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ABSTRACT

Land surface evaporation has considerable spatial variability that is not reflected in
meteorological station data alone. Knowing the spatial variability of evaporation is
important for describing drought, managing agricultural land, and is vauable for
improving the parameterization of hydrological models and land surface schemes over
large areas. General difficulties arise for obtaining reliable, spatially distributed
evaporation estimates as a result of uncertainty in estimation techniques, scale issues and
complexities regarding land surface and atmospheric interactions, and the spatial and
temporal variability of key factors governing the evaporation process. Estimating
evaporation is further complicated when soil moisture becomes a critical limitation,
particularly during drought. An examination of the spatial variability of evaporation and
its association with governing factors was conducted in Prairie landscapes using three
modelling techniques. First, eddy covariance measurements and reference meteorol ogical
data were obtained at two Prairie locations to assess the accuracy of physically-based
models for calculating point estimates of actual evaporation under non-limited soil
moisture conditions and during drought. Second, estimates of actual evaporation were
distributed at the field scale in order to examine the impacts of driving factors and their
gpatial associations on upscaled evaporation estimates. This required the assimilation of
high resolution visible and thermal images which were used to derive estimates of surface
albedo and surface emitted longwave radiation. These were combined along with surface
reference observations to develop an index of the mid-day radiation in order to distribute
a known value of mean daily net radiation over the field. Third, archived historical
climate data were used as input for a continuous hydrological simulation to examine
spatial and temporal variations in evaporation across the Prairie region of Western
Canada during a drought and non-drought period.

Results of this research showed that the spatial variability of evaporation could be
derived at the field scale by integrating remote sensing and surface reference climate data
with a physically-based evaporation model. Surface temperature and soil moisture, and
net radiation were found to be highly variable spatialy at field scales whilst
meteorological conditions tended to be less variable spatially but showed strong temporal



variability. At the field scale it was found that the variability in albedo and surface
temperature were both important for characterizing differences in surface state
conditions. Their combined influence was reflected in the resulting pattern of net
radiation that governed the distribution of actual evaporation estimates obtained with the
Granger and Gray evaporation model.

It was found that an areal estimate of evaporation obtained from the means of
driving factors was similar to the areal average obtained from the distributed estimates.
This was attributed to the offsetting interactions among the driving factors which
effectively reduced the variability of the model estimates. In general, the physicaly-
based models examined were found to provide reasonable estimates of actual evaporation
when driven by observations at point-scaes over multi-day and seasona periods. This
included periods when soil moisture was not a strong limitation and also under drought
conditions. Variations in the spatial pattern of actual evaporation provided a useful
indicator of drought across the Prairie region of Western Canada.

The results contribute to a better understanding of the effects of spatia associations
of key factors on evaporation estimates in a Prairie landscape. The methodology
developed for distributing net radiation from assimilated visible and thermal images
could potentially be used in regional scale modelling applications for improving
evaporation estimates using point scale estimation techniques. The modelling algorithms
applied to derive point estimates of evaporation from surface reference data may be
useful for operationa purposes that require estimates of actual evaporation and for

characterizing drought.
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CHAPTER 1

INTRODUCTION

1.1 Background

In the natural environment, the process of evammranvolves the phase change of water from a
liquid state into vapour. Evaporation can occumfréree water surfaces, soil and vegetation
(through stomata via transpiration), and even rédcksuch, the term evaporation is used herein
to describe the physical change from liquid to wapand includes evaporation occurring from
the soil and vegetation system, and free-waterasasl. Evaporation is one of the key factors
governing the hydrological cycle and is a criticancern for many water resources and
modelling applications. Consequently reliable eatas of ‘actual’ evaporation are needed for
hydrology, meteorology, climatology, and water rgses management problems (Sellers et al.,
1997; Gowda et al., 2008). In general, these apiobios operate across a range of spatial scales
and evaporation estimates are often needed athlestgies in the order of a few metres (field
scale) to hundreds of kilometres. However, evapmrais highly variable both spatially and
temporally and obtaining accurate estimates, evea @oint’, can be a difficult challenge.
Pomeroy et al. (2010) attribute the difficultiesissues such as differences and uncertainty in
evaporation concepts, estimation methods and paeazetion techniques; and complexities of
soil-surface-atmosphere interactions.

In the Canadian Prairies, both water quantity avaperation are of critical concern for
agriculture practices and water resources manageamehplanning. In recent years, emphasis
has been placed on improving the understandingydfdiogical and atmospheric processes
associated with extreme events in Canada suchoedsfland droughts (Environment Canada,
2004). These are serious problems that can haverneayvironmental and socio-economic
impacts. Recently, the Canadian Prairie region Wwhaccounts for the largest portion of
Canada’s agriculture was strongly impacted by sedeought during 1999-2004. The economic
consequences and questions related to water quaatitl land use and adaptation strategies
provide strong motivation for better understandimg physical processes associated with severe

drought across the Canadian Prairies (Pomeroy,&C40).



Given the importance of evaporation in water reseyoroblems, the research presented in
this thesis is interested in the spatial and temdpeariability of evaporation across a range of
scales during wet and dry periods. In the casetaneled drought periods, seasonal evaporation
can greatly exceed precipitation and subsequertiyimhte regional water balances. This has
potential implications for future land managemerdétegies in general. This raises a question as
to the effects of spatial variations of key factorsestimates of evaporation. This, in turn, raises
a further question as to whether spatial covaiighihay exist between key factors governing
evaporation and whether such information may bel asamprove our ability to obtain more
reliable estimates for large scale applications.

Due to the importance of evaporation in managingemasources, the goal of this research
is to improve upon the understanding of how spatalations of factors governing evaporation
impact the accuracy of its estimation, and to destrate the applicability of physically-based
evaporation models within the Prairie landscapenater resource problems, particularly where
drought is concerned. The problem is approachesugtr a combination of physically-based
modelling techniques that includes the applicatbbrevaporation models capable of providing
direct estimates of actual evaporation, the asation of surface reference and remote sensing
data, and long term continuous hydrological modgltihat covers the drought period of 1999 -
2004.

1.1.1  Difficultiesin Estimating Evaporation in Natural L andscapes

Reliably estimating evaporation on a consistenisbes by no means a trivial problem. The
surface-atmosphere interactions governing the eaipa process are complex, particularly in
the case of terrestrial landscapes. As a resldtga number of methods have been developed for
its estimation and the issue of uncertainty remanfundamental concern. The following
discussion gives a brief introduction to sourcesidertainty in evaporation modelling. A more

detailed overview of subjects pertinent to thissthés reserved for a synthesis of the literature.

Theoretical Assumptions and Evaporation Concepts

Most evaporation estimation methods and measuretaehhiques have been developed under

the assumption of steady state conditions. In otfeeds, spatial and temporal variations in key



factors of the process are assumed to be negligh®e the time step and spatial extent of the
calculation. However, spatially variable topograpiggetation and available water are inherent
in natural landscapes and violate the steady-staseimptions of most evaporation models.
Perhaps more important is that the dependencyeoketfaporation process on both water and
energy availability (i.e. surface state conditioaslds a level of complexity to the modelling
process. This has resulted in various theoretrealtinents of saturated and unsaturated surface
conditions. Subsequently, a number of ambiguoupa@ation concepts has appeared in the
literature (e.g. potential, equilibrium, referenaad actual), and is a general source of confusion

and uncertainty (Granger, 1989a).

Uncertainty in Estimation Methods

A great deal of the uncertainty in estimating evapon can be attributed to the number of
different theoretical approaches that have beepqgsed (Brutsaert, 1982). In truth, there is no
universally accepted method of estimating evapomatand the subject remains a contentious
issue; particularly where evaporation from landfiates is concerned. In general, the estimation
of evaporation from land surfaces is approache@reifitly than for free water surfaces. This is
because the surface humidity gradient can be ddtadiirectly over water when surface
temperature data is available (Brutsaert, 19828} abnsiderations for soil and vegetation are not
needed. In the case of land surfaces, howevemd#gnitude of evaporation largely depends on
the surface state and soil moisture conditions. (sajurated vs. non-saturated), and the
characteristics of the land cover. The non-satdrasse is of general importance as regards land
surfaces in the Canadian Prairies owing to thelsuhid climate conditions.

Another source of uncertainty is that the compiexif estimation methods varies
considerably. Some methods are purely empiricallackl a theoretical basis, and are therefore
not widely applicable given that parameters oftequire site specific calibrations. Others are
physically-based and may or may not be computatipnaxpensive. Physically-based
evaporation models generally take the form of srgler or multilayer canopy models, or may
even be imbedded in the framework of predictive eldAs Raupach and Finnigan (1988) have
clearly stated, there is an inherent incompatibbigtween simplicity and realism. Unfortunately,
this speaks to the general problem of how modasoéien perceived. Namely, that usefulness

tends to be associated with simplicity of appli@atiwhereas correctness is potentially perceived



to be mired in the complexities of realism. Neveltiss, Raupach and Finnigan have concluded
that both single and multilayer evaporation moaeis be accurate and are useful but are better

suited for different applications.

The Spatial and Temporal Variability of Governing Factors

The heterogeneity of natural landscapes and véitiabf climate conditions presents a problem
for accurately estimating evaporation on a consisbasis. The range of spatial scales over
which reliable estimates are needed can vary wididgending on the application. In the
terrestrial environment, three general scales @idéntified (Brutsaert, 1982). These include
estimates at a ‘point’ (metres to hundreds of nsgtrever field sized areas (kilometres) and
across large regions (tens to hundreds of kiloragt&rutsaert (1998) has suggested the problem
can be addressed via better treatments of landcifariability itself. A general problem is that
landscape variability tends to increase with theglle scale of interest (Bloschl and Sivapalan,
1995). As a result, important information may betlduring the application of scaling or
averaging procedures, which in turn will have anpaet on evaporation estimates and
subsequent spatial patterns of evaporation. Thiedga then is to obtain reasonably accurate
estimates across the range of spatial scales Hicilyptaking into consideration the pertinent
natural variability of landscape features and sigfstate conditions.

Remote sensing is a useful tool for directly meaguspatial variations in land surface
characteristics over large areas, which makes tiacive for a range of environmental
applications. It is currently not possible to measevaporation directly via satellite instruments
(Engman and Gurney, 1991; Duguay and Pietronir@520although it is possible using an
airborne eddy covariance system (Giola et al., 208dwever, spatial observations obtained via
satellite instruments such as surface temperatmebe assimilated directly into an evaporation
model or used to derive key variables (e.g. surbedo) needed for the parameterization of
evaporation models (Granger and Bussieres, 200pgraistent and general limitation of optical
remote sensing is the problem of atmospheric hadeckbuds. Also, the relative complexity of
algorithms needed for deriving variables from scefaneasurements can be a general limitation
for practical applications.



1.2  Scope

The most practical means of approaching the afonéoreed issues is through a combination of
physically-based modelling techniques that inclualesxamination of stand alone evaporation
models, the assimilation of remote sensing infoiomatind visualization using Geographical
Information System (GIS) software, and long ternmtowous hydrological modelling. Such
tools will allow for an examination of the reliaiby of point scale models to estimate
evaporation in the Prairie landscape under varyswface conditions and various
parameterization strategies. Physically-based ea#ipa models and bulk transfer equations can
be parameterized via atmospheric and remote serdsgrvations obtained during field
campaigns and from historical archives. The réliigbof the models for obtaining accurate
estimates is determined by comparing estimatedegalagainst evaporation measurements
obtained using the eddy covariance technique. Ehithe most direct method of measuring
evaporation at a ‘point’ and is well suited for idating model estimates. Also the spatial
relationships between factors governing evaporatom used for distributing estimates of

evaporation across the Prairie landscape.

1.3  Objectives

The research is conducted with the specific objesti

» To determine the accuracy of a selection of phylgidesed models for estimating

evaporation in prairie landscapes;

* To examine the spatial variability of estimated poration at the field scale resulting
from the spatial associations between driving factd evaporation and potential impacts

of covariance on upscaled estimates of evaporation;

» To examine large scale spatial and temporal vanatin evaporation across the Canada

Prairies during a drought and a non-drought period.



1.4  Organization

Chapter 2 provides a review of evaporation theesuiting in the development of physically-
based point scale evaporation estimation methodstla@ difficulties in reliably estimating
evaporation at regional scales. Chapter 3 presdatails on the study design and site
characteristics. Chapter 4 discusses the eddy ieoeartechnique for measuring evaporation and
considerations regarding the parameterization efrttodels. The *iobjective is addressed in
Chapter 5. Chapter 6 addresses tAE dbjective and Chapter 7 addresses tfieoBjective.

Chapter 8 presents a summary of the conclusionsesmatnmendations for future research.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Brutsaert (1982) gives an excellent and comprekiensverview of ‘Evaporation into the
Atmosphere’ which presents the physical and engliti@sis of developments in evaporation
theory to that time. He notes that considerableatian in theoretical developments, model
complexity, and differences in input requiremenss a general source of uncertainty for
estimating evaporation. His overview suggests that uncertainty in model estimates may
increase as models diverge further from the fundaah@hysics of the problem or the integrated
physics become so complex that a model is diffitulapply for practical purposes. Therefore,
choosing an appropriate model becomes an importamsideration, particularly where
operational applications may be concerned.

The choice of model more often depends on the ®pdoput requirements and how
readily these may be obtained as opposed to coatimie for the appropriate use or correctness
of any given model (Raupach and Finnigan, 1988j).example, analysis of evaporation trends
has typically been conducted within the Canadiairiérregion using pan evaporation data and
empirical estimates of gross evaporation from fnester surfaces (Martin, 2002; Hesch and
Burn, 2005; Burn and Hesch, 2007). However, thgypears to have been no attempt at
estimating actual terrestrial evaporation for opereal purposes.

Reliably estimating evaporation from natural laragses should begin from a sound
physical basis. This promotes an overall understgndf the process, and allows for an
examination of the realistic behaviour of the iat#ions within the natural system (Thom and
Oliver, 1977). Yet, a certain level of empiricismwunavoidable due to the complexity of surface-
atmosphere interactions governing the evaporatrmeegss itself; which is another source of
uncertainty. There is large variability in topodngp water and energy availability, soil and
vegetation properties, and also climate conditiofisese factors may generate considerable
spatial variability in evaporation. Improving ourility to reliably estimate evaporation has wide

ranging implications given potential changes irufatwater availability (Bremer et al. 2001).



For example, knowing the spatial variability of wat evaporation may improve our
understanding of drought related processes ini€mivironments.

Given the sources of uncertainty, a synthesis lelamt literature begins from the physical
basis considered for choosing appropriate modeds pinovide realistic estimates of actual
evaporation from the land surface. Interestinglyicm of the progress toward terrestrial
evaporation began from investigations of evapomatfoom water surfaces. A historical
perspective highlights some noteworthy aspects tbalminated in the fundamental
advancements of the science by Dalton in 1802,Bowlen in 1926, and Penman’s wisdom in
combining these respective approaches in 1948. gkudsion on the general difficulties
associated with the complex soil-vegetation-atmespinteractions and the variability of factors

governing the evaporation process, and approaolexdressing these issues will follow.

2.2  Historical Developments in Evaporation Theory

As stated previously, evaporation is the processralty water undergoes a phase change from a
liquid (or solid, viz. sublimation) to vapour staed is transported to the atmosphere. Several

conditions are necessary for the process of evapor occur,

1. There must be an available supply of water;
2. Sufficient energy is needed for the phase charaye fvater to vapour;

3. A transport mechanism is needed to carry the vapoay.

There was little understanding beyond these gemerplirements from about 350 B.C. until
1800 A.D. (Brutsaert, 1982). For some two thousaedrs, philosophers held firmly to
Aristotle’s view of the sun as the only cause ofmration. Experimentation was rare before
the 17" century, and to openly refute the accepted viefvthe ‘Ancients’ on any subject
literally meant risking one’s life (Nace, 1947). bssence, the fundamental problem was
incontrovertibly proving the cause and effect mextras of the evaporation process. In 1637,
Descartes’ ‘Discourse on the Method” representesigaificant step toward this. Descartes
emphasized the need for skeptiscm toward all pasories and knowledge, and outlined
founding principles upon which scientific truth ¢dbe achieved. In the same year, he also

theorized that evaporation was a result of theatigit and separation of water particles caused



by the sun’s heat, and the rising of the vapours thia source of the winds (Brutsaert, 1982).
Unfortunately, Descartes had no way of proving Wwhethis was true.

By the late 17 century, the movements of air particles were fotmbe another cause of
evaporation. In 1670, Pierre Perrault’'s use of aeg apparatus elucidated the evaporation of
frozen water in the winter, and he also observexperation from a vessel in an enclosed space
in the absence of heat or cold (Nace, 1947). Pierraasoned that the evaporation must be
caused by the motion of the air particles whichitexicthe water particles into separating (Nace,
1947). By 1695, however, Edmund Halley had likettesl drying effects of wind to that of a
solution of salt and water, whereby water particlese dissolved into the air in contact with
them (Brutsaert, 1982). A debate ensued duringhtheé 100 years over whether the cause of
evaporation attributed to wind was due to the &gitaand separation of the particles or the
dissolution of water in the presence of air. Théetawas supported most notably by Benjamin
Franklin who reasoned that each air particle caully allow a finite number of water particles
to adhere to it, and “when too much is added,atjpitates as rain” (Franklin, 1765, p. 183).

In 1802, a fundamental advance came from the exjgets of John Dalton which resulted
in the establishment of several general laws ferdtience. As such, he stated several factors
that strongly controlled evaporation (Dalton, 1884125),

“The following circumstances are found powerfully promote evaporation ;
namely,heat, dry air,anddecreased weighir pressureof the atmosphere on the
evaporating surface”

Specifically, he showed the change in saturatiqgoua pressure at a water surface was a
function of surface temperature alone. He also €dowvaporation occurred in a vacuum,
proving that the presence of air was not a requerdmHe further stated that for temperatures
below 138 °F (58.9 °C) evaporation must also bep@rional to the difference between the
vapour pressures at the temperature of the wattacguand the dewpoint temperature of the air
(Henry, 1854). The rate was also enhanced by anawk wind function related to wind speed.
As such, the actual quantity evaporated from a msteface can be obtained from a general
Dalton form of the equation (Penman, 1948; Brutsd€82),

E=fu)e -e) . (2.1)



where g; is the saturation vapour pressure at the temperailithe water surfaces, is the
saturation vapour pressure at the dew point tertyreraf the air (also equivalent to the actual
vapour pressure), arifll) is an unknown vapour transfer function of windatetl to wind speed.
In light of Dalton’s fundamental advance, effortscdised on data collection and empirical
investigations of the wind function (Penman, 1947).

In 1915, Schmidt provided the first estimates cdpwration for the ocean viz. the energy

budget (Lewis, 1995). The general form of the epeguation can be written as,
Q* :Qe +Qh +Qg 1 (22)

whereQ* is net radiation surplug). is the latent heat fluxQ, is the sensible heat flux, and he
assumed thaR,, the change in heat storage, was negligible oarsual basis. Schmidt further
assumed the annual net radiation surplus was leadabg conduction and evaporation, and

introduced the ratio of the sensible to latent feaes,

- ' (2'3)
Qe
and upon rearranging the terms, the evaporatienEaan be determined as,
-_Q : (2.4)
AQ+R)

where 4 is the latent heat of vaporization. Angstrom (1920en elucidated the inherent
difficulties in obtaining reliable estimates Bf As such, the method was highly uncertain due to
the complex interactions and mutual dependencigadtion, temperature, evaporation, wind
and convection. Shortly after, Bowen (1926) showed Schmidt'satio, R could be derived as
a function of the gradients of temperature and kitynibetween the surface and atmosphere

which can be given by (Penman 1948),

Q _MT-T))

£70. " e -e)

, (2.5)

10



wheref is the Bowen Ratio designated previouslyRag is the psychometric constaiit,and T,
are the respective temperatures of the surfaceaanéie also assumed the turbulent transport
mechanism for both heat and vapour was essenti@lgame so the need for wind speed could
be eliminated entirely.

In a further development, Cummings and Richardd®27) showed that the net radiation
balance over a shallow pan could be obtained frbm difference between the incoming
radiation,| and the energy radiated back to the gkyThis can be found as the sum of the net

shortwave and net longwave radiation components,

Q=1-B=K!-Kr+L1-Lt (2.6)

where K| is the incoming solar radiatioK; is the radiation reflected from the surface¢,is the
incoming longwave radiation, andf is the longwave radiation emitted from the surfdeer.
adjacent surfaces exposed to the same externaltiomsd(i.e. two pans), the sum of the
incoming radiation terms is essentially equal. €fme the variation in net radiation is
controlled by the surface reflected and emittedrggneéo the atmosphere. For surfaces with
different temperatures the emitted longwave ragimatian be found according to Stefan’s Law,
whereby the energy emitted is proportional to tlerth power of the absolute surface
temperature. The significance was that energy kdadgeadjacent surfaces could be estimated
based on differences in the reflected energy anfditemperatures if the energy budget was
known for at least one of the surfaces (Penman7)194

More importantly, their research did two thingsslitowed the practical application of the
Bowen Ratio for estimating evaporation over wagdio€it from two pans of different sizes), and
it addressed a growing concern over the uncertaifitglating estimates of pan evaporation to
that of nearby lakes or regional estimates viaviager balance. The relationship between pan
and regional evaporation estimates is highly suspecause there is a negative correlation
between pan evaporation and actual evaporationr wheeonditions of increasing aridity during
periodic water shortages (Monteith, 1981).

11



2.3  Physically-Based Estimation Methods
2.3.1 Penman’s Combination Evaporation Model

Penman (1948) provided a fundamental advance byicomg the thermodynamic principles of
the energy balance, which supplies the energyheradtent heat of vaporization, and Dalton’s
aerodynamic form of the transport mechanism ne¢dezhrry the vapour away. As such, Eq.
2.1, 2.4 and 2.5 were fundamental to Penman’s dpwents. An analytical solution also
required the introduction of a new term and a sédbermodynamic ‘constant’. The new term
was the “drying power of the air”, which was exmed in Dalton’s form aka = f(u)(e*, - €,),

where e% is the saturation vapour pressure at air tempezakie also introduced the slope of the

saturation pressure curvg,

A=-2 a , (27)

which can be calculated at the temperature ofithe a

4098 0.6108exg -2 Ta_
A - T, +2373

= . 2.8
(T, +2373)° =9

a

Eq. 2.8 describes the change in saturation pressithe temperature as first elucidated by
Dalton. Combining the equations eliminated the nfleedurface temperature, which at the time
was rarely available and difficult to measure. Theisulted in Penman’s evaporation equation for

a saturated surface which only requires atmosplkati at one height,

A9

E-— A B (2.9)
A+y A+y

whereE is in mm day, Q* andQ, (W m), & (kJ kg") is slightly temperature dependent to 60
°C (List, 1966) and calculated as 2501 — 2.381( (kPa °C"), Ex (mm day'), andy (kPa °C")

which relates pressure and temperature by,

12



y=—" ) (2.10)

where G is the specific heat of air (1.005 kJBgP is the atmospheric pressure (kRais the
ratio of the molecular weights of moist to dry alWWhen analysed over a range of air
temperatures, the evaporative flux contributionsmfrthe energy and aerodynamic terms,
Al(A+y) andy/(A+y), represent weighting factors that sum to 1. Adeanperature increases the
energy supplied from the air becomes more imparfem¢ developments of the Penman model
are significant in that they are physically-basadthermodynamic principles governing the
evaporation process at a water surface (i.e. aetwagboration). As such, it was also found to
agree well with evaporation over other saturatedasas exposed to the same weather
conditions (e.g. soil and grass).

In the same year, Thornthwaite (1948) introducediéinm ‘potential evapotranspiration’ in
his seminal paper on an approach to climate clegsdn. In essence, he defined it in terms of a
an oasis effect such that as the water supply aseck the evaporation would increase to a
maximum rate that only depended on climate condtidn contrast to Penman’s physically-
based actual evaporation equation, however, Theaite derived an empirical method that
depends only on mean monthly temperature and axiotlheat. In fairness, this was proposed
for climate classifications rather than an analltapproach for estimating potential evaporation.
It was also clear that the potential evaporatiors wa awkward quantity that could not be
measured, unlike actual evaporation, because th@itamns of an unlimited supply of water are
seldom encountered in terrestrial landscapes.

Nevertheless, potential evaporation is generalfindd as the quantity of evaporation that
would occur from a natural surface under the comutof an unlimited water supply (Brutsaert,
1982). Subsequently, Penman’s model has becomerkaeva potential evaporation model. But
other definitions of potential evaporation alsose¢XGranger, 1989a). For instructive purposes it
is pertinent to distinguish the Penman equatiomfr@nother so called potential evaporation
equation, namely the ‘equilibrium’ evaporation (&mger et al., 1996). This method assumes the
humidity gradient disappears over a saturated seidad advection is assumed to be negligible,

and drops the aerodynamic term from Eq. 2.9. Howees assumption has been shown to

13



produce considerable underestimates of evaporatidhe order of 20 to 30% as indicated by
Eichinger et al. (1996).

To further elucidate the point, Priestly and Tay(t®72) introduced a coefficient, to the
equilibrium evaporation equation.is a constant that is related to the evaporataetibn which
is the “ratio of latent heat flux to the sum ofelat and sensible heat fluxes” (Nichols and
Cuenca, 1993). Values afwere calculated from available measurements amd foeind to be
in the order of 1.26 on average. In other wordg, Wapour transfer mechanism plays an
important role in promoting evaporation and canm®ineglected. Eichinger et al. (1996) cite a
considerable body of research that have reportddesasimilar to 1.26 under saturated
conditions and attempted to provide an analytioalt®on fora. However, it has been found that
o may vary substantially over shorter time periodskbins et al., 2001); and is considerably
higher in arid environments and considerably lowader the moisture limited conditions of
non-saturated surfaces. As such, a rational pHysigalanation of the significance af for

saturated conditions has yet to be elucidated.

2.3.2  Actual Evaporation

Theoretical differences exist for the treatmensaturated and unsaturated surface conditions. In
sub-humid to arid environments, like those encaedtein the Canadian Prairies, actual
evaporation is primarily governed by water suppgtimates of actual evaporation are typically
obtained from estimates of some potential evapmradis a function of water availability viz.
surface and soil moisture accounting in hydroloiginadels (e.g. Leaveslest al., 1983; Kite,
1995; Kouwen, 2001). Fluctuations in soil moistare an important concern for hydrological
applications in general due to the high spatial temdaporal variability of soil moisture (Western
et al., 2002).

In the terrestrial landscape, evaporation ratesbs@ governed by the temporal and spatial
variability of the net supply of available enerdgrcing meteorology, and the complexities of
surface-atmosphere feedbacks. Physically-basedjlesitayer model approaches have been
developed based on Penman’s analytical developméfdse theoretically based and very
complex ‘multilayer’ model approaches have alsonbpeoposed. For example, a resistance-
based network has been developed and applied facesr with sparse vegetation cover
(Shuttleworth and Wallace, 1985). The increasedptexity of this approach is attributable to

14



the combined interactions of the many resistanicesrized to exist between the soil surface to
the atmosphere. Such a model has not been corsidere and is rarely warranted in the case of
most Prairie landscapes where vegetation tends teell established. A notable exception might

be the sand dune landscapes found in Saskatchetare wegetation is observed to be sparse

and separated by extensive patches of bare ground.

2.3.2.1 Penman-Monteith

The Penman-MonteithP¢M) method (Monteith, 1965) is a ‘single layer apgeb that extends
Penman’s model to non-saturated surfaces by intinduthe stomatal and aerodynamic
resistances that control the transfer of water uago the atmosphere. These represent the
diffusion path lengths for vegetation and the bargdayer respectively. The general form of
the equation can be written as,

A r

A+;{1+“]
ra

wherep is the air density (kg 1), andr, andr are the aerodynamic and canopy resistances (m

A(Q* -Q,) +[pcp (e; —ea)j

E= (2.11)

day?), and all other terms are the same as definedqusgly. The canopy resistance term exerts
a major control on evaporative losses from plajdsvis (1976) found that several environmental
factors correlate well with the operation of stomand therefore evaporative losses from leaves.
These factors include soil moisture, incoming sadaliation, humidity, and air temperature.

In essence, this form of tH&-M equation is considered to be a ‘big leaf’ modeiegally
applicable to a full canopy with limited exposurebare soil between plants (Stannard, 1993).
Interestingly, Monteith (1981; 1986) has used teerted form of the equation as more of a
diagnostic tool to examine variations in the stahat canopy resistance when the evaporation
and meteorological forcing is known, as opposedrni@vaporation estimation method when the
surface resistance is assumed. A potential linoiatif theP-M method is the added complexity
of estimating the canopy resistance which has armtigncy on plant available soil moisture, soil
texture properties which regulate water transgadugh the soil, and potential effects of plant

growth related to leaf area.
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2.3.2.2 Granger and Gray

Granger and Gray (1989) developed another modeettands Penman’s equation to the case of
non-saturated surfaces. This model is represeatafia surface feedback model, and in contrast
to the resistance-based approaches, circumventsettefor detailed descriptions of land surface
and vegetation characteristics. This is accomptlishg introducing the relative evaporation
which is the ratio of actual to potential evaparatiThis method takes advantage of the inherent
feedbacks that exist over range of surface stateaamospheric conditions as has been shown by
Bouchet (1963) and Morton (1983); however an adegphysical description of the feedbacks
is a general difficulty.

The general form of the Granger and Gray equatonbe written as,

26 Q) e
E= A , (2.12)
AG+y

whereG is the dimensionless relative evaporation whigytshow to be inversely related to the
dimensionless relative drying powd®, of the atmospher& has been experimentally derived
for a variety of environments and surfaces, speiff, the prairie, arctic, sub-alpine and boreal

forest regions of western Canada. It can be estinay (Granger, 1999),

1

© = Orger o2 T OOP (13

D is assumed to be a function of the humidity defamd available surface energy and is

estimated by,

= EA
e QQ)
A

In combination, the Granger and Gray modelGeD model (based on the relationship)

D

(2.14)

takes into account the feedbacks between the sudad atmosphere which results in a non-
linear decline inG with an increase iD. An advantage is that soil moisture status do¢seed

to be known directly to calculate evaporation uttig soil moisture status becomes a critical
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limiting factor. An attractive feature of this methis that soil and vegetation specific factors
used by the Jarvis algorithm to estimate canopigteage are not required to obtain estimates of
actual evaporation. However, the empirical natureseD and other relationships (e.g. wind
function) have a long history dating back to Dakornlightenment of the science. Not
surprisingly then, the lack of a purely physicasachgption of the feedback relationships increases

the uncertainty of such methods (Crago and Crovd@95; Lhomme and Guilioni, 2006).

2.3.2.3 Dalton-Type Bulk Transfer

A Dalton-type aerodynamic formula also appearshim literature that takes into consideration
the diffusive path lengths of canopy and aerodyoaesistances (Monteith, 1981). As suggested
by the name, this method is based on the genewal ¢& evaporation stated by Dalton. That is,
the method directly considers the humidity gradidetween the surface and overlying
atmosphere; and also variations in the densithefatmosphere over time. The equation can be

written in the general form,

e = 2Pa(r)-9)
r, tr,

, (2.15)
wheregs is the saturated specific humidity (kg Rgpbtained at the surface temperaturg, @ is
the specific humidity of the air (kg K

Approaches such as this are often embedded in darfdce schemes which are used to
parameterize the lower boundary conditions of aphesc and climate models for larger scale
applications (Mahrt, 1996; Sellers et al., 199%&riations have found general application in
predictive land surface models such as that useth&vegetation component in the Canadian
Land Surface Scheme (CLASS) (Verseghy et al., 1888)the Simple Biosphere (SIB) model
(Sellers et al.,, 1986). An advantage of land serfachemes is their inherent capacity as
predictive models attributed to the thermodynammingyples of heat and mass transfer on which
they are based. The exactitude of such modelsentigrdepends on the diagnosis of surface
temperature from an iterative solution to closirg tenergy balance. From a theoretical
standpoint, energy balance closure is not a prolitepredictive models. In reality, however,
even when the relevant terms are measured in hddamadscapes, the difficulties in closing the
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energy balance are well documented (Foken et @Q62which is partly attributed to scaling
issues associated with measurements (Foken, 2008).

Another variation can be found in the second gditergrairie agrometeorological (PAMII)
model (Brimelow et al., 2010). PAMII has few inpetquirements, namely, daily precipitation
and maximum and minimum air temperature, but aspires profiles of humidity, temperature,
and wind speed within the planetary boundary lageich profiles can only be obtained from
either sounding measurements or from climate mfmtetast output which can be considerably
different from the observed atmospheric conditidd&MII also employs a phenological model
that uses the photoperiod, accumulated heat antdimadate to determine specific growth
stages for crops; specifically for wheat crops.

A general disadvantage for models such as thoseibled previously is that they often
rely on parameters which may require calibrationcWwHimit their use for general operational
applications. However, the Dalton-type equation aso be applied independently to assess the

model behaviour in natural landscapes when sut&oeerature observations are available.

2.4  Land Surface and Atmosphere Interactions

The variability of land surface and soil charadtes, physiological controls of vegetation,
water and energy availability, and general climatditions play a fundamental role in
governing evaporation rates from terrestrial laages. This introduces a general difficulty, and
is another source of uncertainty, for obtainingatde estimates of evaporation. Therefore, it is
important to quantify evaporation in a realisticdareliable manner to better understand the
effects of variability. The differences in theoocali approaches among the models discussed
previously provide several ways of treating landaze-atmosphere interactions. Strategies for
parameterizing such models partly depend on theptmdty of the interactions considered and

methods available to obtain reliable values ofrépiired inputs.

2.4.1 Land Surface Heterogeneity and Scaling Issues

A key concern is the inherent spatial variabilissaciated with heterogeneous landscapes. This
presents a major difficulty for scaling point esibes to areal estimates over larger regions

(Shuttleworth, 1991)Methods of explicitly considering spatial variatsonn land surface
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characteristics are needed which can be appliecrtsvmore reliable modelling. This is

valuable towards improved understanding of thectsfef spatial variability on evaporation. A

critical issue is the spatial scale at which evapon models are typically developed compared
to the scales at which reliable estimates are mkeddperational applications tend to be larger
scale problems which can extend over regions inotder of a few kilometres to hundreds of
kilometres. A general problem exists in that neatlyapproaches to estimating (or measuring)
evaporation provide “point-scale” values, in theder of a few centimetres to kilometres

depending on the ‘footprint’ scale of the inputsyBaert, 1982).

Two models have been developed for obtaining ‘troegional scale estimates of
evaporation; the Complementary Relationship Araaderation (CRAE) model (Morton, 1983)
and the Advection-Aridity model (Brutsaert and &tar, 1979). Both are based explicitly on the
complementary theory of Bouchet (1963). There Hsaen mixed results reported for the CRAE
model. Granger and Gray (1990a) found it to be lyaxuited for short time periods (e.g. daily)
whilst Hobbins et al. (2001) indicate it has penfed well for monthly regional estimates when
compared to long term regional water balances.A-#emodel reportedly suffers from the need
for frequent recalibration for it to be applied sessfully (Hobbins et al., 2001). A general
problem of Bouchet's relationship is that it assantlkat there can be no sharp horizontal
environmental moisture or energy gradients, whicy rbe a large source of uncertainty in
natural landscapes as the representative scdie estimate increases.

Complex nested measurement approaches have besmpteti which incorporate
observations collected during intensive field expents; e.g. FIFE (Sellers et al. 1992) and
BOREAS (Sellers et al., 1997b) conducted under Ititernational Satellite Land surface
Climatology Project (ISLSCP). The nested approash conducted using a multiscale
measurement strategy to examine subgrid varialfiliign individual plants up to the regional
scale. Interactions between individual plants atated to the canopy; the ‘mosaic’ of canopies
is related to the landscape; and interactions kmiwie landscapes comprise the region.
However, even under such a comprehensive apprdaghs concluded that uncertainties in the
measurements of sensible and latent heat fluxébgeinrder of 10% to 20% on a daily basis were
apparent (Nie et al., 1992). Brutsaert (1998) aitas this uncertainty to the unpredictability of

turbulent air flow and the natural variability ekhied by heterogeneous landscapes.
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The importance of reliably estimating evaporat®mell known for the purpose of coupled
land surface and atmospheric modelling (Selleralgt1997a). Fluxes from respective land
covers may be considerably different dependinghenvariability of the surface conditions (e.g.
energy and moisture availability). Improved undamsiing of the spatial variability problem and
methods of upscaling or aggregating evaporatiomeasts can be attributed to developments for
numerical weather modelling and land surface patamzations (Klaassen and Claussen, 1995).
One approach has considered the turbulent tranggsue by establishing a blending height at
which the overlying air becomes well mixed (Wierdnd 986). The second considers the surface
variability directly and divides the landscape iatanosaic of homogeneous land covers. Areal
estimates can then be determined from the weigdnteas of individual cover types (Avissar and
Pielke, 1989).

The latter offers a more realistic representatibrthe landscape for estimating fluxes
compared to the past treatment of the landscapedbars the dominant land cover. However,
results from a recent data assimilation study cotetl by Alavi et al. (2010) show that
difficulties persist for accurately estimating ewegtion using a land surface scheme such as
CLASS which uses the mosaic approach indicatediquely. They show large differences
between the modelled and observed latent heat dippoximately 10-100 W i during a pre-
assimilation run (e.g. during the peak evaporagieriod). Subsequently, the assimilation of soil
moisture data had the smallest effect on evaparatstimates during the same period but
provided some improvement at the beginning and @nthe season. Whether the general
differences are due to an issue of scale or maatanpeterization is not clear.

A general limitation of dividing the landscape iftomogenous tiles regardless of their
respective spatial locations, is that spatial datioos between adjacent cover types is not
considered; nor are potential variations in soiishoe and soil characteristics for similar land
cover types at different spatial locations. BrutséE998) has previously indicated there is still a
need for better treatment of land surface varighbitself. Considerable importance continues to
be placed on the need for spatially varying suriapets at moderate to high spatial resolutions
(Bisht et al., 2005). This can be attributed tofde that information about surface heterogeneity
and process interactions becomes smoothed or $ost eesult of upscaling or aggregation
procedures.
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Part of the problem is the complex surface-atmasph@eractions and interdependences
of energy and water availability, temperature, hdityiand wind that affect the evaporation
process. As such, there is a need for better utasheling the spatial variability among factors
driving evaporation. For example, Faria et al. (0@ave demonstrated the importance of spatial
covariance as a factor in upscaling snow hydrokdgicocesses. Specifically, they examined the
effects of covariability between ablation and snaater equivalent (SWE) on snow cover
depletion. They showed that the covariability betwenelt rates and SWE enhance the depletion
of snow covered area at the scale of forest stabdssideration for the potential covariability
among driving factors of evaporation may also befulsfor upscaling evaporation estimates.
However, addressing the problem first requirestiebenderstanding of the spatial associations
of driving factors affecting evaporation and howeithspatial variability may bias evaporation

estimates.

2.4.2  Surface Energy Availability

At any natural surface, the balance of net radiat@ is typically partitioned into the three heat
fluxes Qe, Qv and Qq defined previously in Eq. 2.2. The importance loé @available energy
supply in governing evaporation rates has been @gt#lblished to this point. In the case of the
terrestrial landscapes covered by vegetation, 10%e energy is typically attributed tQq
during the day, although it can reasonably be igdaver daily periods or longer (Brutsaert,
1982). Factors such as clouds, differences in stopkaspect, surface roughness, albedo, leaf
area, and soil moisture may have a considerabladtrgn energy availability as well.

The surface cover type is important in that avddatnergy is proportioned differently
according to the vegetation coverage and the dbtijaof soil moisture. Vegetation is a major
factor in that as much as 70% of the available ggneray be used in the conversion of water to
vapour (Segal et al., 1988). In contrast, avail@vlergy is increasingly partitioned into sensible
heat under conditions of reduced water availabilitg. surface temperature increases.
Evaporative losses from soils largely depend orsthréace wetness and vegetation cover. In the
case of well established crops, much of the incgnsolar radiation is intercepted by the
vegetation thereby reducing evaporation from thessoface (Shuttleworth and Gurney, 1990).

In the case of an exposed soil, increased dryirdy @otential development of a crust at the
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surface creates a barrier to the flow of water vagmm deeper soil layers which also reduces
soil evaporation.

These considerations demonstrate the difficultyredfably estimating net radiation for
environmental applications in general. This hasilted in the development of methods aimed
specifically at providing distributed estimatesnet radiation as discussed by Bisht et al. (2005).
These approaches generally require the use of mapiechniques or complex radiative transfer
models which are generally limited to providingdar scale estimates that produce overly
smoothed or generalized data; i.e. this is a limomafor capturing spatial variations in net
radiation. However, considering the combined effeof spatial variations in key surface
variables driving the net radiation term, namely surface reflected and emitted radiation may

provide improvements for large scale estimatessaperation.

2.4.3  Soil Moisture Availability

The issue of water availability is a major concdon agricultural and operational water
management, in particular when extreme events aueh as drought. Historically, drought has
been a common problem in the Prairie region of @asCanada (Khandekar, 2004). The recent
drought of 1999-2004, and particularly in 2001, hednajor impact on agriculture, water
resources, and the economy (Environment Canadd)280il moisture status becomes a critical
limiting factor for estimating evaporation with tlo@set of prolonged dry periods and drought
conditions. Estimating actual evaporation undeisg¢heonditions requires the enforcement of
hydrological continuity which complicates the mdohg process and is an added source of
uncertainty. During periods of reduced water awdily and particularly under drought
conditions, evaporation from the land surface maygteatly reduced but may also dominate the
water balance.

From a hydrological modelling standpoint, soil ntois may be easier to characterize at a
point than over large areas. Difficulties in actehacharacterizing soil moisture patterns have
been summarized by Western et al. (2002). A gemedddlem is that soil moisture patterns are
highly variable both spatially and temporally anfteo depend on the complexity of the
landscape and soil texture. Subsequently, theag isherent mismatch in spatial scales, namely,
between soil moisture observations and the reptatbem area over which they are needed.

Further, near surface soil moisture is typicallyaswed at a point using Time Domain
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Reflectometry (TDR), or may be observed throughatensensing but the moisture status to
rooting zone depths is largely unobserved. A depeayl on soil moisture observations and
various sampling strategies presents a problerprémtical estimation of evaporation.

As a result, the spatial variation and charactédmaof soil moisture has received much
attention in the past decade; particularly viaistiaal analysis techniques. Attempts at obtaining
areal estimates from point scale values have beenwith limited success. Grayson and
Western (1998) have shown that time-stable moispatterns may exist over limited areas
within a catchment. These are partly controlleddpography, vegetation and soil characteristics
and vary depending on the degree of wetting dupnecipitation events, and any lateral
movement of near surface moisture. Yet, Teulinglet(2006) have found that topographic
wetness and leaf area indices which are usefuldhygical indicators are poorly correlated to
the mean spatial and temporal patterns of soil tunes

Geostatistical techniques have also been appliethaoacterize spatial variations in soil
moisture patterns. A standard statistical tool usedhis purpose is the semivariogram which
estimates the variance between successive poirtktsnwa given area, as a function of the
distance between them (Western et al., 1998a).s€h@variogram can be used for identifying
length scales over which hydrological charactersstnay be considered similar. Western et al.
(1998b), however, have shown that the seasonaitstauof soil moisture can vary between wet
and dry periods. Specifically, the correlation lm¢range) of soil moisture tends to be higher
under dry conditions and lower under wet conditiand the respective ranges may also overlap.
When they overlap, semivariograms are not ableigonduish between connected (wet) and
unconnected (dry) patterns of soil moisture (Wesétral., 1998a).

This is a major limitation which may be resolvedyotihrough more complex modelling
functions (Western et al., 2001). Another limitatis that geostatistical techniques require a
very large number of sampling points in relativelgse proximity to obtain the true structure of
a landscape. This makes geostatistical technigetertsuited for site specific applications and
also limits their transferability to other areasieth may exhibit very different landscape
characteristics.

23



2.4.3.1 Rooting Zone Depth

The availablity of soil moisture accessible by tbet systems of plants has long been considered
the main limiting factor affecting prairie grasses crop yields (Weaver, 1925; Weaver, 1926;
Weaver and Clements, 1938). From an ecohydrologieadpective, knowledge of physiological
characteristics of respective plant species isyatlieestimating actual evaporation at a given
location or region; this includes growth both aboaed below the ground surface. The
magnitude to which evaporation is affected is galhedependent on physiological adaptations
of the plant species to handle periods of watesstr

Extensive research on grasslands and crops andrdlmting habits within the Great Plains
by Weaver (1925; 1926) and Weaver and Clements8j1Btlicate that short to mid height
grasses typically root to depths of approximately 1o 1.5 m. Tall grass species can extend to
depths of 2 to 3 m, and alfalfa (a legume) to gnetitan 4 m. The tendency for roots to be more
concentrated in the upper layers or extend to gresiil depths often depends on initial moisture
conditions. For example, Weaver and Clements (1988hd that under wetter conditions
grasses and crops (including deeper rooting speciayg root to realtively shallow depths since
the availability of soil moisture is not a factédmother consideration is that roots tend to die off
under prolonged exposure to the reduced oxygerislefesaturated soil layers which can, in
turn, adversely impact plant health. During drougbnhditions, they found that short to mid
height grasses tend to invest more energy in isargahe area of their roots but extend their
depth very little. Above ground the plant is typigalwarfed and may even go dormant, only to
become revitalized when adequate moisture becoraklle; whereas deeper rooting and tap
rooted species can explore the soil to greatehdept

Plant roots and their distribution within the spibfile are also important with regard to the
water storage potential of the soil (England, 1926)eview by Jackson et al. (1996) shows the
largest fraction of roots for terrestrial plantglarees tend to be located in the upper layers of
soil. They found that on a global average, 75%hefrobot profile is located in the top 40 cm of
the soil. For grasses, 80% of the roots are withéntop 20 cm to 75 cm of the soil but this also
depends on plant species and biome. Therefore avident that plant root development and
effective rooting depth are important factors wheamsidering the soil moisture available to
plants in the terrestrial environment. Unfortungteheasurements of soil moisture to the rooting

depths of vegetation are either scarce or are ulabl@awithin the Canadian Prairies.
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2.4.4 Remote Sensing of Surface Properties

Remote sensing via ground, airborne and sateliseth instruments is a valuable tool for
observing surface properties of hydrological orlegcal importance. A major advantage of
remote sensing is that spatial information can leasured directly and often over extensive
areas. More importantly, a number of state vargkdeg. soil moisture, snow water equivalent,
surface temperature) or even rainfall rates mayobi&ined over large areas (Engman and
Gurney, 1991). Remote sensing techniques are lmsettasurements over the electromagnetic
spectrum, and have become useful for estimatingaa#ion over large regions. Specifically,
measurements at visible and thermal wavelengthdeamsed to observe continuous variations
in landscape characteristics, and microwave wagéhsncan provide observations of hydrologic
state variables near the surface (Engman and Gut@éy).

Surface reflectance properties are obtainable thverisible to near-infrared wavelengths,
0.4 - 4um (Zoran and Stefan, 2006). Due to the influenceth&f atmospheric haze etc,
corrections are typically needed to better intdrphe surface reflectance values. Advanced
methods of atmospheric correction tend to requataitbd information about vertical profiles of
water vapour and aerosol concentrations which natybe readily available. Alternatively,
relatively more simple and accepted methods (eayk @bject Subtraction) are available for
reducing atmospheric influences (Liang, 2004). pbetion of the spectrum from 4 to 3dn
contains the thermal wavelengths from which surfecsitted longwave radiation may be
obtained as a function of surface temperature.odarsatellite based sensors covering portions
of the visible and thermal wavelengths that areroomy used for this purpose include Landsat,
AVHRR (Advanced Very High Resolution Radiometer)hdaMODIS (Moderate-resolution
Imaging Spectroradiometer). Table 2.1 gives a gdnsummary of the spectral range of

measurements and their general applications.
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Table 2.1: Summary of spectral range and applications; &téultz and Engman (2000).

Wavelength Application
Visible Light (450 — 700 nm) Vegetation characteécs
Near and Middle Infrared (750 nmSurface inventory mapping (crops, water, ice,
— 2.35 microns) geology, etc.)
Far/Thermal Infrared (10 — 12.5

. Temperature, moisture, vegetation class
microns)

Snow characteristics, water content (soil,

Microwaves (1 mm — 24 cm) vegetation), water boundaries

The vast array of remote sensing techniques (sHfased, aerial, and satellite) employ a
variety of instruments that vary in spatial reswinf and frequency of observations made at the
same location. A principle advantage of remote isgnsased estimation methods is that spatial
variations in key factors can be measured overlargas rather than at points alone. As such,
evaporation estimates for daily periods may be iobthfrom spatially and temporally scaled
parameters viz. assimilated remotely sensed imagpally one image per day and a set of
surface and atmospheric data. This has resultéteidevelopment of numerous remote sensing
based methods for obtaining distributed evaporatstimates as discussed in reviews by
Courault et al. (2005) and Gowda et al. (2008).

The first attempts at estimating evaporation froemote sensing data was done by
calculating evaporation as a residual of the sifigolienergy balance as first introduced by
Jackson et al. (1977). Subsequently, modificattonthe method have been made by Seguin et
al. (1989) and Bussiéeres et al. (1997). The enbaignce approach is of particular interest with
respect to remote sensing given the response d&dcgutargets to energy (Menenti, 2000).
Resistance-based formulations have also been gegelovhich consider plant controls on
evaporation (Normaret al., 1995; Anderson et al., 1997; Boegh et 2002; Houborg and
Soegaard, 2004; Anderson et al., 2007).

Purely empirical relationships have been used teetaie evaporation with derived surface
variables; for example vegetation indices (Naglér aé, 2005). Several methods scale
evaporation estimates based on the evaporativdiomaclargely through solar radiation
modelling as discussed by Colaizzi et al. (2006)e problem of estimating evaporation on a
global scale via remote sensing information has bken addressed recently (Mu et al., 2007,
Fisher et al., 2008). These global modelling steidiave taken advantage of expert knowledge
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and the wealth of data obtained via ecosystem wvasens collected through the eddy
covariance based Ameriflux network which is partted global Fluxnet network (Baldocchi et
al., 2001).

A general limitation of most of these methods &t thvaporation is estimated indirectly as
a residual term of the energy balance or distribusrgely on an empirical basis. Purely
empirical methods lack a sound physical basis dsagetransferability outside of the range of
observations on which they are based. Estimatesatsaydepend on the use of remote sensing
images to estimate complex surface resistance tegaded for single and multilayer models.
This can be problematic in that resistance terreg Bave high temporal and spatial variability.
As a result, the relative increase in complexitg b@ an important limitation for the practical
use of these models beyond areas where detailatsuneasurements are available. A feedback
method developed by Granger (2000) is capable tmasng evaporation directly from
estimates of net radiation and the humidity defieised on remotely sensed surface temperature
observations but the regression equations maynegegalibration on a site by site basis.

Many remote sensing approaches do share a commnyowdiich is the physical principle
on which such methods are founded. That is, therpuration of distributed estimates of net
radiation which governs surface energy and maséagges (Bisht et al., 2005). From an
ecological perspective, landscape features and #msociated land covers and biological
attributes can exhibit spatial associations froniciwtapparent patterns may be realized visually
and analyzed statistically (e.g. Yates et al.,, 2@0&ang and Guo, 2007). As such, similar
information may prove valuable for evaporation nilwlg as regards the distribution of key
parameters over the natural landscape. More spaityfi observations at visible and thermal
wavelengths can be used to derive surface refleatetlemitted radiation components (back
radiation to the sky) of the net radiation balaritleese components are a function of two key

variables, namely, surface albed) &nd surface temperaturges|.

2.4.4.1 Surface Albedo @) and Surface Temperature T9)

The importance of surface albedo in surface-atmargpbnergy exchanges and radiative transfer
calculations in general, is well documented (Ssltgral., 1997a; Liang, 2000; Lucht et al., 2000;
Roberts, 2001; Liang et al., 2003; Disney et &0Q4). Shortwave radiation reflected back to the
atmosphere represents a large radiative loss w$iaghavailable for the process of evaporation.
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Accurate determination of surface albedo from remeensing data continues to be a
considerable source of uncertainty (Yang et alQ820Variations in surface temperature also
represent another important radiative loss andisee to determine differences in the amount of
longwave radiation emitted from the surface basedtlme Stefan equation; which is a

fundamental law of heat transfer calculations (€i&ten and Saunders, 1950).

2.4.5 The Role of GIS

The spatial data management, display and analygisbidities of Geographic Information
Systems (GIS) provide an important tool for incogtimg the use of remotely sensed data
(Mattikalli and Engman, 2000). This is particularlyseful for the parameterizating of
evaporation equations to distribute evaporatiorimedes over large areas. For example,
available energy can be partitioned at the surteca function of topography (e.g. elevation,
slope and aspect etc), represented in a GIS bygigaDiElevation Model (DEM), and vegetation.
The use of DEMs and maps showing distributions aidl cover and important surface
characteristics (e.g. albedo and roughness) caulagsbd for examining the spatial variability of
factors driving evaporation. GIS also offers theatality to perform large scale analysis
quickly, thereby allowing for examination of relatiships over a range of spatial scales (e.g.
field to regional scales).

For example, Medina et al. (1998) used a combinatib remote sensing information
obtained over Spain and GIS to determine evaparditanm crops and soil as the residual of the
energy balance using the Surface Energy Balanceriftign for Land (SEBAL). They found that
the surface characteristics such as topography, asa vegetation influenced the spatial
variability of remotely sensed parameters useceterchine evaporation. More recently, Diodato
et al. (2010) examined the spatial and temporahgés of evaporation in a mountainous basin in
southern Italy, using a water balance approachttisipurpose, they combined topographic and
vegetation indices with the mapping and analysgabdities of GIS to examine spatial and

temporal trends of evaporation.
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CHAPTER 3

STUDY DESIGN AND SITES

3.1  Overview of Study Design and Sites

The study is designed to address the three maetiNgs presented in Chapter 1 and considers
some key issues discussed in the literature revépecifically, the uncertainty in a selection of
physically-based, point-scale evaporation modelsxamined during non-drought and drought
conditions. Remotely sensed surface observatiomassimilated into an evaporation model to
examine the spatial variability of evaporation ogelield sized area; a continuous hydrological
modelling approach is applied to examine spatidltemporal variations in evaporation during a
drought and non-drought period.

The Canadian Prairie region of Western Canada ptesa natural laboratory for
conducting this research. For example, droughtrmgpr problem over the Canadian Prairies in
general, and the impacts of the recent drought 3912004 provided the impetus for the
Drought Research Initiative (DRI) project to betterderstand the physical characteristics and
processes contributing to drought in the CanadraniP landscape. The research conducted here
contributes to the second objective of DRI whichdasmprove the understanding of physical
processes influencing drought.

For research purposes the regional extent considisrdimited to the Prairie ecozone
specified by Marshall et al. (1996). The Prairieame extends across the southern portions of
all three Prairie Provinces and into the Unitede&tdout the Canadian portion is only considered
here. The Canadian portion of the Prairie ecozatenes over an area of approximately 435,000
km?. Over half of this area (approximately 238,000°kia bounded by a portion of the Palliser
Triangle, a region characterized by semi-arid clenaentralized within the southern portions of
Alberta and Saskatchewan, and extends south imtdJtlited States. The Palliser Triangle is
named after Captain John Palliser who explored emesCanada (British North America) from

1857-1860. The extents of the Prairie ecozone lamdPalliser Triangle are shown in Figure 3.1.
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Figure 3.1: Map of Western Canada showing outlines of therieracozone (solid black line)
and Palliser Triangle region (dashed black lineJ ktations of selected Environment Canada
stations.

3.1.1 Palliser Triangle

This region has historical significance and is diatogically distinct compared to the mountain,
coastal and northern regions of Canada, and wareahtief discussion on its relevance to water
resource problems. In 1863, Captain Palliser repothe region was too arid for agriculture
purposes but indicated a belt of fertile land sunated the Triangle extending to the west, north
and east (Spry, 1959); despite this, settlements egablished and cultivation across the region
began.

Devastating droughts were experienced in the rediaming the early 1900’'s and more
notably during the 1930’s. Since then, the regiags Ibeen more productive as a result of changes
in agricultural practices, the establishment of anajeservoirs, and technological advances.
Nevertheless, the Palliser Triangle is typically triest region of western Canada and periods of

drought continue to impact the Prairie region aghale (Khandekar, 2004). As such, there are
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important differences between the climate condgierperienced within the Palliser Triangle
area compared to the typical conditions observedidrl the area. Maps of the 1971-2000
normal climate conditions for the growing seasorayM — Sept 30) are provided in Figure 3.2.
These maps were produced by interpolating (sptimejarchived data of rainfall, air temperature,
relative humidity (RH) and wind speed between tBeEhvironment Canada stations indicated
previously in Figure 3.1.

It is noted here that the horizontal distance betwihe stations is in the order of at least
100 km and greater, and represents a large scaéajation of the data between stations. The
integrity of the station observations is maintaitgdusing the spline interpolation method. With
this in mind, Tobler's (1970) first law of geograpmay be invoked and more appropriately
stated — in that the general climate conditionsvbeh adjacent stations are more similar than
climate conditions between distant stations. Tlas relevance for mapping the observed large

scale spatial patterns of the normal climate coostover the region as a whole.
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Figure 3.2: Maps showing the 1971-2000 normal climate condgidor the growing season
(May 1 — Sept 30).

As shown in Figure 3.2, rainfall (mm) and RH (%)de to be highest near the edges of the
Prairie region and lowest in the southwestern porof the Palliser Triangle in the area of
Medicine Hat and Lethbridge. The pattern of air pemature shows a general trend, declining

with both latitude and increasing elevation. Wipageads, however, show a general increase from
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the north to south and are highest in the soutteraportion of the Palliser Triangle region in

Saskatchewan around Swift Current, Regina and Bstev

3.1.2 Local and Regional Scale Modelling

An examination of the variability of evaporationrohg drought and non-drought periods was
undertaken within the Prairie region to improve timelerstanding of drought related processes
and surface-atmosphere interactions at local agidmal scales. For this purpose, a point scale
evaporation algorithm was applied to characterized @etter understand variations in
evaporation at local and regional scales acros®theie region. Long term archived climate
observations available at several locations adtosd$rairies were used as forcing data for long
term continuous model simulations presented in €nap

The accuracy of selected physically based modetsekiimating evaporation were
examined at two “point” locations where surface afichate reference and eddy covariance
observations of evaporation were either collectednd a field study or obtained as archived
data. The physically-based models selected wergnedtpreviously in the literature review,
namely the Penman-MonteitR-M), Granger and Gray (designat@eD herein) and the Dalton-
type bulk transferBT) models. In 2006, measurements of evaporation welfected at the St.
Denis National Wildlife Area (SDNWA) during a fieldtudy for this research; these
measurements were collected during a non-drougtdr. yérchived climate data and
measurements of evaporation for two drought ye2@®@ and 2001) at Lethbridge Alberta,
collected as part of the AmeriFlux observation ety were provided by Larry Flannigan
(University of Lethbridge); discussed in sectior2.3. Results of the point scale studies at
SDNWA and at Lethbridge are presented in Chapter 5.

In 2007 surface reference and remote sensing ddtcted at the SDNWA were used to
examine the spatial variability of evaporation oaefield sized area. In this case, one-time-of-
day visible and thermal remote sensing images a&sanilated into an evaporation model and a
method of deriving distributed estimates of dailyagoration was developed. Model

developments and results are presented in Chapter 6
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3.2  Study Sites
321 Environment Canada Stations

Archived data for the 15 Environment Canada stati@ffigure 3.1) were used for continuous
modelling simulations applied at each location\vidrich the results are presented in Chapter 7.
These stations were selected because they protelemiost complete sets of long term
observations in the Prairie region which can bealwesemodel input data. Specifically, they have
continuous observations of hourly temperature, klityyiwind speed, and daily observations of
precipitation (snowfall and rainfall) over a perioti46 years (1960-2005) which were used to
drive a hydrological model. The archived data wetdained through the Data Access

Integration (DAI) system maintained by Environm@ainada.

3.22  St. DenisNational Wildlife Area (SDNWA)

The St. Denis National Wildlife Area (SDNWA) wasaden as a field study site for both its
accessibility as a federally regulated research arel its representativeness of land uses and
landscapes occurring over much of the Prairie regioWestern Canada. Since its establishment
in 1967, a wealth of agricultural, hydrological dawildlife related research has been conducted
at the SDNWA primarily by branches of Environmentn@da located in Saskatoon,
Saskatchewan (e.g. Canadian Wildlife Service antloNal Hydrology Research Centre) and
various departments at the University of Saskateme(e.g. Soil Science, Biology, and Centre
for Hydrology).

The SDNWA is located 40 km east (52°12 106°3 W) of Saskatoon, Saskatchewan,
Canada. Elevations within the SDNWA range from agpnately 540 m to 565 m (Figure 3.3)
and up to 593 m outside the area to the north. |[dhdscape is characterized by moderately
rolling knob and kettle moraine surrounding manylarels. Slopes are typically gentle (< 6%)
although they can be as much as 20% or more leatbagn to large wetland areas. Soils are
classified as Dark Brown Chernozem which are gdiyefiae textured (silty loams) with parent
materials consisting of clay-rich glacial tills (vder Kamp et al., 2003). Land cover varies from
cultivated land to wetlands, grassland and woodl&atnhe wetlands are surrounded by grass and

shrubs fringes and others by stands of tremblipgms

33



3221 Reference Sites

A field campaign was conducted at the SDNWA dutimg May — September growing period of
2006 and 2007. Possible locations for establiskiddy covariance measurement sites at the
SDNWA are limited due to the complexity of the landpe and diversity of the land covers
encountered. As such, the potential influence ajdgoonds and willow and aspen bluffs on
turbulent flux measurements was taken into conatdsr. Micrometeorological and eddy
covariance observations collected during the sunpegod of 2006 and 2007 were used for the
purpose of model parameterization, developmentvatidation.

Observations during 2006 were used to parametarizeevaluate the-M, G-D and BT
models to examine their accuracy in the prairielégape over a mixed-grass surface which is
presented in Chapter 5. Data were collected duhiagyrowing season period of May 19 — Sept
11. Observations during August 5, 2007 were useddweloping a data assimilation method for
distributing evaporation estimates over a fieldeserea as discussed in Chapter 6. Eddy
covariance measurements obtained at the same lliomesd for comparisons of the accuracy of

modeled results and validation of the models.

3.22.2 Upland Grass Site

For the 2006 field season, an upland area wastsdlér installing a micrometeorological
station with a full suite of radiation balance adtly covariance instruments. The data collected
were subsequently used for model parameterizatidnvalidation purposes. The upland area is
quite extensive and the terrain is relatively {opes < 2%). The upland is surrounded by large
ponds in lower valley areas indicated in Figure. 3[Be upland is characterized by small
wetlands and a distinct contrast in vegetation sypan be observed from the aerial view
provided in Figure 3.4. Environment Canada leakeswestern portion of the upland to local
farmers for agricultural purposes. In 2004 the ezasportion of the upland was seeded to a
mixture of cool season grasses (Yates et al., 2006006 the most dominant species included
several wheat grasse&gfopyron elongatum, intermedium and trachycaulum) and two forage
crops, alfalfa lMedicago sativa) and sainfoin @nobrychis viciifolia). Over the season some of
the grasses grew to a maximum height of 1.2 m butaverage were measured to be

approximately 1 m tall.
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Figure 3.3: LIDAR DEM of SDNWA showing the locations of the lapd area and pond 1
outlined.
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Figure 3.4: Photograph of SDNWA and area during August 5, 2007

Instruments

A list of instruments installed during the measueetrperiod and subsequently used for research
purposes in Chapter 5 is provided below. The detdithe instrument models and use (variable

measured, and instrument height or depth in so#ésifollows:

e Kipp and Zonen CNR1 (incoming, and outgoingd, radiation fluxes, 1.35 m)
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» Campbell Scientific CSAT3 (horizontal and vertieahd fluxes, and heat flux, 2.5 m)
» Campbell Scientific KH20 (atmospheric water vapfhuxes, 2.5 m)

* Exergen (IRTC) Infrared Thermocouple (surface terajee, 1.15 m)

e Campbell Scientific HMP45C212 (air temp. and RH,52m)

* Radiation and Energy Balance (REBS) HFT3 (grourat fiex, 10 cm)

» Campbell Scientific CS616 (volumetric water cont&tt cm probe vertical insertion)

A photo of the instrumentation is provided in Fig®.5. Measurements were collected and
stored using a Campbell Scientific 23x data loggdre sampling rate for eddy covariance
measurements was 10 Hz (0.1 sec) and 0.2 Hz (5f@ed)l other instruments. Sampled data
were recorded as averages at 15 minute intervdie TCNR1 and IRTC were installed
approximately 10 m away from the main mast but waeeed over similar vegetation with

similar ground coverage as the grasses measuréek [®gddy covariance instruments.

2\ |
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Figure 3.5: Photograph of fixed station at upland grass Jiseé¢ 2006).

Site Char acteristics

As shown in Figure 3.6, the station was placechsaunobstructed fetch was approximately 100-
200 m in all directions. The CSAT3 sensor head arénted in the X direction giving a fetch
length of 135 m to the leading edge of the grassvated boundary. The wetland/bluff at the
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top of the image was not considered to be an destaecause the tops of the trees were
approximately level with the terrain on which th&at®n was located. The difference in

elevations between the sites is approximately 2.5 m

Figure 3.6: Photograph of station location and general fetofdiions.

Portable Eddy Covariance System

A portable eddy covariance (EC) system was alsceplat fixed locations within the SDNWA
for extended periods. To reduce the disturbanckinvthe study area, placement of the portable
system was limited to the edge of a bare soil hafter cultivation in June and the edge of a
growing crop starting in July. The purpose of thesmasurements was to examine variations in
observed evaporation between different land sutfigmes over the course of the growing season.
Some general observations of differences betweesuned evaporation from the mast and the
reference site are provided in Appendix A. The gloe EC mast was equipped with the

following instruments:

o Campbell Scientific CSAT3 (horizontal and vertieahd fluxes, and heat flux, 2.5 m)
» Campbell Scientific KH20 (atmospheric water vapfhuxes, 2.5 m)

» Exergen (IRTC) Infrared Thermocouple (surface terapee, 1.15 m)

» Campbell Scientific HMP45C212 (air temp. and RH.52m)
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Transect Observations

Surface and climate data were also collected fre@ri@s of transects over the growing period in
2006. This was done using a portable mast constiutbm a metal pipe that was fixed to a
camera tripod as shown in Figure 3.7. The mastfittasl with a hand held Omegaette HH311
series data logger and temperature and humidityeprohe instrument is capable of measuring
air temperature, relative humidity with a Vaisatalge and surface temperature with an Exergen
(IRTC) Infrared Thermocouple. A portable TDR (Tildemain Reflectometry) system equipped
with a 20 cm probe was also used during observgienmods. Transects covered a variety of
surface types and landscape features and ranged1fd® m to 200 m in length; observations
were collected at points spaced 5 m apart. Betvd®eand 90 minutes was typically needed to
sample a single transect. Some general observatiassd on the transect measurements are

provided in Appendix A.

Figure 3.7: Photograph of the portable mast used for collgcbbservations along transect
points in 2006.
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3.223 Pond 1 Sites

In 2007, focus shifted to the simultaneous measentof water vapour fluxes occurring from a
pond and land surface respectively. The largestl gorthe SDNWA (pond 90) is surrounded by
a stand of tall, dense aspen and was thereforeitabku for land based eddy covariance
measurements. Pond 1 (Figure 3.3 and 3.8) wasrbaitteed than others because it has a
reasonable fetch length across an unobstructepart the pond. Pond 1 is also characterized
by grass fringes where eddy covariance stationfddoel stabilized. The grasses around these
sites are also tall growing to a maximum height of by late June. From the edges of the pond,
two locations have relatively flat terrain withdbes of 50 - 75 m leading toward gentle slopes at
first and then much steeper slopes. These sitaseareopposite edges of pond 1 and allowed for
simultaneous land and open water measurements diageon the wind direction. The direct

distance between these stations is approximat&yn?7

Location

" o

Figure 3.8: Photograph of pond 1 and location of eddy covagastations (Aug, 2007).

Instruments

A list of instruments installed at both sites dgrthe measurement period and subsequently used
for research purposes in Chapter 6 is providedheldhere possible, the same instruments used
in 2006 were also used for 2007 at the pond 1.slieensure measurements were comparable
between the sites, the same instrument models wstalled at each station. Details on
instrument models and use (variable measuredumsint height or soil depth) are as follows:

» Kipp and Zonen CNR1f( radiation fluxes, 1.35 m)
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» Campbell Scientific CSAT3 (horizontal and vertieahd fluxes, and heat flux, 2.5 m)
o Campbell Scientific KH20 (atmospheric water vapfhuxes, 2.5 m)

* Exergen (IRTC) Infrared Thermocouple (surface terajee, 1.15 m)

e Campbell Scientific HMP45C212 (air temp. and RH,52m)

* Radiation and Energy Balance (REBS) HFT3 (grourat fiex, 10 cm)

A photo of the instrumentation at both locationgiisvided in Figure 3.9. Measurements
were collected and stored using Campbell Scier?idx data loggers. The program used in 2006
was also used for the 2007 season and data wenelegcas averages at 15 minute intervals. At
the site on the eastern edge the CNR1 and IRTC imetalled several metres away from the
main mast. At the site on the western edge, theClRad to be mounted to the main mast while
the CNR1 was installed several metres away. At latations the CNR1 was placed well away

from the pond edge so that the field of view wastkd to the grassed surface alone.

Figure 3.9: Photographs of stations located at opposite eoigesnd 1 (Aug, 2007). Left: East
side, Right: West side.

323 Lethbridge AmeriFlux Short Mixed Grass Site

The Lethbridge AmeriFlux site was chosen becauskivgd climate data were available for
examining evaporation under drought conditions witlhe Prairie landscape. Fortunately, the
archived data included measurements of evapordétiotwo major drought years during the
focal years of the DRI project, 1999-2004. In 2@0@ 2001, Lethbridge experienced a severe

drought which significantly affected plant growtlhhdaevaporation rates during the growing
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season (Flanagan et al., 2002; Flanagan and JoghB808). This presented an opportunity to
examine evaporation estimation methods and thectsffgf rooting zone depth under drought
conditions as presented in Chapter 5.

The AmeriFlux grassland site is located in southwdberta at approximately 49°48\
112°56 W (Richardson et al., 2006). Wever et al. (200®) Rlanagan et al. (2002) indicate the
site is relatively flat with dark-brown chernozemils that are clay loam to clay in texture.
Vegetation is comprised of short to mid height gessand forbs which include thickspike and
western wheatgrassAdgropyron dasystachyum and Agropyron smithii), needlegrass Sipa
comata) and blue grama grasBduteloua gracilis).

The Lethbridge grassland site contributes obsematio a much larger biospheric global
monitoring network (FLUXNET). The object of the netrks is to better understand water,
energy, and carbon fluxes obtained using eddy camve®, remote sensing and in situ
measurement techniques (Running et al., 1999). mpcehensive overview of FLUXNET

objectives, monitoring sites and data availabti&g been provided by Baldocchi et al. (2001).
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CHAPTER 4

EVAPORATION MEASUREMENT AND MODELLING CONSIDERATIONS

41  Eddy Covariance Method

Observations of actual evaporation obtained fas thsearch are based on the eddy covariance
technique. This is the most direct method of meaguurbulent fluxes of water vapour, heat,
and momentum over natural surfaces (Brutsaert, ;1982, 1992). The basic principle of eddy
covariance is that the turbulent flux of a scalaargity such as water vapour (also heat and)CO

is obtainable from the covariance between the ecartvind componenty and the water vapour
concentrationg (Munn, 1961),

E=pwq 4.1

wherep is the air density. The overbar denotes the medures obtained over a sufficient time

period to allow the passage of many eddies or fgmafeair transporting heat and water vapour
between the surface and atmosphere. The primesabedihe instantaneous fluctuations from the
respective means. Swinbank (1951) was the firgpravide a practical demonstration of the

measurements and manual calculations needed fedthecovariance method. Taylor and Dyer
(1958) later improved upon the method by develogingrototype instrument to automatically

carry out the needed measurements and analog metibahoperations.

The instrumentation requirements for eddy covaeamceasurements are critical to
capturing the vertical wind component and scalaceatrations of rising and sinking air parcels
(Lee et al., 2004a). The current state-of-the-arsuch that eddy covariance instruments are
capable of high frequency sampling (e.g. 10 Hz®sdmples per second) which is required for
measuring small eddies. Sensor placements and réspective orientation for measuring the
wind components are also critical for obtaining imsbd measurements of the vertical flux
component. As such, the data collected are potlnsabject to a variety of errors that require
consideration. In other words, quality control betdata is an essential step to ensuring the

relative accuracy of the method. The literaturesdo@t outline a set series of steps for correcting
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potential errors in flux data. In fact, dependingtbe general site conditions, reliability of the
instrumentation and overall setup, some flux cdives may not be required (Lee et al., 2004a).
Foken et al. (2004) discuss various techniques @yegl for identifying errors (automated
methods within the program and manual inspectiom)) @proaches to assessing or correcting
errors associated with electronics and instrumemtgtroblems and setup. In general, biased flux
estimates resulting from sensor orientation, artd daikes (or large changes in the amplitude of
the measurement) due to instrument or electroroblpms and meteorological conditions (e.g.
water droplets on the transducer of a sonic anenesnare two common sources of error
encountered when applying the eddy covariance rdeffaken et al. (2006) have also identified
the problem of energy balance closure as a cortirmpeirce of uncertainty as regards flux
measurements in the eddy covariance method. Thduedsof the energy balance is often
considered as a check against the relative qualigccuracy of eddy covariance fluxes, where a
residual of 10 - 20% is considered to be acceptable
To this point, a general consensus on the underlgause of discrepancies in the energy
balance is lacking. However, Foken et al. (2004) Boken (2008) refer to measurement issues
related to different sensors as well as their retbge footprints, scale issues, and in other cases
there have been no identified sources for the tdaktosure. One aspect of the eddy covariance
method that is certain is the need for applying@rdinate (or axis) rotation to the horizontal and
vertical flux components to correct the data fansse tilt errors. Lee et al. (2004b) identify the
planar-fit method of Wilczak et al. (2001) as agratly accepted method used for this purpose.
The basic principle of the method is that the unskent coordinates upon which the horizontal
and vertical velocity measurements are made, éagebinto a set of planar-fit coordinates.
The steps for performing the axis rotation are jged in Lee et al. (2004b) and are
restated here:
* The z-axis is fixed over a specified observationquk
« A tilted plane (or mean streamline plane) is defif@sed on a regression of the
mean velocity components obtained in the instruroeatdinates;
» The regression coefficients are used to deterntireangles for the rotation from
the instrument coordinates to the planar-fit cowtes;

e The data are transformed into the new system.
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This procedure results in the z-axis being perpmriai to the mean streamline and the mean
vertical velocity is equal to zero which eliminategasurement bias due to possible sensor tilt.
Errors associated with axis tilt, however, tendoeomore pronounced over sloped surfaces as
result of levelling of the sensor head

411 Measurementsat St. Denis

During the 2006 and 2007 field seasons at the SDNWAampbell Scientific CSAT3 and
Campbell Scientific KH20 sensor were used to meatug vertical wind speed component and
humidity needed for calculating water vapour flux€ee CSAT3 is a three dimensional sonic
anemometer that measures horizontal and verticad wpeed fluctuations. The CSAT3 consists
of a single anemometer head with a vertical measemné path length of 10 cm and horizontal
path length of 5.8 cm. Wind speed fluctuationsab®ined from three pairs of nonorthogonally
oriented transducers which emit and receive amsdtnic signal. These are transformed into the
orthogonal wind components Uy, U, in reference to the sensor head.

The KH20 is a krypton hygrometer that measureddhtons in atmospheric water vapour
density. The sensor consists of a krypton lamp #maits ultraviolet light at 123.58 nm and
116.49 nm of the electromagnetic spectrum respalgtivhich is absorbed by water vapour. The
water vapour density is obtained as a functiorhefabsorption coefficient, the path length of the
emitted light and the signal output of the sen¥dater vapour fluxes collected at the SDNWA
were corrected for any tilt of the CSAT sensor heddtive to the surface using the planar-fit
axis rotation and correction algorithm of Wilczakat. (2001) as discussed above. A Webb-
Pearman-Leuning (WPL) (Webb et al., 1980) correctior density fluctuations due to
temperature and water vapour was not applied asgelsain the flux density were found to be
negligible on a daily basis over the study periadd was a maximum of 4 W hduring the
blooming period. Given that 28.57 W”nday" is required to evaporate 1 mm of water the

associated error is a maximum of + 0.14 mm.

4.2  Evaporation Modelling and Parameterization

An important component of this research is the Miodeof actual evaporation from grasses

during growing season snow free periods using phllgibased algorithms. This may or may
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not require the need for soil moisture accountiegesthding on the general climate conditions.
Under relatively normal to wet conditions it is pilide to obtain reasonable estimates of actual
evaporation without imposing soil moisture limitats from deeper layers (Chapter 5). During
periods of drought induced water stress, howewl,nsoisture status is a critical factor and
requires an enforcement of hydrological contin@@hapter 5). For remote sensing applications,
the status of soil moisture at depth is a diffiqurthblem that can be circumvented using@B
feedback model which can moderate evaporation &metion of the drying power of the
atmosphere and available energy supply (Chapten@e case of continuous modelling over
several years, cold season processes such as gl@emow redistribution, sublimation and
infiltration into frozen soils impact spring soilaisture recharge and can be modelled along with

the summer processes using a selection of proesesl lalgorithms (Chapter 7).

421  Cold RegionsHydrological Model Platform

The Cold Regions Hydrological Model (CRHM) platforrontains a suite of physically-based
algorithms describing important hydrological pramsthat are typical of cold region, northern
environments (Pomeroy et al., 2007). CRHM is higiéxible allowing for the alteration of
existing algorithms or addition of new ones to &ddrspecific modelling problems. This is an
attractive feature not typically found in most hgidigical models. Models are assembled in
CRHM by linking a series of process specific aloris. For example, moisture limited rates of
actual evaporation may be obtained during the grgwdeason by assembling a model that
includes evaporation, infiltration, runoff geneaatj and soil moisture accounting. Extensive
field investigations have been the basis for dgwalents of specific algorithms. A
comprehensive overview of the model has already beesn by Pomeroy et al. (2007). As such,
a few topics relevant to this thesis are brieflgcdissed here.

CRHM treats spatial arrangements of elements imsanbas hydrological response units
(HRU). An HRU represents a single biophysical laage unit with a distinct set of parameters,
location in a flow network and driving meteorolodgynergy and mass balances are applied to
each HRU independently and the interaction betwdBWU units through water and energy
exchanges is calculated at discrete time stepandskape unit that does not contribute surface
or sub-surface runoff to a particular stream oerriig also considered a valid HRU. This makes
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the CRHM platform and assembled hydrological modelsvant for use within the Canadian

prairie region where large areas are non-contriguto stream flow. A variety of observations

can be used as input data where available (e.gr eolnet radiation, climate data, soil moisture
etc.). CRHM also offers empirical relationships atahdard modelling techniques to supply the
needed forcing data when observations are lacking.

For example, with the exception of field researtthdi®s, incoming solar radiation and net
radiation, and soil moisture to the depth of thetingy zone are seldom measured in Canada. As
a result, simple techniques are often needed toehwmgdface energy and mass balances. The
major component of the surface energy balance ésning solar radiation. This can be
determined from the extraterrestrial solar radratend atmospheric transmittance which is
estimated as a function of the daily range of@inpierature and altitude (Annandale et al., 2001;
Shook and Pomeroy, 2010). In turn, the surfacenioal®f net radiation can be calculated from
the estimated incoming solar radiation and an e@ogpirelation between air temperature, vapour
pressure and sunshine hours.

Evaporation can be computed with or without continuWhen continuity is enforced,
evaporation is limited to that water available @igiiception, depressional storage, near-surface
soil moisture or rooting zone soil moisture. Famgilicity interception storage has not been
considered. When soil moisture becomes severelytidign further restrictions are applied
depending on the general soil texture (sand, loadncéay). The moisture limitations are simple
functions based on the developments of Zahner (186@ modifications by Leavesley et al.
(1983). This approach requires that the soil wetrratio, Ry, be calculatedR, is the ratio of
current soil moisturd, to maximum water holding capacity of the séilax

The functions indicate that at certain fractionsawéilable soil water step changes in actual
evaporation occur. Under moist conditions soil mos tension is low and moisture may be
depleted at the rat&, or the direct estimate of the actual evaporatioe. feor example, whelRy
is above 0.67 (67%) for a clay-loam soil the calted actual evaporatiok,, (e.g. Eq. 2.11 or

2.12) can meet the atmospheric demand,

whereE, is the moisture limited rate.
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As the fraction of available soil water falls totlween 0.67 >R, > 0.33 under drying
conditions, moisture tension increases and soiémagpletion becomes restricted. The effects of
this moisture stress dfl can be described as a linear function of the ifyaabf available water

content and is calculated as,
E, =R,E . 4.3

Finally, when the fraction of available soil watbecomes critical under severely drying
conditions (e.g. drought) and 0.33Rp, soil moisture tension increases more rapidly.this
stage, soil water depletion becomes severely cestriancE, is greatly reduced and is estimated

as,

E, = 05R,E . 4.4

4211  Evaporation Parameters
Vapour Transfer Function, f(u)

The G-D method requires an estimate of the vapour trarfsfestion, f(u) to parameterize the
drying power of the airf(u)(e*, - €,). Thom and Oliver (1977) have shown that Penmae ty
formulas need to consider the surface roughnesswdain lead to enhanced evaporation. CRHM
employs an experimentally derived vapour transfeicfion which has reportedly worked well
for a variety of surface types and general suriameditions encountered in western Canada
(Granger and Pomeroy, 1997; Granger, 1999),

f(u) =8.19+0.227 +(1.16+0.08z)u (4.5)

where g = h/7.6 is the aerodynamic roughness length (bnig,vegetation height (cm), and u is

the wind speed (m3.

Aerodynamic Resistance

Application of theP-M andBT equations to non-saturated surfaces requiresdenagion for the
resistances of water vapour transfer to the atmergplEstimates of the aerodynamic resistance

are obtained assuming a standard logarithmic winfile formulation;
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2 k2u
whereu is the wind speed at the reference heighd,= 0.67h, is the displacement height of the

vegetation (m), anllis the von Karman constant (0.41).

Canopy Resistance

Introduction of the canopy resistance concept udeedlescribing the diffusion path length of
vegetation was due to the efforts of both PenmahMonteith (Lhomme, 1991). According to
Bougeault (1991) there has been a general acceptdhat the canopy resistance
parameterization depends on several factors agilbeddy Jarvis (1976). These factors are a
minimum resistance, the amount of incoming soldration, water availability to plant roots, the
atmospheric humidity deficit, and air temperatWénere estimates of evaporation were obtained
using the Penman-Monteith and Dalton-type bulk gf@n methods, estimates of the canopy
resistance were derived using the general appnoagosed by Jarvis (1976). The method treats
canopy resistance as a series of multiplicativeofacdescribing environmental stress effects on
stomatal control,

r.c = r.cmin flf2f3f4 (47)

wherercmi, represents the minimum unstressed canopy resis(@net). There is no generally
accepted approach to estimating the factors as dheyypically derived from correlation and
regression analysis, or on a more theoretical b&sisnulas for calculating the resistance term
and contributing factors can be found in Bougeé@l®91). For this research, the factors were
estimated using equations based on the experimesiationships found in Verseghy et al.
(1993). These relationships were chosen in part ttugheir ease of application, field
observations could be provided for calculating taetors, and they require no additional
parameters that may need to be calibrated. As anofftion, Verseghy (2008) has more recently
provided an alternative formulation for the resis& and contributing factors which includes

several parameters that need to be set dependimggatation category.
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The multiplicative factors used here describe stah@ntrol as a representative value of 1
for what may be considered optimal conditions flanp growth, and a value > 1 for less than
optimal conditionsf; increases under conditions when light is limitiagd is a function of the

incoming solar radiation, K(W m®) required for photosynthesis,
fi(K]) = max(1.0, (500 / K- 1.5)) . (4.8)

fois a function of the vapour pressure defigi,= € - ea, (mb) required to maintain water and
nutrient uptake to the plant, which increases aspthnts ability to transmit water from the soil

rooting zone is exceeded,
fo(Ae) = max(1.0, Ae/5.0)) . (4.9)

fzis a function of soil moisture supply, specificalhe soil moisture tension to the depth of the

soil layer consideredy (m) which increases with decreasing soil moisture,
fs3(y) = max(1.0y /40.0) (4.10)

wherey is derived using the Campbell power law functiondpecific soil texture classes based

on the air entry tensiop,e, porosity ¢, a pore size distribution indek, and soil moistured

(Campbell, 1974),

_, (@)
[// _[//ae(gj : (411)

f4is a function of temperature with an operating eabhgtween 0 and 40 °C

f(T =10 if t<40°C and>0°C (4.12)
OR
if T>40°Cor<0°C then(fl) = 5000 / &min

and indexes the range of temperatures at whiclsgiation may be considered to occur. The

range of operating temperatures indicated above wet a factor in the current analysis since
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the observed daytime air temperature rarely fddwes °C and seldom were above 30 °C during
the observation period.

4212 Plant Available Water Holding Capacity of Soils

The general soil module (Pomeroy et al., 2007) use@RHM treats the soil column on a
conceptual rather than physical basis. As sucly, thd field capacities of the recharge and soil
column need to be set. This is advantageous fdingesoil-vegetation interactions and
diagnostic assessments of model behaviour. A pgatdimitation, however, is that known water
holding characteristics for various soil texturee aot considered. This has implications for
evaporation modelling in that specifying unreatistvater holding capacities can result in
excessive amounts of available water, or convergely little. Considering experimentally
derived values may be useful for imposing physlicalts on the water holding capacities of
soils.

For the purpose of this research, the problem wasoached from a plant growth
perspective. That is, water holding capacities lbarexpressed based on the maximum water
available for use by plants for a given soil tegtuFhe general assumption is that the plants can
only use a certain portion of the soil water depegdon the rooting zone depth and soil
characteristics. The soil moisture available toglaats is taken to be the difference between the
maximum plant available water holding capacity @hd permanent wilting point. This is
consistent with the conceptual approach of the moiliule used in CRHM. However, physical
limits on the maximum holding capacity and wiltipgint can be imposed. For this purpose a
look-up table was developed for specific soil teatufrom reported depths of available water per
meter of soil given by the U. S. Department of Aghiure (1955) and Scherer et al. (1996). The
maximum plant available water is then set by speufthe desired rooting zone depth and the
soil texture. For example, for a clay-loam soiltwé rooting zone depth of 1 m, the maximum
capacity is taken to be 367 mm and wilting pointlB0 mm; 167 mm of soil moisture is
available for plant use.

Another possible treatment would be to approaétoih a soil physics perspective. That is,
pedotransfer functions or empirical relations hagen developed to estimate the water retention
soil properties from soil survey data. This inclsdée need for data such as bulk density,

porosity and percent sand, silt and clay (if ancemhavailable). Basically, the purpose of a
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pedotransfer function is to use the existing infation to estimate parameters that are more
difficult or time consuming to obtain. These fulcts are more commonly used for estimating
saturated hydraulic conductivity but have also beeweloped for estimating field capacity and
permanent wilting point (Wdsten et al., 2001; Cereekl., 2004; Parasuraman et al., 2007). A
general limitation of this method is that the engail pedotransfer relations are often only valid

under conditions for which they are developed.

4.2.1.3 Soail Infiltration Capacity

Consideration was also given to the infiltratiotesaof soils in CRHM which is represented by
the Green-Ampt equation (Green and Ampt, 1911)c@pally, a concern is that the saturated
hydraulic conductivities, and in turn, the estintatefiltration rates for given soil textures are
potentially low where actively growing vegetationgim occur. The general assumption is that
vegetation, litter and roots should effectivelyremse the infiltration capacities of typical prairi
soils (e.g. agricultural and pasture land). A latlconsideration for the influence of vegetation
on infiltration rates can lead to a large portidrranfall forming runoff which typically is not
the case in prairie environments. General exceptitorthis are spring melt runoff over frozen
soils as observed at the SDNWA, or excessive thintpled with saturated soils (e.g. the
summer of 2010).

The assumption on the potential effect of vegetatio infiltration is supported by results
of field research conducted by Hutten and Giffoi®88). They found that the soil textural
relationships of Green and Ampt used for estimaifijration rates do not hold for agricultural
and rangeland environments. Specifically, the fiefdtration rates were as much as 1 - 4 cm
higher than those estimated by the Green-Ampt equatutten and Gifford (1988) have
suggested that the infiltration rates need to basmed rather than estimated; however this is
often not possible and typically even less prattiozen the spatial variability of soil properties.

In order to estimate realistic infiltration overragltural landscapes infiltration capacities
have been implemented which are based on fieldarelsefor pastures, crops and forests as
summarized in Ayers (1959). Based on this treatmsutface runoff events are limited to
saturation overland flow and infiltration exces®dand flow during intense rainfall events. This

treatment is implemented during the snow-free misrio
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4.2.1.4  Vegetation Growth and Ground Heat Flux Parameters

Vegetation characteristics are an important comaiote for estimating evaporation over long
periods of time. Specifically, plant growth can siemulated using a degree-day (heat unit) or
biometeorological time scale approach to grow raoid signal changes in crucial growth stages
(Robertson, 1968; Raddatz and Cummine, 2003). Hewewodelling the dynamics of rooting
zone development and plant growth as a functiophoftoperiod and temperature, and moisture
availability is a difficult challenge in itself andeyond the scope of the present research.
Presently, CRHM does not employ a biophysical ptaontvth model. For this research a linear
plant growth model was used to scale measured atggetheights from the start of growth to a
specified maximum value which is maintained urité £nd of the growing season. The start and
the end of the growing season are specified asnmeas and vegetation height is supplied as an
observation based on field measurements over #moseA vegetation module was written and
incorporated into CRHM to account for important ttas when vegetation is not actively
growing. For example, Granger (1991) and Millerq4dPhave shown that the ground heat flux is
not negligible during the early spring as a largewount of energy goes into thawing the soil and
can increase to 20% or higher. Evaporation is asduimbe limited to the recharge layer prior to
the growth of vegetation and after a specified migtulate when the plants are shut down. The

vegetation module is provided in Appendix B.
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CHAPTER 5

POINT SCALE EVAPORATION ESTIMATESIN PRAIRIE LANDSCAPES

51 Introduction

The analysis presented in this chapter addressefirghh research objective by evaluating the
accuracy of thé-M, G-D andBT point scale evaporation estimation models for igppbn in a
Prairie landscape. Reasons for choosing these figpewbdels were established earlier in a
review of the literature on developments in evaponatheory. Namely, the models are physical
based, provide direct estimates of “actual’ evapamawhich is needed for agriculture, water
resources applications, and modeling hydrological atmospheric processes, and they differ
considerably in the theoretical treatment of landace characteristics.

An examination was conducted using two modellingraaches; 1) the-M, G-D andBT
models were applied at the SDNWA during the 208&ifcampaign, that is to say, they were not
coupled directly to a hydrological model, and 2¢ M and G-D models were linked to
infiltration, runoff and soil moisture accountinggarithms within CRHM and their behaviour
was evaluated using data from the Lethbridge AnhexiBite during the 2000 and 2001 drought
period. An analysis was performed through compasgsaf the point-scale estimates of ‘actual’
evaporation against observations obtained usingddg covariance method.

52 St. Denis National Wildlife Area
521 M easur ements and General Conditions

The P-M, G-D andBT evaporation models were evaluated at the SDNWA aneobservation
period extending from May 19 — Sept 11 in 2006. iAstrumented tripod mast continuously
monitored eddy covariance fluxes and climate camukt at the upland reference site (described
in Chapter 3) from May 19 through September 11,6200odelled evaporation estimates were
evaluated against observations collected at thet. Madetch to height ratio of 1:100 was
assumed such that the eddy covariance instrumearess placed at a height of between 1 mto 1.5
m above the vegetation throughout the measurengitdoto remain within the boundary layer
over the grassed surface. The leading edge ofdleeence grass site (bordered by cultivated

land) was located approximately 150 m upwind indhection of the CSAT sensor.
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Continuous micrometeorological measurements ceitkat the reference site were used to
parameterize the evaporation models. Specific @btens required for this include: net
radiation (Kipp and Zonen CNR1 net radiometer);ugieb heat flux (REBS soil heat flux plate);
wind speed (CSAT3); temperature and humidity (CastipBcientific Vaisala HMP45C series
probe) volumetric soil moisture in the upper 30 cm of the soil pefiCampbell Scientific
CS616 water content reflectometer), and surfacepéeature (Exergen IRTC infrared
temperature sensor). Volumetric soil moisture wittihe upper 30 cm profile ranged from
abundant (~ 45%) in spring to relatively dry (~ 20%0early September.

Modelled evaporation estimates were derived fronmid averages of the observations
during the growing season period of 2006. The ed@smwere compared to observed values for

several optimal data periods including 15 min,\daiulti-day and 68 total days of observations.

5211  Observations During Study Period

Figure 5.1 shows measured daily averages of evaoraet radiation, air temperature, surface
temperature, wind speed, soil moisture, and redaliumidity. Observed evaporation ranged
from approximately 0.8 mm/day to 4.4 mm/day, pegkin late June — early July and then
decreasing over the summer. The highest rates apogation typically occurred after
precipitation events, primarily early in the seasand peaked during the summer blooming
period. Following the peak evaporation period, ¢hisra large decline in evaporation over the
course of the season which coincides with a tréreeolining soil moisture.

In general, other climate and surface variables dhae evaporation do not show similar
trends; although a gradual decline in net radiabiegins at the end of July. The daily surface
temperature is shown to be lower during the peaperation period and higher in July under
conditions of declining soil moisture. The surfaeeperature is also lower later in the season
largely as a result of a seasonal reduction inrsaldiation. As would be expected, the daily
surface temperature tends to be lower immediatdlgwing wetting periods due to the increase
in near surface water availability and increasevaporation. Increases in surface temperature
tended to occur during drying periods as near sarfavater availability and evaporation

declined, and is generally higher immediately foilog the end of the peak evaporation period.
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Figure5.1: Measured daily averages for a) observed evapaordijovolumetric water content, c)
net radiation, d) air temperature, e) relative hiityj f) wind speed and, g) surface temperature.
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522  Moddling Assumptions

It should be noted here that the evaporation modetduated were driven directly by field
observations and applied independently of a hydiodd continuity approach. That is, no
explicit modeling of the mass balance of soil maistis considered to limit evaporation. The
models were run under the measured atmosphericitamy] and observations of surface
temperature and soil moisture. As a result, they @alibration required was fartmi,, or the
minimum resistance for plants not under moisturesst (Sherrat and Wheater, 1984), needed for
the P-M and BT models. An advantage of th@-D model is that it does not require any
calibration.

A manually calibrated value of 62 s'iwas determined far.mi, to represent the unstressed
conditions for the grassed surface. This is ingéeeral range reported for grasses and crops 25
— 100 s rit (Verseghy et al., 1993). Sherrat and Wheater (1984e indicated a value of
between 40 — 50 s Trfor a well watered pasture grass is reasonabl¢hé\St. Denis site, very
little bare soil was visible under the plant canamar plant stems. As such the site did not
warrant dividing evaporation between the soil afeh{s using a complex multilayer resistance
network such as that of Shuttleworth and Walla&S8%).

Only those observations obtained during optimaladperiods were considered for
evaluating the model estimates. Optimal observgienods ranged from 2 days to 2 weeks. For
these periods in which the CSAT and Krypton Hygrtanevere working well and complete
field measurements were available to drive the eraipn models. Data falling outside these
criteria were not used in order to reduce soméefuncertainty in measured evaporation using
the eddy covariance method (due to missing valodsdata spikes). Specifically, during periods
of rain or high humidity resulting in the condensatof water droplets on the instruments, the
signal of both the CSAT and hygrometer become gbedi Therefore, results reported here are
for periods when the instruments were dry and dmera. In total, 68 days of “reliable”

observations were collected over the period frony W& through Sept 11, 2006.

Net Radiation Balance

For periods less than daily, the application of rRan-type modelsR-M and G-D) becomes

somewhat problematic. This is because evaporatiodeis based on the energy balance
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approach are only applicable under conditions wiedrradiationQ* is positive; wherea®* is
predominantly negative during the night. This nsedhe P-M and G-D models are not
applicable during night time periods. Further, faegest portion of evaporative losses via
transpiration during photosynthesis ig &d G carbon fixing plants (e.g. cool season and warm
season grasses) is generally restricted to dayhighods. Given these limitations, the estimation
problem was simplified by restricting evaporatianthose 15 min averaging periods wh@h

was positive; for periods whe@* was negative evaporation was set to zero.

Canopy Resistance

In the case of thBT model, the surface humidity gradient and constiardor the aerodynamic
and canopy resistances determines the evapor#®®a. result, thdBT aerodynamic approach
can be used to estimate evaporation during the tiigle and can potentially identify periods of
condensation when the humidity gradient is negativ@ model this, however, requires an
increase in complexity, such as a resistance n&fwwhere intercepted condensation and
evaporated condensation would need to be accutadelyed. Therefore, the estimation problem
was simplified by restricting evaporation to pesoghenQ* was positive. For application of
the BT model, this was controlled by setting the can@sjstance. to 5000 s rif during periods
when Q* was negative. As a result, there was no modebihgvaporation during night time

periods.

Atmospheric Stability

Most evaporation models have been developed uhdeniplicit assumption of neutral stability.
Given the relatively strong surface winds obserdedng the daytime at St. Denis which is
typical of prairie environments, the assumptionnefitral stability is valid. Therefore, for the
purpose of present comparisons neutral stability a@sumed and no corrections for stable or

unstable conditions were made.
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523 Results and Discussion

The general agreement between the modelled andvelsealues was evaluated using the root

mean squared error (RMSE)

RMSE =,|&~"1 "¢/ (5.1)

where X; and X, are the modelled and observed values ansl the sample size. The relative
errors of each model were also assessed by comgjdee mean bias error (MBE) between the

modelled and observed values,

MBE=— "¢ . (5.2)

5231 Cumulative Estimates

For comparative purposesmin for both theP-M and BT models should be equal in value for
both models and not biased due to differencesarittboretical approaches. For this study it was
found that a manually calibrated value of 62 far remin resulted in minimal errors for both the
P-M and BT methods for the 68 days of optimal data obsermatiorable 5.1 provides a
comparison of the cumulative observed and modeiegboration for all 68 days during optimal
periods when the supply of net radiation was pesitThe cumulative observed evaporation for
these days was 152.8 mm in total or approximat&ynim/day.

Table5.1: Modelled vs observed total evaporation over 6&d#Hyptimal observations for
periods when the supply of net radiation was paesiti

Evaporation Cumulative
M ethod Total (mm)
over 68 Days
Measured 152.8
P-M 156.5
G-D 153.5
BT 153.5
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Overall, theP-M, G-D, andBT model estimates represent the total evaporation well
and were nearly identical to the observed value difference between the observed value and
the G-D andBT models for these days was less than 1 mm whiéstlitference was less than 4
mm for theP-M model estimate. This means the MBE for fh® model was within 2.5% of the

observed value and tl&-D, andBT models were within 0.5% of the observed value.

5.2.3.2  Multi-day Estimates

A comparison of modelled and observed evaporatwnrfulti-day periods is shown in Figure
5.2. The modelled and observed values are expresmsdde total amount of evaporation for
optimal observation periods when the supply ofradtation is positive (i.e. excludes night time
processes). The multi-day totals have been repdreed for periods ranging from 2 to 14
consecutive days in duration. For the purpose ofgarison the values have been expressed as a
rate (mm/day) for each period. The one to one lihe,f values and root mean squared error
(RMSE) are also indicated.

For several optimal periods the modelled evapanagstimates agreed reasonably well
with the observed values. No single model consilstgorovided the best agreement to the
observed values of evaporation. Overall, 84 andP-M models provided the best results for
the optimal periods when compared with the obsewaddes; ¥ = 0.77 for theG-D model and7
= 0.71 for theP-M model. The RMSE values for all of the model estesashowed a range of
approximately 0.3 mm/day. Overall, tie-D model had the smallest error (RMSE = 0.33
mm/day) and th&-M model also compared well to the observed totalshiese periods (RMSE
= 0.36 mm/day). The largest error was producedheyBT model estimates (RMSE = 0.65
mm/day). On average the MBE BfM model estimates were 5% larger than observed value
and theG-D andBT models were approximately 8% larger.

Table 5.2 provides a summary of the performanceawh model for the ten multi-day
periods by considering the absolute differencewéen the modelled and observed values. The
G-D model provided the best agreement to within 1 mnbeaiter of the observed evaporation
five out of ten times (i.e. frequency of 50%) foetmulti-day periods. These were comprised of
two 2-day periods, one 3-day period, one 5-dayogdeand one 10-day period. Both eV and
BT models estimated the evaporation to within 1 mrbeaiter 30% of the time. All three multi-

day periods were 2 days in length for tReM model. For theBT model two were 2 days in
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length and the other 3 days. TRéVl andBT models also provided estimates to within 1.0 — 1.5
mm of the observed value 20% and 30% of the tirspaetively, and th&-D model achieved
this one time (10%). The length of the multi-dayipés also varied for each model in this case:
G-D model (2-day period®-M model (3-day and 9-day periodT (2-day, 7-day, and 10-day

period).
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Figure5.2: Modelled versus observed evaporation rates foofitienal periods of 2 days to 2
weeks in duration. &-M, b) G-D, c¢) BT. Solid line is one -to- one line.

Table5.2: Frequency of model estimates for a range of diffees from the observed value for
the 10 multi-day periods.

Difference from Frequency of Model Estimate %
Observed G-D P-i BT
< 1.0 mm 50 30 30
1.0-1.5mm 10 20 30
1.5-3.0mm 10 30 20
3.0-5.0mm 20 20 0
>5.0mm 10 0 20
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The models also produced some larger differencegpaced to the observed values. A
difference of 1.5 — 3.0 mm occurred once out oftémetimes (10%) for th&-D model, and 30%
and 20% of the time respectively for tReM andBT models. The5-D and P-M models both
provided estimates with a difference of between-3.8.0 mm from the observed multi-day
values on two occasions (20%). For & model, this occurred for one 9-day and one 10-day
period. For thé®>-M model this occurred for one 5-day period and dieldy period. Only the
G-D and BT models produced estimates with differences from dbserved value that were
larger than 5 mm. In the case of tB& model this occurred for one 5-day period, and alse
15-day period for both models. For the 15-day meastending from June 22 — July 6 all three
models underestimated the observed evaporatio®df shm; which considers those periods
when the supply of net radiation is positive. @1 model provided the best agreement at 46
mm and the5-D andBT models provided lower estimates of 42 mm and 37respectively.

Overall, the results show that all three modelseweapable of providing reasonable
estimates of evaporation for several of the optipslods. Between 50% - 60% of the estimates
were within 1.5 mm of the observed value for thdthrtay periods. In general, th@-D andP-

M methods tended to perform better thanBRemethod. For example, thigl model produced a
large overestimate (7.9 mm) for the May 19 — 23queand a larger underestimate (12.1 mm)
for the June 22 — July 6 period. These large diffees may be attributed in part to the flux
gradient relationship derived from a small arediometric measurement of surface temperature.
The plant and soil surface exposed for radiatiamdfer is not exactly the surface exposed to
turbulent transfer. The relative differences magoabe potentially reduced by considering
stability corrections. Another consideration is ttaopy resistance term. No measurements of
LAl were available so leaf area was not considdredhe calculation when estimating the
canopy resistance term. Intuitively, accounting feduced leaf area would produce a higher
canopy resistance resulting in a further reductibthe modelled evaporation if leaf area was a
factor during early growth periods. However, thelegion of leaf area had less of an impact on
the P-M model.

In general, the variability among the models mayabiebuted to several factors, 1) the
atmospheric conditions over the optimal periodsiteat to be steady state, 2) it is difficult to
adequately account for energy storage at the syrfé)cthe feedback mechanisms of G

method are subject to lag effects such that atmesgpbhanges tend to occur more slowly than

61



do conditions at the surface, 4) the surface teatpex for theBT model is measured

radiometrically over a small area and does not detely represent the surface involved in
turbulent exchange with the atmosphere over theaiar flux footprint of the eddy covariance
measurements, 5) no assumptions have been maddinggplant phenology and health, and 6)
no consideration has been given for the possiliextsfof spatial variability on driving factors

contributing to the evaporative flux measured atdansors.

5233 Daily Estimates

Figure 5.3 compares the modelled and observed eataqo over the course of the daily optimal
periods. These values were determined for eactbgaymming the interval evaporation for the
periods when the supply of net radiation was pasitThe one to one line? values and RMSE
are also indicated in each graph. Again,RREl andG-D models provided the best agreement to
the observed values, although in this case,th&s higher for th&-M model (0.66) compared
to that for theG-D model (0.61). The RMSE values associated with eaodel were also
similar. For theP-M model the RMSE = 0.52 mm/day and for t&é> model the RMSE = 0.54
mm/day. TheBT model provided the poorest daily estimatés;0.22 and RMSE = 0.9 mm/day.
The variability of estimates by a given model aetieen the models is evident from the
scatter between the modelled and observed valuespife these variations (Figure 5.3), the
MBE of the model estimates were similar to thogetlie multi-day estimates. The MBE for the
G-D model estimates remained at 8% larger than therebd values whilst there was a slight
increase in MBE for th&-M andBT models to 6% and 9% respectively. In general,diiéy
estimates obtained from each of the models resut&MSE values that were larger compared
to the estimates expressed as daily rates for thé-day periods. This suggests that the variance
of the model estimates increased as the time seadeshortened to a daily period. This would
further indicate that while there might be a snmadlrease in the variability among the daily
estimates, the relative errors between the modelheblobserved values tended to balance over

the multi-day periods.
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Figure5.3: Modelled versus observed daily evaporation forapmal periods. ap—M, b) G—
D, ¢)BT. Solid line is one -to- one line.

5234 15 Minute I nterval Estimates

In Figure 5.4, modelled and observed evaporationtlie 15 minute average measurement
periods are compared. The one to one lifealues and RMSE are indicated in each graph. As
was the case for the daily estimates, the staistiggest th€-M and G-D models provided
similar estimates and also performed better th@Bfh model in general. Th®-M and G-D
models showed similaf values of 0.55 and 0.59 respectively. The RMSEHeP-M andG-D
models is also nearly identical with values of 80&m/15 min and 0.02 mm/15 min. TBg
model did not perform as well compared to the olevalues over the 15 min intervals as
indicated by the much lower value 6£r0.3 and larger RMSE = 0.026.

For this much shorter time period there was a langecase in the relative error of the
models. The MBE was lowest for tkeD model estimates which were found to be an averhge
14.6% larger than the observed values. The MBEh®BT model was found to be 19% higher
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than the observed values and the P-M model prodimethrgest MBE which were an average

of 28% higher than the observed values.
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Figure5.4: Modelled versus observed fifteen-minute-interwadmoration. afP—M, b) G-D, ¢)
BT. Solid line is one -to- one line.

The scatter of the data points around the one ¢oliae for all three methods appears to be
similar to that for the daily periods shown in Rigus.3. Given the large scatter among the
modelled vs. observed evaporation it is unlikelgtttorrections for stability alone would rectify
the performance of the models at this short tinaeslbut may potentially enhance the agreement

between the model estimates and observed values.

5.2.35 Peak Period Estimates

Modelled results for the June 22 - July 6 period af particular interest. As indicated
previously, all of the models underestimate theeoled evaporation which totalled 49.1 mm
during this 15 day period (3.3 mm/day). These diifees are of interest because the observed

evaporation peaked during this period of the seaBwst, there are several notable reasons for
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the peak evaporation to occur during June 22 - 8uly) as shown in Figure 5.1, water and
energy availability do not appear to be strong timgi factors, 2) the mixed grasses, namely
wheat grasses, alfalfa, and sainfoin, were fullyetigped and in full bloom (blooming began in
early to mid June), 3) water use by the grassasgltine blooming period can be assumed to be
optimal to maintain maximum photosynthesis and thlasit activity/productivity; support for
this can be found in the case of prairie grassesn(d et al., 1992) and more so in the case of
wheat crops (Raddatz and Cummine, 2003; Shen,2(l2), and 4) the leaf area of plants can
reasonably be expected to be near a maximum vafuenfextended period prior to the onset of
blooming and through the blooming period.

Therefore, the possible physical basis behind Wep@ration underestimation by the
models warrants further consideration. Two potérfaators are the general effects of plant
phenology and the humidity deficit on evaporatigtireates. In the case of tfieM andBT
models plant phenology does not restrict trandpmadluring the peak evaporation period since
there is a fully developed plant canopy. In theecaktheG-D model the relative evaporation
parameter limits evaporation as a function of thailable energy and the humidity deficit. The
humidity deficit itself is a reflection of the alability of surface water and water vapour transfer
to the atmosphere and is one factor that is comtm@tl three models. As shown in Figure 5.1,
the mean daily relative humidity (RH) was relativédw (~ 60%) during the period of peak
evaporation compared to that following the peakpevation period. During the daytime, the RH
was typically around 40% or less.

In the case of th&-D method, a higher humidity deficit and the abundsupply of
available energy increases the drying power ofaimeD which produces a lower value of
relative evaporatiornG, thereby reducing evaporation. In the case ofRHd method, increases
in the humidity deficit beyond the optimal plantepgating conditions would result in an increase
in the canopy resistance. The overall effects isf iticrease in canopy resistance, however, may
be offset by the balance of available energy. Unlike P-M combination approach, theT
method directly considers the humidity gradientveini by measured surface temperature.
Observations at the St. Denis upland site show ttieatevaporation generally follows diurnal
variations in surface temperature. In generfaljalues for surface temperature and evaporation
were in the order of 0.85 to 0.90. Further, theeobsd surface temperature follows diurnal

variations in net available energy. This preserdgfeculty for using a radiometric measurement
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of surface temperature at a point, whereas theggnealance is generally considered over a
larger area. Assuming a height to area measureragotof 10:1 for a CNR1 net radiometer, the
measurement footprint would be in the order of 5-i0 m. Also, due to the difference in
theoretical approaches of the models, the canopistamce term appears to have a larger
influence on evaporation estimates for Blemethod than it does for tfeM method.

For the majority of the peak evaporation periotl&® daytime surface temperatures and
mean daily surface temperature (typically aroundb 16 17.5 °C) were generally lower than
afterwards. As shown in Figure 5.1, the lower stefeemperatures are likely explained by the
ample soil moisture in the upper 30 cm soil profdading to increased water losses from the
plants via transpiration during this phenologidalge. This may point to a potential disadvantage
of applying theBT method to a vegetation canopy under these conditidhat is, based on
Dalton’s earlier findings, lower surface temperatushould result in lower rates of evaporation
due to the reduced surface specific humidity (#tleo considerations being equal). In order to
improve theBT estimate compared to the observed value undecdhdition of lower canopy
temperatures, the value ofn, would also need to be lower to effectively inceeabe
evaporation rate. This may help to explain why tB& method produced the largest
underestimate compared to the observed value égpehk evaporation period.

For instructional purposes, a lower reference valugi, = 50 s it was specified for the
P-M andBT models.The resulting estimat®r the June 22 — July 6 period for tReM model
increased to 53.5 mm, which is very close to theeoked value of 51 mm. TH&T estimate
increased to 44.8 mm compared to the previous astiof 37 mm but was still 6.2 mm less than
the observed value. When considered for the efirelays of optimal observations, however,
using a value of 50 s Tresulted in a large evaporation overestimate of@pmately 30 mm
when compared to the observed, by bothRH& and BT methods. These results suggest that
there is a problem in using a common canopy registéerm in these evaporation models. That
is, the value of ;min lacks a common meaning given the different thémakapproaches of thHe-

M andBT models and so the calibrationrgf,, is a model specific problem.

For theBT method, the optimal value of., would need to be in the order of 40 & m
compared to 50 s Tfor the P-M method, for the estimated evaporation to apprceh
observed value of 51 mm for the period. A seconigmal problem is a limitation inherent to

the Jarvis (1976) multiplicative approach for damiythe canopy resistance term. Due to the
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linear nature of the algorithm there is a potenttal runaway increases in canopy resistance
depending on the sensitivity of the equations usederive the factors. This is of potential

importance since plants typically increase theimwttal activity when it is needed most (i.e.

during blooming), and likely in spite of the gerleaamospheric conditions if available water and

energy are not limiting factors.

The use of a single reference value fgfin, regardless of whether it is adjusted as a
function of leaf area, assumes that optimal waser econditions apply for all plant phenological
stages when water is not limiting. This precludes potential for declining water use by plants
when water availability is no longer crucial for imtaining overall plant health. For example,
immediately following the peak evaporation periddhicges in leaf area are small but the plant
may simply use less water. Adjusting the relaticévdly of stomata based on the timing of
important life cycle events (i.e. blooming) woulelquire the incorporation of a detailed plant
growth model and tracking measured values @f, over the growingseason. Nevertheless,
changes in plant phenology or the timing of plafet ¢ycle events has been widely identified as
a potentially important focus for climate changsearch (Beaubien and Johnson, 1994; Chen et
al.,, 2000; Myneni et al.,, 1997; Schwartz, 1999; rfgpat al., 1999; Wolfe et al., 2005).
Ultimately, the consideration of a plant growth rabdvould be a more physically based
approach to modelling the vegetation canopy butlev@lso increase the complexity of point
scale evaporation modelling and provide difficidtien dealing with complex landscapes
comprised of several major plant species.

5.23.6  Comparison of Maximum Daily Valuewith Other Studies

Several previous studies have reported measureamaxdaily rates of evaporation for various
grassland regions (Baldocchi et al., 2004; Burlzh\d@rma, 2005; Kelliher et al., 1993; Meyers,
2001; Verma et al., 1992; Wever et al., 2002). Tihidudes grassland sites located in both
Canada (Saskatchewan, Alberta) and the United sS{#&ansas, Oklahoma, and California).
These studies have also used the eddy covariantBodnéo obtained measurements of
evaporative fluxes. Within the central Canadianriraegion, cool seasons@rasses tend to be
the dominant plant species while warm seasqrgi@sses dominate the central Great Plains
region of the United States. Cool seasamgfasses tend to reach their peak activity in ¢te |

spring to early summer period whereas the warmose&s grasses reach their peak activity
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towards mid to late summer. The measured maximuiy elzaporation rate for the mixed grass
site at St. Denis was approximately 4.4 mm™dafhis is comparable to the measured maximum

daily rates reported for past studies (Table 5.3).

Table5.3: Maximum daily evaporation rates (mrif)dor several previous grassland studies.

. Water Availability Maximum
. Dominant : . .
Source Region Vegetation Tvpe during growing Evaporation
9 yp period rate (mm d™)
Verma et al. Kansas warm season C,
(1992) (US.A) grasses ample to dry 6.6
Kelliher et al. 31-55° various grass ample 48
(1993)* Latitude species P '
Oklahoma warm season C, ample 4.0
M 2001
eyers (2001) (U.S.A) grasses drought 2.5
ample 4.5
Wever et al. Alta (Can.) cool season C;
(2002) grasses drought 3.0
Baldocchi et al. California annual arass amole to dr 4.0
(2004) (US.A) 9 P y :
Burba and Oklahoma warm season C, ample 50
Verma (2005) (US.A) grasses P '

! Review paper which examined grassland regionsdtr bouthern and northern hemispheidaximum
evaporation rate is the average value for thetsidias examined.

It is interesting to note the relative consistemegorted for the maximum daily rates of
evaporation for the various grassland regions, Wiéhexception of the Kansas site. Some of the
sites are characterized as tall grass sites (>talljrwhile others are short grass sites (< 0.50 m
tall). Yet, the measured daily rates of evaporatamon-drought conditions are generally in the
order of 4.5 mm on average regardless of the regfiaied and potential differences in biomass
or leaf area. This is noteworthy since there affer@dinces in the general climate conditions of
the regions which have led to the divergence imtpkpecies. This suggests that the peak
evaporation rate for prairie grasses in generatumeell watered conditions would be close to
4.5 mm day.

5.3  Drought Application: Lethbridge AmeriFlux Site

The modelling process becomes more complicatedrwalitions of drought, when extremely
low soil moisture availability restricts evaporatirom the soil and plants. Under such severe
conditions, soil moisture accounting to the degtkthe rooting zone is needed to exert a further

control on actual evaporation. The objective instlsase study is to present a modelling
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application to examine the effect of rooting depstimates on cumulative actual evaporation for
a Canadian Prairie environment during severe driough

The modelling was performed within the Cold Regidtgdrological Model (CRHM)
platform (Pomeroy et al 2007). Within CRHM two land surface hydrologicalodels were
assembled to estimate actual evaporation from &anskort-grass prairie at Lethbridge, Alberta
in the drought years of 2000 and 2001. In this ctee-M andG-D models were coupled to the
soil moisture balance to enforce limitations on #Hwtual evaporation as soil moisture was
depleted further throughout the soil column. Fa plurpose of examining the effects of rooting
depth on cumulative evaporation several model mese performed with each one having a
different maximum soil column depth (maximum rogtidepth). For each run the depth was
incremented by 200 mm starting from a minimum degdtBO0 mm. The upper limit was taken
to be approximately 1400 mm. These depths are meh$® lower and upper limits to which the
grasses at Lethbridge might be rooted based onea@syof research conducted by Weaver
(1968). In this case, the behaviour of B andG-D models was evaluated with respect to the
magnitude and shape of the cumulative evaporatiovec TheBT model was not considered in

this case because surface temperature measurenerstenavailable.

531 M easur ements and General Conditions

Near surface meteorological and ecological obsemsitwere obtained through the AmeriFlux
network (data courtesy of Larry Flanagan at thevesity of Lethbridge, Alberta) and the
Agriculture and Agri-Food Canada (AAFC) Lethbridgesearch Centre (data courtesy of Hugh
McLean and Sean McGinn). These were used as maogeit iand for evaluating model
performance. Precipitation in the form of rainf@presents the only input (irrigation and ground
water were not factors), and runoff was neglectad tb the lack of any heavy convective
rainfall events during these drought years. Thiewa the water budget to be simplified to
vertical components. As a result, only precipitatend evaporation were considered and the
change in storage can be simply determined frondifference between themS =P - E.

As shown in Figure 5.5 the measured total evagmratias much higher than precipitation
for the period of May 1 — Sept 30 for both 2000 2081. In 2000 measured evaporation (188
mm) was approximately 1.6 times larger than thaltptecipitation of 113 mm and in 2001

measured evaporation (164 mm) was nearly 2.5 tiargsr than the precipitation of only 67 mm
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recorded over the same period. These differenaisate rather large changes in soil moisture
storage of approximately -75 mm and -100 mm resypadgt
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Figure5.5: (Left): Cumulative measured evaporation (Obs_HEhdse than twice the cumulative
rainfall (Obs_P) over the period of May 19 — Sept 2001, and begins to level off as volumetric

soil water content falls below 0.2. (Right): Dadymulative P and E as percentage of cumulative
totals.

Figure 5.5 also shows a marked change in the slbpgee cumulative evaporation over time
in both years; this occurred in early July. By JRlgf 2000 the cumulative evaporation was 105
mm (1.67 mm per day on average) or 56% of the miadulative evaporation. By comparison
only 37% of the total cumulative precipitation Hagen received by this date (Figure 5.5). The
daily average evaporation rate dropped abruptlyetifeer to 0.91 mm/day for the remainder of

the period. For 2001 the difference was even grehteJuly 4 the cumulative evaporation was
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119 mm (1.83 mm/day on average) or 72% of the mtalulative evaporation whilst 86% of the
total rainfall had been received. Thereafter, teelide in the daily average evaporation (0.51
mm/day) was even larger than that in 2000.

Changes in observed evaporation tended to coingittechanges in soil moisture (Figure
5.6). Evaporation (mm/day) lagged slightly behitd@rved changes in volumetric soil moisture
as clearly shown for 2001. For example, 27 mm of fall over a two day period in early June,
increasing the volumetric soil moisture contentfrf.21 to 0.31. This was followed by a peak
period of evaporation through most of June. Byyeduly both the volumetric soil water content
(~ 0.18) and the evaporation rate (generally < 1/alay) had declined dramatically, signalling

strong moisture limitations.
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Figure5.6: Eddy covariance measured evaporation and voluer&dii moisture over 15 cm
profile depth at Lethbridge grassland site from May Sept 30 for 2000 and 2001.

5.3.2  Description of CRHM Modules and M odelling Assumptions

A general overview of CRHM and modelling considenas for estimating evaporation was
previously given in Chapter 4. Figure 5.7 showkbwedhart of the modules assembled in CRHM
for modelling evaporation at the Lethbridge sital ahe respective input variables. A brief

description of modules is also provided below.
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Figure5.7: Flowchart of CRHM hydrological modules assembledmodelling evaporation at
Lethbridge.

Observation module

The observation module reads the climatologicah dlamm the observation files into the HRU'’s
which is then used as input to drive other modubéservations for this application include net
radiation, temperature, wind speed, relative humidvapour pressure and interpolated

vegetation heights.

Interception module
When implemented, determines the amount of pretipit (rain or snow) that is intercepted by

the canopy and the amount that reaches the ssilaw surface.

Prairie infiltration module

Estimates the amount of infiltration into frozerdamfrozen soils and updates the water content
in the soil moisture balance module. This applaatnly requires infiltration into unfrozen soil
which is determined using a look-up table of valdetermined from field research reported in
Ayres (1959). The infiltration capacity of the s@ihm/hr) is set based on two parameters - the
bulk soil texture of the soil profile and generahdition of the ground cover. The general site
conditions as described in Chapter 3 indicate thle svere clay-loam to clay in texture and the
grassland was ungrazed. The parameter for bulkesdure was set to a medium textured soil
over fine textured clay till and the grass was as=il to be good pasture, for which the

infiltration rate is 5.1 mm/hr according to Ayef9g9).
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Evaporation module

This module estimates the amount of actual evajporétom a non-saturated surface during the
snow-free period. The current application emplotreziP-M andG-D models which have been
previously introduced in Chapter 2. Model paraneetaeeded for estimating the canopy
resistance were previously described in Chaptased Eq. 4.7 — 4.12). THeM model requires
the minimum and maximum LAl for tracking changed &l as a function of vegetation height
which was done using Verseghy et al. (1993),

LAl =H/H__ (LAl  +s(LAl _ —LAl _)) (5.1)

whereH andHnmnax are current vegetation and maximum vegetationttgid-Almin and LAknax

are the minimum and maximum LAI values ands a factor to account for seasonal changes
which is assumed to be 1 (fully leafed) for gragkesughout the year. Calculation of the canopy
resistance term also requires three parametersedded calculating the soil moisture tension

factor in Eq. 4.11; air entry tensiop,e, porosity, ¢, and pore size distribution inddx, Values

for these were obtained from the look-up tableesponding to a clay-loam textured soil.

Soil initialization module

Parameters supplied in this module are used tardete the soil water available for plant use
per metre of soil. These include the soil depthhefrecharge layer and entire soil column, the
volumetric water content, and soil texture. Thi®imation is used to set the initial soil moisture
content and soil water holding properties (iniaad maximum content of the recharge layer and
entire soil column) in the soil moisture balancedoide. This is done using the method described

previously in Chapter 4 (see 4.2.1.2 for example).

Soil moisture balance module

CRHM enforces continuity within a soil column whieh divided into two soil layers (Figure

5.8). The upper layer is a recharge zone from wihicth soil evaporation and transpiration
losses can occur. The lower layer represents thenman extent of the rooting zone which
supplies water for transpiration. The soil moistooatent is given by and the total maximum

soil moisture content i8max. Any rainfall infiltrating into the soil is sup@d to the recharge
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layer first, and once filled, percolates into tlogvér layer. Excess water from both soil layers
contributes to the ground water and subsurfacesfldw cases where the entire soil column is
saturated or the rainfall intensity exceeds thétiafion capacity of the soil, the excess water is

treated as overland flow and becomes surface runoff

Showmelt Rainfall
* + Ewvaporation
A
Snowmelt Rainfall —
Infiltration Infiltration —»| Transpiration
—v— 1

\ 4

Saturated overland flow
when entire colurmn is full

Recharge Zone

Soil Column

w| Subsurface
- Discharge

Groundwater

Groundwater
#1 Discharge

Figure5.8: Flowchart of soil moisture balance modudété¢r Fang et al., 2010

Modelling Assumptions

The depth of the recharge layer from which both eeaporation and transpiration can occur
was set to 15 cm. This is also the profile deptla\adilable soil moisture measurements at the
site. The initial wetness (i.e. saturation) of #rgire soil column for all model runs was set to
0.75 or 75% for simplicity since no soil moistureeasurements are available to a depth of
greater than 15 cm. This saturation value is cameil reasonable for this application since the

observations indicate the volumetric soil moistofeéhe upper 15 cm was fairly similar on May
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1 (JD 121) for both 2000 and 2001 (0.31 and 0.B4y. a clay-loam soil with a porosity of
approximately 0.476 as obtained from the look-upletebased on the U. S. Department of
Agriculture (1955) and Scherer et al. (1996) thasults in a soil saturation of 65% and 71%
respectively. Given that volumetric soil moisturethis upper layer had peaked at 0.37 on JD
104 (2000) and 0.39 on JD 99 (2001), and was medwtowly prior to JD 121 it is more than
likely that the profile had a higher moisture cantat depths below the upper shallow layer since
surface layers dry more rapidly.

As discussed in section 5.2.2, Sherrat and Wh¢a884a) indicated a value of 50 $'fior
remin IS reasonable for an unstressed pasture grasgefdtes this value was used for tReM
model runs. In the case of tleeD model there are no initial parameters to set arddriven by
meteorological forcing data. The Jarvis (1976) iplittative approach was applied for
calculating the canopy resistancg, This was adjusted over the season as a functiteabarea
taking into consideration observations of LAI. Eirestimates of canopy height were derived
based on the mid-growing season measurement rdpaortéhe ecological dataset for the
Lethbridge AmeriFlux site (Courtesy of Larry Flaaag University of Lethbridge). The mid-
growing season value was assumed to be the maxwalua of canopy height for the growing
period. The progression of heights was assumecdettinear from the date of the measured
minimum value of LAl (assumed to coincide with thenimum canopy height) to the date of the
measured canopy height. LAl was then tracked coatisly using Eq. 5.1 from the changes in
canopy height using the approach in Verseghy €1883),

r.=r, (LAl __/LAI) . (5.2)

cmin

533 Resultsand Discussion
5331 MoisturelLimited Evaporation During Drought

Figure 5.9 and Figure 5.10 show the results ofntfeelelled cumulative evaporation for each
rooting depth (800, 1000, 1200 and 1400 mm) fromy Mla Sept 30 for the 2000 and 2001
growing seasons. It is apparent that theoretidétrénces between the-M and G-D models
result in differences between the cumulative evafpom estimates at each depth. The cumulative

evaporation for thé>-M model was slightly higher than th@-D model, and the difference
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between them increased slightly with rooting def#vaporation was underestimated with
shallower rooting depths and overestimated at deepating depths. In other words, this
indicates the initial soil moisture is importantevhmodelling evaporation over a single season
in drought.

In 2000, the poorest agreement between modelledbserved cumulative evaporation was
for the 0.8 m rooting depth. The-M estimated cumulative total was 86% (-26 mm) of the
observed total whilst th&-D was 79% (-39 mm) of the observed (Figure 5.9). d@ibpth at
which the best agreement occurred was differenth®eP-M andG-D models. In 2000, the total
evaporation for thd>-M model was nearly equal to the observed with aimgadepth of 1.2
metres. For th&-D model the best agreement (-3 mm) was for the 1réating depth (Figure
5.9); whereas thB-M model overestimated the total evaporation atdbjgh by 7% (14 mm).
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Figure5.9: Model results for the 2000 drought period for gwdfile depths of 800, 1000, 1200
and 1400 mm.
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In 2001, the poorest agreement between modelledbserved cumulative evaporation was
also for the 0.8 m rooting depth. THeM cumulative total was 88.6% (-18.6 mm) of the
observed total whilst th&-D was 83% (-27 mm) of the observed (Figure 5.10g ®hserved
evaporation for 2001 presented a somewhat simpks compared to that for the 2000 growing
season where a sudden increase in evaporationredaitrthe end of the season. In contrast, the
evaporation in 2001 increased steadily from theirnmgg of May and then increased more

slowly (began to level off) around the start ofyJul
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Figure5.10: Model results for the 2001 drought period for gwdfile depths of 800, 1000, 1200
and 1400 mm.

In this case, the cumulative evaporation with aingpdepth of 1 m for thé-M model

agreed surprisingly well with observations over $bason and only underestimated the observed
total by 2.5% (-4 mm). Th&-D model underestimated the observed evaporationOBy (15
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mm) at this depth. Th&-D model showed a considerable improvement compavethe
observed total (-3 mm) at a rooting depth of 1.2whilst theP-M method overestimated the
total by 6% (10 mm). In general, reasonable agreeérbetween the modelled and observed
cumulative evaporation could be achieved with eithe P-M or G-D models. In the case of the
P-M model during drought for the grasses at Lethbridgéting a rooting depth of 1 to 1.2 m
provided the best results. This is in agreemertt Wie rooting habits of these and similar grass
species according to the extensive research of &egd©25; 1926) and Weaver and Clements
(1938). In the case of tHe-D model a depth of 1.2 m to 1.4 m provided the bhgstement for
the cumulative total.

The differences between the cumulative evapordtiom the P-M and G-D models and
apparent lack of a common optimal rooting depth &en attributed to the difference in
theoretical approaches. In contrast to B model theG-D model does not consider the
physical characteristics of plants such as LAI \Wwhice very low in early spring and over the
period in general. The reduced LAI produces anease in the resistance early in the season for
the P-M model which reduces evaporation estimates andegulestly can deplete the stored
moisture less rapidly than does tGeD model. Also, later on the humidity deficit is gealéy
high due to the drought conditions which resultamincrease to the drying power term, and
reduces the relative evaporation. As a result efdbmbined effects, th®-D model produces a
lower estimate of seasonal evaporation when cordpar¢hat of theé®>-M model. For example,
the results show the&s-D tends to overestimate evaporation early in the oseaand
underestimates evaporation during the period wiegetation is transpiring most rapidly.

As the rooting depth was increased for subsequexehruns, the available water content
also increased which generally results in largéedinces between the model totals. This can be
attributed in part to the value of 50 s'msed forremin in the P-M model runs. Under conditions
of increased soil moisture, evaporation increaseserappreciably relative to the evaporation
that would occur if a larger minimum value weredige.g. 62 s M). In the case of th&-D
model there is no provision to treat plant chamdsties or phenology, so that the only
adjustment that can be made to increase evaporatouid be to either increase the initial
moisture content or increase the rooting depthwaduld appear based on the results, that
overestimates of evaporation by t8eD model are more likely to occur early in the seasben

vegetation coverage is relatively low or duringesevdrying conditions.
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Three recent studies are briefly discussed herepahdhto context of the current research.
Brimelow et al. (2010) examined the applicatiorP&MIl (see literature review) for estimating
evaporation in relation to drought. They validatally evaporation estimates obtained with
PAMII for the short-grass prairie (Lethbridge Antdtix site) and a barely field near Calgary,
Alta for contrasting years during the drought périat the grass site they obtained an RMSE of
0.64 mm/day for modelled estimates whereas the REtBEStimates at the barely site were
higher by comparison (1.19 mm/day). They also fotlrad the minimum resistance required to
model evaporation varied from year to year dependin the conditions. This supports the
earlier discussion on limitations and difficultieapplying the resistance term. Further, Gervais
et al. (2010) found that the resistance term ne¢odxt modified in PAMII to more accurately
model changes in the soil water content.

Zha et al. (2010) examined the interannual vamatio eddy covariance measurements of
evaporation during the drought period at the Letlge grassland site and also from three
forested sites (aspen, pine, spruce) in the bdoeast region of Western Canada. They found
considerable variation in the drought responsesngntioe grass and aspen forest sites compared
to the coniferous forest sites (pine and spruce). éxample, the largest variation in annual
evaporation occurred at the grassland and aspensitilst the largest reduction in evaporation
occurred at the grass site under drought conditibhey also observed the annual variation was
lowest at the coniferous sites which maintainedlative constant rate regardless of water stress.
They attribute the varying responses during drought physiological differences (e.g.

phenological, structural, stomatal) among the \agg®@t types.

54  Summary and Conclusions

Two modelling approaches were used to examineuttabdlity of physically-based evaporation
models for application under very different envimental conditions in distinct Prairie
landscapes. The first approach examinedRkd, G-D and BT models at a tall mixed grass
upland site during the 2006 field campaign at SDNW#&thout enforcing hydrological
continuity. The second approach presented a denatiost of the effect of rooting zone depth on
seasonal evaporation estimates for a short mixassgorairie under drought conditions. In this
case the?-M and G-D models were linked to infiltration, runoff, and koioisture accounting

algorithms within CRHM. Their ability to estimat@rulative evaporation was examined over
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the growing season during the 2000 and 2001 dropghtds. Modelled evaporation estimates
were compared against eddy covariance observatibtened at the sites during the study

periods.

SDNWA

In general, thé>-M, G-D and BT models were shown to provide reasonable estimdtes o
evaporation when compared with observations witllegitenforcement of continuity. There was
good agreement between modelled and observed ateporfor a total of 68 days of
observations. The models also provided good resoltseveral multi-day periods ranging in
length from 2 days to 2 weeks but no single modaViped the best agreement consistently. The
relative errors among the model estimates varigeeniging on the time scale of interest and
tended to increase with a decline in the lengtthefobservation period. As the frequency of the
estimates increased to daily and 15 min intervalsas found that there was a large amount of
scatter among the estimates and observations bugrtbrs are likely to cancel out over longer
periods for hydrological applications in a praigavironment. Results suggest that theD
model presents a useful alternative to methods ri@ire estimation of a complex canopy
resistance term when water is not strongly limitamgl continuity is not enforced.

It is important to note that estimating evaporatiwer longer time periods (several days to
weeks) may be appropriate for the purpose of lemmtwater balance calculations. However,
estimates of water vapour fluxes (also heat and embnm) at the surface are needed for much
shorter time scales for modelling atmospheric pgses. Estimates for shorter time periods are
also needed for calculating antecedent soil wadetent conditions for runoff calculations in
hydrological models. This has important implicasdior flood monitoring and management in
that larger errors for daily and sub-daily perioday be unacceptable for specific uses, such as
for numerical weather prediction models and hydywial runoff models.

Future improvements in resistance formulations mginsider the limitation of using a
single minimum reference value for the unstressadopy resistance. This value may be
potentially different following the period of peadvaporation where evaporation begins to
decline but differences in leaf area are not lagé soil moisture and available energy are not
limiting factors (e.g. due to a reduction in stoahatctivity after the reproduction stage of growth

has been completed). In the case ofBfianodel the canopy resistance term has a consid@erabl
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influence on the rate of evaporation, as does dwmy surface temperature. Nevertheless, a
Dalton-type bulk transfer approach is attractiveegi its applicability for both land and water

surfaces and it is also amenable to directly usiogervations of surface temperature. This has
potential implications for studies concerning climachange or even characterizing severe
drought which is a common occurrence in Prairieiremvnents. Increased surface temperatures
are likely to occur under conditions of reducedexatvailability resulting in feedbacks to the

atmosphere. Future improvements to BIE model applied here might consider an improved
resistance formulation that covers the completgeanf plant-specific and phenological stages

of growth.

Lethbridge Drought Application

The influence of rooting zone depth on actual evafpon estimates was examined for the
drought of 2000 and 2001 at Lethbridge. Two hydymal models consisting of theoretically
different evaporation model®{M andG-D) were assembled using a suite of physically-based
model algorithms provided within the CRHM platfortinder conditions when soil moisture is
non-limiting the actual evaporation is calculatehaut restriction. Continuity is enforced to
limit actual evaporation estimates as drying preges and moisture reserves become depleted.

Both theP-M and G-D evaporation models were shown to provide reasenabteement
with the cumulative totals observed over the cowfsthe growing period May 1 — Sept 31 for
2000 and 2001. The-M model provided good agreement at specified roadeywths of 1 m and
1.2 m for 2000 and 2001 respectively. This is ireagient with research by Weaver (1968) in
the case of the rooting habits of short, shalloating grasses and mid-height grasses such as
wheatgrass under drought conditions. B¥® model was found to provide the best agreement
at a rooting depth of 1.2 m in 2000 and 1.4 m i6120

In the case of th&-D model, the lack of a physical description of vatjen characteristics
was problematic for early season estimates. Thesgmts a general limitation for suggesting
physically meaningful improvements to correct modebrs. The results suggest that for the
model simulation presented here, which explicitynsiders soil moisture continuity, there
would appear to be no benefit to choosing 8® feedback model over the resistance-based
model for estimating cumulative evaporation ovee tjrowing period. This is because soil
moisture accounting is needed by both models t &raporation under drought conditions.
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The potential effect of spatially varying drivingctors has not been considered here. For
example, accounting for spatial variations in stefaemperature, soil moisture, turbulent
transfer, or vegetation characteristics over théatbée flux footprint may provide more reliable

model estimates where model errors are apparent.
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CHAPTER 6

DISTRIBUTED ESTIMATES OF EVAPORATION AT THE FIELD S CALE

6.1 Introduction

The analysis presented in this chapter addreseesettond research objective by integrating the
spatial patterns of key surface variables to ohd@tributed estimates of actual evaporation over
a field. Actual evaporation was modelled at thddfiscale using a combination of data
assimilation and mapping using ArcGIS and IDRIStware. For this purpose, remotely sensed
images were combined with surface and climate eefe observations collected at St. Denis in
2007. Estimates of actual evaporation were obtaimgdg theG-D model and the general
equations are referred to in section 2.3.2.2 inp@ha2, and Eq. 2.12 — 2.14, and Eq. 4.5.

The energy available for driving evaporation isey Kactor in energy balance equations
and Penman-type combination models. Available snertghe difference between net radiation,
Q* and the ground heat flugy. The net radiation at the surface dominates enavgilability in

terrestrial landscapes and can be expressed as

Q*=K! @l-a)+L!| -L1 , (6.1)

whereK| andL| are the incoming shortwave and longwave radiatias,the surface albedo or
fraction of shortwave radiation reflected from therface to the atmosphere, abtl is the
outgoing longwave radiatiorQ* has the potential to vary spatially depending loa $urface
conditions encountered. The spatial variatiorKpfandL | is negligible for surfaces exposed to
the same atmospheric conditions. Spatial variationg: and L1, however, may be large
depending on the surface cover (e.g. water, segetation) and general surface state conditions
(wet vs dry). The variability of important surfapeoperties is difficult to capture from point
observations alone. Remote sensing imagery candaraaluable spatial information eanand
L1 which can be used to distribute estimates of theauation needed for driving evaporation
models.

A method was developed for distributing net radiatver the landscape which assimilates
remotely sensed visible and thermal images anadaeidbservations of incoming shortwave and
longwave radiation. A case study is presented fogust 5, 2007 at the SDNWA and distributed
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estimates of the mean daily actual evaporation wereved using th&-D feedback model. The
G-D model has been shown thus far to provide reasenablues of evaporation and is
particularly useful where detailed soil moisturéomrmation is not available to parameterize a

resistance type formula. There are four main ohjestto this study:

1) To demonstrate an approach for distributing mealy dat radiation as a function
of the one-time-of-day images and a reference vafumean daily net radiation
and validate the estimates at two sites with albkElameasurements. The
sensitivity of the mid-day evaporation rate to aes in key surface variables
obtained from the mid-day images was examined.

2) To obtain direct estimates of spatially distributedan daily evaporation over the
field sized area based on the distribution of thing surface variables and
reference station data.

3) To examine the distributions of evaporation andidg surface variables in order
to evaluate the effects on upscaled estimates ayjaation. Differences between
the point measurements and model estimates werparenh including against the
areal estimate of the model.

4) To examine the spatial associations of drivingalags and the implications for

scaling are considered.

For the field scale study presented here, the thletmands of Landsat, AVHRR and
MODIS were too coarse. Alternatively, very highalesion aerial imagery (< 5 m), obtained

from a hand held digital camera and a thermal radter were used for demonstration purposes.

6.2  Theory on Distributing Evaporation over a Field

The following section discusses the theoreticalisb@$ an approach for distributing direct

estimates of actual evaporation over larger arkanay also be useful towards improving our
understanding of spatial variations in evaporationatural landscapes. An implicit assumption
is that spatial variations of surface flux variablgoverning evaporation are close to their
maximum around the time of solar noon. Colaizzle{2006) indicate that such an assumption

may be valid for a period of no more than approxetya2 hours from the actual time of solar
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noon. As such, valuable information about spatalations in driving surface variables may be
obtained from remotely sensed images acquiredthesatime.

Furthermore, distributed estimates of mean daigpevation were calculated over images
containing the driving surface variables. Aeriahies were obtained over the SDNWA from a
hand-held digital camera (visible wavelengths) ahdrmal radiometer on Aug 5, 2007
concurrent with the Landsat 5 overpass at appraeimanid-day (12 noon, Central Standard
Time; 1800h UTC, Coordinated Universal Time). Thastivity of evaporation to key variables
derived at mid-day may be examined by considetegd¢vaporation ratio’, & This is the ratio

of evaporationE; to the reference evaporatidf;es defined at a known location,

Ep=—— . (6.2)

Key variables derived from remote sensing infororatcan be spatially distributed over the
landscape and then normalized by reference vallesresulting ratio at each pixel can be used
as an index to distribute a known value over thagen For instance, an albedo ratig, emitted

longwave ratiol1r, and roughness rati,r can all be defined for pixels within an image from

reference values,

a, =— (6.3)
airef
L1,
L1g=—o! (6.4)
I‘Tiref
a8
Z,  =— , 6.5
°F ZOiref ( )

where, the subscripts’‘and “iref” represent the value at a given pixel, and thpeetve value
at a reference location.

The ratios,or andLTr can be combined to obtain the mid-day net radiatatio, Q*r
which can be derived for pixels within an imagenfrthe common incoming short and longwave

radiation fluxes over the image extent. This equmatian be written as,
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Q%

xo=—< i 6.6
Q Q. (6.6)

6.2.1 Visible and Thermal Images

Remote sensing information of reflected shortwave @mitted longwave radiation can be used
for calculating the net radiation balance. The Vawvgths of interest approximately span the 0.4
to 14 um portion of the electromagnetic spectrum (EM) (iga2000). Unfortunately, remote
sensing at these wavelengths may be affected gvounfable atmospheric conditions, namely
clouds and haze that can potentially limit the ulsefss of remote sensing approaches to
estimating evaporation. Nevertheless, remote sgragproaches remain attractive for modelling
applications concerned with spatially varying scefgroperties. Surface albedoand surface
temperature are key variables needed for the miatran balance and can be obtained from
visible and thermal images. Where higher resoluioaigery is needed for a detailed study, and
the influence of clouds reduced, images may beigadjfrom an aircraft using a digital camera
and a hand-held thermal radiometer that cover thienity of the appropriate visible and thermal

wavelengths.

Visible Imagery

High resolution images were obtained from the wimdd an aircraft (courtesy of Mitchinson

Flying Service) at a height of approximately 1 kboae ground level (AGL). The images were
taken over the study site using a digital camesafortunately, raw reflectance information was
unavailable and alternative instrumentation foraobhg aerial imagery was not available at the
time. The digital camera used was a Canon Poweishdtand the technical specifications for
the A70 are as follows: 3.2 megapixels with a maximmimage resolution of 2048 x 1536 pixels,
a CCD (charge-coupled device) imagemd a DIGIC (Digital Imaging Core) processor
proprietary to Canon. The combination of CCD ands[@ processing capabilities provide

enhanced light sensitivity, reduces white saturapooblems, and produces high-quality noise

free images.
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The light received at the CCD senor array spanyigible portion of the EM spectrum at
0.3 to 0.7um and includes a limited portion of near-infraredwelengths. The full near-infrared
portion of the EM spectrum was not measured buy anémall portion is missed. The charge
accumulated at each pixel location is converted twltage and transferred to the DIGIC for
processing and conversion to a digital value, amally compressed into a RGB colour format
which spans 0.4 to 0.@dm of the visible spectrum. The visible imagery eomé valuable
reflectance information that can be used for degvihe needed albedo estimates at a much
higher spatial resolution (less than 1 m) tharctgevable by current satellite instruments; which
is generally greater than 30 m. An advantage ofigusi digital camera over satellite-based
optical remote sensing is that the images are cetelglfree of clouds due to the relatively low
flight height. Conversion of the digital data toanéengful albedo values required the application
of a scaling technique based on a known albedoevsimilar to that developed by Corripio
(2004).

Thermal Imagery

High resolution images of surface temperature waéined using a hand held Forward
Looking Infrared (FLIR) radiometer; ThermaCAM PZ2he detector of the P20 is comprised of
a Focal Plane Array, uncooled microbolometer thavides measurements of emitted thermal
radiation with a maximum image resolution of 32040 pixels for a 24° by 18° field of view. It
measures infrared radiation in the spectral rarige%— 13um. This is a wider spectral range
than measured by some satellites which operat® at 12.5um (e.g. Landsat, MODIS, and
AVHRR), but is similar to ASTER which operates at- 82 um. A number of environmental
effects are needed to be compensated for in tleenelt radiometer software in order to derive
surface temperature images; namely, surface entissambient air temperature and humidity,
and an estimate of the distance between the tarngethe camera detector.

The surface emissivity was taken to be 0.98 whainesponds to a range of natural surface
emissivities as reported by Brutsaert (1982). Tdmaining parameters were specified based on
the average ambient conditions observed near thiacsuand the atmospheric conditions
indicated by the plane’s instrumentation at thghtiiheight. The thermal radiometer provides a
high level of spatial detail (< 5 m resolution) fonages captured at a flight height of

approximately 1 km AGL. This is a much greater spaesolution than is achievable by satellite
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radiometers which typically operate at a horizoméglolution of greater than 50 m; e.g. Landsat
ETM, (60 m), ASTER (90 m), Landsat TM (120 m), MGD(1 km), AVHRR (1 km), GOES
(10 km). The spatial resolution of these radiongetgralso much coarser than the resolution of

the onboard optical sensors.

6.3 Measurement Sites for Model Parameterization and Madation

The arrangement of the eddy covariance/micromel@gical stations at the site was such that
one station could serve as a reference site andttie a validation site for evaluating model
estimates. A third micrometeorological station ntaimed by the National Water Research
Institute (Environment Canada, Saskatoon) was latsated several hundred metres away at an
upland location. Figure 6.1 shows the locationghefthree stations and relevant measurements
for comparison with estimated values. Spectratmince measurements taken on Aug 21, 2007
during a field study at the mixed grass upland aveee also available (data courtesy of Xulin
Guo) for comparing the results of the estimatediesl The measurements were obtained using
methods described by Zhang and Guo (2007). Unfatélyy, measurements were unattainable
for Aug 5 but the reflectance data collected on &ags still useful for assessing the validity of
estimated albedo values. This is reasonable agd@Neaues measured at both CNR1 sites were
found to be relatively constant over this perioge@&ral reflectance was sampled using an ASD
FR Pro spectroradiometer (Analytical Spectral Desjdnc. Boulder, Colorado) at intervals of
4.5 m (Figure 6.1). The measured wavelength rarage380-2500 nm with a spectral resolution
of 1 nm. Measurements were collected at a heiglit mf above the canopy at nadir with a 25°
field of view probe. Samples were taken betweertithes of 12 noon local time and solar noon.
Reflectance was calibrated using a white spectradfilectance panel (Labsphere Inc. North
Sutton, New Hampshirgpproximately every 10 min to account for varialian atmospheric

conditions.
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Figure 6.1: Land surface elevation map and locations of measent sites for eddy covariance
and micrometeorological observations, and sampietpdor spectral albedo along an existing
transect with 4.5 m spacing.

6.3.1  General Conditions and Modelling Assumptions

Reference climate data needed for the model wetig@naa from concurrent observations taken
at the site. These included measurements of thedaydincoming shortwave and longwave
radiation and also the mean daily air temperathrenidity, and wind speed. The mid-day
incoming shortwaveK| (835 W n¥) and longwavel| (320 W n¥) radiation needed for
calculating distributed estimates of the mid-day maeliation were obtained from a CNR1 net
radiometer located on the east side of pond 1 (Eigul); the reference location. The potential
impacts of spatial variations in the mean daily tamperature, the vapour deficit, and wind
speed on evaporation estimates were taken intadsrasion.

Over the course of the day on Aug 5, 2007 the piregavind direction was approximately
from the north-west (330°). Heat and humidity tzorsed to the EC station on the west side of
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pond 1 (Figure 6.1) was from the upwind grassethsarthat dominated the area. At this station
the mean daily temperature, vapour deficit and vapded was 18.7 °C, 0.93 kPa and 1.9 m/s
respectively. It should be noted here that sheledffects may have influenced wind speed at
this particular location due to the general ris¢eimain toward the west and north-west of pond
1. On the east side of pond 1 heat and humidity seased to the instruments from over the
water surface. At this EC station the mean daihtexrnperature was 18.6 °C, the vapour deficit
was 0.86 kPa, and the wind speed was 2.9 m/s. hiad screase in humidity is likely due to
the influence of the pond and the increase in wspded can reasonably be attributed to a
reduction in surface roughness. Atmospheric measemés were also obtained from an
Environment Canada station (data courtesy of Chpence) located at the upland site indicated
in Figure 6.1. Given the wind direction on this d#ye station was downwind of a cultivated
area. At this site the mean daily air temperatuas W8.6 °C, the vapour deficit was 1.14 kPa,
and the wind speed was 3.1 m/s.

In general then, the range of mean daily air teatpee (0.1 °C), vapour deficit (0.2 kPa)
and wind speed (1 m/s) that can reasonably béuatid to the grassed and cropped surfaces was
relatively small. As such, further considerationswgiven to the sensitivity of the model to
determine whether the small variations in humiditygl wind speed could be important. For this
purpose an examination was conducted on obsergatioltected during the 2006 field season.
During that study period, a portable eddy covagamast was periodically placed over different
surfaces in the area for comparisons against xleel fupland site (See Appendix A). Evaporation
was estimated from the 15 minute observationseatixed upland location using tii&D model.
Measured values of the humidity deficit and windexts obtained during the same time from the
portable EC mast were then substituted for thosehat fixed site and the evaporation
recalculated. The variation in evaporation estimatas small with an RMSE = 0.02 mm which
suggested th&-D model was not sensitive to small differences & hbmidity deficit and wind
speed observed over the different land surfaces.

A wind flow model could have been applied to disite wind speed over the area which
would add to the complexity due to the scale atctviihe evaporation estimates are derived (5
m). In the case of the vapour deficit, an empirfeadback algorithm, such as that developed by
Granger (2000), could have been applied to dernistilouted estimates over the area. However,

based on the field data collected in 2006 (See AgipeA), the variability of surface temperature
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at 5 m resolution is likely to be much larger thdre humidity deficit of the overlying
atmosphere over the same spatial scale. Based eosetsitivity analysis and the previous
considerations, it was decided that the climateditmms could reasonably be assumed constant
over the extent of the image.

The aerodynamic terms, and alsoandy (discussed in Chapter 2, section 2.3.1) were
subsequently calculated from observations of thamaaily temperature, humidity deficit and
wind speed. A temperature of 18.6 °C was useddimutating mean daily values for the slope of
the saturation pressure curve = 0.13 kP3, °&hd the latent heat needed for the conversion of
water to vapour). = 2457 kJ. The psychometric constanfEqg 2.10) was calculated basedon
and the elevation of the site above sea level, vt atmospheric pressure was taken to be 95
kPa. The humidity deficit measured on the west sidgond 1 was used at 0.93 kPa. Given that
the site is largely unsheltered, a mean daily véipeed of 3 m/s was used. The ground heat flux
term was not included in the daily calculation ehidable energy which was assumed to be
driven by the net radiation. This was reasonablergithat measured values of the ground heat
flux at the two station locations basically balahower the day. Specifically these were 2 V¥ m
under a dense grass cover and site disturbancemads and 10 W fiunder a shorter grass that

was more disturbed.

6.4 Distributing Net Radiation Balance Components
6.4.1 Reflected Shortwave Radiation — Albedo

Corripio (2004) developed a method of estimatingvsralbedo from film based terrestrial

photographs. The underlying assumption of the nekibdhat reflected radiances output from
the camera can be directly related to surface albemlues. In other words, the camera
interpreted surface reflectance information is dele@t on solar incidence angle, surface
reflectance and atmospheric properties, and vieyleasf the camera. Corripio (2004) has shown
that it is possible to obtain albedo estimates @vemmage extent if, 1) surface albedo is known
for a corresponding reference pixel in the imagel, 2) the known albedo is linearly scaled over
the landscape by the normalized reflectance deratedvery pixel location. The normalized

reflectance can be obtained from the ratio of #fectance value of an individual pixel to the
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reflectance at the corresponding reference pixarevfalbedo is known. This is consistent with
the theory applied here for distributing the neliagion term.

The pixel reflectance can be normalized from atdigimage where each pixel is
characterized by a digital numb@®0). Greyscale images are well suited for this pueparsd an
equation for distributing a known albedo as a fiorctof relative surface reflectance can be

written as

a;, =04 DN—I ' (6.7)
iref

where,o; is the albedo estimate of an individual pixel angis a known albedo defined at a
reference pixelDN; is theDN for an individual pixel andN;.¢is theDN value at the reference
pixel where albedo is known. From Eq. 6.7 it becermpparent thai; will have the same value
asaief WhenDN; andDN;.¢ are equivalent.

In this studya;« = 0.153 at mid-day was obtained from hemisphenahsurements of
incoming and outgoing shortwave radiation provittedn a CNR1. The CNR1 provides a small
area (“point”) measurement of the broadband alb@dd — 3.0um) based on the angular
properties of the surface (Disney et al., 2004 Tambination of linear scaling of Eq. 6.7 and
the characteristics of the CNR1 helps to address itaportant considerations for estimating
surface albedo from remotely sensed data. Firdinear function is typically necessary to
perform a narrow-to-broadband albedo conversioandj 2000; Liang, 2004). Second, the
bidirectional reflectance properties of the surfaeed to be considered (Nicodemus et al., 1977,
Lucht et al., 2000; Roberts, 2001).

In the present case, a direct measure of broadilaedo was provided by the CNR1 that is
based on hemispherical sampling at the surfacelidérectional reflectance is inherent to the
measurement). The measured value can then be doaedh pixel as a function of the indexed
surface reflectance using Eg. 6.7. In other wottls, combined effects of directional and
bidirectional reflectance properties of the surfabased on solar incidence angle and the
radiance received at the camera viewing anglejrdu@rent in the narrow-to-broadband albedo
scaling process.

To derive the estimates of albedo, the RGB colewiahimage was converted to an 8-bit

grayscale image. The result is an image where pixeh had a reflectance value represented by
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a digital number DN) in the range of 0 — 255. This preserves the iveatlifferences in
reflectivity at the surface. As is the case withnslard remote sensing imagery, less reflective
surfaces are characterized by smal valuesand more reflective surfaces by higHeN
values. The visible image was then georeferenced® m resolution LIDAR digital elevation
model (DEM) of the area surveyed in Aug, 2005 (Eost al., 2006).

This was necessary as the image was acquired dii-teor this purpose, ArcGIS software
was used, and in the interest of greater accu@Xygontrol points were identified in the image
based on a ground survey conducted over the cafirgee study period in 2006 and 2007. A
spline transformation was applied to rectify theage. The general advantage of applying the
spline method is that the image coordinates ameébto pass through the projection coordinates
at every control point which minimizes the residesaior at the points. A general limitation is
that the manual process is labour intensive amatwutside the control points are inevitable.
The image was then resampled to a more practisalugon of 5 m to be comparable to the
CNR1 footprint. Based on the assumption of a raeéimm footprint being 10 times the
instrument height above the canopy, gives a footgmi the range of between 5 to 16;which
is typical of radiometer measurements (Vercauteteai., 2009).

Since the intent was to use this apparent refleetamformation in lieu of satellite based
imagery, consideration was also given to potergtedospheric affects and inaccuracies where
albedo values might be higher than would norma#yelpected (e.g. water bodies). For this
purpose, a Dark Object Subtraction (DOS) methodr(tyj 2004) was applied because the study
area contains several wetland water bodies, somehmh are a few meters deep. Song et al.
(2001) and Liang (2004) indicate that it can reabbn be expected that these types of water
bodies will have the lowest reflectance values Gmproximately 0).

Application of Eq. 6.7 produced an image of disitddl albedo estimates and Table 6.1
shows the average and the range of a sample ofakstimates for the various land covers.
These values were obtained by averaging the estifoaevery pixel falling along a line profile
generated uisng ArcGIS. The resulting input imagel #&e location of the reference and
validation sites each equipped with a CNR1 are ideal/in Figure 6.2. An albedo estimate of
0.164 was obtained at the validation site on thetw&le of pond 1 and compares closely with
the CNR1 measured value of 0.167. The agreemewebatthe values is to be expected given

that both the reference site located on the edstdfi pond 1 and the validation site located on
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the opposite side of pond 1 are characterizedrhiasi grasses. Low albedo values might also be
attributed to tree shadows within the image buséhappeared to impact only a very small
portion of the data, and are mainly restrictechsthll aspen stand surrounding the pond located

in the south east corner of the image.

Table 6.1: Estimated albedo mean and range for land covestyp

Landcover Mean Range
Wetland vegetation (W) 0.11 0.05-0.16
Brome grass (BG) 0.15 0.13-0.17
Mixed grass (MG) 0.17 0.15-0.19
Cultivated (C) 0.18 0.17-0.20
Fallowed (F) 0.20 0.17 - 0.23

The range of estimated albedo values is in thegafignean albedo values for deep water
(0 — 0.05), grasses and crops (e.g. 0.15 — 0.@Bgstf (0.10 — 0.25), and gray soils (0.15-0.25)
reported in Brutsaert (1982); 0.15 - 0.25. Reldyidew values can reasonably be expected
where vegetation was associated with increasedrveatalability around wetlands and near
bodies of water where the reflectance was assumbd 0. Due to the specification of a spatial
resolution of 5 m the general pattern of albedareges appeared to distinguish between cover
types. For example, distinct boundaries emergediwimiarked the separation of albedo values
for the mixed grasses (MG) and cropped area (G) filwe sparser vegetation in the fallowed

area (F), and the fringe vegetation of the wetlgidsand the location of the surface water.
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Figure 6.2: Albedo map (5 m resolution) derived from visibitesige taken at mid-day on August
5, 2007. Also shows location of reference and wadilih sites, letter codes indicate major land
cover types: fallowed (F), mixed grass (MG), bragnass (BG), cultivated (C), and wetlands

(W).

Albedo estimates for a series of pixels were coexbaagainst point values of albedo
derived from the field measured reflectance whiatl heen collected at a point spacing of 4.5 m.
Disney et al. (2004) measured reflectance valueming angles and found reflectance to be
directionally invariant for winter wheat and thexef a Lambertian surface could be reasonably
assumed. For simplicity, the mixed grasses weeadsumed to behave as a Lambertian surface
(i.e. scattering light equally in all direction3his allowed for the measured spectral reflectance
to be treated analogous to Landsat imagery. As,stieh measured reflectance data was

separated into narrow wavebands correspondingogetimeasured by Landsat sensors 1, 3, 4, 5,
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and 7. An empirically derived linear approximatimn narrow-to-broadband albedo conversion,
used for Landsat imagery (Liang, 2000), was theplieg to the spectral reflectance data.

This allowed for a general comparison of estimated field measured albedo values for
the mixed grass area at approximately 100 sampigspalong the transect shown in Figure 6.1.
In a few cases where two sample points fell wittimimage pixel (due to difference in point
spacing) the average of the two values was takeardD, the Root Mean Square Error (RMSE)
of the estimated and measured values was 3.5%9856 @or the non-dimensional albedo value.
This was within the range of error 2% to 5% or 01620.05 expected for the purpose of

scientific research (Liang, 2004).

6.4.2 Emitted Longwave Radiation - Surface Temperature

The georeferencing procedure described earlierusad to georeference the longwave radiation
map to the albedo map to in order to provide th& pessible overlap between the visible and
thermal images. The longwave radiation image was tboarsened (by averaging) to 5 m
resolution to match the scale of the albedo mag Map of emitted longwave radiation} L

provided in Figure 6.3 showed a large range ofe@880 W rif - 480 W m®. The lowest values

were associated with the bodies of water whichs&i@wvn for instructional purposes but these
were masked out in order to restrict evaporatigimeadion to the land surface. Again, the extent
of tree shadows within the image was relatively Isiarad appeared to be restricted to the north

side of the tall aspen stand surrounding the poaatéd in the south east corner of the image.
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500 Meters

Figure 6.3: Surface emitted longwave radiation (W?rmap (5 m resolution) derived from
thermal image taken at mid-day on August 5, 20Qétter codes indicate major land cover
types: fallowed (F), mixed grass (MG), brome gr&s), cultivated (C), and wetlands (W).

A comparison was made between observations fromP@@ thermal radiometer and
measurements obtained at the reference and validsiies each equipped with a narrow-beam
Exergen infrared thermocouple (IRTC) radiometed dre emitted longwave radiation provided
by the CNR1. The IRTCs were pointed at the respeategetation surfaces and a control point
collected during the field study was assumed toespond to the location of a P20 radiometer
pixel. The P20 measurements compared relatively weéh the IRTC values, where the
differences were less than -2 K {12 W n?). The P20 values deviated further from the CNR1
values by approximately -5 K:(30 W m?). These larger differences may be attributed Yohé
absorption properties of water vapour in the atrhesp which may reduce the signal at the P20

radiometer, and 2) general ambiguity between th&fint measurement scales of the respective
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instruments, 3) possible influence of dust and dbeeing of the downward facing pyrgeometer
and elevated surface temperature resulting from digturbance during routine maintenance.
When considered against the entire balance of agiatton near mid-day, the difference in

longwave radiation represents a relatively smadrer

6.5 Distributing Aerodynamic Surface Roughness Height

Detailed descriptions of vegetation and surfaceradtaristics are commonly needed for
estimating evaporation which partly depends ortlileeretical basis of the model. In the present
case, only the surface roughness is required wuleaé the vapour transfer function. Surface
roughness is a key parameter in aerodynamic céloataof evaporation and is often derived as
a function of the average height of surface elem@itutsaert, 1982). The general assumption is
that rougher surfaces enhance turbulence resutimggher evaporation ratek.is possible to
obtain roughness heights from LIDAR data. Howevke data used to develop the DEM of
SDNWA was collected in August of 2005. This wasrfduo be problematic in that the spatial
distribution and density of the major cover typesmely crops and grasses, was not the same in
2005 compared to 2007.

To maintain consistency, consideration was giveadsociating reflectance properties of
the 8-bit grayscale visible image (used to inddoedb) with generalized roughness classes. The
approach used was similar to that commonly apgieedhe classification of vegetation from
remote sensing imagery. That is, differences instiméace reflectance properties were the basis
for identifying relatively homogeneous groups oftadalt was previously indicated that the
pattern of albedo appeared to be associated witarehces in both cover type and water
availability. The visible image also contained wsehformation about relative differences in
texture among the respective cover types.

Given the level of detail (5 m resolution), a swyiezd classification that required training
sites was not considered practiciherefore, an unsupervised classification was pexo
based on the statistical properties of the reffesstadata. This allowed the image to be initially
segmented into grouped areas of similarity. Thiss waccomplished using the IDRISI
Kilimanjaro GIS software ‘surface analysis’ toohd segmentation was performed by applying
a standard deviation filter to the reflectance datee process requires that data contain values

between 0 and 255, which was already the casenéBibit image used to index albedo. The
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standard deviation for each pixel in the image dexsved by applying a moving filter consisting
of a 3 x 3 grid and assigning the resulting vatuéhe central target cell. Each standard deviation
gets sorted from low to high and a bin range deffioa either side of the pixel value by a
specified threshold; this set the class width foeejs having similar standard deviations. Pixel
values falling within the same bin range were thesigned the same class. Where a pixel value
fell outside the range but the class boundarieslapeed, the mid-point is determined and a new
class created.

Thirteen groups of reflectance values were proddomad the initial segmentation of the
image. The spatial associations of the grouped d&t@ then evaluated against the visible
imagery to determine if they could be combinedHert(i.e. associated with more generalized
roughness classes). It was assumed that rought@ssex could be assigned taking into
consideration relative differences in topograpland use, vegetation structure, and apparent
textures of the surface elements in the image. &uently, the thirteen initial groups were
reduced to three groups of reflectance values.

The assignment of roughness heigldsto the three groups was then addres@gds
commonly taken to be 10% of the mean vegetatioghtealthough it may be slightly different
in the case of treed landscapes (Brutsaert, 198®) .fallowed, cropped and grassed areas were
characterized by vegetation with heights genetadyveen 30 cm and 80 cm, and 80 cm — 110
cm respectively. The fallowed and cropped surfasese taken to be less rough and more
uniform in the upland area compared to the denaker mixture of grasses assumed to represent
a small step change in roughness. Therefore rosghveues equal to 5 cm and 10 cm were
assigned to the fallowed/cropped and grassed agspsctively; which was roughly 10% of the
observed heights.

According to Brutsaert (1982), roughness valuesbefween 20 cm and 40 cm are
commonly specified for vegetation heights in théeorof 1 m - 2 m and 8 m - 10 m respectively.
In the case of trees, shrubs and tall, dense grasseunding many of the wetlands and areas in
the northeast portion of the image, heights and apparent roughness tended to be more
variable; in the order of 1 m to 10 m dependingspecies and location. Regardless of actual
height, these surface elements were fairly derakamnd often more rigid than vegetation in

surrounding areas. These surfaces were assunegthémce turbulence and represented a larger
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step change in surface roughness compared tocheand 10 cm classes. Therefore, a height of
40 cm was assigned to the roughest class.

Figure 6.4 shows the resulting distribution of theee roughness classes 5 cm, 10 cm, and
40 cm. assumed to be associated with grouped t&fiee data and general differences in cover
type. The resulting segmentation of the image ititcee general classes is analogous to
approaches that divide the landscape into diffel@rd cover types. On a proportional basis the
5cm, 10 cm, and 40 cm roughness classes rep23&86, 48.4% and 22.1% of the area.

0 250 500 Meters
| ] | ] ]

Figure 6.4: Classification map of aerodynamic surface rougbresghts derived from visible
image taken at mid-day on August 5, 2007, and afaand in Brutsaert (1982). Letter codes
indicate major land cover types: fallowed (F), nibgrass (MG), brome grass (BG), cultivated
(©), and wetlands (W).
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6.6 Temporal Transfer Function

The radiation ratio, Qf calculated at mid-day for each pixel (Eq. 6.6) barused as a temporal
transfer function to distributed estimates of meaily net radiation. This was done using the
same procedure applied for distributing albedo.thHe case for net radiation, however, the
measured value of mean daily net radiation obtamtetthe corresponding reference pixel was
distributed over the entire image. Net radiatiorvésy dynamic over the course of a day, in
contrast to the roughness height which is not aadyo parameter on a sub-daily basis.
Therefore, it was assumed that a linear relatignstiisted between the mid-day net radiation
(near solar noon) and the mean daily net radiatioorder to upscale the mid-day radiation ratio
from a temporal “point” to a mean daily value itsvaecessary to determine whether a stable
proportionality existed betwed® observed at mid-day and mean daily net radiatn,

For this purpose, data at three Canadian praications of approximately similar latitude
(49° — 52.2) were examined for the period extending from May3ept 1. The data include two
field seasons of observations at the St. Denisarekesite and archived observations at two short
grass prairie locations; 5 years (1999 - 2004 hatltethbridge AmeriFlux site, and two years
(1999 - 2000) at Kernen Farm located at Saskat&ask. As indicated in Figure 6.5, the
assumption of proportionality appears to be redsignaalid. Overall, the relationship between
mid-day and daily net radiation was shown to bemmfderate strength and was also fairly
consistent at each locatiorf, between 0.54 - 0.6. It is also noteworthy that tekationship
appears to be better suited for periods when tleday net radiation is greater than 400 V¥.m
The larger scatter in the data below 400 V¥, suggests that the proportionality is most strong

when the atmospheric conditions are less variable.
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Midday Q* versus Daily Q" (May 1 - Sept 1) Midday Q* versus Daily Q" (May 1 - Sept 1)

(Lethbridge Ameriflux 1999 - 2004) (Kernen Farm, 1999 - 2000)
250 7y = 0.30x .
-  =0.60 .
o L7
£ £
g z
te] o
= =
= =
o a
Midday Q* (W m?) Midday Q* (W m™®)

Midday Q* versus Daily @* (May 1 - Sept 1)
(St. Denis 2006 - 2007)

250 7y = 0.20x

Daily @* (W mi?)

0 100 200 300 400 500 BOD 700
Midday Q* (W m?)

Figure 6.5: Relationship between mid-day and daily net radmtior various years at two
Canadian Prairie sites and one Parkland site éop#ériod May 1 through September 1.

The observed similarities in the data at each lonauggest the assumption may be valid
for any given location. This would eliminate theedefor establishing empirical relationships
from field data as long as a reference value ofmdly net radiation could be obtained. The
assumption of proportionality is important becaits#lows for the mean daily net radiatid@* 4
to be distributed from a known value at the coroesling reference location, @%, as a

function of the radiation ratiQ*r obtained at mid-day. This equation can be writen a

Qs =Qus Q% - (6.8)

The resulting map of the mean daily net radiat®rshown in Figure 6.6. In the present
case, the corresponding reference pixel locatiahetailyQ* was assigned the value of 155 W
m obtained from CNR1 measurements at the refereneesithe east side of pond 1. Figure
6.6 also shows a comparison of the estimated arasunedQ* at two locations. One site was

equipped with a Kipp and Zonen CNR1 and the othess equipped with a Kipp and Zonen NR
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Lite maintained by Environment Canada. At the CNs& the estimated value was slightly
higher by approximately +6 W (4 % error), and somewhat lower at the locatiorthef NR
Lite by -11 W n¥ (7 % error). This is well within the measuremernroe associated with such
instruments.

These results are encouraging given the developnaert validation involved a single day.
It has been shown that a mid-day radiation rati@m&terized in part from remote sensing data
may be used for obtaining distributed estimates\@fn daily net radiation, from a single known

reference value, over a field sized area expossihtitar conditions.
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Figure 6.6: Map of mean daily net radiation derived from thdex of mid-day net radiation and

a known value of mean daily net radiation = 155 W abtained at the reference site. Also
shows locations of two validation sites for compgrimeasured and estimated values of mean
daily net radiation.
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6.7 Sensitivity of the Mid-Day Evaporation Ratio

The sensitivity of the mid-day evaporation ratig,can be examined by considering changes in
ar, LTr, and Z,r derived from the mid-day images. Figure 6.7 presidnformation on the
general physical interactions of evaporation edwahdy the model, and provides potentially
useful information about the direction and magretwud key relationships. Only the actual range
of values observed from the images were considardte sensitivity analysis dir so that the
importance of variation within the range is cleaslyown. Given the dependency of relative
evaporationG on the drying power of the air and the availabiergy, G was not allowed to
remain constant for the sensitivity analysis.

In other wordsG was assumed to vary with relative changes in abkElenergy or surface
roughness. Expectedlig is shown to be inversely related to bathand Lfgr. The reduction in
either albedo or surface temperature resulted imarease in the net radiation available for
driving evaporation. This results in a reductiontleé relative drying poweD, which in turn
increase<s (all other considerations being equal) and theegfevaporation increases as well.
The reverse holds for land surfaces where albedbsanface temperatures are higher which

results in a reduction in evaporation.
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Figure 6.7: Sensitivity of evaporation to key inputs at mid(dahe measured range of inputs is
shown to demonstrate potential variation in thsecstudy.

104



For the case dlyr, the net radiation and climate variables werediaethe mid-day values
and G was allowed to vary with changes 4g. An increase irZ, produced an increase in the
wind function and therefore the drying power of thie E.. when the humidity deficit was
assumed constant; this produced an increasB,imnd G decreased. Given this series of
interactions,Egr was shown to be inversely relatedZg;, which is contrary to what might be
expected in nature. As indicated in Figure 6.1G ivas held constant and the increasg.mas
assumed to only influenceaEan increase in surface roughness enhanced tadauland
evaporation would increase.

More noteworthy is the relative magnitude of chanigeEg to the relative changes in the
key variables, particularly in the case of the ggeaatios. In Figure 6.the range ofir is much
larger than kg but the slope of the relationship Ea is less steep (-0.29 vs -0.84). A relative
increase in ILr of only 16% resulted in a 10% reductionBr By comparison, an increasedp
of 34% was required to produce a similar 10% rdadaan Er. By comparison, the evaporation
ratio appeared to be less sensitive to a changeuighness, however, the sensitivity increased
when the interactions between roughness and thgweldrying power were ignorexhd G was
held constant.

The sensitivity analysis suggests that the longwexehange between the surface and
atmosphere is as important to estimating evapora® the influence of shortwave radiative
losses via albedo. Net longwave exchange can prangcial information on the availability of
water not just at the soil surface but also to thet systems of plants. This is generally
observable when lower surface temperatures coinitteareas where higher water availability

might be expected (ponds and depressions) or agiyetation can access stored soil moisture.

6.8 Distributed Estimates of Mean Daily Actual Evaporaton

Distributed estimates of the mean daily relativgirdy power,D werederived using Eq. 2.14.
The drying power term, £was calculated as a function of the roughnessetaand mean wind
speed (3 mY and humidity deficit (0.93 kPa), and the disttémimean daily net radiation. The
relative evaporation was then calculated using Eq. 2.13. Figure 6.8vshile distributed
estimates of mean daily evaporation obtained byG& model using Eqg. 2.12. The resulting
pattern of evaporation follows the pattern of rediation (Figure 6.7) which is driven by the

combined influence of the spatial patterns of atbadd surface temperature.
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Figure 6.8 shows the range of evaporation estimatas 1.2 mm. The minimum
evaporation was estimated to be 2.2 mm/day and mawi was 3.4 mm/day. A visual
assessment indicated lower rates of mean dailyogatipn appeared to be associated with the
fallowed/cropped area characterized by the 5 cnghoess height. In general, this area was
characterized by the grouped albedo values haviaghighest range. The highest evaporation
rates appeared to be associated with the 40 cninegg height characterized by grouped albedo
values with the lowest range associated with wdtknmeas where water stress is less likely to be
a factor.

The prevailing wind direction for the day was froan north-northwest direction. A
measured daily value of evaporation could be obthat the eddy covariance station on the west
side of pond 1. The observed evaporation corresptmthe upwind grassed surface to the west
and north of the EC station. This general areackasacterized by tall, dense brome grasses and
was relatively homogenous compared to the mix akggs comprising the upland site. Figure
6.8 shows the location of the measurements. Theunesé cumulative evaporation total was 2.2
mm for the entire 24 hour period, and 2.1 mm duthegdaytime period for which net radiation
was positive. In other words, evaporation was igdgk from the upwind grass surface during
the night.

The observed value was used for validating-® model estimate obtained from the
available grid cells for a small area upwind of Ef@ station. The areal estimate was derived by
delineating a 2000 firectangle that extended ovED columns by8 rows of grid cells to the
north and west of the EC station location. Thenesties provided by th&-D model where then
extracted to obtain the mean daily evaporation ftbencorresponding area. The range of values
was relatively small (2.6 mm/day — 2.9 mm/day) anoduced an areal estimate = 2.7 mm/day.
This is 0.5 mm higher than the observed value heitdifference is generally within the error of
estimates shown in Chapter 5. For example, siradauracy or better was obtained for daily and
multi-day periods using th&-D model to estimate evaporation from the upland gy@®a
during the 2006 field season. Nevertheless, theiltrés encouraging as it showed the
applicability of theG-D method for estimating evaporation without the némdsoil moisture

data.
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Figure 6.8: Map of estimated mean daily evaporation. Also sharthe approximate wind
direction for the day.

The small areal estimate (2.7 mm/day) is only Or lass than the observed value of 2.9
mm/day obtained at the east side of pond 1. Tlegeaater difficulty in determining the main
source of the turbulent flux of vapour at the staton the east side of pond 1. For example,
when the plants were shut down between midnight Gran on Aug 5, 2007, the prevailing
winds were from directly over the pond; just nof285°) of due west (270°). During this period
the total measured cumulative evaporation, whichreasonably expected to be from the water
surface, was 2.2 mm. Interestingly, this is eqoalhe evaporation measured from the grassed
area during the day on the west side of pond 1.eMmiportantly it is a substantial amount for
the 6 hour period during the night. In comparigbe, cumulative evaporation totalled 2.9 mm at

the station during the daytime when net radiati@s wositive and the distance to the opposite
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edge was shorter given the prevailing wind directiSo, whether the contribution to the EC
station on the east side of pond 1 was mainly fileengrassed edge is unclear.

6.9 Distribution of Evaporation and Driving Surface Variables
6.9.1 Areal Distributions

A further examination was conducted with respecth® areal evaporation estimated by the
model and the distribution of the estimates andinlyi surface variables. The value of using a
physically-based distributed modelling approachhes it may be possible to obtain a realistic
distribution of estimated mean daily evaporatiam.thhe present case, spatial patterns of the
observed surface properties, namely, albedo, surfamperature, and also the generalized
pattern of surface roughness were used to drivenaists of evaporation over the area. The ‘R’
software environment was used for an analysis efdistribution of evaporation and driving
surface variables. R is comprised of a programnanguage that has been used for statistical
computing in the geosciences (e.g. Grunsky, 2002).

The boxplot was chosen for graphically displayihg statistical properties of the data.
Boxplots provide a useful summary of an underlydfigtribution and the display does not
depend on a class interval which is a general ditioib of frequency distributions. The general
structure of the boxplots used herein summarizesdita based on seven measures. The upper
and lower limits of the box represent theé"7nd 28' percentiles (i.e. the interquartile range),
and the median and mean values are indicated wittenbox by a solid line and a point
respectively. The minimum and maximum values withif times the interquartile range are
represented by the ends of the whiskers conneotétetbox. Outliers beyond the whiskers are
shown as open points. The skew (sk), standard titmviand coefficient of variation are also
indicated in Figure 6.9. The cv is the dimensioslestio of the standard deviation to the mean
and is a useful descriptor because it allows fer\thriability among different data sets to be
compared, even if they have very different mearsaoe different units.

The roughness height classes represent discredeaddtso are excluded from the present
discussion. These classes were conveniently assdcvaith three general groups of albedo
values or continuous data and will be discusseat.|dthe sensitivity analysis presented earlier

showed the importance of both mid-day albedo andase temperature for determining
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evaporation. For an increase in either of thesmbilas there is a decline in evaporation due to a
reduction in available energy. The mid-day indexiealbedo and surface temperature were used
to scale the mean daily net radiation over thelfaeld boxplots summarizing the respective data
are shown in Figure 6.9. Interestingly, there ames notable differences in the structure of these
boxplots. For example, the distributions of albedtal surface temperatures were skewed in
opposite directions. The albedo data showed a sehe left (-0.83) and this was twice as large
as the right skew (0.36) indicated for surface terapre. The influence of the interquartile
range appeared to be greater for albedo, whichlteglsun outliers on both sides of the
distribution; a larger portion of these were beldvi0. The location of the mean and median
value was slightly different in both cases dueht® shape of the distributions. The coefficient of
variation (cv) indicated the variability of the datvas smaller for the surface temperature data
(14%) than for albedo (19%).

sk:-0.83 sk: 0.36
sd: 0.03 sd: 3.0
cv: 0.19 cv: 0.14
0.00 010 = 020  0.30 15 20 25 30 35
Albedo Surface Temperature (degC)

Figure 6.9: Distributions of albedo and surface temperature.

The boxplots shown in Figure 6.10 provide inforrmaton the distributions of mean daily
net radiation and mean daily evaporation shown ipusly (Figures 6.6 and 6.8). For the
purpose of comparison the net radiation is exptesse equivalent units of evaporation
(mm/day). The distributions of net radiation ané@moration appeared to be very different when
compared on similar scales. The width of the distion for net radiation was twice as large as

that for evaporation. The minimum and maximum valuere 4.2 mm/day and 6.6 mm/day for
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net radiation, and 2.2 mm/day and 3.4 mm/day fampevation. As a result, the standard
deviation was also twice as large for net radiaijor34 mm/day) than for evaporation (0.18
mm/day). There were also some similarities betwd®n distributions. For example, both
indicated a positive skew, 0.34 for net radiatiod 8.28 for evaporation. The mean and median
values overlapped in both cases and were 5.2 mniftttaget radiation and 2.8 mm/day for
evaporation. Also, the variation within the distriions appeared to be relatively small and the
same in both cases (ev0.066 or 6.6%). Interestingly, the variation inanedaily net radiation
was reduced considerably compared to the varigllialbedo and surface temperature used for

distributing the mid-day net radiation.

IRt
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Figure 6.10: Distributions of mean daily net radiation expresseequivalent units of depth and
mean daily evaporation.

The relative evaporatio, is also partly governed by turbulent transpontetr by surface
roughness and also the available energy driverebyadliation. A boxplot ofs and a scatterplot
of its association with net radiation are showifrigure 6.11. These graphs show some points of
interest. The noticeable break in the distributtbestimates o6 would indicate there were two
distinct distributions. This can be partly attribdtto the step changes in roughness height (5 cm,
10 cm and 40 cm) and assuming the wind speed antuimidity deficit were constant. This is

also supported by the three distinct positive linedationships indicated betwe&h and net
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radiation; two are close in proximity compared ke third. The wide range in net radiation
values among the three distributions would sugtiese were general differences in the surface
state conditions within the three classes of roeghr{i.e. the conditions were not uniform within
a given class). The pronounced shift in the distidms among the different roughness classes

provides evidence of a negative response betweeméans oG and net radiation.
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Figure 6.11: Distribution for G and relationship betwee® and net radiation among the
roughness classes.

6.9.2  Distributions Within Roughness Classes

The distributions were then examined among the 51¢éhtm, and 40 cm roughness classes. The
distributions of albedo and surface temperatureeémh roughness height are provided in Figure
6.12. The respective boxplots indicated considerdiferences in the shape of the distributions
among the roughness heights and also between tiables. The distributions of albedo are
particularly striking due to the segmentation o thisible image (used to index albedo) into
three groups of continuous albedo values that vesstimed to correspond in general with
discrete categories of roughness.

The resulting distributions of albedo for the 5 amd 40 cm roughness heights showed
considerable skew in opposite directions. The skew to the right (1.4) for the 5 cm roughness
and to the left (-1.6) for the 40 cm roughness.dynparison, the distribution for the 10 cm

roughness was close to symmetrical (skew = 0.0d)naunch more narrow, and so the variability
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in reflected radiation was much lower within the @@ roughness class. The segmentation
procedure also resulted in a general shift in titerquartile ranges and means (which were
similar to median values) for the grouped albedia a@th increasing roughness and there was
no overlap between them.

In contrast, the distributions of surface tempemtghowed considerable overlap between
the roughness classes. The overlap between theguaitile ranges for each class was relatively
small but there was a shift in the interquartileges and means with increasing roughness,
similar to that exhibited for albedo. The distriloat was narrower for the 40 cm roughness
height compared to the others. The data showedeargeskew for each roughness class that
apparently transited from left to right with incsg@g roughness; -0.32, 0.42, and 0.62
respectively. Such behaviour in the mean surfangéeature is reasonable when taking into
consideration there would be an increase in evéipergooling with the increase in energy

availability.
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Figure 6.12: Distribution of albedo and surface temperaturdiwieach roughness class.

Figure 6.13 shows boxplots of net radiation andpevation for each class which revealed
several noteworthy points. The data were summaitizsgd on their specific range of values in
order to better describe their similarities andedldnces. A visual assessment of the respective
distributions indicated that the evaporation esteaahowed similar characteristics to that of the
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net radiation. This includes visual similaritiesveeen the relative locations of the interquartile
ranges, means and median values, skew, and ouflibes respective distributions also show
similar overlap among the roughness classes. Twasea small reduction in the coefficient of
variation among the data (cv = 2.8% - 4.2%) conmgbaoethat indicated previously for the entire

areal distributions of net radiation and evaporasbown in Figure 6.10 (cv = 6.6%).
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Figure 6.13: Distribution of evaporation and net radiation witkach roughness class.

In general, the shifts in the means of net radmtadbedo, and surface temperature with
roughness class appeared to be relatively lin@acohtrast, the resulting shifts in the mean
values ofG appeared to be non-linear (Figure 6.14). In thse¢c the mean value &f declined
with a step change in surface roughness due taenedse in drying power of the air and
increased energy availability. The shift in the me&G was much smaller from the 5 cm to the
10 cm roughness class, 0.146 to 0.136, comparttatdor the 10 cm to 40 cm roughness class
which declined from 0.136 to 0.09. With the energgrease associated with the roughness
classes, the subsequent shift in mean net radiatmuld appear to be counteracted by the

decline inthe mean of.
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Figure 6.14: Non-linear decline in mean relative evaporatiod &near increase in mean net
radiation with increasing roughness height.

6.9.3  Spatial Associations and Scaling Implications

It was indicated previously that the areal estin@tevided by the model was 2.8 mm/day. The
relative contributions of evaporation to the arestimate Eaeaq) Can be determined by
multiplying the fraction of the total area covelggeach roughness height to the corresponding
estimate of mean daily evaporation. The mean aaifporation rate was found to be similar for
the 5 cm and 10 cm roughness heights (2.6 mm/ddy2af¥ mm/day respectively) and 3.02
mm/day for the 40 cm roughness height. The ardahate for the entire image was calculated

based on the respective proportions of the roughclasses (section 6.5),

E,., =(0295*26)+(0484*277)+(0221*302)= 277 mm/day . (6.9)

The resulting areal estimate of 2.8 mm/day is axiprately 0.6 mm larger than the EC
observed value of 2.2 mm/day obtained from thesgrd$ocation on the west side of pond 1. Itis
also approximately 0.1 mm larger than the estino&t2.7 mm/day obtained from the 2006 m
grassed area upwind of the EC station that wasisésd previously. Further, tligey estimate
provided by the model for the field is 0.3 mm largfean aG-D point estimate of 2.5 mm/day

obtained from climate reference data measured eatE@ station; namely net radiation, air
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temperature, humidity, wind speed, and also roughngeight. Essentially, the point
measurements and point estimates correspond tmmategm from the grassed surface which
dominates the area as a whole.

In general, the differences are not surprising mitreat calculations and areas of influence
for each are different. The EC method determinegpesation based on the statistical properties
of the turbulent fluxes of water vapour from themiqd surface. As such, the EC method does
not require information about the general stateditmms of the surface. In contrast, estimates
provided by the5-D model are governed by the available energy andginegjan estimate of the
general roughness conditions, and uses the drmgipof the air to reflect the availability of
water for evaporation in order to estimate the ulegbt flux component. In this case, the
observations and point estimate are also influerdegaending on the footprint scales of the
instruments. For example, the respective footpfitthhe EC measurements and air temperature
and humidity might be in the order of 100 m to 28(based on the measurement heights. In
contrast, the CNR1 has a footprint of 5 m to 10Ama result of the uncertainties and differences
in footprints that vary depending on the generahaspheric conditions, the absolute errors
influencing the observations and model estimategidficult to determine.

Nevertheless, differences in evaporation estimeaesbe evaluated further by considering
the impacts of the means of driving variables tapeeterize the model, and also the potential
impact of spatial associations of driving variables upscaled estimates of evaporation. The
various parameters of th@&-D model were given previously in Eq. 2.12. The eipmais

rewritten here in a general form given by Granget Gray (1989)

_ AGQ* _ JGE,
~(aG+y) ¥ aG+y) (6.10)

Eq. 6.10 can be used to distinguish between thgectise contributions of the energy and

aerodynamic terms to evaporation. Table 6.2 showdlifferences in evaporation estimates as
calculated by parameterizing the model with mednesof the driving factors. This includes

the mean values of the parameters within each rssh class and the mean values
corresponding to the entire area. Under the assompff constant air temperatura, andy

remained fixed for the calculation of evaporatidhe differences in the distributions of grouped
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albedo values, associated with the respective rueggh classes, were reflected in the linear
increase in the mean daily net radiation, Q*. ThHieknces in drying power of the air, Ewith
roughness height were also clearly shown. As altrethere was negligible increase in the
relative drying powerD, for the 5 cm and 10 cm roughness classes an&aari@ease iD for

the 40 cm roughness class. Expectedly, there wagative response in the meanith the
increase irD.

Table 6.2: Areal evaporation estimates within each roughmtsss fromG-D model and for
entire area based on mean vallesenergy,E_aero are the contributions from the energy and
aerodynamic components aidtotal is the combined total. The mean value ofdistributed
estimates is given by “Expected” and the differebetveen the total and expected is given by
“Diff".

Zo A G Q* Y Ea D E_energy E_aero E_total Expected Diff
cm kPa mm/day kPa mm/day mm/day mm/day mm/day mm/day mm
5 0.134 0.132 4.88 0.063 12.99 0.73 1.07 1.34 2.40 2.59 -0.18
10 0.134 0.124 5.27 0.063 15.13 0.74 1.10 1.48 2.58 2.77 -0.19
40 0.134 0.085 5.69 0.063 27.97 0.83 0.87 2.01 2.88 3.02 -0.14
Eaea 0134 0.113 5.28 0.063 18.70 0.77 1.03 1.71 2.73 2.77 -0.03

Calculating evaporation (via Eq 6.10) from the ngeahown in Table 6.2 provided some
useful information. In general, the evaporativetgbntion by the energy ternk_energy (left
term of Eq 6.10) was shown to be smaller than #redynamic termE_aero (right term of Eq
6.10) or the turbulent flux component of the modEhe difference among the estimates
attributed to the energy term was only 0.2 mm/datyvilas almost 0.7 mm/day for the turbulent
flux which was shown to increase with the roughrtesght. As a result, the combined totals of
evaporationE_total tended to increase with roughness height.

For this case, results suggested a potential lmasvaporation estimates due to the
enhancement of the turbulent flux with increasiogghness. However, the difference among the
combined totals of evaporatiok, total was only 0.5 mm/day. This can be attributedhe
observed inverse relationship between the mea afid Q* andG and E, which is clearly
indicated in Table 6.2. In other words, potentiddlyger increases in evaporation that might be
expected to occur with increased energy availgtalitd enhanced turbulence were counteracted
by the accompanied decline in the mean relativp@wadion with roughness class.

Table 6.2 also shows how the resulting evaporatgiimates derived from the mean values
of G, Q* and E&a compared to the expected values provided by theéeimfor each roughness
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class. The “Expected” values were derived as thegghted average of all the distributed
estimates in each class shown previously in Eq. Be3ults showed that the estimates derived
from the mean values of the driving factors undéereged the expected evaporation in each
case; although the differences were generally saall.2 mm). If the evaporation estimate was
upscaled further, that is, the mean areal valuethefdriving factors over all the roughness
classes were considered (i.e. from Table 6.2) tmate of 2.73 mm/day was obtained. In other
words, the difference in evaporation estimates vedatively small when the representative
averages for the individual roughness classes uggd to parameterize the model and also when
the average over the entire field was considenmedhis case, the complex interactions of the
driving factors within theG-D model counteracted each other and resulted inosafpn
estimates that tended toward the mean.

The spatial association of driving factors was aes@mined to determine whether
evaporation estimates might be influenced by angtieg covariance between driving factors.
For this purpose, correlations among the variables the entire field area were considered and
the Pearson correlation coefficient, r was deteechinThe Pearson method is useful in that the
coefficient r represents the ratio of the covarahetween two variables normalized by the

product of their standard deviations

5 (xi -x)vi-¥)

kST T -

n n

where Xi and Yi are the respective values of theatdes, the overbar denotes the mean values
and n is the number of values. In other words, a reddyivstrong correlation between two
variables might indicate the possibility of a caaace that could influence upscaled estimates of
evaporation. Due to the segmentation of the visiblage into grouped albedo values, the
positive relationship between the shifting meansrrgy availability with roughness class was
already noted in Figure 6.12. However, given thaghmess classes represent discrete data
further evaluation in relation to other driving facs would be less meaningful. So the

association among the energy terms is briefly erathhere.
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The correlations shown in Table 6.3 are all sigaffit due to the large number of grid cells
comprising the field area (32,750) so the stremgtthe relationships must be considered more
carefully. Ts and albedo showed a moderate posttiveelation over the field area which
indicates they were found to vary together in samséances and their combined influence was
important for Q*. Namely, the available energy ntigk greatly reduced or increased where they
varied together compared to where only one mightehehanged and the other remained
relatively constant. However, Ts and albedo areempticitly multiplied in the calculation of Q*
and so their covariance is not considered further.

The positive correlations betwe&h and Ts ands and Albedo are counterintuitive and
were a direct result of the shift in mean valuesveen the roughness heights. When considered
specifically within the roughness classes the d¢aticns between the respective continuous
variables G and Ts and Albedo) were all negative and rangath fmoderate (-0.65) to strong (-
0.95). In other words, the relative evaporationdesh to decline with increases in surface
temperature and albedo, which would be expecteéngithe implication of reduced water

availability and possibly reduced plant activity.

Table 6.3:Correlations, r, among driving factors of evapanatior the field area.

Ts Albedo Q* G
Albedo 0.67
Q* -0.88 -0.94
G 0.45 0.73 -0.67
E -0.89 -0.93 0.99 -0.68

The apparent negative relationship betw€eand Q* was also a function of the general
shift in the distributions and corresponding mealugs among the roughness classes. The three
distinct relationships between these two variabdese shown previously in Figure 6.11.
Consequently, the strong correlation between th@mablé 6.3) indicates the pattern of
evaporation within each roughness class was goddoyethe available energy. So where the
surface state conditions resulted in the reduatioavailable energy there was a reduction in the
evaporation within that roughness class; the oppagas true then for a subsequent increase in
available energy. This behaviour might be expeestibédre the effects of evaporative cooling

increases or decreases in relation to the avatlalof water. For example, where stored soil
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moisture might be higher or more accessible totplaompared to areas where stored moisture
might be lower or less accessible.

The possibility of a covariance betweénand Q* can be considered because they are
multiplied together as shown in Eq. 6.10. Thisl®arue for G and E except that k could
only take on three values as a function of the ggnmeughness classes and assumed uniformity
of the climate conditions. In both cases, howevee, covariance would be expected to be
negative due to the apparent negative associationg the mean values. The calculation of
covariance is dependent on the units of the vasaldnd so must be meaningf@. is
dimensionless (ratio of actual to potential evapom and the units of Q* were expressed in
equivalent depths of evaporation (mm/day) so theagance between G and Q* would be in
mm/day as well.

Calculation of the covariance term is shown in 4.1 and from this equation it is also
apparent that the covariance can also be estingtedarranging the terms and multiplying the
correlation coefficient in Table 6.3 by the prodottthe standard deviations of the Q* a@d
given in Figures 6.10 and 6.11; 0.34 mm/day an@D@spectively. Multiplied in series this
resulted in a covariance of approximately -0.0046/day; (r = -0.67)*0.34 mm/day*0.02. In
other words, the general increase in availableggneras counteracted by the general reduction
in G and the result was no covariance which meansfinter influence on upscaled estimates
of evaporation would not be expected. Due to thetditions of the climate data and discrete
classes of roughness, this study is not able tonmemh further on the possible covariability

between driving climate factors and the turbuléumt tomponent in relation to th@-D model.

6.10 Summary and Conclusions

The analysis presented here has shown that ditdbuean daily evaporation estimates may be
obtained for a field-sized area (1 Rnusing an evaporation ratio approach. This inviltiee
development of a method to distribute a known vaiiemean daily net radiation over the field
by indexing the mid-day net radiation ratio frommagely sensed visible and thermal images.
Bisht et al. (2005) have indicated that daily valoé net radiation are more useful for estimating
evaporation compared to instantaneous values aotah mid-day. In the present case, spatial
variations in the mid-day net radiation were usedstale a known value of mean daily net

radiation over the land surface. The estimatedydust radiation was found to be within 4 % - 7
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% of the CNR1 and NR-Lite radiation measurementainbd at two available validation sites as
indicated in Figure 6.6.

Some general differences were observed betweepdiné measurements obtained by the
EC method and point estimates obtained byGH2 model. A small areal (2000%nevaporation
estimate = 2.7 mm/day was obtained from a 10 xi& gf cells located within the station
footprint which was 0.5 mm higher than the EC obaton. AnotheiG-D model estimate of 2.5
mm/day was obtained based on the point measuremogetsthe footprint of the station (i.e.
including the CNR1 footprint) which was 0.3 mm heghthan the EC observation. Whether the
differences were a result of the uncertainty inrtieasurements or due to model errors were not
clear. It is possible that a portion of the diffeze may be attributable to an overestimation of the
daily net radiation or an overestimation attributedthe interactions within the drying power
term.

The pattern of mean daily evaporation was inverselgted to the pattern of mid-day
albedo and surface temperature and directly reltéle mean daily net radiation driving the
process. A moderate positive correlation was fobemveen albedo and surface temperature on
Aug 5, 2007 that governed the pattern of net ramhatAs such, evaporation tended to be lower
where surface temperatures and albedo was higlieeasporation was larger where surface
temperatures and albedo were lower. This sugdestyariations in mid-day visible and thermal
observations over an area may be useful as ind&cafosurface state conditions and therefore
spatial variations in evaporation over the coufshe day.

An examination of the distributions of driving fac$ and their means showed they varied
between the general roughness classes. This wdy p#ributed to differences in energy
availability based on the segmentation of the gésitmage into grouped reflectance values, or
three distinct distributions of albedo. In this €athey conveniently corresponded to general
differences in the distribution of the roughnesarabteristics of the surface covers. The mean
values obtained from the respective distributiorssemused to parameterize eD model to
evaluate the potential effects on upscaled estsnaft@vaporation. The use of mean values for
the driving factors within each roughness classalted in a general underestimation, albeit small
(< 0.2 mm/day) of the expected evaporation estimEtere were only small differences in the
evaporation estimates for the field when the awadlies of the driving factors were used to

parameterize th&-D model.
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The potential for large increases in evaporatioa tuincreases in energy availability and
the turbulent flux component was counteracted kyiticlusion of the relative evaporation term.
This provided a general stability in the evaporatestimates which tended toward the mean
value as a result of the general spatial assonmtid/hereas the moderate positive relationship
between albedo and Ts influenced the pattern ofatkation, they are not explicitly considered
in the determination of a covariance that mightuefice upscaled estimates of evaporation. In
the case of relative evaporation and net radiatiencovariance was considered, and was found
to be a very small negative value due to the dffsgtrelationship between them. Due to the
limitations of the climate data over the field sizarea, the results are unable to provide
information on any possible covariances that mightassociated with variations in the driving
climate factors.

In summary, crucial driving variables of evaporatiwere obtained directly from remotely
sensed visible and thermal images. Specifically silrface albedo and surface emitted longwave
radiation components were obtained for estimatiregrtet radiation which is a major driver of
the evaporation process. The aerodynamic surfasghress was also obtained based on the
statistical properties of the visible image and anuoal reclassification into generalized
roughness heights. These are all key variablesdimulating evaporation using methods based
on the energy balance or a combination model ss@pplied here. The model approach applied
here may be useful for obtaining reasonable estisnaf the mean daily evaporation from a
complex environment. The-D model itself may also be a potentially valuablel for assessing
the physical behaviour of more complex parametgoma and surface schemes used for
predictive purposes, or help to characterize nedatiifferences in evaporation where there is a
lack of soil moisture information. The theoretidalvelopment used to distribute the net radiation
tem might also be useful toward improving regiosedle estimates of evaporation using remote

sensing assimilation techniques.
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CHAPTER 7

VARIABILITY OF EVAPORATION ACROSSTHE CANADIAN PRAIRIE REGION
DURING A DROUGHT AND NON-DROUGHT PERIOD

7.1 Introduction

The analysis presented in this chapter addresgethittd research objective by examining the
spatial and temporal variability of evaporation iothee Prairie region of Western Canada. In this
case, the extent of the region presents a challEmgmpturing spatial variations in land surface-
atmosphere interactions. Whereas temperature amddity changes may be relatively small
over field sized areas, their variability increaggeatly over larger areas. As such, a critical
consideration is the availability of surface andhalte data over the region.

Initially, a grid-based modelling approach was ddeed that combined moderate scale
modeled NARR reanalysis output, MODIS visible ahdrtnal images, land cover classes from
AVHRR, a 1 km DEM, and the 2001 census of agricaltwegions. Specifically, the gridded
North American Regional Reanalysis (NARR) datasettains the meteorological forcing data
needed to parameterize the incoming radiation compis. MODIS 1 km gridded surface
albedo and surface temperature data are availabdedaily basis and can be used to obtain the
sub-grid variations in the surface radiation batgan&erodynamic roughness heights can be
obtained from 1 km gridded AVHRR land cover clasddafortunately, some fundamental
limitations were encountered, and as an alternatieydrological approach was taken. A few of
the more important limitations are briefly discubse

Two issues were identified regarding data qualityl availability. First, the MODIS
surface temperature data are severely limited byetttent of cloud cover. Unlike albedo which
is temporally invariant over relatively long pergydhe surface temperature is highly variable
and is not well suited for gap filling techniqueseo large regions. As such, very few days were
found to be suitable for examining spatial variation evaporation over the region. The second
problem is the suitability of the NARR data for hgtbgical application in Canada. NARR is a
follow-up to the NCEP-NCAR Global Reanalysis andludes several improvements (Mesinger
et al., 2006). NARR provides a moderately high k&tsan gridded land surface and atmospheric
dataset (32 km vs 180 km) that covers North Ameridee dataset spans a fairly long period
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beginning in 1979 and is continually being updatednear real time. The advantage of
assimilating NARR outputs is the use of continugtudded data sets that cover the entire Prairie
region. The grid resolution of 32 km is also preatifor large scale modelling applications.

However, there are concerns over the reliabilitNé&fRR outputs which suggest the data
are not reliable enough for large scale hydroldgitendelling applications over Canada.
Specifically, precipitation, temperature, humidityd wind speed are important variables needed
for long term hydrological simulations. Precipitatiis a primary concern over Canada due to the
relatively small number of observation stations $Mger et al., 2006). Bukovsky and Karoly
(2007) indicate that over Canada a 1° rain gaugéysis is used versus 1/8° over the U.S. They
also note that modelling anomalies occur as atresullending the data across the U.S.-Canada
border which impact rainfall distributions.

As an independent check, a regression analysicaragd out for three major prairie cities
(Edmonton, Saskatoon, and Winnipeg) between daffRR outputs and Environment Canada
observations for May 1 through August 31 from 1972005. The variables relevant to
evaporation modelling were examined, namely, pratipn, temperature, humidity and wind
speed. Results indicated that the air temperatura peight) field was the most consistent and
reliable at each location with al = 0.90 and slope = 0.92. The relationships foaties
humidity at 2 m height and wind speed at 10 m heiggre very poor by comparison; RH &
0.5-0.6) and wind speed”(® 0.48-0.57). The precipitation posed the greatestern as there
was no relationship between the NARR and Envirortf@amada data’ = 0.0-0.04. As a result,
application of purely grid-based approach was awmred to be unreliable for estimating
evaporation over the Prairie region.

7.2  Modédling Approach and Parameterization

In lieu of a purely gridded analysis, a long teromtinuous hydrological modelling approach was
applied at point locations where good archived nla®ns are available. The Environment
Canada data introduced in Chapter 3 provides theearwogical forcing data needed to
operationalize a prairie hydrological model witl@RHM. In contrast to the drought modelling
performed in Chapter 5, both winter and summer ggses relevant to Prairie hydrology were
considered for this application. A flowchart of thesembled hydrological model is given in

Figure 7.1. The modules applied include blowingvertoansport, sublimation, spring melt,
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infiltration into frozen and unfrozen soils, andlsuoisture accounting. Several of the modules
used for the summer processes have been describgtbysly in Chapter 5; namely, the
observation, interception, prairie infiltration, ag@oration, soil initialization and soil moisture

balance modules. A brief description of other meduklevant to winter processes and radiation
modelling are provided below.

Sarnier and global radiation
Ohrmura's radiation maﬁ.
module sunshife
temperaturd, windspeed
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Figure 7.1: Flowchart of CRHM hydrological modules assembledrfmdelling evaporation at
climate stations across the Prairie region.
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Garnier and Ohmura radiation module

This module applies an expression proposed by &aamd Ohmura (1970) to calculate the
theoretical direct-beam incoming shortwave radmatidhe diffuse shortwave radiation and
maximum sunshine hours are also calculated. THmrnmation is supplied as input to the
Annandale shortwave module, albedo module, eneugigét snowmelt module, and net all-
wave radiation module. Parameters to be set imtloidule are latitude, elevation, ground slope,

and azimuth direction of the surface.

Annandal e shortwave module

Radiation is a problem since measurements areyrgrevided at climate stations in Canada.
This module uses an expression proposed by Annaedal. (2001) to estimate the atmospheric
transmittance as a function of the range of daryeemperatures and the elevation. The incoming
shortwave radiation is then calculated from theotétcal direct-beam incoming shortwave
radiation and the atmospheric transmittance. Th&ahsunshine hours are also calculated in this

module and supplied as input to the net all-wadgateon module.

Prairie blowing snow module (PBSM)

A detailed description of PBSM has previously begven by Pomeroy et al. (2007). This

module handles the transport and redistributioanmiw between HRUs, and sublimation during
the winter period. The transport and sublimatiomlofving snow is calculated as a function of
wind speed, air temperature and relative humidByow is transported between HRUs
depending on the roughness heights of the vegetatements (i.e. from lower to higher) but no
snow can be transported to an HRU with the lowesghness. The snow water equivalent

(SWE) determined from the accumulated snow is segpb the albedo module.

Gray and Landine albedo module

The purpose of this module is to estimate the dedh snow albedo over the winter period and
into the melt period. Inputs to this module incluale temperature, net radiation, snowfall and
SWE. The calculations track the decay of snow albleased on depletion curves over three
distinct periods (premelt, melt and post melt) deped by Gray and Landine (1987). This
module also estimates the start date of melt wisiglupplied to the EBSM module.
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Energy-Budget Showmelt Model (EBSM)

A detailed description of EBSM has previously begwen by Pomeroy et al. (2007). The
purpose of this module is to calculate the dailytrfee locations within the Canadian Prairies.
This is done using the algorithm developed by Gaag Landine (1988). EBSM estimates the
energy requirements for melting a volume of snowecoThe energy terms included in the
determination of snow melt are: the net radiati@habce which is calculated over the melt
period as a linear function of daily net shortwaaéiation; turbulent fluxes of sensible and latent
heat calculated based on empirical expressionyeatkerirom detailed profile measurements;
ground heat flux; energy supplied from rainfalliestted empirically as a function of the mean
temperature; and change in the internal energlgeoshow pack.

All-wave radiation module

This purpose of this module is to estimate the am@fbalance of net radiation using the
expression proposed by Brunt (1932). The expressfon the net shortwave and longwave
components consider the ratio of actual sunshineshim the maximum sunshine hours. The net
longwave radiation component is calculated as atfon of the atmospheric temperature and
humidity using the equation of Granger and GraydQtf). The calculated net radiation is then
supplied for estimating the evaporation.

Prairie infiltration module

This module handles the infiltration into both feozand unfrozen soils and updates the water
content in the soil moisture balance module. A dpson for infiltration into the unfrozen soils
was given previously in Chapter 5. A detailed digsion of the infiltration into frozen soils has
previously been given by Pomeroy et al. (2007)lttafion into frozen soils is divided into three
general categories; restricted, limited and unichifThe limited category is used for all runs and
infiltration is then determined as a function oé thvailable water content. If the water refreezes
after a melt event then the infiltration switcheghe restricted category and no water is allowed
to infiltrate (i.e. any new melt goes directly imtmoff).
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Netroute routing module
This module handles the routing of surface rurmffysurface runoff and HRU routing using a
lag and route method to move water between HRUSs.

Evaporation module

A lack of soil moisture observations required tlod moisture balance to be simulated for all
model runs. In this case, the soil moisture infdroma needed to parameterize the canopy
resistance term was supplied by the moisture balaAs a result, there was no apparent
advantage in applying th&-D model to estimate evaporation. Therefore Bkl model was
applied for estimating evaporation during the srike@g periods.

721  Hourly and Daily Archived Climate Data

The virtual basin concept was applied at each ¢énséation location. Only those stations for
which continuous data sets could be assembled esrgidered for modelling. Specific climate
variables needed include hourly observations oftemperature, relative humidity and wind
speed, and daily observations of snowfall and &#inThe archived data were processed in two
steps. First, stations across the Prairie regiore weecked manually to determine whether they
had complete records over the entire 1961 - 200Bgeln some cases data gaps existed which
is inevitable due to instrument malfunctions or wisgations were decommissioned. The second
step was to combine station data into continuawe tseries and where needed, fill data gaps
with a nearby station. This was done using a prag@read in the station files to be combined,
align the overlapping time series, and replaceraisging values. Where more than one alternate
station was available the average value was usethta filter was also applied during model
runs to ensure the upper and lower limits of thia dgere within an acceptable range normally
observed in the natural environment; this was donaccount for any potential measurement
anomalies in the data.
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722  Soil Types

General differences in soil types occur throughthwat region. Some soil textures have larger
water holding capacities than others which regsldtee amount of soil water accessible to
vegetation. Therefore, the bulk soil type was ocdex@d at each station location based on an
analysis of the landscape polygons of Canada v33all Landscapes of Canada Working
Group, 2007). This is a digital database of conapdeil survey maps at a scale of 1:1 million.
The database includes a variety of soil informatigmcally down to a 1 m profile depth which
is comprised of 3-5 soil layers and two or morel somponents. The bulk soil type was
determined at each climate station based on tloziassd landscape polygon. This was done by
obtaining a weighted average of the percent sahidasd clay over the entire profile depth for
each soil component in the polygon. The represeetgiercentages were then traced in a

standard soil texture triangle to obtain the bulk type (e.g. loam, clay, clay-loam etc.)

7.23  Vegetation Growth and Leaf Area

The continuous modelling approach applied alsoiregithat changes in vegetation height be
tracked over the growing season. For this purpesgetation heights and the leaf area for an
ideal crop and tall grass were estimated annuallyguthe simple linear growth model described
in Chapter 5. The leaf area varied between thermim and maximum leaf area as a linear
function of vegetation height. The progressionrojpcand grass growth considered the timing of
important phenological stages and relative heigitisording to observations obtained at the
SDNWA in 2006. For HRU 1, crop growth is taken tarsin early June and crop harvesting
occurs in mid September (typical life cycle of aea crop). Stubble (20 cm height) is left for

blowing snow capture. Cultivation is taken to oceuery other year with a fallow or crop-free

period in between. For HRU 2, growth of the alfalataken to start in early May and active

vegetation is shut down at the end of Septembee. fBH perennial grass is assumed to be
harvested for the seed (as opposed to a foragayoerbp) to a stubble height of 20 cm for snow

capture and new growth begins the following spring.
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7.24  Initial Conditionsand Assumptions

The model was run over a continuous period of 46g€1960-2005) which allows hydrological
continuity to be established over a long period; the initial starting conditions become less
significant. The length of record also includesoanmal period of 30 years which may be used as
standard for comparisons with specific years aérexdt; the years 1971-2000 have been chosen
to represent the normal period. For modelling psgsoa virtual prairie basin concept was
applied that consisted of three hydrological resgamits (HRUs). The conceptual model of the
virtual basin is given in Figure 7.2. Model runsrevetarted on Jan 1 1960 which coincides with
a major drought period in the Canadian Prairieaediom 1957 - 1962. According to the PFRA,
“A Brief History” (AAFC), 1961 was “One of the dié years on record across most of the
Prairies”. This allowed for a standardization o fiall soil moisture conditions at each location

which was taken to be 50% of available water hgaiapacity of a given soil type.

Alfalfa
Qrass

Figure 7.2: Diagram of conceptualized virtual basin with 3 HRUs

The first HRU was treated as a standard cerealfattgw landscape unit which alternates
between fallow and crop/stubble. In the winter,vgim® allowed to be transported from this HRU
to the others. The second HRU is treated as alieaffarennial tall grassed surface which grows
each year and is the focus of the evaporation aisalyhe alfalfa is assumed to be used for seed

production and not as a forage crop which woulduireghaying just prior to the blooming
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period. Any runoff generated from these HRUs isteduo a grassed/shrub coulee (third HRU)
which simply routes runoff out of the basin. Thé#eUs are assumed to be relatively flat which
eliminates the need to account for differencedapesand aspect for radiation calculations. It is
assumed that there is no lateral transport of serfaoisture between HRU 1 and 2 and any
runoff is routed directly to the outlet of HRU 3o&&stant rooting depths were set for the HRUs
based on the extensive research by Weaver (192é6)nétant rooting depth of 1.5 m is assumed
for the crop/fallow HRU which is typical of the fibus root system of a wheat or barely crop.
This can vary widely depending on the environmentaiditions. Alfalfa, however, has a tap

root that penetrates straight down typically toesv fmetres depth and even greater during
drought to access deeper moisture. For this camtimodelling study, the rooting depth of the

alfalfa is taken to be 3 m.

7.3 Results and Discussion

Given the immense volume of output produced byhgear model simulations at each station,
the ‘R’ software environment was employed to autienthe statistical and graphical analysis of
the data. R is comprised of a programming language has been applied for statistical
computing in the geosciences (e.g. Grunsky, 20&&),many other physical and social sciences
as well. Customizable boxplots and cumulative pidtg distributions were produced in R and
are usfule for examining variations between sewdatdsets at once.

Boxplots are useful for graphically describing thdata and provide some general
information on the underlying shape of the disttidtnu of the data. The plots used for this
analysis describe the data using seven statigties.upper and lower limits of the box represent
the 78" and 28' percentiles of the data (i.e. the interquartilege), and the median and mean
values are indicated within the box by a solid larel a point respectively. The minimum and
maximum values within 1.5 times the interquartdege are represented by whiskers connected
to the box. More “extreme” values or outliers beyahe whiskers are shown as open points. The
cumulative probability distribution provides infoation on the likelihood that a portion of the
data values are smaller than another value. A fopée Kolmogorov—Smirnov (K-S) test can
also be applied to determine if there is a sigaificdifference between two distributions. The K-
S test is non-parametric and makes no assumptlumg ¢he underlying distribution of the data

(i.e. no assumptions about normality).
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7.3.1 Interannual Variability of Growing Season Evaporation

A graphical summary of the interannual variabiliiyevaporation at several stations located in
sub-humid zones outside the Palliser Triangle @vipied in Figure 7.3. Evaporation totals are
estimated for the alfafa grassed surface over tbheigg season (May 1 — Sept 30) for the 30
year normal period (1971 - 2000). The data for achtion have been labelled and colour
coded for clarity.

The range of seasonal evaporation totals at thesatibns was estimated to be
approximately between 280 - 410 mm. These lowerwgper limits occur at Winnipeg but the
majority of the estimated totals at all locatiores between 340 - 400 mm as indicated by the
respective whiskers. In general, the boxplots amehudative distributions for these locations
appear to be similar in shape and are relativelyoma This indicates the variability of estimated
growing season evaporation was not large for thessions. There were no high outliers but a
few lower extreme totals ranging from 280 - 340 mm noted at Brandon, Calgary, Winnipeg
and Yorkton. At these locations the mean totals dés below the median value and the lower
whiskers tend to be wider than the upper whisker.aAresult, the boxplots at these locations
appear to be skewed toward the lower end (i.e.trvedya skewed). In contrast, the spread of the
estimates at Edmonton and Red Deer produced bexplith were more symmetrical.

Figure 7.3 also shows evidence of variability ire testimated totals between several
stations. This is indicated by the staggered apmearof the respective boxplots and differences
in the locations of both the mean and median valaesl also shifts in the cumulative
distributions. At Brandon, Winnipeg and Yorkton th8uence of the extreme values produced a
separation between the mean and median value® dfatkplots. The range in mean values was
approximately 13 mm which is relatively small. Basen the means, the lowest estimated
growing season totals occured at Edmonton and Workithis may be partly attributed to a
combination of lighter soils and the local climatenditions; e.g. cooler temperatures and lighter
winds discussed as previously in Chapter 3. Thadsgtotals tended to occur at Brandon and
Winnipeg in the warmer region of southern Manitdat, also occurred at Calgary. Overall, the
results suggest that average annual precipitatiothese locations is sufficient to maintain
adequate soil moisture stores for the grasses.
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Figure 7.3: Boxplot and cumulative probability distributionagghs showing the interannual
variability of growing season evaporation amongiats in the sub-humid zone outside the

Palliser Triangle.

A Shapiro-Wilk test for normality was performed i to assess the departure of the
estimated totals, over the normal period, from amab distribution. According to Royston
(1995) the Shapiro-Wilk test is well establishedl #éine W statistic represents a measure of the
straightness of a quantile-quantile plot of theadafhe null hypothesis states the data are
distributed normally; this hypothesis was teste atgnificance level oP = 0.05. When the
calculatedP — value is < 0.05 the null hypothesis is rejectResults of the normality test
presented in Table 7.1 show that only EdmontonRed Deer fail to reject the null hypothesis
of normality. Therefore, estimated totals for th#new locations are considered to show a

significant departure from a normal distribution.

Table 7.1: Shapiro-Wilk test of normality & = 0.05 significance level.
Shapiro- P =0.05;

Location Wilk W P-value Ho
Brandon 0.82 0.0002 Reject
Calgary 0.86 0.0015 Reject

Edmonton 0.99 0.99 Fail to Reject
Red Deer 0.97 0.47 Fail to Reject
Winnipeg 0.83 0.002 Reject
Yorkton 0.91 0.016 Reject
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The variability was much larger, however, for thasdations located within the Palliser
Triangle region, and also at North Battleford (Feyw.4). The range in estimated totals of
evaporation for these locations was greatest dibrielge; 180 — 425 mm. For all locations the
boxplots and cumulative distributions were muchaler than those for locations outside the
Palliser region. The interquartile ranges tendeddovery large and there were considerable
differences in the mean values, as well as the amedalues, among the locations. The upper
limits of the evaporation totals were in the ordeapproximately 385 — 400 mm, and 425 mm at
Lethbridge. The lower limits of evaporation amohg tocations were much more variable; 180 -
280 mm. The lowest estimated evaporation of 180 auourred at Estevan and is an apparent
outlier.

Based on the mean values the lowest evaporatiatedeto occur at Medicine Hat and the
highest totals tended to occur at Estevan. Theseltseappear to be reasonable given that
Medicine Hat is located within the driest regiontbé Prairies and Estevan is located in the
southeast corner of the Palliser Triangle whenafadliis generally higher compared to that in the
central and western regions. The large variabdityong the distributions indicates the average
annual precipitation at these locations is oftesufficient to maintain adequate soil moisture
levels for the grasses. Differences between thenraad median values at several locations and
the general lack of symmetry among the plots sugtes distributions may depart from
normality. Results of the Shapiro-Wilk test arevpded in Table 7.2 and shows the estimated
totals for only Estevan and Swift Current may depagnificantly from the normal distribution.
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Figure 7.4. Boxplot and cumulative probability distributionagths showing the interannual
variability of growing season evaporation amongiats within the Palliser Triangle and North

Battleford.

Table 7.2: Shapiro-Wilk test of normality & = 0.05 significance level.

732

Shapiro- P = 0.05;

Location Wilk w P -value Ho

Estevan 0.82 0.0002 Reject
Lethbridge 0.95 0.27 Fail to Reject
Medicine Hat 0.98 0.86 Fail to Reject
North Battleford 0.96 0.24 Fail to Reject
Regina 0.97 0.43 Fail to Reject
Saskatoon 0.94 0.11 Fail to Reject

Swift Current 0.91 0.014 Reject

Interannual Variability of Growing Season Daily Evaporation

7321  OutsidethePalliser Triangle

Figures 7.5 - 7.8 summarize the interannual vdiigbof growing season daily evaporation
during the drought period from 1999 — 2005 for Edtoa, Calgary, Yorkton and Winnipeg. The
growing season daily evaporation for the normalgae(1971 - 2000) is also shown and was
used as a reference for performing a two-sample t€s$ (0.05 significance level) with the

distributions for each of the years during the ditttyperiod. All values of daily evaporation were
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used to generate the cumulative distribution fae ttormal period. Results of the K-S test
indicated there were significant differences betwseme of the distributions over the drought
period compared to the normal period (denoted byasterisk), and that the years varied
depending on the location. The peak evaporatia@srdtiring the growing season for the alfalfa
grass covered surface (and fully leafed) at thesations was in the order of approximately
between 4 to 4.5 mm/day which is reasonable foragsgtype surface. A few higher estimates
(out of almost 4900 values) of approximately betw&emm/day and 8 mm/day (depending on
the location) can be attributed to evaporation frioane soil under saturated conditions. This
occurred in the early spring between Julian Dayls-1226 when the surface resistance was zero
under saturated conditions and vegetation wasetagtive.

The interannual variability among the distributiomas large due to the impact of drought
compared to wetter years. During severe droughdlitions there was a shift in the distributions
toward lower values of evaporation which also reglin a large shift in the median value. In
drought years the value of the™Bercentile and the median were lower comparedoto n
drought years. In the case of the cumulative thstions, between 40% and 60% of the daily
estimates were less than 2 mm/day under severgliraompared to 60% of the estimates

which were less than 3 mm/day during the normabgeat these locations.
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Figure 7.5: Boxplot and cumulative probability distributionaghs showing the interannual
variability of growing season daily evaporatiorEaimonton.
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Daily Evaporation at Calgary
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Figure 7.6: Boxplot and cumulative probability distributionagths showing the interannual
variability of growing season daily evaporatiorCatigary.

Daily Evaporation at Yorkton

]

Evaporation (mm/day)

*

T

1 1
| 1 1
] [ 1
I [ [
] [ 1

1 1

—_

Cumulative Probability

T T
‘05 '71-"00
Year

0.2 0.4 0.6 0.8 1.0
1

0.0

Daily Evaporation at Yorkton

2
Evaporation (mm/day)

Figure 7.7: Boxplot and cumulative probability distributionaghs showing the interannual
variability of growing season daily evaporatiorairkton.
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Figure 7.8. Boxplot and cumulative probability distributionagths showing the interannual
variability of growing season daily evaporatiorVénnipeg.

7.3.22  WithinthePalliser Triangle

Figures 7.9 - 7.12 summarize the interannual Marigiof growing season daily evaporation
during the drought period from 1999 — 2005 for lbeitige, North Battleford, Saskatoon and
Regina. Results of the K-S test also showed tlgatfgtant differences between the distributions
for the drought years and the normal period variedhe case of Saskatoon, seasonal estimates
of evaporation for all years during the droughtigetrwere found to be significantly different
from the normal period. The year to year variapititring the drought period was larger at these
locations compared to those locations outside #iksBr Triangle, particularly in the cases of
Lethbridge and Saskatoon (Figure 7.9 and 7.11).18fgest range in the upper limits occurred at
Lethbridge, which were in the order of approximat&imm/day during the drought year of 2000
to greater than 5 mm/day during the much wetter ye2002.

In comparison to evaporation estimates for the mbperiod, there were large shifts in the
distributions to lower values during the droughangand toward higher values during wetter
years. The model behaviour appears to be physioaningful based on the extreme swings in
drought and non-drought conditions noted at Letlg@iwhich agree with observed variations in

environmental conditions and evaporation for theefifflux site. The interannual variability
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among the distributions appeared to be very laxge the seven year period due to the dramatic

and rapid shifts between drought and wet conditions

The value of the 2% percentile and the median values of the boxplotsLethbridge,

North Battleford and Saskatoon (Figures 7.9 — 7vidie generally lower in drought years than

in non-drought years. In the case of the cumuladiiatributions, between approximately 40%

and 60% of the daily values were again less thamiday under severe drought compared to

the normal values. In general, the large shiftthandistributions of evaporation would indicate

that drought and non-drought conditions can beileatentified at a given location.
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variability of growing season daily evaporatiorLathbridge.
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Daily Evaporation at NorthBattleford
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Figure 7.10: Boxplot and cumulative probability distributionagths showing the interannual
variability of growing season daily evaporatiorNatrth Battleford.
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Figure 7.11: Boxplot and cumulative probability distributionagghs showing the interannual
variability of growing season daily evaporatiorSaiskatoon.

139



Daily Evaporation at Regina Daily Evaporation at Regina
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Figure 7.12: Boxplot and cumulative probability distributionagths showing the interannual
variability of growing season daily evaporatiorRagina.

7.3.3  Variability of Growing Season Evaporation and Driving Factors

This section presents results for the anlysis oijrg season estimates of evaporation among all
15 stations for the drought years 1999 - 2005s hated here that due to the limitations in the
number of stations considered and the large distahat exists between them, there is
insufficent information for conducting an analysis scale related issues. However, the results
were useful for describing the general variabibfyevaporation driven by climate factors and
soil moisture differences among the stations, dad ehanges in the general sturcture of the
drought.

A graphical summary of the growing season totalpevation among the stations is
provided in Figure 7.13 using boxplots and the clatne distribution. The measures provided
by the boxplots indicate there were notable difiees in evaporation estimates among the
stations from year to year during the drought mkrieor example, there was large variation in
the interquartile range of evaporation among thersieln the driest year (2001) the interquartile
range was approximately 130 mm but for the wefteat (2005) was only 17 mm. The locations
of the mean and median values also fluctuatedeeersl years. This appears to be partly a result

of the spread between estimates and general shifte distribution of the estimates during drier
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and wetter years; keeping in mind that the limiteginber of data points is also a contributing
factor. In some years (e.g. 1999 - 2002) the med#éne appeared to be a better descriptor of
the structure of the data due to the larger infheeof lower estimates and outliers on the mean.
Variations in the upper limit of the evaporatiortimates between years tended to be
smaller than compared to the lower limit. There wageneral increase in the variability among
evaporation estimates as the drought progressed 1#@99 - 2001. In 1999, the variability
between estimates was relatively small and inccedse 2000. In both years, however, two
extreme lower estimates were obtained at Mediciaeadd Lethbridge. These outliers provide a
good indication of the increasing drought condiionithin the southwestern portion of the
Palliser Triangle. The largest variability in th&tinates occurred in 2001 and was characterized
by the lowest and highest evaporation totals ardrge difference in the mean and median
values. From 2002 — 2005 there was a decrease ivatiiability of the estimates as there was a
progression toward wetter conditions. In the caséhe cumulative distributions, 40% of the
values tended to be less than approximately 350imamy given year. Results of the K-S test
indicated that the distribution for 2001 was thdyoyear for which there was a significant

difference compared to the normal period (denotedrbasterisk).
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Figure 7.13: Boxplot and cumulative probability distribution aghs showing the regional
variation of growing season evaporation among theliinate stations.
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Figures 7.14 — 7.17 show the growing season tatafall, soil water content on May 1, mean air
temperature and vapour pressure deficit to be nmmohe variable relative to the normal
distributions than was the case for the evaporagisiimates. The rainfall values among the
locations for 1999, 2001, 2003 and 2005 were fdorae significantly different compared to the
normal period (Figure 7.14). Rainfall in both 20&d 2003 tended to be low compared to the
normal rainfall across the region whilst the ramgeainfall among the stations was relatively
large. Rainfall was relatively high at many locasoin 1999 with a few locations indicating
lower than normal values, and was generally thadsgin 2005. In these cases, there was a large
shift in the values relative to the normal values.

The soil water content (SWC) to the depth of theting zone on May 1 was considered
because it is a useful indicator of the initiatstaonditions prior to vegetation being active. As
shown in Figure 7.15, SWC among the locations os date tended to intersect the normal
values at the lower (less than 300 mm) and highds ¢greater than 350 mm) with some overlap
in the middle range. Interestingly, SWC on May t 2904 started off much lower than the
normal SWC but was subsequently offset by abovenabrainfall at several locations. Only the
2002 and 2004 values were found to be significaditferent from the normal values.

The values of mean air temperature among the mtatended to show distinct shifts from
the normal values (Figure 7.16). There were sigaift differences in the 1999, 2001, 2003 and
2004 values compared to the normal values. In 20@iL2003 temperatures were much higher
than normal. Temperatures were generally at tloswest among the locations in 2004. Figure
7.17 shows that shifts in the values of the megowadeficit (VPD) follow the values of air
temperature closely from year to year; as is telgected. In this case, all years but 2002 were
found to be significantly different from the normadlues. The mean VPD among the locations
was much higher in 2001 and 2003 correspondinpeadtgher temperatures and lower rainfall
whilst the VPD was the lowest during the wetterrges 2004 and 2005.

Values of mean wind speed among the stations (Eigut8) remained similar over the
drought period and failed to show any significaffitedences from the normal values. The range
of mean wind speeds over the growing season wasgrstwbe in the order of 3 m'$0 5.5 m 5
! and the mean and median values tended to incstightly from 1999 - 2002.
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Figure 7.14. Boxplot and cumulative probability distribution aghs showing the regional
variation of growing season rainfall among the lifate stations.
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Figure 7.15. Boxplot and cumulative probability distribution aghs showing the regional
variation of modelled soil water content on Maymomg the 15 climate stations.
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Growing Season Temperature
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Figure 7.16: Boxplot and cumulative probability distribution aghs showing the regional
variation of growing season mean air temperaturengnthe 15 climate stations.
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Figure 7.18: Boxplot and cumulative probability distribution aghs showing the regional
variation of growing season mean wind speed amioad % climate stations.

7.34  Changesin the Structure of Drought
7.34.1  Evaporation and Exceedance Fraction Analysis

Useful information on the year to year changeshadtructure of the drought was obtained by
generating maps of the general spatial patternvap@&ation. Maps showing changes in the
spatial pattern of evaporation and exceedanceidrectof evaporation relative to the normal
period are presented in Figures 7.19 - 7.24. Tlap@ation maps were produced by applying a
spline interpolation to the growing season totalsthe 15 stations. The spline technique was
applied for the following reasons, 1) accordingHotchinson and Gessler (1994) it provides
results that are as good as kriging but does rpiine the determination of the semivariance
between points, which partly depends on the spa@ngpline techniques have been developed
specifically for use with climate data (Hutchinsoi995), and 3) it applies a piecewise
polynomial to produce a smoothed surface that gasseugh every data point while minimizing
the curvature between the respective points.

A series of steps was needed to produce the exteedi@ction maps. First, the empirical
cumulative distribution function was calculatedeach location from the growing season totals

corresponding to the normal period; values are edréind associated with the probability of
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being less than the next highest value. The exoceedaaction was then determined at each
location for a specific year based on the culmwuadistribution function for all the values over

the normal period. The spline interpolation wasntla@plied to the data at each location to
produce a generalized map of the exceedance fnactltation locations are indicated on the
maps as a reference.

Terrestrial estimates of actual evaporation areiciyly not considered as primary
descriptors of drought in Canada but may be usefidre long term records exist for driving a
hydrological model. In general, the spatial pattefevaporation for the region as a whole does
not appear to be stable over time. Figures 7.12% Zhow the resulting pattern of drought as it
shifted from the southwest to the north for therge2000 — 2002. Figures 7.22 and 7.23 then
show a shift towards the east in 2003 and 200thdr2005, the range of evaporation was greatly
reduced as a result of the wetter conditions adressegion (Figure 7.24).

The respective exceedance fraction maps providdaeuinformation by characterizing
evaporation compared to what might normally be etgque Essentially, the exceedance fraction
of evaporation could be used as an indicator atosea end of how the seasonal evaporation
compared to previous years. A large moisture defmeght result when growing season rainfall
is less than normal and evaporation is supplemdatgély from stored soil moisture. This may
be useful information in predicting soil moisturehem combined with the knowledge of

precipitation from the fall, winter (including snpack), and early spring.
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Figure 7.19: Growing season evaporation and exceedance fratiaps for 2000.

146



ET (mm)

.42 -
2001 —t

[SREL
221
s
e
o
[
[ Eedl
-0 -

160

-180
-220
-280
- 280
-310
- 340
-3
-400

2001

Exc. Fract.

mo-0.1

o.1-0.2
[]0.2-03
[]0.3-04
[104-05
[ ]05-06
[]0.6-0.7
I o.7-0.8
mo.8-09
0.9 -1

@ Stations

Figure 7.20: Growing season evaporation and exceedance fractaps for 2001.
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Figure 7.21: Growing season evaporation and exceedance fractaps for 2002.
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Figure 7.22: Growing season evaporation and exceedance fractaps for 2003.
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Figure 7.23. Growing season evaporation and exceedance fractaps for 2004.
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Figure 7.24: Growing season evaporation and exceedance fratiaps for 2005.

7.34.2 General Variability of Evaporation During the Drought Period

The general variability of the evaporation estirmagenong the stations was examined over the
drought period by considering changes in the coefft of variation, cv. As was indicated
previously in Chapter 6 and as observed in AppeAd{gee discussion on transect profiles), the
cv can provide useful information on relative vadas of data within a distribution when the
means might be different. Figure 7.25 shows howuheability changed from year to year
during the drought period. The results showed ativaly linear increase in variability as the
drought progressed from 1999 to 2001 and a shalpcten from 2002 through 2005 as the
conditions became more uniform. By way of comparjsamilar variability was found during a
previous period (1987 — 1989) when a major drougtknown to have occurred in 1988. For
these years the variation (cv) among the staticss @v10 for 1987, 0.20 for 1988 and 0.11 for
1989.

It would be difficult to compare the variability ivaporation estimates exhibited over the
Prairie region to that for the case study presemtehapter 6 due to the differences in
magnitude of the estimates. However, it would appka large scale variability of estimates
during the drought period is larger in general thiat shown for the distributed estimates
obtained at SDNWA at the field scale during theecsisidy. In other words, it would appear to
be reasonable to obtain as many point estimategossible for deriving the variability of

evaporation at much large scales. This would sugipesvariability between respective point
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locations should not be ignored where regional esaadtimates are needed and valuable
information might therefore be missing between alienstations. Such information could also be

valuable for further examining the possibility @variance between factors driving evaporation.

0.15 0.20 0.25
1 1 1

Coefficient of Variation

0.10
1

0.05

1999 2000 2001 2002 2003 2004 2005
Year

Figure 7.25: General variability of evaporation among the stadifrom 1999 - 2005.

74  Summary and Conclusions

The general spatial and temporal variability ofmwation and driving factors was examined at
15 stations across the Prairie region where comdets of long term meteorological forcing
data could be obtained. A hydrological model waseatwbled within the CRHM platform by
linking the P-M evaporation model with a series of physically-llaségorithms describing
processes relevant to Prairie hydrology. For thetewvi period, these included blowing snow
transport, sublimation and infiltration into frozenils, and for the summer period, infiltration,
runoff and soil moisture accounting. Due to a la€lobservations, net radiation was modelled
using radiation estimation algorithms available hivit CRHM. The hydrological model was
allowed to run continuously over a 46 year perigteeding from Jan 1, 1960 — Dec 31, 2005
and evaporation was calculated from a grassedcsudf@er the growing season period assumed
to extend from May 1 to Sept 30.

An analysis consisting of summarized model outputrigans of boxplots and cumulative

distributions examined the interannual variabibfygrowing season total and daily evaporation,
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and the general variability of seasonal evaporagiimates at several stations located within the
Prairie region of Western Canada. Overall, the ltesshowed that evaporation is both
temporally dynamic and spatially variable as a Itestithe complex interactions between the
surface state and atmospheric conditions. Restilisodel simulations at sites located within
sub-humid zones suggest that growing season ewvaporia generally balanced by average
annual precipitation and interannual variationsewaporation tended to be relatively low
compared to locations within the Palliser regiomeTshape of the cumulative distributions
tended to be similar among the locations over tenal period. However, there were notable
shifts in distributions between several of the tmmes which may be attributed partly to
differences in the water holding capacities of thdk soils and also the general climate
conditions. The distributions were also relativetgrrow which would indicate that the
variability at a given location was reduced wheristuwe was not a strong limiting factor. Under
severe drought conditions, however, the distributbdaily evaporation tended to show a strong
departure, in both magnitude and shape, from thenalovalues and also the respective
distributions in non-drought years. In other wottle variability of the estimates tended to
increase with more pronounced changes in soil mm@sduring drying periods at locations that
typically had adequate soil moisture.

By comparison, within the Palliser region where wairprecipitation was more variable,
there were larger differences in evaporation eggmdn general, the distributions at a given site
tended to shift from year to year depending ontikedadifferences in soil moisture due to
variations in spring melt and growing season rdlinfes a result there was greater difficulty in
recharging large soil moisture deficits withoutei@ing higher than normal precipitation prior to
the start to of the next growing season. Distriimgi of daily evaporation at Lethbridge and
Saskatoon tended to show less variability undeditimms of severe soil moisture limitations
during drought and also during periods when soiistooe was not as limited (e.g. Lethbridge in
2002 and 2005; Saskatoon in 1999 and 2005).

The combination of evaporation and exceedance pilitgamaps provided some useful
information on the general changes in the struabfidrought. Specifically, the resulting pattern
of evaporation was not consistent during the peaind might show further differences if more
detailed information were available between thé@ta. The exeedance fraction maps provided

information on the relative differences in evapmmatcompared to the normal values obtained at
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each location. Such maps may also provide usefpplemental data for describing drought

conditions in preparation for the next growing seas
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CHAPTER 8

CONCLUDING SUMMARY

A combination of physically-based modelling techugg was applied to examine the spatial
variability of evaporation in the Prairie landscape Western Canada. This included the
application of point scale evaporation models, dgsimilation of remotely sensed visible and
thermal imagery and visualization using GeogragHhit@rmation System (GIS) software, and

archived historical climate data for long term d@onbus hydrological modelling. Where

available, reference surface data were used toneteaize the models.

The accuracy of point scale evaporation modelsofitaining direct estimates of actual
evaporation under conditions when soil moisture wasa strong limiting factor and during
drought were assessed against eddy covariance regesus. Net radiation is a key variable
needed for estimating evaporation using energy nicalaapproaches and Penman-type
evaporation models. A method for distributing meany net radiation across a field sized area
was developed based on remotely sensed mid-dayesnaf surface albedo and surface
temperature. The distributed estimates of net tiatiaand surface reference climate data were
integrated with the Granger and Gray model to tlyegbtain distributed estimates of actual
evaporation over a field area. Variations in thstrddution of evaporation and driving factors
were examined. A comparison was made of measursnubiained by the EC method and
model estimates for points and also several arstimates provided by the model. A
hydrological model assembled in the Cold Regiondrdipgical Model (CRHM) platform was
applied at several locations within the Prairieisagusing archived historical climate data to
examine spatial and temporal variations of evapmrabver the Prairie region of Western
Canada during a drought and non-drought period.

The P-M, G-D andBT point scale models were applied to a complex rhitalb grasses at
the St. Denis National Wildlife Area (SDNWA) in 208@nder conditions where soil moisture
was not a strong limitation. The models were driien climate and surface reference
observations and found to provide reasonable etgsnaf actual evaporation for multi-day
periods and for the season. No single model washbdapof consistently providing the best
estimates of evaporation over multiday periods. mwalelled estimates were found to be less

accurate when considered over daily periods, whias indicated by an increase in the variance
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of the estimates. Field data were also collectezt tive course of the study period during 2006
along several transects ranging from 100 m to 206 tength with a point spacing of 5 m. In
general the data showed that soil moisture ancaseirfemperature were much more variable
spatially than air temperature and atmospheric mwetpour which tended to vary temporally as
measurements were conducted. At relatively smaljtle scales, larger observed differences in
surface state conditions (i.e. moisture and surftereperature) were not reflected in the
overlying atmosphere at a measurement height (2 hi3. might be a result of general roughness
conditions and winds observed at the site allowiegboundary layer over the surface to become
well mixed (i.e. blended). This would suggest thare differences in the spatial scales of land
surface-atmosphere interactions driving evaporatibnerefore, it may be possible to use
spatially averaged values of climate variablesrédatively short length scales depending on the
sensitivity of the model. However, spatial variasan water and energy availability may require
more detailed consideration.

The behaviour of the Penman-Monte{fM), and Granger and Grq%-D) models was
examined at the Lethbridge AmeriFlux site underudid conditions in 2000 and 2001 for
estimating evaporation over a mix of short grassebsvarying rooting zone depths. The models
were parameterized based on observations of sdilvagetation characteristics and historical
accounts of rooting habits of the species in offrairie environments. In general, the behaviour
of the models was good compared to the season#tivas in the observed cumulative
estimates over the two periods. Variations in tleeleh estimates were apparent which may be
attributed to theoretical differences in the modelstorical observations of rooting habits for
the short grasses during drought were consider¢heirparameterization of the model. Rooting
zone depth was subsequently found to influencerthgnitude of seasonal evaporation estimates
under drought conditions.

For the range of relatively shallow rooting depgixamined (0.8 m to 1.4 m), adjusting the
depth appeared to have a minor effect on the sbiftee simulated evaporation curves over the
growing season which compared reasonably well With observed curves. Better agreement
between the simulated and observed cumulative eatpo could be achieved when the rooting
zone depth was in the order of 1 m to 1.2 m forRHd model and 1.2 m to 1.4 m for tkaeD
model. The results showed the general importancadefjuately characterizing available soil

moisture during drought and the rooting depth apgzbto be a critical factor at least in the case
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of shallower rooting grasses. Based on the regilthe two studies, the point scale models
appeared to behave in a realistic manner, and mabbo estimates of evaporation could be
achieved over the growing season periods underitimmsl when soil moisture was not a strong
limitation at the SDNWA in 2006 and under drougbiditions at Lethbridge in 2000 and 2001.

Net radiation is a crucial factor for estimatingpuoration from the land surface. A method
of distributing net radiation over a field was dieyed at the SDNWA for a case study on
August 5, 2007. The pattern of net radiation wasedr by variations in albedo and surface
temperature obtained from one-time-of-day remotaynsed visible and thermal images and
surface reference data. An adequate spatial regegsm of soil moisture variability across the
field was not possible for estimating evaporatiom bhis was circumvented by deriving
estimates of actual evaporation using @& model. Air temperature, the vapour deficit and
wind speed were assumed to be constant over theé liased on consideration of the
observations and a sensitivity test of the modeé ihcoming shortwave and longwave radiation
components were also assumed to be constant base @vailable observations. The spatial
patterns of surface albedo and surface temperatare used as an index for distributing the
mean daily net radiation over the field. This regdithe derivation of the mid-day radiation ratio
which is the ratio of net radiation at any giverinpdo a reference value obtained at a known
location, and a known value of the daily net radimatat the reference location. Surface
temperature was found to be as important as sudHdmo for distributing estimates of net
radiation over different surfaces covers which ukeld grasses, a fallowed/cultivated area, and
tall trees and shrubs around wetlands. GeneraBmefdice roughness heights were obtained by
segmenting the visible image into groups of simikeitectance properties. The grouped data
were found to conveniently correspond with the gaineharacteristics of the surface cover types
and general differences in surface state conditions

Results of a validation at two available measure@nséas showed the error between the
model estimates and measured net radiation to 4% -&and - 7% respectively. This suggested
that net radiation could be distributed over tredfifrom a known value of the daily mean net
radiation based on the indexed mid-day radiatidio.ré\ctual evaporation was then estimated
directly over the field from the distributed estiem of net radiation and surface reference
climate data. A comparison of measured values wodtaifrom the EC method and model

estimates was made which included point values aredl estimates. An areal estimate was
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obtained for the brome grass surface from theidiggd estimates provided by tkeD model

for a 10 x 8 grid of cells (equivalent to 2008)nThe distributed model estimates were assumed
to be within the footprint of the EC measuremeritev@poration. The average of the distributed
estimates surface was 2.7 mm/day and was withim@n5of the EC observation of 2.2 mm/day.
A G-D point estimate derived from station meteorologioalasurements alone was found to be
2.5 mm/day. The general variation in model estisated measured values was generally small
and partly reflect the differences in calculatioethods. The differences also reflect the general
uncertainty arising from possible errors in the sugaments and theoretical considerations and
assumptions of the model calculations.

An examination of the distributions of evaporat@md driving factors was conducted to
evaluate the effects of spatial associations onpa@wation estimates and the potential
implications for uspcaling evaporation estimateheW considered over the entire image, the
distributed estimates obtained with t8eD model produced an areal average of approximately
2.8 mm/day. An equivalent areal estimate was atgailmed by summing the weighted estimates
of mean evaporation for the general roughness edasich effectively sub-divided the field
into three general areas. Mean values of the dyifactors, namely net radiation, relative
evaporation and the turbulent flux component farheaf the roughness classes were also used to
parameterize thes-D model. It was found this resulted in a relativedgnall consistent
underestimation (-0.2 to -0.14 mm/day) of the exgeoveighted average values of evaporation.
Further, when the mean values of the driving facfor the entire area were used to drive the
model, the areal estimate was found to be 2.73 eyn/th other words, relatively similar
evaporation estimates were achieved whether thatwers in the distributed estimates of
evaporation were considered over the field or tlogleh was parameterized at varying scales
from the mean values of the driving factors.

The general insensitivity of the model to the vasiparameterizations can be attributed to
the offsetting interactions of the model parametergeneral, a negative relationship was shown
between the mean values®fand the available energy Q* and the turbulent 8amponent, k
amongthe roughness classes. The result was that pdigriaage estimates in evaporation
resulting from increases in energy availability amhanced turbulence were counteracted by a
reduction in the mean @. Also, where the turbulent component showed a rgémaecrease in

evaporation there was a general decline in evaparétom the energy component; particularly

156



in the case of the largest roughness class. Thatioar in the energy component appeared to be
much smaller than for the turbulent component Jikedie to the empirical nature of the wind
function.

The spatial associations of driving factors werethier considered to evaluate the
possibility of a covariance that might influencescgled estimates of evaporation. Expectedly,
correlations between the energy components andoeatign were fairly strong and the general
responses were consistent with expectations asudt @ variations in surface state conditions.
The general shifts in the distributions among theghness classes meant spatial associations
needed to be considered carefully. Surface albedosarface temperature showed a moderate
positive correlation, and so the influence on meliation was larger when they varied together.
This is one way in which the interactions of thdiative components can effectively influence
evaporation estimates. However, they are not midtdgogether and do not explicitly represent
a covariance. The covariance betw&eand net radiation was a very small negative vélee
essentially zero). The complex interactions withie G-D model effectively limited any
potential increases in evaporation estimates whiafht not be the case if another model had
been applied. An assessment of possible covariaseaestricted to the energy terms due to the
small ranges in the mean daily driving climate datd the insensitivity of the model. A detailed
evaluation over a larger area with larger varipiln climate conditions might provide further
insight.

Archived historical climate observations obtained $everal point locations across the
Prairie region were used to drive a physically-dabgdrological model assembled within
CRHM. Evaporation from a tall alfalfa type grassface was modelled at each location over a
46 year period spanning 1960 - 2005 which includeacent major drought period (1999 —
2004). Overall, the simulations provided a reastmabpresentation of the drought and non-
drought periods given the knowledge of the genesalitions across the Prairie region during
the period of record. Results of the simulationsvatd the interannual variability of seasonal
evaporation was larger for stations located withim Palliser Triangle region compared to those
generally located outside the region. Cumulativielsodepended largely on the influence of
spring moisture conditions and growing season a#linfThe distributions of daily growing
season evaporation varied between successive gadrfarge shifts in the distributions where

observed when drought or wetter conditions wereeagpced. A general limitation of the
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analysis was that more detailed surface and climé&bemation was missing between the widely
spaced stations. However, the maps were instrgtias regards the changing structure of
drought in general. Such information might be ukdéw operational purposes given that
spatially varying estimates of actual evaporatioe aot often considered in the context of
characterizing drought conditions.

The main findings of this research are:

1. Physically-based point scale evaporation modelgedrby surface reference observations
provided reasonable estimates of evaporation owdti-oay periods and over the season.
The estimates for daily and sub-daily periods wess reliable and given the general
scatter in the estimates it is unlikely that si@bicorrections alone would correct
potential model errors. The observed variation indel estimates may be partly
attributed to the theoretical differences of thedels. It was interesting to note the
consistent underestimation of evaporation by thdetsoduring the reproductive stage of
plant growth. When this occurred, tReM model estimate was in better agreement to the
observed value than either t8eD or BT models. This might be due to the consideration
for both the energy available to the vegetation phgsiological controls inferred with
the inclusion of the resistance term within #é/1 model. In contrast, th&-D model
relies on a generalization of the surface-atmosplieedbacks at the representative scale
of the measurements. TBF model might be limited by the small footprint bietpoint
scale measurement of surface temperature and iothences on stomatal controls not
accounted for in the model. More importantly, thevas no evidence of systematic
differences between evaporation estimates and wealues. This would suggest that
any potential improvements to the reliability oétimodels applied here are unlikely to be
achieved through simple linear corrections and raproved physical representation is

likely needed to increase model precision at shdirtee scales.

2. At the SDNWA, the surface state conditions wereegalty found to be more spatially
variable than the overlying atmospheric conditioAs. a result, the impact of the
atmospheric differences on estimating evaporatiotha reference site was small. In
contrast, net radiation is a major factor drivingagoration and is a key indicator of

surface state conditions which can reasonably bebw@ed to near surface water
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availability to vegetation, and general differengesegetation health and surface cover.
It was shown that the mean daily net radiation lwanlistributed over a landscape from a
known value by deriving an index of the mid-day nadiation from one-time-of-day
visible and thermal images and surface referentae ¥ariations in surface temperature
and albedo were important factors controlling thgridbution of net radiation over the
field scale. Through the assimilation of remotessgg data thes-D feedback model
provided a reasonable estimate of the distributaly éctual evaporation where detailed
soil moisture information was unavailable. The iattions among the energy and
turbulent flux components of thé-D model where shown to be offsetting due to a
negative relationship with the relative evaporatibnthis case, the covariance between
the relative evaporation and net radiation was tinagédut essentially zero. As a result,
upscaled evaporation estimates tended to be siaospite the potential for there to be
much larger differences associated with an incrégagske turbulent flux component of

the model.

. The surface driving factors of evaporation werewaihdo be highly variable at the field
scale and evaporation was shown to vary both dlyatiad temporally across the Prairie
region of Western Canada. However, the large viit\akexhibited by the surface
variables at the field scale suggests valuablernmdtion is missing between the widely
spaced stations used for the long term hydrologioaldelling. The variability of
evaporation was larger for stations located witthi@ boundary of the Palliser Triangle
region and smaller for those outside the generah@ary, characterized by sub-humid
climate conditions. Large shifts in the distribuoof daily evaporation toward lower
values, and reduced variability, tended to occualaiocations in years impacted by
drought. A similar response toward higher values wated for locations within the
Palliser region when conditions were much wettemgared to the normal. Growing
season rainfall and available water content wasmariable across the region compared
to differences in temperature and the humidityaiefalthough there were large shifts in
the respective distributions between years. Mapsvaporation and exeedance fractions
were instructional as indicators of drought. Theigture of the drought changed from

year to year and so the there was no consisteterpdb the evaporation estimates.
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8.1 Recommendationsfor Future Study

The field case study conducted in 2007 was unableravide distributed observations of the
driving climate factors, although these were mwess Ivariable than the driving surface factors.
Where a detailed set of atmospheric and surfaceradisons is obtainable over a small region
comprised of numerous fields it might be possibldurther examine the potential impacts of
covariance among the driving energy and climatdofacon evaporation estimates. Further
insight might be gained from using a model withiféedent theoretical approach. A grid based
approach over a larger area presents the mosiqalatieans of further examining the variability
of evaporation and governing factors across a rasfgepatial scales. However, a detailed

examination for a dense set of points might alsadsul.
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APPENDIX A

GENERAL OBSERVATIONSAT ST. DENISDURING 2006

Ratio of Evapor ation M easur ements between the Portable M ast and Reference Site

The figure below shows the ratio of the measurely @xaporation at the portable mast to that
for the reference site. The measurements werewif6 or better during testing in late May.
Cultivation did not occur until later in June s thortable mast was moved to various bare soill
locations throughout the June period. Expectedigiperation from the bare soil was much lower
than at the reference grass site and ranged frameba 70% to 30% of that measured at the
reference site when good observations were availdbarly in July, the portable mast was
moved to an edge of the cropped area. The measaleds obtained over the crop were

typically within = 10% of the evaporation measuetdhe reference site.
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Transect Profiles

The following figures show a profile for transeethere measurements were taken of air and
surface temperature, relative humidity, and voluioetater content. Transects ranged in length

from 100 m to 200 m and samples were taken at@rgpaf 5 m apart.

Mixed Grass Short Transect Profile
561.7 -
559.7
E
c 55771 XXX
= PP T XA
S 55574 ¢
@
L
553.7
551.7 T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
Distance (m)
Mixed Grass Long Transect Profile
561.8 -
559.8 -
E et
— 557.8 1 oo .
o *o 0 *
= XS - R4 * .
T 5558 - SeeTeeee Cteea e’ ®e
[m]
553.8
551.8 ; ; ; ; ; ; ; ; ; ‘
0 20 40 60 80 100 120 140 160 180 200
Distance (m)
Permanent Grass Downslope Transect Profile
571.2 -
569.2 -
E
c 567.2 *¢e
) e
§ 565.2 - “000 PR IS
g LR g *e00000%00
563.2 -
561.2 ; ; ; ; ; ; ; ; ; ‘
0 20 40 60 80 100 120 140 160 180 200
Distance (m)

184



The tables below show the coefficient of variationmeasurements taken over the course of the
study period and provide an indication of changethe spatial variability of the variables over
time. In general, air temperature and relative ityiwere found to be fairly constant along a
transect during sampling, and as a result theilabdity was low. For air temperature the cv
ranged from 0.01 to 0.03 and for relative humidhitg cv ranged from 0.02 to 0.07. Temperature
differences varied by less than + 1 °C and diffeesnin actual water vapour pressure by only +
0.1 kPa.

However, the variability of soil moisture and sedatemperature was found to be larger
than for air temperature and relative humidity dejieg on the state conditions encountered
along the sample points. For example, on June éZdmditions were relatively wet and the
variability of volumetric water content was gengralarger than that indicated for air
temperature and humidity. The variability of soibisture during this wet day was lower
compared to that observed for the drier conditmmguly 10 and July 18 and Aug 3 and Aug 22.
Variations in surface temperature tended to beelaag well and depended partly on radiation
intensity to the surface which varies temporallyha presence of clouds, cover type and density
of the ground coverage, and relative differencesater availability.

Coefficient of Variation for Volumetric Water Content

Topography Vegetation 6-Jun 12-Jun 26-Jun 10-Jul 18-Jul  3-Aug 22-Aug
Flat to depression Mixed grasses 023 0.04 010 025 0.24 021 018
Down slope to flat Brome grass - 0.17 - - 0.38 - 022

Undulating Mixed grasses - 0.13 - - - - 020

Coefficient of Yariation for Surface Temperature

Topography Vegetation 6-Jun 12-Jun 26-Jun 10-Jul 18-Jul 3-Aug 22-Aug
Flat to depression Mixed grasses 0.12 0.06 0.07 0.10 0.14 C.06 0.08
Down slope to flat Brome grass - 0.08 - - 0.02 - 0.08

Undulating Mixed grasses - 0.09 - - - - 012
Coefficient of Variation for Air Temperature

Topography Vegetation 6-Jun 12-Jun 26-Jun 10-Jul 18-Jul 3-Aug 22-Aug
Flat to depressian Mixed grasses 002 002 0.01 0om 0.01 0.02 002
Down slope to flat Brome grass - 0.03 - - 0.02 - 0.02

Undulating Mixed grasses - 0.02 - - - - 002

Coefficient of Variation for Relative Humidity

Topography Vegetation 6~Jun 12-Jun 26-Jun 10-Jul 18-Jul 3-Aug 22-Aug
Flat to depression Mixed grasses 0.07 0.02 007 003 006 0.04 0.04
Down slope to flat Brome grass - 0.02 - - 0.05 - 0.04

Undulating Mixed grasses - 0.02 - - - - 0.06
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Distribution of Measured Volumetric Water Content during a Wet and Drying Period

In 2006 there were two distinct periods at St. Beifihe first was a relatively wet period where
96 mm of rainfall was received over a period ofdas extending from June 1 through June 30.
There was no rainfall for only 19 out of the 30 slajuring this period. The second was
considered to be a period of drying where 76 mmaoffall was received over a period of 53

days extending from July 1 through to August 22erfEhwas no rainfall for 22 out the 53 days

for this period. Measured values of daily precigpita are shown in the figure below.
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The distributions of measured volumetric water eab{\VWC) for these respective wet and dry
periods are shown in the figure below. In gendta, distributions of VWC for these periods
very nearly mirror one another. For the wet petiiogl distribution was noticeably left skewed
whilst there was a noticeable right skew in thetriigtion of measurements for the drying
period. For these contrasting periods the mean \W¥€ considerably different; approximately
0.36 or 36% for the wet period and 0.21 or 21%tlar drying period. The standard deviation
(stdev), however, was essentially the same in tadles.
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The coefficient of variation (cv) was also consaldy different between the respective
periods. In general, the cv gives an indicatiothefspatial variability of soil moisture. As such,
the variability of soil moisture was lower for tiet period than compared to that for the drying
period (0.17 vs. 0.28). The increase in variabilitying the drying period was partly due to the
influence of the hummocky terrain characterized Wgll drained knobs compared with
depressions having poor drainage. The fringe aeaeunding wetland depressions were also a
major contributing factor where the highest soilishare contents were typically observed

regardless of the antecedent conditions.
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APPENDIX B

VEGETATION MODULE

Vegetation // Sets parameters for vegetation over snow-free period

declreadobs, Ht_obs, NOBS, "vegetation heights', (m)

declparam, Albedo_bare, NHRU, "[0.17]", "0.0", "1.0", "albedo for bare ground", ()
declparam, F_Qg, NHRU, "[0.1]", 0.0, 1.0, "fraction to ground flux, Qg = F_Qg*Rn", ()
declparam, groundcover, NHRU,"[1]", 1, 5, "V egetation evaporation for HRU: 1 = bare
soil , 2 =row crop, 3 = poor pasture, 4 = small grains, 5 = good pasture, 6 = forested", (),
Int

declparam, cov_type, NHRU,"[1]", O, 2, "V egetation evaporation for HRU: 0 = bare soil
(no evaporation), 1 = crops (recharge layer), 2 = grasses & shrubs (all soil moisture)", (),
Int

declparam, JCrop_Start, NHRU,"[121]", 1, 366, "start Julian day", ()

declparam, JCrop_Mature, NHRU,"[182]", 1, 366, "maturity Julian day", ()

declparam, JCrop_Harvest, NHRU,"[228]", 1, 366, "harvest Julian day", ()

declparam, rcs, NHRU,"[25]","25.0", "5000.0", "stomatal resistance’, ("s/m")
declvar,cov_type var, NHRU, "recharge/All", ()

declvar,groundcover_var, NHRU, "infiltration”, ()

declvar,F_Qg_var, NHRU, " ground heat flux", ()

declvar,rcs var, NHRU, " canopy resistance’, ()

declvar,rechr_saturation, NHRU, "degree of saturation of recharge layer”,()

declputvar, *, Albedo, ()

188



declgetvar, *, SWE, ()
declgetvar, *, soil_rechr, ()
declputparam, *, soil_rechr_max, ()
command
if(FIRSTINT && SWE[hh] <= 0) // check for SWE
rechr_saturation[hh]=soil _rechr[hh]/soil _rechr_max[hh]
if(JULIAN >= JCrop_Start[hh] && JULIAN < JCrop_Mature[hh]) // Period 1. during
growing season
if(Ht_obs[hh] >= 0.02) // cropped or grassed
if(hh 1=3)
/I cropped
groundcover[hh] = 4
cov_typelhh] =2
Albedo_bare[hh] = 0.17
Albedo[hh] = Albedo_bare[hh]
rcslhh] =50
F_Qg[hh] =0.1
else
/I grassed
groundcover[hh] =5
cov_typelhh] =2
Albedo_bare[hh] =0.17

Albedo[hh] = Albedo_bare[hhj]
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rcslhh] =50
F Qg[hh] =0.1
endif
else
/I fallow
groundcover[hh] = 1
cov_typelhh] =1
Albedo_barelhh] = 0.1
Albedo[hh] = Albedo_bare[hh]
F_Qg[hh] =0.2
if (rechr_saturation[hh] >=0.933) //i.e. 1.cmin 15cm
rcs hh]=0
else
rcs hh]=50
endif
endif
endif // Period 1
if(JULIAN >= JCrop_Mature[hh] & & JULIAN < JCrop_Harvest[hh]) // Period 2. after
senescence & before harvest
if(Ht_obs[hh] > 0.02)
if(hh 1=3) // process by HRU type
/I cropped

groundcover[hh] =4
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cov_typelhh] =1
Albedo_bare[hh] =0.17
Albedo[hh] = Albedo_bare[hh]
rcglhh] =50
F_Qg[hh] =0.1
else
/I grassed
groundcover[hh] =5
cov_typelhh] =1
Albedo_bare[hh] = 0.17
Albedo[hh] = Albedo_bare[hh]
rcs hh] = 5000
F_Qg[hh] =0.1
endif //cropped/grassed
else
Il fallow

groundcover[hh] = 1

cov_typelhh] =1

Albedo_barelhh] = 0.1

Albedo[hh] = Albedo_bare[hh]

if (rechr_saturation[hh] >=0.933) //i.e. 1cmin 15cm
rcg hh]=0

else
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rcs[hh]=50
endif
F Qg[hh] =0.2
endif // HRU type test
endif // Period 2
if(JULIAN < JCrop_Start[hh] || JULIAN >= JCrop_Harvest[hh]) // Period 3. after
harvest & before start of growing season
if(Ht_obs[hh] >= 0.02)
if(hh 1=3) // process by HRU type
/I cropped
groundcover[hh] =1
cov_typelhh] =1
Albedo_bare[hh] = 0.17
Albedo[hh] = Albedo_bare[hh]
if (rechr_saturation[hh] >=0.933) //i.e. 1.cmin 15 cm
rcs[hh]=0
else
rcs[hh]=50
endif
F Qg[hh] =0.2
else
/I grassed

groundcover[hh] =5
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cov_typelhh] =1
Albedo_bare[hh] =0.17
Albedo[hh] = Albedo_bare[hh]
rcsfhh] = 5000
F Qg[hh] =0.1
endif //cropped/grassed
else
/I fallow
groundcover[hh] = 1
cov_typelhh] =1
Albedo_barefhh] = 0.1
Albedo[hh] = Albedo_bare[hh]
if (rechr_saturation[hh] >=0.933) //i.e. 1.cmin 15cm
rcs hh]=0
else
rcs hh]=50
endif
F Qg[hh] =0.2
endif // HRU type test
endif // period test
endif // SWE check
cov_type var[hh] = cov_type[hh]

groundcover_var[hh] = groundcover[hh]
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rcs var[hh]=rcghh]

F Qg var[hh] = F_Qg[hh]

end
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