leaf dimension (m) 

sensible heat flux correction (W m-2
) 

soil moisture deficit (mm) 

maximum soil moisture deficit (mm) 

vapor pressure (kPa) 

emissivity (dimensionless) 

Penman open water surface evaporation (W m-2 ormm) 

Penman empirical aerodynamic function 

latent flux from wetted canopy (W m-2
) 

sum squared residuals between true and modeled latent fluxes 

sum squared residuals between true and observed latent fluxes 

Penman-Monteith calculated latent flux (mm) 

soil/surface evaporation term (mm) 

Penman evaporation from a well-watered vegetated surface 

total modeled latent flux (mm) 

transpiration from dry canopy (W m-2
) 

maxiumum transpiration (W m-2
) 

cloud factor (dimensionless) 

ratio of actual to potential soil evaporation (dimensionless) 

fraction of ppt. evaporated immediately on day of event 

psychrometric constant (kPa °K-1
) 

soil heat flux (W m-2 or mm) 



Y,o 

Gs 

Go.os 

h 

h(t) 

H 

Htrue 

l(t) 

K 

k 

KH 

Kv 

L 

unstressed stomata! conductance ( m s- 1
) 

stomata! conductance stress function (m s-1
) 

stomata} conductance function for soil moisture (m s- 1
) 

net stomata! conductance ( m s-1
) 

thermocouple frequency response function 

propeller anemometer frequency response function 

maximum sustainable transpiration (W m-2
) 

surface soil heat flux (W m-2
) 

soil heat flux at 0.05 m depth (W m-2
) 

mean vegetation height (m) 

response function of a linear system to a unit impulse 

sensible heat flux (W m-2
) 

sensible heat flux originating from canopy (W m-2
) 

sensible heat flux originating from soil (W m-2
) 

corrected sensible heat flux (W m-2
) 

sensible heat flux over vegetated surface (W m-2
) 

observed sensible heat flux (W m-2
) 
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sensible heat measured using propeller anemometer (W m-2
) 

sensible heat measured using sonic anemometer (W m-2
) 

"true" sensible heat flux (W m-2
) 

input function for linear system 

soil moisture stress function decay parameter (mm) 

von Karman's constant (dimensionless) 

eddy diffusivity for heat transport ( m2 s-1
) 

eddy diffusivity for vapor transport ( m2 s-1
) 

Monin-Obukhov length (m) 



LAI 

"A.E 

LE{omputed 

LE-obs 
l 

LE/rue 

LE,computed 

LE,observed 

LsAI 

n 

p 

P1 

PMc 

PMs 

e 

q 

0(t) 

e _conv 
l 

leaf area index (dimensionless) 

fraction of canopy that is dry (dimensionless) 

latent heat flux (W m-2
) 

latent heat flux originating from canopy (W m-2
) 

model computed latent heat flux at time step i 

observed latent heat flux at time step i 

"true" latent heat flux at time step i 

computed latent energy flux (mm) 

observed latent energy flux (mm) 

latent heat flux originating from soil (W m-2
) 

net longwave radiation at the surface (W m-2
) 

sum ofleaf and stem area indices (dimensionless) 

frequency (Hz) 

probability of failure for a single trial of simplex algorithm 

probability of failure for m trials of the simplex algorithm 

Shuttleworth-Wallace canopy latent flux term (W m-~) 

Shuttleworth-Wallace soil latent flux term (W m-2
) 

potential temperature (°K) 

specific humidity (kg kg- 1
) 

time dependent soil moisture (cm3 cm-3
) 

initial soil moisture (cm3 cm-3
) 

air specific humidity (kg kg-1
) 

specific humidity of air at foliage level (kg kg-1
) 

specific humidity at water surface (kg kg-1
) 

value of the ith parameter upon convergence of simplex 
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e .max 
I 

e.mm 
I 

e .s,max 
I 

e .s,min 
I 

e _true 
I 

p 

r C a 

rs 
a 

R,, 

R,,o 

maximum allowed value for ith parameter 

minimum allowed value for ith parameter 

highest value of the ith parameter in the simplex 

lowest value of the ith parameter in the simplex 

true value of the ith parameter 

surface specific humidity (kg kg-1
) 

density of air (kg m-3
) 

boundary layer resistance to heat transport ( s m-1
) 
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derived term in Shuttleworth-Wallace model (kPa s °K-1 m-1
) 

canopy aerodynamic resistance ( s m-1
) 

soil aerodynamic resistance ( s m-1
) 

derived term in Shuttleworth-Wallace model (kPa s °K-1 m-1
) 

effective bulk stomata} resistance ( s m-1
) 

bulk Richardson number (dimensionless) 

vegetated surface aerodynamic resistance ( s m-1
) 

net radiation over vegetated surface (W m-2 or mm) 

net radiation over open water surface (W m-2
) 

net radiation at soil surface (W m-2
) 

derived term in Shuttleworth-Wallace model (kPa s °K-1 m-1
) 

surface resistance ( s m-1
) 

minimum stomata} resistance (s m-1
) 

canopy stomatal resistance ( s m-1
) 

soil surface resistance ( s m-1
) 

stomatal resistance ( s m-1
) 

boundary layer resistance to vapor transport ( s m-1
) 



0 

S; 

SLS 

SM 

SMo 

s~ 
Sn 

Swe 

u 

u. 

fraction of roots in ith soil layer (dimensionless) 

rate of energy storage in the canopy (W m-2
) 

incident incoming solar radiation (W m-2
) 

Stefan-Boltzmann constant (W m-2 °K-4
) 

vegetated fraction (dimensionless) 

ratio of soil water to that at saturation for ith soil layer 

ratio of soil water at the wilting point to that at saturation 

simple least squares objective function 

rooting zone soil moisture (mm) 

soil moisture at the wilting point (mm) 

soil moisture at field capacity (mm) 

net shortwave radiation at the surface (W m-2
) 

standard deviation of potential temperature (°K) 
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atmospheric co-spectrum of vertical velocity and pot'l temp. 

convolution dummy variable 

air temperature (°K) 

air temperature above canopy (°K) 

foliage temperature (°K) 

surface temperature (°K) 

transfer function due to vertical separation of sensors 

transfer function for path averaging 

instrumental transfer function for sensible heat 

wind speed (m s-1
) 

friction velocity (m s-1
) 

magnitude of wind velocity incident upon foliage (m s-1
) 



w 

wp· 
X 

X1 

X2 

X2,s 

X3 

x3,s 

Xcn 

y(t) 

~ 

Zop 

Zo,M 

Zo,s 

magnitude of wind velocity at anemometer height (m s- 1
) 

vertical wind velocity (m s-1
) 

wilting factor (dimensionless) 
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product of drag coefficient and leaf area index (dimensionless) 

highest ranked simplex point . 

second highest ranked simplex point 

shrunken simplex point derived from X2 

third highest ranked simplex point 

shrunken simplex point derived from X3 

centroid of the simplex points excluding the worst point 

response function of a linear system 

stability parameter (dimensionless) 

roughness length for heat transfer ( m) 

roughness length for momentum transfer ( m) 

soil roughness length ( m) 

windspeed measurement height (m) 
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