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ABSTRACT 

The high solar irradiance, strong and persistent winds, l imited soil and 

vegetation development and especially adapted vegetation o f  the ,alpine tundra 

wi l l  result in unique and characteristic surface energy regimes. Despite the 

areal and hydrological significance o f  alpine tundra environments, there have 

been few North American studies on those regimes. 

To address this lack o f  information, measurements of the energy and 

radiation balances were made at Plateau Mountain (2475 m asl) in 

southwestern Alberta, Canada. Half-hourly flux densities of the components o f  

the radiation and energy balances were determined continuously for the period 

June 26 - July 26, 1985. Global solar, reflected solar and net radiation flux 

densities were measured directly. These data were used, in combination with 

surface temperature measurements, t o  determine incoming and outgoing 

longwave radiation flux densities. The Bowen ratio-energy balance approach 

was used to  determine the sensible and latent heat flux densities. Windspeed 

profi le measurements were also made and allowed the aerodynamic 

characteristics of the surface t o  be determined. This information, combined 

with surface temperature and windspeed measurements;permitted the use o f  

an Ohm's law analog approach to  determine the sensible heat flux. Sensible 

heat flux densites were also determined, for portions o f  the investigation, 

using the eddy correlation approach. 

The surface radiation regime was primarily controlled by  atmospheric 

transmissivity which reached maximum values in excess of 80%. Daily albedo 

was essentially constant at 17%. Global solar radiation flux densities were 

generally greater than 25 MJ m-2. Daily incoming longwave radiation flux 

densities ranged f rom 17.3 - 24.3 M J  m-2  and outgoing values ranged f rom 

26.3 - 32.1 MJ m-2. Daily net radiation flux densities averaged 12.2 MJ m-2. 

The empirical relationship between net radiation and global solar radiation at 

this site was similar to  relationships observed at lower elevation sites. 



The energy balance was dominated by  the sensible heat flux. The 

average daylight period sensible heat flux density was 67% greater than the 

latent heat flux density. Latent heat flux densities translated t o  evaporation 

rates o f  1 - 4 mm per day. Soil heat f lux densities were on average 

10 - 15% of  net radiation flux densities. The half-hourly sensible heat flux 

densities determined using the Ohm's law and eddy correlation approaches 

agreed very wel l  with the Bowen ratio measurements. The energy balance was 

strongly affected by  the surface's dynamic and variable control over the 

movement of water vapour to the atmosphere. A large element o f  this 

control appeared to  be due to  the physiological response o f  vegetation t o  

changing environmental conditions, although the surface was only partially 

vegetated. 

The estimated half-hourly latent heat flux densities f rom an energy 

balance based model, which only requires standard climatological and surface 

temperature data, were compared with the measured values. The model's 

performance was found to  be reasonably good. On average, model estimates 

were within 271.5 W m-2 o f  the measured values. The possibil i ty o f  using a 

model based on the equilibrium evaporation concept for daylight period or 

daily latent heat flux densities was also considered. The potential of  this 

approach was l imited b y  the variable nature o f  the alpine tundra surface's 

control over the movement o f  water t o  the atmosphere. 
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CHAPTER 1 

RATIONALE AND OBJECTIVES 

1.1 Introduction 

The net receipt o f  radiative energy at a site's surface, and i ts 

subsequent dissipation through the various processes operating at the surface, 

is of fundamental importance in determining the character o f  that site. These 

processes, the receipt o f  radiative energy and i ts subseqent dissipation, are 

described by the site's surface radiation and energy balances. The nature o f  

these balances w i l l  largely determine the microclimate o f  the site, and wi l l  

have a major impact on the hydrologic, geomorphic and biologic processes 

occurring there. In particular, the process of evaporation is intrinsically 

linked with the surface radiation and energy balances. At  sites where surface 

moisture is available, a large amount o f  the available radiative energy w i l l  be 

used to  evaporate that surface moisture. 

This thesis attempts t o  quantitatively describe the nature o f  the surface 

radiation and energy balances at an alpine tundra site during the summer. 

This thesis further considers the possibility o f  using energy balance based 

models both as a means o f  describing the effects o f  the alpine tundra 

surface on the energy balance regime, and as a means o f  estimating the 

evaporation f rom an alpine tundra surface. 

The fol lowing sections outline the general rationale for undertaking the 

research, and present the specific objectives of the research. 

---------------em- 

Throughout this thesis the term evaporation is used to  describe the 
process by  which liquid water on the surface is converted to water 
vapour in the atmosphere. No distinction is drawn between the types o f  
surfaces which provide the moisture. As the alpine tundra surface w i l l  
be partially vegetated, the process o f  transpiration, by  which water 
moves f rom the interior t o  the exterior of the plant, is implicit ly 
acknowledged in the measurement o f  evaporation f rom the surface. 
However, mechanisms other than transpiration also move moisture to  the 
evaporating surface and the term evapotranspiration has been avoided. 



1.2 Rationale 

The reasons for undertaking this research were: (1) the l imited 

knowledge about the surface radiation and energy balances in alpine tundra 

environments, and (2)-  the l imited knowledge about the evaporation process in 

alpine tundra environments. 

1.2.1 Surface Energy and Radiation Balances of Alpine Tundra 

Alpine tundra has been generally defined as the biogeographic zone lying 

above timberline and below the elevation of the uppermost vascular plants 

( ~ o v e  1970; Barry and lves 1974; Price 1981). Alpine tundra is commonly 

divided into low, middle and high zones. The l ow  alpine tundra zone having 

the greatest number and diversity of species, while the high zone is 

characterized by  bare rocky ground with occasional mosses, lichens and dwarf 

vascular plants. 

The exact areal extent o f  alpine tundra is di f f icul t  t o  specify, due t o  

regional and latitudinal differences in timberline. However, alpine tundra 

represents a significant propoportion o f  the earth's land surface. Barry (1979) 

notes that over a quarter o f  the earth's land surface consists o f  mountains 

and high plateaus. A significant proportion o f  this area would include tundra. 

Zwinger and Willard (1972) suggest that there are over nine mil l ion square 

kilometres o f  alpine tundra in the northern hemisphere. 

The climates of alpine tundras are not independent o f  the climates o f  

the regions in which they exist. Consequently, alpine tundra climates are 

affected by variations in latitude, continentality, altitude and other regional 

factors. ~ e s p i t e  regional variations, alpine tundra climates are uniformly harsh, 

wi th short growing seasons, long winters, and strong and persistent winds. 

Only a l imited number o f  species are able to  tolerate these conditions and 

tundra vegetation is more uniform in aspect and composition than any other 

major vegetation type (Zwinger and Willard 1972). Despite this uniformity, the 



alpine tundra surface often displays considerable spatial variation as 

vegetation responds t o  micro-scale variations in surficial geology, morphology, 

soils and climate. Micro-scale variations being loosely defined as those 

occurring over a horizontal scale o f  0.1 m - 1 km. 

Major determinants o f  the nature o f  the microclimate at an alpine tundra 

surface w i l l  be the amount o f  radiative energy available at the surface, as 

described b y  the surface radiation balance, and the nature o f  the partitioning 

o f  that energy, as described by  the surface energy balance. Hence, one key 

to  understanding the spatial variability of alpine tundra surfaces is knowledge 

o f  how that surface affects its radiation and energy balance. 

I t  has long been recognized that the increase in solar irradiance 

associated with increasing elevation, and the nature o f  the alpine tundra 

surfaces, would result in characteristic surface radiation and energy balances 

for such surfaces (Geiger 1961). However, the nature o f  both the mountain 

environment and the meteorological instrumentation required for  such 

investigations has resulted in a l imited number o f  actual f ie ld measurements 

o f  the components o f  the radiation and energy balances at alpine tundra 

sites. 

In North America there have been only a few published summer f ield 

investigations into the energy balances of alpine tundra surfaces (Gates and 

Janke 1966; Terjung et al. 1969; LeDrew 1975a). The state o f  knowledge is 

reportedly better in Europe (Barry 1981), although Lang (1981) observes that 

the energy balance studies of Turner et al. (1975) and Rott (1979) are the 

only studies which have been conducted over vegetated surfaces in the 

European Alps. In subsequent sections, some o f  the previous research into 

radiation and energy balances o f  alpine tundra surfaces w i l l  be reviewed. 



1.2.2 Evaporation in Alpine Environments 

Peattie (1936) observed, "Great and rapid evaporation is one o f  the most 

characteristic climatic conditions of high elevations". This is an opinion that 

is sti l l  expressed in general descriptions o f  alpine climates today (Price 1981). 

However, Slaymaker 0974) and Lang (1981) have suggested that evaporation is 

a relatively minor component o f  high alpine hydrology. These apparently 

disparate opinions arise f rom the fact that the high solar radiation loads, low 

humidities and high windspeeds characteristic o f  alpine climates result in a 

high potential for  evaporation. Alpine environments can thus be extremely 

desiccating. However, despite the high potential for evaporation, water balance 

studies conducted in alpine environments tend to  indicate that evaporqtion is 

a relatively minor component of the water balance. This refelects the general 

lack o f  available surface moisture throughout much o f  the year in alpine 

tundra environments. 

On the long-term scale (annual or seasonal), evaporation may be 

relatively insignificant in the alpine tundra environment. On shorter time 

scales, particularly in the summer, evaporation becomes a much more 

significant component o f  the water balance. This temporal concern is of 

particular interest to  the hydrological forecaster attempting t o  improve the 

accuracy and specificity o f  their forecasts. Furthermore, although 

meteorological conditions at high elevation sites may favour high rate's o f  

evaporation, the alpine surfaces affect the movement of water from the 

sub-surface to  the atmosphere. Surface control over the movement o f  water 

t o  the atmosphere may be one cause of the low evaporation rates observed 

at some alpine locations where water balance studies have been conducted. 

Evaporation (the vertical flux o f  latent heat) is one o f  the processes 

which dissipates the net available radiative energy at a site's surface, and is 

typically a major component o f  the surface energy balance. The surface 

energy balance is specific t o  the immediate surface, radiative energy and 



atmospheric conditions at the time of the investigation. Surface energy 

balance studies thus allow the relationship between the evaporation process 

and those conditions to  be investigated. Hence, energy balance based studies 

of evaporation provide a method of looking at both short-term variations in 

evaporation and surface effects on the evaporation process. 

Understandably, energy balance based studies of  the evaporation process 

have largely been confined to agricultural and forest environments. They have 

been primarily conducted in agricultural environments, where knowledge about 

evaporation has more immediately apparent economic significance. On the 

basis of this research, several physically based models describing the process 

of evaporation have been developed, notably the combination model and the 

derivatives thereof. These models provide a physically realistic, but simplified, 

description of the evaporation process. In addition to their predictive value, 

these models also assist in the understanding of the evaporation process. The 

author is unaware of  any attempts to  apply such models to alpine tundra 

environments. 

1.3 Obiectives 

The specific objectives of this research were to conduct an investigation 

during the summer season, at an alpine tundra site, which would; 

(1) measure the components of, and describe the nature of the. surface 

radiation balance; 

(2) measure the components of, and describe the nature of the surface energy 

balance. In particular the nature of the surface's influence on the evaporation 

process would be investigated; 

(3) investigate the possibility of adapting and refining several energy balance 

based evaporation models for use as predictive and explanatory models in 

alpine tundra environments. The performance of  these models for the alpine 

tundra surface would be evaluated against data collected in the field study. 



Although the data f rom this investigation would be specific t o  the site 

and t ime o f  the investigation, the general information about processes gained 

from such an investigation should be widely applicable. A basic premise o f  

this thesis is that micro-scale information about radiation and energy 

balances, and the evaporation process, in alpine environments is a prerequisite 

t o  improving the understanding o f  alpine hydrology on a larger scale. 

1.4 Orqanization of Study 

The thesis is organized into six chapters. Chapter 1 provides the 

rationale and objectives o f  the study. In Chapter 2 the theroretical framework 

o f  the research is outlined. Previous research into the surface radiation and 

energy balances o f  tundra sites is reviewed. In Chapter 3 the research site, 

experimental methods and meteorological conditions during the experiment are 

described. In Chapter 4 the surface radiation balance measurements are 

presented and discussed. In Chapter 5 the surface energy balance 

measurements are presented and discussed. In addition, evaporation modelling 

results are presented. In Chapter 6 conclusions are drawn about the surface 

radiation and energy balance regimes o f  the research site. The performance o f  

the evaporation models is discussed and some suggestions for future research 

are made. 



CHAPTER 2 

THEORETICAL FRAMEWORK 

2.1 Introduction 

This chapter commences with a general theoretical description of the 

nature of the radiation and energy balances of an alpine tundra surface. The 

theory of the techniques used to  measure the components o f  the radiation 

and energy balances is also discussed. The theoretical basis of the 

evaporation modelling approaches considered is outlined. These modelling 

approaches have been previously applied to agricultural and other 

environments, and the discussion concentrates primarily on their theoretical 

applicability to  the alpine tundra environment. Some of the previous research 

into the radiation and energy balances of tundra environments is discussed. 

Some of the research that has been conducted at Canadian arctic and 

sub-arctic tundra sites is discussed, as well as the work that has been 

conducted in alpine tundra environments. The similar nature of  the alpine and 

arctic tundra surfaces would suggest that there wil l  be similarities in their 

energy regimes. 

A large number of symbols are introduced and defined in subsequent 

sections. A complete list of all the symbols used in the thesis, and their 

definitions, is presented in Appendix 1. 

2.2 The Surface Radiation Balance 

For climatological purposes, radiation can be classified into solar 

radiation (wavelengths smaller than 4 ~ m )  emanating from the sun, and 

longwave radiation (wavelengths greater than 4 fim) originating within the 

earth-atmosphere system. The net amount of radiative energy at a terrestrial 

surface, Q*, wi l l  be determined by the net receipt of both types of  radiation 



at the surface, as described by  the surface radiation balance 

where K* is the net solar radiation flux density, L* the net longwave radiation 

flux density, KJ the global solar radiation flux density, K t  the reflected solar 

radiation flux density, LJ the incoming longwave radiation flux density and L t  

the outgoing longwave radiation flux density. 

2.2.7 Solar Radiation 

The radiation balance is ultimately dependent on the amount of energy 

that the earth receives f rom the sun. This extraterrestrial radiation flux 

density, KO, is defined as the amount o f  radiation incident at the top of the 

atmosphere on a horizontal plane o f  unit area. Assuming that the sun's output 

o f  solar radiation is constant, KO is governed by  the wel l  known geometry o f  

the sun-earth relationship. As a result, KO can be estimated for any location 

on the earth's surface (Sellers 1965) f rom the fol lowing 

K, = I, cos z / RV' (2.2) 

where I,, the solar constant, is currently estimated at 1368.6 W m-2  f0.5% 

(Wilson and Hudson 1981), RV, the radius vector, is defined as the actual 

distance o f  the earth f rom the sun divided by  the mean distance, and Z is 

the solar zenith angle. RV is a function o f  the time o f  year, while Z is a 

function o f  the time o f  day, date and latitude. 

For a site with an extensive horizontal surface, where the effects o f  

horizon shading and the slope o f  the receiving surface can be ignored, KJ 

w i l l  be solely determined b y  the effectiveness o f  the atmosphere above the 

site at transmitting KO to  the surface. This transmissivity, t ,  is defined by 



KrK,. K t  is determined by  the surface reflectivity or albedo, a, which is 

defined by K t K + .  Thus, for  sites with extensive horizontal surfaces at the 

same latitude and time, differences in K*  wi l l  be the result o f  the 

characteristic t and a at those sites. 

2.2.2 Albedo 

Albedo is an intrinsic characteristic o f  a surface and may vary f rom 

0.05 for water, t o  more than 0.80 for fresh snow. In the absence of 

snowcover, tundra surfaces have been observed to  have albedos o f  between 

0.15 and 0.25 (Davies 1963; Petzold and Rencz 1975; Rouse 1984). For a 

surface without snowcover, containing areas o f  bare soil and vegetation, a is 

primarily a function o f  the surface characteristics; soil type, soil moisture 

content, surface roughness, vegetation type, leaf area index, and percent 

ground cover (Davies and ldso 1979). 

Albedo w i l l  also vary due t o  differences in the spectral composition of 

KJ (Sellers 1965) and variations in Z (Nkemdirim 1972; Monteith 1973). The 

latter factor can result in substantial changes in a throughout the daylight 

period, particularly i f  there is a strong direct component in the solar radiation 

(Idso et al. 1969a; Stewart 1971; Greenland and Clothier 1975). 

2.2.3 Transmissivity 

The characteristically high t at high elevations has long been recognized. 

Leonardo da Vinci observed in the Alps, 

"The sun as i t  fel l  on the mountain was far brighter than 
in the plains below because a smaller extent o f  the atmosphere 
lay between the summit o f  the mountain and the sun." 

(Notebooks, Leonardo da Vinci, 1452 - 1519) 

Much o f  the early mountain meteorological research focused on this aspect 

o f  alpine environments, and mountain meteorological stations were the source 

o f  much o f  the information used in the early research on solar radiation 



(Barry 198 1). 

Transmissivity increases with elevation primarily as a result o f  the 

decrease in the optical air mass, M, through which incoming solar radiation 

must pass. For an ideal, clean, dry atmosphere (Rayleigh atmosphere) 

M = P/P, sec Z (2.3) 

where P is atmospheric pressure, and Po is atmospheric pressure at sea level 

(103 kPa, assuming a U.S. Standard Atmosphere). Hence, at an elevation 

equivalent t o  an atmospheric pressure o f  75 kPa (approximately 2400 m), M 

wi l l  be 75% of  i ts sea level value. 

For a cloudless real-world atmosphere radiation passing through M is 

not only attenuated by  Rayleigh scattering, but also through scattering by 

aerosols (Mie scattering), and absorption b y  aerosols. water vapour and ozone. 

Aerosols, water vapour and ozone are not evenly distributed throughout the 

vertical column o f  the atmosphere, either temporally or spatially. As a result, 

for a cloudless atmosphere, the increase in t with elevation w i l l  not be 

directly proportional t o  the decrease in M given by equation 2.3 . 

Effective methods for estimating cloudless sky t, which account for the 

effect o f  attenuating agents in the atmosphere, have been developed and used 

(Davies et al. 1975). These approaches rely on radiosonde data, empirical 

approaches and/or published tables to  desbribe the vertical distribution of the 

above mentioned atmospheric constituents. Alternatively, Lowry (1980) has 

suggested a simpler semi-empirical approach relating cloudless sky t directly 

t o  elevation/pressure. 

The Lowry (1980) equation has the form 

In(t) = sec Z In[a + b In(sec Z)] 



where a is an empirically determined t for a given pressure (assuming 

Z = oO), and b is an empirically determined turbidity adjustment parameter. 

The model also attempts to  account for  differences between "moist" and 

"dryn atmospheres. 

Cloud cover greatly complicates attempts to  estimate t. Davies et al. 

(1975) modelled hourly t using hourly cloud cover observations. They found 

that this data could be used to  provide reliable estimates o f  mean Kr for 

5 - 10 day intervals. The approach was less successful for estimating Kr 

over shorter t ime intervals. Davies and ldso (1979) suggested that 

improvements upon such an approach w i l l  require even more frequent and 

detailed cloud cover observations. 

2.2.4 Outgoing Longwave Radiation 

The longwave radiation f lux density f rom a surface is given by  the 

Stefan-Boltzmann equation 

where E is the surface emissivity, o the Stefan-Boltzmann constant 

(5.67 x W m-2 K-4) and To the surface temperature (in Kelvin). 

The emissivity o f  bare soils has 'been shown to  vary wi th water and 

quartz content (Fuchs and Tanner 1968; Jackson and ldso 1975). A soil with a 

wet surface has the same E as water (0.97). Bare soil emissivities generally 

fal l  in the range o f  0.90 - 0.97. Emissivities for individual plant leaves o f  

different species have been measured (Idso et al. 1969b), and they fal l  in a 

rather narrow range between 0.94 - 0.99. Davies and ldso (1979) suggest that 

for radiation studies on surfaces with complete vegetation canopies an E 

value o f  0.98 is suitable. Oke (1978) reviewed several sources and suggests 



that tundra surface emissivities range f rom 0.90 - 0.96. 

Measurement o f  surface temperatures is done by  either a contact 

approach or remote thermometry. The latter approach requires an infrared 

thermometer and knowledge o f  E .  The contact approach requires a network o f  

temperature sensors placed directly on the surface. The contact approach has 

an element o f  uncertainty in that the temperature of the sensors may not be 

representative o f  the true surface temperature. 

2.2.5 Incoming Longwave Radiation 

In a similar fashion to  Lt, La is determined by the temperature and 

emissivity o f  the atmosphere. Atmospheric emissivity is variable, primarily as 

a result o f  fluctuating amounts o f  water vapour in the atmosphere, but also 

due t o  varying amounts o f  ozone, carbon dioxide and other atmospheric 

gases. Cloudy skies have considerably higher emissivity than clear skies. 

Cloud emissivities vary largely with cloud type. The depth o f  the atmosphere 

means that LL at a site w i l l  be a function o f  the emissivity and temperature 

characteristics o f  the entire atmospheric column above the site. Due t o  the 

general decrease in atmospheric temperature and water vapour content which 

occur wi th elevation gain, LJ should decrease as elevation increases. 

As wi th t, radiative transfer approaches can be used to  determine L1 

when radiosonde data are available. Alternately, several empirical approaches 

which use surface data t o  estimate atmospheric emittance have been 

developed (Brunt 1932; Swinbank 1963; Sellers 1965; ldso 1974; 

Brutsaert 1975). As wi th approaches for estimating t ,  the models for  

estimating atmospheric longwave emittance are greatly complicated by cloud 

cover. 

LeDrew (1975b) showed that these empirical models must be modified 

for use at higher elevations. A t  higher elevations surface measurements are 

less representative o f  conditions in the radiatively significant part of  the 



atmosphere, when compared to  sites at or near sea level. 

2.2.6 Net Longwave Radiation 

The l imited range o f  temperatures experienced in the troposphere means 

that L r  and L t  w i l l  be similar in magnitude, and that L *  w i l l  be small. As 

atmospheric heating is primarily f rom the surface, L r  tends to  be smaller 

than L t ,  so that L*  is generally negative. This negativity is most pronounced 

during the daylight period when high K 1  values result in To  being greater than 

the atmospheric radiative temperature. At  night To tends to  be similar t o  the 

atmospheric temperature so that L*  is less negative. Cloud cover w i l l  also 

reduce the difference between To and atmospheric temperature, as well as 

increasing atmospheric emissivity. As a result, increases in cloud cover wi l l  

result in a less negative L*. 

Elevation effects on L*  are not well documented (Barry 1981). In general, 

both L r  and L t  should decrease in magnitude with increases in elevation as 

the mean atmospheric and surface temperatures decrease. The relative rates o f  

decrease have not been well studied. Budyko (1974) suggests that below the 

snowline Q *  wi l l  be constant as elevation increases, as the increase in K *  

wi l l  be compensated for by an increasingly negative L*. Budyko's (1974) 

observation is based on concurrent radiation balance studies conducted at 

different elevations in  the Caucasus. The strong dependence of L r  on local 

meteorological conditions undoubtedly results in many exceptions t o  this 

general observation. 

2.3 Relationships Between Solar Radiation and Net Radiation 

From the preceding discussion, it is apparent that i t  is theoretically 

feasible to  estimate Q* at a specific site, at a given time, simply using 

knowledge about surface and atmospheric conditions at the site. Such an 

approach is desirable for  applications such as evaporation modelling at sites 



where Q *  data are not available. The vast majority o f  alpine tundra locations 

fal l into this category. I t  is also apparent that even for  the simple case o f  

a snow-free, f lat and homogeneous alpine tundra site, the derivation and 

application of such a model would be problematic. In  particular, accounting 

for cloud cover effects on Kr ,  and the estimation o f  L r  would be difficult. 

Strong empirical relationships o f  a simple linear form have been shown 

between Q *  and K r  (Davies 1967; Fritschen 1967; ldso et al. 1969b; 

Nkemdirim 1973). Given the much greater availability o f  K r  data, as compared 

t o  Q *  data, i t  has been suggested that for a single surface type or group o f  

similar surface types, a single empirical expression o f  this type can be used 

t o  estimate Q *  for many applications (Davies and ldso 1979). 

The strong relationship between K 1  and Q *  is largely explained by  the 

dominance o f  the radiation balance by the K *  or (1 - a) K r  term during the 

daylight period. Attempting t o  account for  surface effects by  including a or 

the longwave exchange coefficient suggested by  Gay (1971) does not 

significantly improve upon these empirical relationships (Fritschen 1967; 

ldso 1971). 

The strong empirical relationships between K r  and Q *  have been 

demonstrated for hourly, daylight period, and daily data. However, ldso et al. 

(1969a) noted that empirical relationships based on daylight period or daily 

data tend to  lack data points near the origin. Hence, 'lt may be more 

appropriate to use a relationship based on hourly or shorter term data to  

predict daylight period or daily Q *  values. 

Empirical relationships between K r  and Q *  based on l imited data sets 

have been shown to be surprisingly robust when used as predictors o f  Q *  

over a wide range o f  latitudes and surface types (Davies 1967; 

Denmead 1976). The effects o f  elevation on such relationships has not been 

addressed. The theoretical change in the relative magnitudes o f  K*  and L* that 

occurs with elevation gain might be expected to  affect these empirical 



relationships, and reduce their applicability in alpine environments. 

2.4 The Surface Enernv Balance 

For any vegetated surface, the energy balance can be stated as 

in which Qdiv is the net flux density o f  energy resulting f rom the horizontal 

divergence o f  sensible and latent heat; OH, QE and QG are respectively the 

vertical f lux densities o f  sensible, latent, and soil heat; Qp the flux density 

o f  the net energy used for photosynthesis; Qstor the flux density o f  the net 

storage o f  sensible and latent heat in the air over the surface; and O,, the 

flux density o f  the net storage o f  sensible heat in the phytomass. 

Qdiv is the sum o f  the flux densities of  the horizontal divergence o f  

sensible heat OHdiv and latent heat QEdiv. For the atmospheric layer between 

the surface, z = 0, and a reference height zr, the divergences are given by  

and 

where x is horizontal distance, u the horizontal windspeed, T the air 

temperature, e the vapour pressure, c the specific heat o f  air at a constant 
P 

pressure (1005 J kg-' K-I), p the density of dry air, and y the psychrometric 

constant. y is given by  y = cp P/X f ,  where X is the latent heat o f  



vapourization fo r  liquid water and [ is the ratio o f  the molecular weight of 

water t o  the mean molecular weight o f  dry air. X is approximately 

2.45 MJ kg-', varying slightly with T, and [ = 0.622. 

Both p and y wi l l  vary with altitude due t o  decreases in P and T. At  

2400 m asl, assuming a U.S. Standard Atmosphere (P = 75.5 kPa), p and y 

wi l l  have values o f  0.98 kg m 4  and 50.0 Pa K - I  respectively. These are the 

values that were used throughout this experiment. 

As p, cp, u and y can be assumed to be relatively independent of x, 

equations 2.7 and 2.8 can be approximated b y  

and 

in which the overbar indicates an average value for the layer between the 

surface and zr. 

By selecting a measurement site with an extensive area o f  homogeneous 

surface, i t  is often assumed in energy balance studies that Qdiv w i l l  be 

negligible. Thom (1975) points out that this assumption may be more a 

function o f  the di f f icul ty o f  determining Qdiv rather than its small magnitude. 

Thom (1975) shows that only when windspeeds are low or when horizontal 

gradients o f  T and e are small can Qdiv be assumed to  be small. 

The vertical fluxes, QH and QE, can be determined by  a number of 

methods which are discussed in subsequent sections. QE is the rate at which 

energy is either being released f rom the atmosphere by  the process o f  



condensation or stored b y  the process o f  evaporation. The energy balance is 

thus inextricably linked t o  the surface hydrology o f  the site. A QE value of 

680 W m-2 is equivalent t o  an evaporation rate o f  1 mm hour-' 22.5% 

At a specific depth, z, soil heat flux density QGz can be measured 

directly wi th soil heat f lux plates. QG can then be determined f rom the 

fol lowing (Hillel 1982) 

AT 
where C is the volumetric soil heat capacity and - is the rate of change 

At 
in the mean temperature o f  the soil layer between the surface and z. 

For sites with extensive areas o f  homogeneous soils, i t  is reasonable t o  

assume that an areal mean QG can be determined f rom the one dimensional 

expression 2.11 . In areas where soils are less homogeneous, such as alpine 

sites where soils are typically poorly developed and subject t o  

congeliturbation, the factors that determine the thermal characteristics of the 

soil w i l l  be much more variable. This variability w i l l  cause diff icult ies in the 

determination o f  a mean areal QG. However, QG is typically only a small 

part o f  the overall energy balance. Published QG values f rom a wide range 

o f  sites generally range f rom 5% to  10% of the daily total Q*. 

Qstor is the sum o f  the flux densities of the net storage of sensible 

heat QHst and latent heat QEst in the air mass between the surface and a 

reference height zr. These are given by  

and 



aT a e in which - and - refer t o  the temporal rates o f  change o f  T and e 
at at 

respectively. Equations 2.12 and 2.13 can be approximated by  

and 

where the overbar indicates an average value for the layer between the 

AT surface and zr. Setting zr = 1.5 m, and assuming - = 1 0 ' ~  hour-', and 
At 

AZ - = 1 kPa hour-' results in  a OHst o f  2.95 W m-2 and a QEst o f  
At 
5.40 W m-2. The low flux densities resulting f rom these high rates o f  change 

for T and e show that for an air mass close to  the surface, on an hourly 

basis, astor is negligible. 

Thom (1975) shows that for most agricultural crops both OV and Qp 

wi l l  be very small and can be safely neglected in energy balance studies 

over such surfaces. For an alpine tundra surface where vegetation is areally 

sparse, and the biomass is very low, that assumption is especially valid. 

Neglecting Qdiv, Qstor, QV and Qp equation 2.6 reduces to  

which, in the absence o f  horizontal flux divergence, w i l l  be an accurate 

description of the energy balance over an alpine tundra surface. 



2.5 The Bowen Ratio-Enernv Balance Aooroach 

The turbulent surface boundary layer is the ful ly turbulent sub-layer of 

the atmosphere lying above the laminar air f low surface layer. By definition, 

within the turbulent boundary layer, the vertical flux densities o f  sensible and 

latent heat, and momentum, w i l l  be constant wi th height. When these fluxes 

are constant wi th height, the vertical profi les o f  air temperature, vapour 

pressure and windspeed w i l l  be logarithmic. This attribute o f  the turbulent 

surface boundary layer forms the basis o f  much o f  the fol lowing theory 

regarding the measurement of the vertical fluxes o f  sensible and latent heat. 

The depth o f  the turbulent boundary layer at a given site is determined 

by the horizontal extent o f  homogeneous surface or fetch upwind o f  the site. 

Several rules-of-thumb for determining turbulent boundary layer depth as a 

function o f  fetch have been suggested, with height t o  fetch ratios ranging 

f rom 1/40 t o  1/200 (Tanner 1963; Thom 1975; Brutsaert 1982). 

In the turbulent surface boundary layer, the vertical f lux o f  sensible heat 

can be described by  

and for latent heat 

in which - a e aT and - are respectively the vertical gradients of temperature and a z a 
vapour pressure, and Kh and Kv are respectively the transfer coefficients, or 

eddy diffusivities, for  sensible heat and water vapour. The negative signs 

maintain the convention that convective fluxes away from the surface are 



considered positive and those towards the surface are considered negative. 

Kh and Kv are transitory, varying with z and the effectiveness o f  the 

turbulent transfer process. However, i t  has been shown that Kh = Kv under all 

atmospheric stability conditions (Dyer 1967; Dyer and Hicks 1970). Invoking 

this similarity permits the definit ion o f  the Bowen ratio, 0, by  combining 

equations 2.17 and 2.18 so that 

where AT and Ae refer t o  differences in T and e measured over the same 

vertical interval. Combining equation 2.16 with equation 2.19 permits the 

fol lowing expressions to  be derived for OH and QE 

and 

For a site where equation 2.16 is a valid description o f  the energy 

balance, i t  is thus possible t o  determine OH and QE f rom multi-level 

measurements of T and e, when Of  and QG are known. This is known as 

the Bowen ratio-energy balance (BREB) approach for measuring OH and QE. 



2.6 The Eddy Correlation Method 

In the turbulent surface boundary layer 

QH = - P cp [ W '  T ' ]  

and 

where w ' ,  T '  and e '  are respectively the instantaneous deviations from the 

temporal means of vertical windspeed, air temperature, and vapour pressure. 

w '  T I  thus denotes the time averaged product o f  the instantaneous 

covariances of w and T, and w '  e '  denotes the time averaged product of 

the instantaneous covariances of w and e. 

To be used as a measurement technique, the eddy correlation approach 

requires that a large number of accurate measurements be made within the 

averaging period. Kanemasu et al. (1979) suggest that the sensors used should 

be capable o f  accurately responding to  fluctuations o f  T, e and w at a 

frequency of at least 2 i / z r  Hz. Sophisticated instrumentation and data 

recording equipment are necessary to  satisfy this requirement. 

This approach has been used in experimental investigations o f  

atmospheric turbulence since Swinbank (1951) f irst demonstrated its feasability. 

Recently, with the advent of commercially available sonic anemometers 

equipped with fast response thermocouples, and portable tnicroprocessor based 

data recording systems, the approach has been more widely used as a 

general technique for measuring QH (Tanner et al. 1985). Eddy correlation 

for the measurement o f  QE is much less frequently used due instrumentation 



t o  the problems associated with the high frequency measurement o f  vapour 

pressure. 

2.7 Ohm's Law Analoq Method for Determininq Sensible and Latent Heat Flux 

Densities 

2.7.1 The Logarithmic Windspeed Profile 

As noted in Section 2.5 the vertical profi le o f  windspeed w i l l  be 

logarithmic in the turbulent boundary layer. This is a direct result o f  the 

nature o f  the turbulent exchange o f  momentum in the boundary layer. The 

aerodynamic approaches for determining OH and OE exploit this fundamental 

characteristic o f  windspeed in the turbulent boundary layer. 

As an air mass moves over a surface, the transfer of momentum f rom 

the moving air mass towards the surface results in a drag force or shearing 

stress, 7, which is equivalent t o  the momentum flux density. When there are 

no buoyancy effects resulting f rom the density stratification associated with a 

stable or unstable atmosphere, T can be expressed as 

where u+ de scrib es the effectiveness o f  the turbulent ex process, and 

is referred to  as eddy or fr ict ion velocity. By definition, in the turbulent 

boundary layer, T wi l l  be constant with height so that u, wi l l  also be 

constant wi th height. 

For neutral stabil i ty conditions, the slope o f  the logarithmic windspeed 

prof i le has been experimentally shown to  be related to  u, by  the 

dimensionless von Karman's constant, k, (Brutsaert 1982), so that 



The value o f  k is generally considered to  be 0.41 (Yaglom 1977). 

The logarithmic windspeed profi le equation, for neutral stability 

conditions, can thus be stated as 

where uZ is the windspeed at height z, z, is the roughness length and is 

defined by  the criteria that u = 0, and d is the zero plane displacement 
zo 

height. 

d is a function o f  vegetation height h, and is the height that z, is 

displaced above the surface by  the vegetation. The value o f  d is typically 

0.6h t o  0.8h (Thom 1975). For an alpine tundra surface where vegetation cover 

is sparse and incomplete, the vegetation consists primarily o f  ground hugging 

mat plants, and the vegetation height does not change significantly over the 

growing season, i t  is reasonable to  assume that d = 0. This is the 

assumption made for the remainder o f  this discussion. 

z, is a measure o f  the aerodynamic roughness o f  the surface and is 

typically an order o f  magnitude less than the height of the surface roughness 

elements (Thom 1975). Both z, and U*  are intrinsic characteristics o f  a site's 

surface, and can be determined graphically from windspeed profi le 

measurements made under neutral stability conditions. 

Equation 2.25 can be generalized to be applicable in  non-neutral stability 

conditions by introducing a dimensionless function qjM. This function accounts 

for the effects o f  non-neutral stability conditions on the windspeed profile, 

S 0 



In unstable conditions t$M w i l l  be greater than unity t o  account for the 

enhancement o f  the turbulent transfer process. In stable conditions t$M w i l l  

be less than unity t o  account for  i ts supression. In neutral conditions t$M 

w i l l  be equal t o  1. Most appropriately t$M should be empirically related t o  

zA, where L is the Obhukov stability length (Dyer 1974). In  practice, i t  is 

possible t o  approximate zA by the gradient form o f  the Richardson number 

Ri (Panofsky 1963; Thom 1975). The gradient form o f  the Richardson number 

is given by  

where the subscripts refer t o  different levels o f  measurement, T is the mean 

air temperature (Kelvin) between the levels, and g is the acceleration o f  

gravity. The calculated R i  f rom equation 2.28 would refer t o  the stability o f  

the atmosphere between levels 1 and 2, where level 1 is closest to  the 

surface. 

Yaglom (1977) and Brutsaert (1982) have reviewed much o f  the work on 

the empirical relationship between 4M and Ri, and concur wi th Dyer (1974) 

and Thom (1975), that in stable conditions, Ri 2 0.01, 

and in unstable conditions, Ri I -0.01, 



The logarithmic windspeed profi le equation, for  the hypothetical tundra 

site can thus be stated as 

where 0* is the vertically integrated #M given b y  

In stable conditions 

For moderately unstable conditions the tabulated values o f  CPM presented by 

Dyer and Hicks (1970) can be approximated using the fol lowing polynomial 

(Kanemasu et al. 1979) 

2.7.2 Aerodynamic Resistances and the Ohm's Law Analog 

The aerodynamic resistance, ra, t o  the transfer of heat or vapour from 

the surface through an atmospheric layer of thickness zr is given by  



where Kh,v is the eddy diffusivity of either heat or vapour and khy is the 

molecular diffusivity of either heat or vapour. The aerodynamic resistances to 

both heat and water vapour transfer can be assumed to be similar because; 

(1) as previously mentioned, it has been demonstrated that Kh = Kv under all 

atmospheric stability conditions; and ( 2 )  the values of kh and k, are similar, 

and typically 5-6 orders of magnitude less than Kh and Kv. 

By analogy with Ohm's law, the vertical flux densities of heat and 

vapour at height z can thus be described by 

and 

Similarly, the Ohm's law analog expression for the momentum flux 

density at height z can be stated as 

'am 

where ram is the aerodynamic resistance t o  the transfer of momentum. 

Acknowledging that u must be 0, it follows that 
zo 



For an atmospheric layer with a given thickness, ra w i l l  always be 

greater than ram. The resistance to  the transfer o f  heat or water vapour t o  

or from the surface is  ultimately determined b y  the resistance to the transfer 

o f  those properties b y  molecular diffusion through the laminar sub-layer o f  

the atmosphere. Momentum on the other hand, is transferred from the moving 

air mass to  the surface both through the process o f  molecular diffusion 

through the laminar sub-layer, and through the much more effective surface 

pressure forces or bluff-body effects. 

Thom (1972) suggests that for vegetated surfaces which do not include 

large, regularly spaced, impermeable roughness elements, this bluff-body effect 

or excess resistance t o  the transfer o f  heat and water vapour, rb, can be 

approximated by  

where u+ is in m s-l. Further, Thom (1972) suggests that this relationship wi l l  

be valid over a wide range of z, values. Garret and Hicks (1973) and 

Brutsaert (1982) present both theoretical and experimental results which 

support this observation. The aerodynamic resistance to  the vertical movement 

o f  heat or water vapour can thus be stated as 

I t  is thus theoretically possible, when the surface and atmospheric 

parameters z,, u, and @,,,, are known, t o  use equation 2.36 t o  determine OH 

from measurements o f  To, TZr and uZr, and to  use equation 2.37 t o  determine 

OE f rom measurements o f  e,, eZr and uZr. For the remainder o f  the thesis, 

this technique o f  combining aerodynamic resisiances and the Ohm's law 



analogy to  determine sensible and latent heat flux densities w i l l  be referred 

to  as the Ohm's law approach. 

As a measurement technique the approach has two  major weaknesses. 

The f i rst  is the requirement o f  To and eo data. Secondly, there is the 

uncertainty regarding the parameterization o f  ra. 

As noted in Section 2.42, the measurement o f  To can be diff icult. Errors 

in the measurement o f  To w i l l  result in errors in the OH values determined 

using the Ohm's law approach. The sensitivity of the approach to  errors in To 

can be determined by  assuming the p, cp, Tz and ra terms in equation 2.36 

are known and free o f  error, and differentiating the expression with respect 

t o  T,. This shows that the magnitude o f  the error in OH, resulting f rom 

errors in To, wi l l  vary inversely with the square o f  ra. For ra values ranging 

f rom 10 - 100 s m-I, a 2 1  C error in To wi l l  result in a fO.l - 9.9 W m-2 

error in OH. For the same range o f  ra values. a +5O C error in To w i l l  

result in a f0 .5  - 49.3 W m-2 error in OH. Hence, errors in To measurement 

wi l l  only result in large errors (250 W m-2) in OH when the error in To is 

2 f5O C, or ra is 5 10 s m-l. 

Measurement o f  eo is even more problematic than To. As a method o f  

directly determining OE, the Ohm's law approach is generally restricted to 

situations where i t  can be assumed that the atmosphere at the surface is 

saturated, eo = es(To). Such a situation could not be expected t o  persist at 

the surface of an alpine tundra for an extended period o f  time. For practical 

purposes, the Ohm's law approach is thus limited to the direct determination 

o f  OH in the summer alpine tundra environment. However, it is possible to  

use the approach to  determine OE as a residual, combining equations 2.11 and 

2.36 so that 

C r o  - T,) 
OG - P Cp 

'a 



Characteristics o f  the alpine tundra surface may reduce some o f  the 

uncertainty in parameterizing surface roughness and atmospheric stability, and 

the resultant error in QH, as determined using the Ohm's law approach. The 

lack o f  large roughness elements on the alpine tundra surface permits 

measurements o f  TZ and uz to  be made close to  the surface. Bradley (1972) 

shows that when z I 1.0 m the effects o f  unstable or slightly stable 

atmosphere on the logarithmic windspeed profi le equation 2.31 w i l l  be 

negligible. Bailey and Davies (1981a) showed that equation 2.41 for 

determining ra was relatively insensitive to  errors in z, and rb, particularly at 

higher windspeeds. On the basis o f  these results for  agricultural surfaces, the 

Ohm's law approach could be expected to be quite robust when applied to  

aerodynamically smoother alpine tundra surfaces. 

2.8 Combination Model and Eauilibrium A ~ ~ r o a c h e s  for Modelling Evaporation 

2.8.1 Combination Model 

As the preceding discussions have shown, evaporation can be thought of 

as a process o f  vertical transportation of water vapour through eddy 

diffusion, where the rate o f  transport w i l l  be primarily determined by the 

difference in the water vapour content at the surface (source) and the 

atmosphere (sink). I t  can also be thought o f  as a process which degrades the 

net available energy at the surface through the conversion o f  some o f  that 

energy to  latent heat. Combination approaches for evaporation modelling 

attempt to  combine these two  concepts to  develop methods for estimating 

evaporation that require measurements o f  T, e and u at only one level. 

Monteith (1965) extended the Penman (1948) combination model fo r  

potential evaporation t o  non-potential situations, over completely vegetated 

surfaces, by  introducing a bulk canopy resistance term rSt. Monteith's (1965) 

model is based on the assumption that the air in a leaf's stomatal cavity is 

always saturated, and the temperature in the stomatal cavity is the same as 



the leaf's surface temperature, To. The bulk canopy resistance is assumed to  

be formed b y  the individual stomata resistances operating in parallel. On the 

basis o f  these assumptions 

Monteith's (1965) version o f  the combination model can be stated as 

where S is the slope o f  the saturation vapour pressure-air temperature curve 

at TZ. 

The strength o f  the combination model is that only measurements o f  T,, 

ez and the (Q* - OG) term are required t o  determine QE. As discussed in 

preceding sections, it may be possible to  approximate the value o f  (Q* - 
QG), with a high degree o f  confidence, f rom solar radiation measurements. 

The drawbacks o f  the combination model are its reliance on the 

parameterization of the resistance terms ra and rst. The approach outlined in 

Section 2.7.2 can be used t o  determine ra for many surfaces, but the 

determination o f  rst is less straight forward. Brutsaert (1982) points out that 

rSt is a function of season, soil moisture, plant species physiology, canopy 

morphology and other intricate and intertwined factors. He suggests that the 

combination model has l imited practical predictive value. On the other hand, 

Bailey and Davies (1981a) found that for an agricultural site with a complete 

vegetation canopy, the combination model was relatively insensitive to  errors 

in the estimation o f  rSt. 

The assumption o f  a surface completely covered by a uniform 

vegetation canopy implicit in the combination model is not valid for the 



alpine tundra surface, which w i l l  include large unvegetated areas. The 

combination model thus has l i t t le value as a practical method for determining 

evaporation in the alpine tundra environment. However the model has 

diagnostic value. When QE, Q*, QG, ra, eZ and TZ are known, i t  is possible 

to  use a residual approach t o  solve equation 2.44 for rst. I t  should be noted 

that this residual technique for determining rst w i l l  be sensitive to  errors in 

the measured terms. In  particular, when QE is small, errors in QE wi l l  result 

in large errors in the calculated rst. Bailey and Davies (1981b) showed that 

for  a completely vegetated agricultural surface (soybeans), rst values 

determined in this fashion were comparable t o  measured leaf stomata1 

resistances. This residual approach has also been used to  describe canopy 

resistances o f  a grass turf canopy (Johns et al. 1983), a prairie grassland 

(Ripley and Redmann 1976), a Douglas f i r  forest (Tan and Black 1976), and a 

large number o f  agricultural surfaces. Brutsaert (1982) suggests that this 

approach can also be used to  describe the surface resistance o f  a completely 

non-vegetated surfaces. However, in this latter application the calculated 

resistance no longer describes the vegetative canopy resistance, but the 

resistance o f  the top layer o f  the bare soil t o  the transfer o f  water to  the 

atmosphere. 

For the partially vegetated alpine tundra surface, a general surface 

resistance, rs, can be postulated. This general resistance would be determined 

by the net resistance of both the vegetated and non-vegetated portions o f  

the surface t o  the transfer of water vapour to  the atmosphere. Assuming that 

rs  is analagous to  rst, the combination model provides a method o f  

quantitatively describing the behavior o f  the tundra surface with regard to  the 

movement o f  water vapour to  the atmosphere. 



2.8.2 Equilibrium Model 

Slatyer and Mcl lroy (1961) addressed the issue o f  adapting the Penman 

(1948) model t o  non-potential conditions by  suggesting the wet-bulb 

depression at the surface, Do, could be measured. The wet-bulb depression, D, 

is given by  T - Tw. This resulted in 

where DZ is the wet-bulb depression at a reference height z. Determination 

o f  Do is di f f icul t  so this model does not provide a significant practical 

advantage over other combination modelling approaches. Slatyer and Mcllroy 

(1961) observed that in situations where Do = DZ = 0 or Do = Dz # 0, the 

second term o f  equation 2.45 becomes 0. This would occur either in 

situations where the air mass between the surface and the reference height z 

was saturated, or when the vertical T prof i le paralleled the Tw profile. Both 

situations would suggest that the overlying air mass was in equilibrium with 

the surface. The expression 

is referred to  as the equilibrium evaporation model, and Q is the latent e q 
heat flux density resulting f rom equilibrium evaporation. 

Wilson (1971) discussed equilibrium evaporation and showed that the 

equilibrium situation may not persist for long periods of time. However, on a 

daily basis, or for longer periods o f  time, Qeq w i l l  tend to  be similar t o  

Priestley and Taylor (1972) reviewed a wide range o f  experimental data 

and concluded empirically that, in the absence o f  advection, potential 



evaporation tends to  be a fixed percentage of equilibrium evaporation. They 

proposed the fol lowing simple model 

where Ope is the latent heat flux density resulting from potential evaporation, 

and u p ~ ,  the dimensionless Priestley-Taylor coefficient, was found to  be 1.26 

for a wide range o f  diverse surfaces. A large number o f  subsequent 

investigations have confirmed that value of UPT (Brutsaert 1982), although a 

physical explanation for  the apparently constant value of  cup^ has not been 

presented (Monteith 1981). 

Davies and Allen (1973) suggested that for modelling actual evaporation 

a variable a value could be assumed. They demonstrated a strong empirical 

relationship between a, as defined b y  daily QE/Qeq. and volumetric soil 

moisture, for  an agricultural surface in southern Ontario. The theoretical 

validity o f  the assumption was examined b y  Mawdsley and Al i  (1985). 

Mawdsley and A l i  (1985) also demonstrated empirical relationships between a 

and several indices o f  soi l  moisture for  various agricultural surfaces. 

Stewart (1972). Stewart and Rouse (1976), Rouse et al. (1977) and Marsh 

et al. (1981) have all found that both fixed and variable a type equilibrium 

models can be used t o  model daily QE for high latitude tuhdra surfaces. 

2.9 Previous Enernv Balance Measurements Alpine Tundra Environments 

Barry (1981) notes that there has been a very limited number of 

investigations into the energy balances o f  alpine sites. The number o f  studies 

over snow and ice surfaces substantially outnumbers the studies conducted 

over vegetated surfaces. 



In an early study, Gates and Janke (1966) considered the role of the 

vegetation component and the non-radiative fluxes in the energy balance of  a 

vegetated alpine site. Data were collected fop several summer days at Niwot 

Ridge, Colorado, U.S.A. (3350 m asl), and included K&, K t ,  L+, L t ,  and some 

windspeed, temperature and humidity measurements. Although their study was 

primarily concerned with the describing the radiative fluxes, an energy balance 

was postulated for an individual plant leaf. The role of high solar irradiances, 

high surface temperatures, and the importance of wind to  the energy balance 

regime of alpine environments were all speculated upon. 

Terjung et al. (1969) attempted to collect a complete set of energy 

balance data, using the BREB approach to  measure OH and QE, for a site in 

the White Mountains, California, U.S.A. (3580 m asl). They collected 12 hours 

of data on an "exceptionally clear" mid-July day. Unfortunately they were 

unable to  measure vapour pressure profiles successfully, and an aerodynamic 

approach, with no adjustment for stability effects, was used to  determine QH 

and QE. Terjung et al. (1969) measured very high radiative flux densites. A 12 

hr value for K+ of 41.06 MJ m-2 was recorded. For the same period they 

reported that Q* was 22.63 MJ m-2, OH was 6.70 MJ m-2, QE was 

13.83 MJ m-2, and QG was 2.51 MJ m-2. The high QE values may be 

attributable to  their site being located near a small pond. 

The Terjung et al. (1969) experiment is notable as one of the first North 

American efforts to quantitatively describe the energy balance of an alpine 

environment. It illustrates some of the special characteristics of such 

environments, in particular high solar irradiances and surface temperatures. 

Conducted almost concurrently with the work of Terjung et al. (1969) 

was the work done as part of the High Mountain Environment Project (HMEP) 

at Chitistone Pass in the Wrangell Mountains, Alaska. HMEP was a 

semi-autonomous research project conducted from 1966 through 1970 as part 

of the lcefield Ranges Research Project (Marcus 1973). Data was collected at 



Chitistone Pass during the summers o f  1967, 1968 and 1969. 

The microclimate work at Chitistone Pass has been described by Brazel 

(1970). Brazel and Outcalt (1973) and Aufdemberge (1974). Brazel (1970) and 

Brazel and Outcait (1973) presented some mean daily data collected in the 

summer o f  1968. ~ r a z e l  and Outcalt (1973) also presented one day of hourly 

data f rom August, 1967. In both papers an aerodynamic approach (not 

adjusted for  stability) was used t o  determine the convective fluxes. 

Aufdemberge (1974) presented selected daily data f rom the summer o f  1969, 

and compared the tundra surface energy balance o f  Chitistone Pass with the 

energy balance o f  a glacier site (Capps Glacier). Aufdemberge (1974) also 

used an aerodynamic approach t o  calculate the convective fluxes, but included 

an adjustment for stability. 

The Chitistone Pass work relied heavily on manual data collection and 

data recording. This resulted in quite low frequencies o f  instrument 

interrogation and discontinuous data records. The rather simple approaches 

used to  determine OH and QE at this site can be attributed to this l imited 

data set. 

The Chitistone Pass work is not commonly referred to  in discussions o f  

alpine energy balances. This may be because of the relatively low elevation 

of the site (1700 m asl). Certainly the low elevation, high latitude and cloudy 

weather at this site resulted in lower solar irradiances then have been 

measured at mid-latitude alpine sites. 

LeDrew's (1975a) study is the most complete North American attempt to 

describe the energy balance o f  a mid-latitude alpine site. Data was collected 

over the summer o f  1973 at Niwot Ridge, Colorado, U.S.A. The data collection 

program was similar t o  that o f  the Chitistone Pass work, and relied heavily 

on manual data collection and recording. 



LeDrew (1975a) unsuccessfully attempted t o  use a stabil i ty corrected 

aerodynamic model for  the estimation o f  QE. Diff icult ies in applying the 

aerodynamic approach were attributed t o  advection. QE was actually 

determined for  the entire experiment b y  an empirical relationship between Q 
Pe 

and QE. The relationship was developed using QE data collected from a 

small, weighing lysimeter operated at the site during the last three weeks of 

the experiment. 

The reported mean daily energy balance values at the Niwot Ridge site 

for the period June 25 - August 24, 1973 were Q*  o f  12.48 MJ m-2, QH of 

6.20 MJ m-2, QE of 4.73 MJ m-2, and QG of  1.55 MJ m-2. 

The most sophisticated alpine energy balance results that have appeared 

in English language journals appear to  be those o f  Staudinger and Rott (1981). 

They presented data collected during the summers o f  1977 and 1978 at two 

sites in the Austrian Alps, a cultivated pasture at 1960 m asl, and a flat 

topped ridge at 2580 m asl. Through the use o f  automated data recording and 

sensor interrogation, data was collected far more frequently than in the 

previously discussed studies. 

The BREB approach was used t o  determine OH and QE at both sites. A 

lysimeter was operated at the high elevation site for 6 weeks during the 

summer o f  1978. Notably. the QE values f rom the lysimeter were some 20% 

higher than the values f rom the BREB approach. For both sites QE was 

consistently the dominant term in the energy balance. 

Staudinger and Rott (1981) used the collected data to  investigate the 

effects of atmospheric stability on the convective transfer process at their 

sites, and investigated relationships between the (PM function and Ri. 

The very broad similarities between alpine and arctic tundras are well 

documented. There have been a number o f  studies o f  energy balances of 

arctic tundra surfaces, some o f  which are summarized b y  Lewis and Callaghan 



(1976). A considerable amount o f  work on the microclimates of Canadian 

arctic tundra sites has been published, eg., Addison and Bliss (1980), Ohmura 

(1982) and Rouse (1984). LeDrew and Weller (1978) have presented a direct 

comparison o f  the Niwot Ridge experiment data, wi th data collected at 

Barrow, Alaska. This paper illustrates that, although the surfaces are similar, 

latitudinal differences result in the energy regimes of the sites being 

extremely different. 



CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Introduction 

The f ield measurements for  this investigation were made at a site on 

Plateau Mountain which is located in the Livingstone Range o f  the Rocky 

Mountains in southwestern Alberta, Canada, at about 50' 15' N and 114' 31' 

W. A map showing the the location of Plateau Mountain is presented in 

Figure 3.1. 

This chapter describes the characteristics o f  the site, the f ield techniques 

used and summarizes the general meteorological conditions experienced during 

the investigation. 

3.2 Site Description 

The summit topography o f  Plateau Mountain is characterized by  extensive 

areas o f  f lat to  gently roll ing terrain lying well above treeline. The summit 

surface has been described as a fel l f ie ld (Bryant and Scheinberg 1970), and is 

underlain b y  relic permafrost (Harris and Brown 1978). Much o f  the surface 

exhibits a wide range o f  periglacial patterned ground structures, including 

sorted and non-sorted polygons and nets (Bryant and Scheinberg 1970; Harris 

and Brown 1978). 

The instrumentation site was located in the summit area, at an elevation 

o f  about 2475 m asl. The site has a slight northwest aspect. The average 

slope o f  a 200 m transect running f rom SE t o  NW through the middle o f  the 

site is approximately 3% . An elevated gravel surface road runs north and 

south 100 m t o  the west o f  the instrumentation site. The slope becomes east 

facing 125 m to the east o f  the instrumentation site, and 235 m to the east 

o f  the site the mountain fal ls away in steep cl i f fs.  



Figure 3.1. Map showing locat ion  o f  Plateau Mountain. 



There was evidence o f  water draining f rom the higher areas southeast of 

the site, t o  a low area west o f  the site and adjacent t o  the road 

enbankment. Water was not observed f lowing in open channels towards this 

low area, but a puddle would form adjacent t o  the road enbankment after 

larger precipitation events. Small puddles o f  standing water were observed in 

depressions in the drainage area after precipitation events, and during the 

initial stages o f  the study. 

In the area o f  instrumentation, the surface was dominated by  frost 

mounds or frost hummocks 2 - 4 m in diameter. The tops of the hummocks 

were generally covered with bare gravel and lichens. The sides o f  the 

hummocks were partially covered with mat forming species, primarily Dryas 

hookeriana, Silene aucolis and Salix nivalis. The mat forming species were 

often encroaching on t o  the summits o f  the mounds. The low lying areas 

between the hummocks had developed more o f  a turf, dominated b y  various 

species o f  Carex, Saxifraga, Potentilla and grasses. Figure 3.2 shows a typical 

hummock in the vicinity o f  the site. A similar surface type was found 

immediately north, west and east o f  the instrumentation. To the south of the 

instrumentation there were slightly less areas o f  bare soil, rock and mat 

forming species, and more areas o f  turf. Figure 3.3 shows the site as viewed 

f rom approximately 100 m t o  the south. In Figure 3.3, a Stevenson screen 

and a temporary shelter erected for the data recording equipment are visible 

on the horizon. 

Bryant and Scheinberg (1970) described similar vegetation types in 

association with the frost hummocks at Plateau Mountain. They considered the 

difference between the vegetation found on the hummocks, and the vegetation 

found between the hummocks to  be a function o f  both succession and 

microclimate. The vegetation types at the experiment site are characteristic o f  

those found on windswept ridges, with well drained soils, and small amounts 

of snow accumulation in the middle and upper alpine zones of this part o f  

the Rocky Mountains (Ogilvie 1976; Holland and Cohen 1982). 



Figure 3.2. Photograph o f  typical f rost hummock in the instrumentation area. 

Figure 3.3. Photograph showing instrumentation site as viewed f rom 100 m to  
the south. 



About 100 m due east o f  the instrumentation the surface exhibited 

increasing numbers o f  stone rings. The same transition occurred several 

hundred metres to the north and south, and on the west side o f  the road. 

The gravel road and the stone rings represented significant discontinuites in 

the surface homogeneily, and were considered t o  be the fetch boundaries. 

Allowing for the discussed micro-scale variations in vegetation, it would 

be reasonable t o  assume that the surface was homogeneous in terms o f  

vegetation and aerodynamic roughness for at least 100 m t o  the east and 

west o f  the instrumentation, and for several hundred metres t o  the north and 

south. Assuming a height t o  fetch ratio o f  1/100 (Thom 1975), measurements 

taken at heights above the surface of 1 m or less would have been within 

the turbulent boundary layer, irrespective o f  the wind direction. The prevailing 

winds were f rom the southwest during the investigation, and in that direction 

there were several hundred metres of fetch. 

3.3 Experimental Procedure 

3.3.1 Measurement of Radiative Flux Densities 

Ks was measured wi th an Eppley PSP pyranometer mounted on a tripod 

1.5 m above the surface. K t  was measured with an inverted Middleton CN7 

tripod. A Solarimeter mounted on a horizontal arm projecting 1 m f rom the 

side by  side 24 hour intercomparison o f  the Middleton and Eppley 

pyranometers was carried out in the f ield at the end o f  the exper 

sensors were found t o  agree within D.1% of  each other. This level 

iment. The 

of 

agreement was confirmed by  the calibrations done b y  the Atmospheric 

Radiation Centre, Atmospheric Environment Service, at the end o f  the 

experiment. 

Two Middleton CN-1 pyrradiometers were mounted on the same tripod 

as the pyranometers. One pyrradiometer measured Q* directly. The lower 

hemisphere o f  the other pyrradiometer was covered with a blackbody cavity. 



The temperature o f  the blackbody cavity was measured wi th a thermocouple 

junction referenced t o  an Omega cold junction compensator. This instrument 

provided data for  the determination o f  the incoming all-wave radiation flux 

density, Or. The tripod and attached radiation sensors are shown in Figure 

3.4. 

Using the measured Q*, K r  and K t  values i t  is possible t o  determine L* 

f rom simple algebraic manipulation o f  the radiation balance equation (equation 

2.1). I t  is worthwhile t o  acknowledge that the errors in all three measured 

terms are accumulated in the calculated L*. Two approaches could then be 

used for partitioning L*  into L r  and Lt .  

The f i rst  approach involves calculating L t  f rom the measured To using 

the Stefan-Boltzmann expression (equation 2.5). For this experiment E was 

estimated at 0.90. The measurement o f  To is discussed in a subsequent 

section. L r  can then be simply calculated by  adding L t  t o  the calculated L*. 

The second approach involves using the Q.L value f rom the blackbody 

cavity equipped Middleton pyrradiometer. L r  can then be determined f rom 

and L t  can be calculated by  residual. This second approach has the advantage 

that L t  and L r  are calculated f rom more independent expressions, which 

reduces the accumulating errors. The second method also provides a 

non-contact approach for  determining radiative surface temperatures. 

Unfortunately, post-experiment analysis o f  the Q r  data revealed that a 

nonsystematic sensor error, most likely associated with the measurement o f  

the temperature o f  the blackbody cavity, had occurred. Others have reported 

similar problems with this type o f  sensor (Enz et. al. 1975; Rouse 1984). The 

failure of the Q r  sensor, and the large accumulating error associated with the 



approach used to  determine the longwave fluxes reduced the quality o f  the 

longwave radiation f lux density data collected during this experiment. 

Errors associated w i th  the determination o f  each term o f  the radiation 

balance are are presented and discussed in Appendix 2. 

A l l  the radiation sensors were calibrated by  the Atmospheric Radiation 

Centre, Atmospheric Environment Service, at the end o f  the experiment. 

Radiative fluxes for all the radiation sensors were calculated using the 

calibrations provided by  the Atmospheric Radiation Centre. 

Daily and daylight period radiation totals were calculated by  summing 

the appropriate half-hourly f lux densities. Daily and daylight mean t and a 

were calculated using the mean daily and daylight values o f  KO, KT and KJ. 

3.3.2 Measurement of Vertical Profiles of Air Temperature and Vapour Pressure 

Measurements o f  T and Tw were made at four separate levels above 

the surface using a differential psychrometer system which was operated 

continuously for  the period of the experiment. Similar systems have been 

described by  Pruitt and Lourence (1969), Davies and Allen (1973), 

Rouse et al. (1977), and Bailey and Davies (1981b). Measurements were 

initially made at 0.25 m, 0.50 m, 1.0 m and 1.5 m above the surface. This 

spacing was changed on the afternoon o f  July 4 to  0.25 m, 0.50 m, 0.75 m 

and 1.0 m above the surface, as vertical vapour pressure gradients became 

quite low at heights above 1.0 m as the experiment progressed. The 

differential psychrometer system is shown in Figure 3.5. 

Differences in T between levels 1-2, 2-3, and 3-4 were measured with 

thermopiles constructed o f  0.51 m m  diameter copper-constantan wire. The 

junctions were housed in 4 mm diameter, 350 mm long, stainless steel tubing. 

The thermopile junctions were approximately 1 mm f rom the end o f  the 

tubing. The tubing was f i l led wi th polyester resin, after the thermopiles were 

threaded into the tubing, t o  provide rigidity and strength. Differences in Tw 



Figure 3.4. Photograph o f  tripod with attached pyranometers and 
pyrradiometers. 

Figure 3.5. Photograph of four level differential psychrometer system. 

45 



were measured using identical thermopiles housed in 4 m m  diameter, 250 mm 

long, stainless steel tubing. The extra length o f  the T sensors allowed them 

t o  be bent slightly, so that the T thermopile was in alignment wi th the Tw 

thermopile. The Tw sensor was covered with t ightly stretched cotton wicking 

which was kept moist- by  a capillary fed supply of distil led water. The 

non-sensing ends o f  the tubes containing the T and Tw thermopiles were 

mounted in a circular block o f  acryllic plastic 35 mm in diameter and 65 mm 

long. The stainless steel tubing was fed through 2 holes drilled approximately 

10 mm apart near the centre of the plastic block. The plastic block was 

mounted in a plastic "T" type pipe f i t t ing in which the aspiration fan was 

housed, and to  which the hardware for attaching the sensor t o  i ts vertical 

stand was fixed. 

The sensors were shielded by  an inner shield o f  30 mm diameter plastic 

pipe, 235 mm in length. An outer shield, 45 mm in diameter and 275 mm in 

length, constructed f rom 15 mm thick open cell foam, was placed over the 

inner shield. A 7.5 mm air space separated the two  shields. Aspiration was 

provided by  a Micronel 12V DC fan mounted so as t o  draw air in along the 

inner shield, at a rate exceeding 3 m s-I. Reflective silver mylar tape was 

placed on the shields and mounting hardware to  minimize radiative heating. 

Absolute T and Tw were measured at the lowest level using single 

junction thermocouples. T and Tw at each level were then determined by 

adding the measured temperature differences between levels, t o  the measured 

absolute temperatures. 

Side by  side intercomparisons o f  the sensors in the laboratory show 

that the system is capable o f  resolving temperature differences between 

levels t o  witnin k 0 . 0 5 ~ ~  . This observed degree of resolution agrees well 

with the results o f  the error analysis presented in Appendix 2. 

Wicking was replaced on the Tw sensors on t w o  occasions, July 2 and 

July 11. On each occasion the system was operated for several hours without 



wicking to  compare the T and Tw sensors at each level. Similar 

intercomparisons were conducted at the beginning and end o f  the experiment. 

The results f rom these intercomparisons supported the laboratory estimation 

o f  the resolution of the system. 

Vapour pressure at each level was calculated f rom the psychrometric 

equation 

where es(Tw) is the saturation vapour pressure at Tw. es(Tw) was determined 

f rom the fol lowing well known expression (Murray, 1967) 

Y * Tw 
es(Tw) = X * exp 

Tw + V 

where X,Y and V are empirically determined constants. 

3.3.3 Determination of Sensible and Latent Heat Flux Densities Using the BREB 

Approach 

The 4 level differential psychrometer system provided six different 

combinations o f  AT/Ae for  the calculation o f  P using equation 2.24. They are 

determined f rom the differences in T and e between levels 1-2, 2-3, 3-4, 

1-3, 2-4 and 1-4, where level 1 is the level closest t o  the surface. 

Theoretically, all 6 values should be the same for  measurements made within 

the turbulent boundary layer. However, limitations in instrumentation and 

measurement capabilities can result in differing values. These diff icult ies are 

exacerbated in dry climates where Ae tends to  be small and AT tends t o  be 

quite large. 



0 was init ial ly determined using a linear regression approach to  f i t  a 

straight line through the 6 AT-Ae pairs measured in each half-hour period. 

The slope o f  the line was then considered to  be the best estimate o f  AT/Ae 

for that period. 

A tendency for a bi-modal distribution o f  AT-Ae pairs t o  develop in 

the afternoon was noted. The AT/Ae values based on the differences between 

levels 1-2, 1-3 and 1-4 being significantly different than those based on the 

differences between levels 2-3, 2-4 and 3-4. The consistent occurrence o f  

the bi-modal distribution in the afternoons suggests that level 1 was too 

close to  the surface, and may also have been experiencing radiative heating 

errors. The problems with the data f rom level 1 caused all data f rom that 

level t o  be rejected. 0 was determined using the linear regression approach, 

and the T and e measurements made at levels 2 ,  3 and 4. 

The transition periods between night and day pose problems for the use 

o f  a regression technique for determining 0. During these periods, the vertical 

gradients o f  T and e become very small as the normal nocturnal temperature 

inversion develops and ends. For this experiment the transition periods were 

dealt with by using interpolation to  estimate OH and QE. The low Q*  values 

that occur in these periods, and their short duration (2 - 3 hrs) l imit the 

impact o f  this estimation approach on the calculated daily totals of OE and 

Daily and daylight period values o f  the energy balance components were 

calculated b y  summing the appropriate half-hour flux densities. 

Errors associated with the determination of OH and QE using the BREB 

approach are presented and discussed in Appendix 2. 



3.3.4 Measurement of Horizontal Differences in Air Temperature and Vapour 

Pressure 

A single level system designed to  measure differences in T and e, at 

one level, over a h~ r i zon ta l  distance o f  approximately 15 m, was operated 

continuously for the period o f  the experiment. 

Two sensors identical t o  the sensors used at each level of the 

differential psychrometer were constructed. The thermopiles used t o  measure 

differences in T and Tw between the two sensors were separated by 20 m 

o f  copper-constantan wire. The sensor nearest the data loggers (sensor A)  

was set at a fixed location, and was equipped wi th 2 single junction 

thermocouples for the measurement o f  absolute T and Tw. T and Tw at the 

far sensor (sensor B) were then determined by  adding the measured 

differences in temperature between the sensors, t o  the absolute temperatures 

measured at sensor A. Vapour pressure at each sensor was determined using 

the equation 3.2. Sensor B was moved between 4 fixed locations, all o f  

which were approximately 15 m from Sensor A. By moving sensor B i t  was 

possible t o  keep sensors A and B in approximate alignment with the direction 

o f  the prevailing wind. Both sensors were init ial ly operated at 1.0 m above 

the surface, and lowered t o  0.75 m above the surface on July 6. 

Assuming that the profi les o f  T and e at sensor A were parallel t o  the 

A and - profiles at sensor B, this system would provide the necessary - 
Ax 

Ae to  
Ax 

determine QHdiv and QEdiv f rom equations 2.9 and 2.10. 

The data from the system used to  measure the horizontal differences of 

T and e did not support a detailed determination of horizontal flux 

divergence. This was primarily due t o  problems in aligning the system with 

the wind direction, micro-scale relief in the area of the instrumentation and 

the resolution o f  the system. However, the data can be used t o  provide an 

approximation of the probable maximum amount o f  horizontal flux divergence. 



For the period of the experiment the AT and Ae measurements, made at 

a height o f  1 m above the surface, over the horizontal distance o f  15 m 

generally fel l  within the resolution l imits o f  the measuring system. The 

absolute values o f  Ae were generally less than 15 Pa, and the absolute 

values o f  AT were generally less than 0.05 OC. Assuming the system to  be 

perfectly aligned with the wind direction, and a mean windspeed (i) for the 

interval between the surface and zr o f  4 m s-l, these AT and Ae values 

would result in a total horizontal flux divergence o f  2100 W m-2 . A i value 

o f  4 m s- I  over the interval between the surface and zr would result in a u 

value at zr o f  approximately 6 - 7 m s-l. As u at 1 m was generally less 

then 6 m s- I  the value of 5100 W m-2 can be taken as an approximate 
1 

upper bound to  horizontal f lux divergence. Actual horizontal flux divergenge 

values o f  It 50 - 60 W m-2 seem quite probable, and are accepted as part 

o f  the measurement error associated with the BREB approach. 

3.3.5 Eddy Correlation Measurement of the Sensible Heat Flux 

A Campbell Scientific CA27T sonic anemometer equipped with a 

0.0127 mm diameter chromel-constantan thermocouple junction was used t o  

measure vertical windspeeds and air temperatures. The sonic anemometer and 

thermocouple were sampled at a rate o f  10 Hz, and vii and T were calculated 

at 5 minute intervals. A l l  signal processing was done using a Campbell 

Scientific CR7 data logger system. 

The measurements were initially made at 1.0 m above the surface, and 

on the afternoon of July 6 the sensor was lowered to  0.75 m above the 

surf ace. 

The fragile nature o f  the thermocouple and the possibility o f  moisture 

damage to  the sonic anemometer prevented the operation o f  the CA27T for 

the whole period of the experiment. Approximately 140 hours o f  data were 

collected using this system. Figure 3.6 shows the sonic anemometer with 

thermocouple. 



Figure 3.6. Photograph of CA27T sonic anemometer with thermocouple. 

Figure 3.7. Photograph of single thermocouple junction of surface temperature 
array. Pencil pointing to thermocouple junction indicates scale. 



3.3.6 Determination of Surface Aerodynamic Characteristics and Measurements of 

Stability, Windspeed and Wind Direction 

Windspeed profi les were measured for portions o f  16 separate days 

during the experiment. A cup anemometer system (Rimco) designed by Bradley 

(1969) was used. w his- system requires an attendant and could not be operated 

continuously for the period o f  the experiment. A total o f  108 hours o f  

windspeed profi le data were collected. Windspeeds were measured at 4 

separate levels for half-hour averaging periods. The levels were set at the 

same height above the surface as the differential psychrometer sensors. 

Thirty f ive o f  the half-hourly vertical windspeed profi le measurements 

were made in conditions which satisfied the neutrality requirement of Ri 5 

10.011. Typically these neutral cases occurred in the early morning, evening or 

during periods o f  high windspeeds. The mean z o  value determined f rom the 

neutral profi les was 2.1 mm. The maximum and minimum z o  values were " 

0.1 mm and 5.8 mm respectively, and the standard deviation was 1.4 mm. 

The 2.1 mm value indicates that the aerodynamic surface roughness at Plateau 

Mountain was between that of a bare soil surface and a short grass surface 

(Monteith 1973; Thom 1975; Kanemasu et al. 1979). 

As multi-level windspeed measurements were not available for  the entire 

period o f  the experiment, a modified form o f  equation 2.28 was used to 

determine Ri. The modified equation makes the assumption that To describes 

the air temperature at z,, so that 

where T is the mean temperature between the surface and reference height. 

Ri values calculated f rom equation 3.4 showed good agreement with 

concurrent values calculated using equation 2.28, and the vertical windspeed 



profi le data. 

A Met One anemometer and wind vane were operated continuously for 

the period o f  the experiment. Both instruments were mounted 1 m above the 

surface. The Met One anemometer windspeed measurements were in  excellent 

agreement wi th the concurrent measurements made at the 1 m level by  the 

Bradley-Rimco system. 

3.3.7 Soil Sampling and Analysis 

Six soil samples were taken every two  days. Sampling procedure 

consisted o f  digging a small trench in the surface, pressing a sharp edged 

50 mm deep sampling t in  into the surface, then removing the tin, using a 

trowel inserted horizontally f rom the trench to retain the sample in the tin. 

Samples were taken f rom the 0-50 mm layer and the 50-100 mm layer. The 

amount o f  disturbance t o  the sample was assessed at the the t ime o f  

sampling, and samples considered t o  be good for  bulk density analysis were 

noted. Observations were also made o f  the general location of the sample 

and surface vegetation at the sample location. Of the 120 samples taken, 61 

were assessed to  be good for bulk density analysis, 38 of those were from 

the 0-50 mm layer and 23 were f rom the 50-100 mm layer. Sample tins 

were sealed with tape and mailed to  Simon Fraser University. There they 

were weighed, oven dried for 24 hours at 105O~,  and then reweighed. 

After weighing, drying and reweighing, 38 of the 61 soil samples judged 

good for bulk density analysis in the f ield were passed through a 2 mm 

sieve. The fraction f rom each sample with a diameter o f  greater than 2 rnm 

was weighed and its volume determined by  water displacement. Bulk density 

pb was then calculated, correcting for the greater than 2 mrn diameter 

fraction (McXeague 1972). Loss on ignition (LOI) analysis (Ball 1964; 

McKeague 1972) was performed on 24 o f  the 38 sieved samples. Results 

f rom these analyses are presented in Table 3.1. 



Table 3.1. Summary of soils 
Mountain, June 26 

analysis results for samples taken at 

Units 

Oven Drying Results 

# of cases 

weight of H,O in sample 
mean 
std. dev. 

Sieving Results 

# of cases 

weight of >2 mm fraction 
mean 
std. dev. 

volume of >2 mm fraction 
mean 
std. dev. 

density of >2 mm fraction 
mean 
std. dev. 

weight of 1 2  mm fraction 
mean 
std. dev. 

volume of 1 2  mm fraction 
mean 
std. dev. 

bulk density 
mean 
std. dev. 

>2 mm weight 
dry bulk weight 

mean 
std. dev. 

Al l  
Samples 

120 

41.8 
3 1.9 

38 

69.2 
68.7 

30.4 
30.1 

2.3 
0.4 1 

46.8 
17.8 

198.1 
32.2 

0.25 
0.15 

0.4 17 
0.308 

0-50 mm 
Samples 

60 

40.5 
28.8 

2 5 

39.7 
46.5 

17.4 
20.8 

2.3 
0.38 

44.4 
19.2 

207.6 
29.4 

0.23 
0.17 

0.325 
0.285 

Plateau 

50-100 mm 
Samples 



(Table 3.1 continued) 

All 0-50 mm 50-100 mm 
Units Samples Samples Samples 

LO1 Analysis Results 

# of cases 

weight of organic fraction 
mean 
std. dev. 

organic weight 
dry bulk weight 

mean 
std. dev. 



The high standard deviations for the ratio o f  >2 mm weight 
dry bulk weight 

and the ratio o f  Organic for the samples f rom the 0-50 mm layer 
dry bulk weight 

illustrate the highly variable nature o f  the alpine soils at Plateau Mountain. 

Bryant and Scheinberg (1970) found similar variability. The extremely low bulk 
* 

densities are considered t o  be a function o f  both. the high porosity o f  the 

soils, and the di f f icul ty o f  sampling soils with such a large gravel fraction. 

A linear regression was performed between the organic and dry bulk 

weights o f  the 14 samples f rom the 0-50 mm layer for which LO1 analysis 

was done. The slope o f  this regression line was considered to be the best 

estimate o f  the ratio o f  organic weight t o  dry bulk weight for the 60 

samples f rom the 0-50 mm layer. There was not a strong relationship 

between the organic and dry bulk weights o f  the 14 samples. This would be 

expected f rom the high standard deviations already discussed. However, i t  was 

fel t  that this approach provided as adequate an estimate o f  the average ratio 

o f  organic weight t o  dry bulk weight, as using the means o f  the 14 samples 

would have done, and was less susceptible to  the effects o f  outliers. On the 

basis o f  this ratio, the average weight o f  organic matter for all the samples 

from the 0-50 mm layer was estimated as 15.1 g, and the average weight o f  

mineral matter as 73.3 g. 

To calculate the volumetric fraction o f  organic material, Xo, and the 

volumetric fraction o f  mineral material, Xm, in the soils an average density 

of 1.3 x 10' kg m-3 was assumed for the organic material (Hillel 1982), and 

the average measured density o f  the greater than 2 mm fraction, 2.3 x 10 3 

kg m-3, was assumed for  the mineral matter. On the basis o f  these 

assumptions the average Xo for  the 0-50 mm layer was calculated to  be 

5.4%, and Xm was calculated to  be 15.5% . 

The volumetric fraction o f  water in the soil, Xw, can be measured b y  a 

variety o f  techniques (Schmugge et al. 1980; Hillel 1982; Munro 1982). For 

this experiment Xw was calculated f rom 



- p w 
X w  - ) 100% 

(Mw sample volume 

wi th Mw being the mass o f  water in the sample, as determined b y  the 

difference between the fresh and oven dried soil sample weights, and pw the 

density o f  water. Munro (1982) suggests that this approach is less sensitive 

to  sampling errors when compared to  other gravimetric techniques. For days 

on which no soi l  samples were taken Xw was estimated by  interpolation. 

3.3.8 Measurement of Soil Heat Flux Density, Soil Temperature and Surface 

Temperature 

The soil heat flux density at the surface was determined f rom equation 

2.11. Soil heat flux density at 50 mm below the surface was measured 

continuously using three Thornthwaite soil heat flux disks connected in series. 

Mean soil temperature in the 0-50 rnm layer was measured using 2 arrays o f  

5 single junction thermocouples housed in 2 mm diameter stainless steel 

tubing. The thermocouples were placed at 10, 20, 30, 40 and 50 mm below 

the surface at 2 separate locations near the soil heat flux plates. The two  

arrays were connected in parallel. 

The volumetric heat capacity o f  the soil, C, can be calculated by  

summing the volumetric heat capacities o f  the constituents of the soil 

weighted according to  their volume fractions (Hillel 1982). so 

where XS, Xw and Xa are the volumetric fractions o f  solids, water and air in 

the soil and Cs, C, and Ca are their volumetric heat capacities. The solid 

fraction includes various types o f  minerals and organics, and C indicates the 

summation o f  the respective heat capacities o f  the solid fractions, weighted 



b y  their volumes. Equation 3.6 can be simplif ied by  assuming average heat 

capacities for  minerals, Cm, and organics, Co, o f  2.0 M J  m-3 K-I and 

2.5 MJ m-3 K-1 respectively. Ca is 3 orders of magnitude less than the heat 

capacity o f  the other soil constituents (Ca = 0.0012 MJ m-3 K-I), and its 

contribution to  the overall heat capacity is neglegible (Hillel, 1982). As a 

result equation 3.6 can be restated as 

4.2 Xw (MJ m-3 K-l) . 

As X, and Xo w i l l  be relatively constant for a given soil type, C w i l l  

primarily vary with Xw. 

P Substituting the calculated Xm and Xo values discussed in Section 3.3.7 

into equation 3.6 resulted in the fol lowing expression for  determining the 

volumetric heat capacity o f  the 0-50 mm soil layer at the study site 

Low values of Xw (0 - 5%) substituted into equation 3.8 yield 

volumetric soil heat capacity values o f  0.4 - 0.6 MJ m-3 K-l.  Published 

volumetric heat capacities (Geiger 1961; Oke 1978; Hillel 1982) for other dry, 

porous soils also fal l  into this range. 

Surface temperature, To, was measured with 2 arrays o f  4 single junction 

thermocouples constructed o f  0.127 mm diameter copper-constantan wire. Each 

junction was affixed to the surface using a staple approximately 25 mm back 

from the junction. Figure 3.7 shows a single junction f rom one array. The 

arrays were staked out in 1 m2 plots and wired in parallel t o  provide the 

average surface temperature in those plots. 



In additon to  the measurements necessary to  determine QG and To, 

measurements were also made o f  the vertical temperature profi le o f  the soil. 

Thermocouple junctions were placed at 0.01, 0.10, 0.25, 0.50 and 0.75 m below 

the surface t o  measure the soil temperature profile. 

3.3.9 Data Recording * 

Three Campbell Scientific data loggers were used, a CR21, 21X, and CR7, 

t o  record and process the data generated by the Met One anemometer and 

windvane, radiation instrumentation, and thermocouple based sensors. The data 

loggers were all programmed to  determine half-hour averages. In the case o f  

sensors which generated continuous analog signals, the data loggers were 

programmed t o  interrogate the sensors on 10 second intervals. The data 

loggers were placed in environmental enclosures, which in turn were placed in 
a 

a temporary 1 m x 1 m x 1.5 m shelter that was erected at the site. Figure 

3.8 shows the data logger installation. 

3.3.70 Meteorological Data Collection 

There is a limited number of permanent stations collecting 

meteorological data in the vicinity o f  Plateau Mountain. In the immediate area 

are two  Alberta Forest Service f ire lookouts, Raspberry Ridge at 50' 18' N, 

114' 31' W and 2362 m asl, and Hailstone Butte at 50' 10' N, 114' 27' W 

and 2373 m a.s.1, where meteorological observations are made twice daily 

during the summer. The Alberta Forest Service also operates a year round 

station at Kananaskis at 51•‹ 02' N, 115' 03' W and 1380 m asl. The 

nearest Atmospheric Environment Service synoptic stations are at Banff, 

Calgary and Lethbridge. Data f rom all the above stations are published by  the 

Atmospheric Environment Service. 

At  the Plateau Mountain instrumentation site, a Stevenson screen with i ts 

base 1 m above the surface was erected. The screen contained maximum, 

minimum and standard mercury thermometers, and a Weather Measure 



Figure 3.8. Photograph of data system Fnstaflation. 



thermohygrograph. A Weather Measure tipping bucket rain gauge was placed 

on the ground adjacent t o  the data logger shelter, and t w o  standard 

precipitation collection gauges were placed near the Stevenson screen. A 

Weather Measure barograph and Thommen altimeter were placed in the data 

logger shelter. 

3.4 Summary of Conditions During Ex~er iment  

The investigation was conducted over the period June 25 - July 26 

1985. The general regional weather conditions during the experiment period 

can be summarized as being slightly warmer and sunnier than average, and 

much drier than average. The May through July period o f  1985 was one o f  

the driest recorded in southern Alberta. Monthly data f rom selected 

meteorological stations in the area are presented in Table 3.2. Daily data 

from the Plateau Mountain site are presented in Table 3.3. 

The beginning o f  the investigation coincided with a general increase in 

temperature in the region. Minimum temperatures of less than O•‹C were 

regularly recorded at Hailstone Butte and Raspberry Ridge lookouts in the f i rst  

three weeks o f  June, but did not occur after that date. For the period o f  the 

experiment the mean daily temperatures at Hailstone Butte and Raspberry 

Ridge lookouts were 12 .0 '~  and 11.6'~, respectively. Mean daily temperatures 

at Plateau Mountain were approximately 1 - 2 ' ~  cooler than at the above 

stations. The above results are based on the standard procedure for 

determining mean daily temperature, using the morning readings of the 

maximum and minimum thermometers. 

Peak streamflow occurred in the Plateau Mountain area in late May and 

early June, and this is probably the period when most of the snow on 

Plateau Mountain melted (Alberta River Forecast Centre, personal 

communication). The flat summit topography and its exposure t o  the prevailing 

winds prevent much o f  the summit area f rom accumulating a thick snow 
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cover. A large snow cornice persisted along the eastern edge of the 

mountain for most of the summer of 1985. The lack of  thick snow cover at 

the instrumentation site and the early runoff period suggest that the surface 

of Plateau mountain had already undergone some drying before the 

investigation began. However, the surface was noticeably damp in the early 

part of the investigation. 

Only two significant precipitation events occurred during the experiment. 

Evening thunderstorm activity in the early part of  the investigation was 

common, but resulted only in traces of precipitation at the site. The first 

significant precipitation event occurred in the period July 15-17 and resulted 

in 27 mm of precipitation at Plateau mountain, 24.6 mm of precipitation at 

Hailstone Butte lookout and 17.0 mm of precipitation at Raspberry Ridge 

lookout. This was a mixed rain and snow event at Plateau Mountain. The 

second event occurred in the period July 22-23 and resulted in 6.5 mm of 

precipitation at Plateau Mountain, 5.1 mm of precipitation at Hailstone Butte 

lookout, and 4.2 mm of precipitation at Raspberry Ridge lookout. Al l  this 

precipitation fell as rain at Plateau Mountain. 

The determination of  the surface moisture regime at Plateau Mountain 

proved difficult. There was considerable areal variation in the distribution of 

soil moisture, with the tops of the hummocks tending to  be much drier than 

the areas under the mat plants, and between the hummocks. This variability 

was apparent in the samples from both the 0-50 mm and 50-100 mm soil 

layers. The daily estimates of soil moisture from the 0-50 mm layer, along 

with the daily precipitation amounts, are presented in Figure 3.9. The large 

standard deviations for the soil moisture measurements shown in Figure 3.9 

are due to the areal variations in the daily samples. Standard deviations are 

not shown for the soil moisture values determined by interpolation. 

Throughout the investigation, the deeper layers of the soil (depths > 0.2 

m) were qualitatively observed to be very moist. As with the soil moisture 



in the 0-50 mm layer, there appeared to be considerable areal variation of 

this deeper soil moisture. At the beginning of the experiment, liquid water 

was observed in the soil at a depth of 0.16 m . On July 1, despite the lack 

of precipitation and the strong drying conditions preceding this day, liquid 

water could still be -observed in the soil at depths of 0.20 m. At the end of 

the experiment it was noted that 0.3 m stakes used for the instrumentation 

mast guy wires came out of the ground with mud clinging to  them. 

The prevailing winds were from the southwest during the experiment, 

with winds from that direction being recorded for 64% of the experiment's 

duration. Half-hour windspeeds at 1 m above the surface were generally 

between 3 - 5 m s-I. Instantaneous windspeeds approaching 20 m s- I  were 

recorded on several occasions. There were very few calm periods. 

Surface atmospheric pressure as measured by the barograph was near 

constant at the site, with a maximum variation of  less than 1.2 kPa. This 

was confirmed by the altimeter which showed very little variation. 





CHAPTER 4 

SURFACE RADIATION REGIME - MEASUREMENT RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter the results from the measurements of solar, longwave 

and net radiation flux densities made at Plateau Mountain are presented. Both 

daily data for the entire experiment, and half-hourly data for selected days 

are presented. The solar, longwave and net radiation regimes at Plateau 

Mountain during the experiment are then discussed. The empirical relationships 

between the measured KJ and Q*, both daily and half-hourly, are presented 

and compared with a similar relationship derived by Davies (1967). 

4.2 Measurement Results 

4.2.7 Daily Data 

All the daily, daylight and night values of the measured radiation balance 

components are presented in Appendix 3, along with the daily t ,  a and 

calculated daily KO. The daylight period was defined as the sum of  all the 

half-hour periods for which the calculated KO was greater then zero. Daily 

values for July 9 and July 14 are not included in Appendix 3, due to  periods 

of missing data on these days. The data for July 17 includes a brief period 

when it is likely that some of the radiation sensors were covered by snow, 

and values for that day must be treated judiciously. The data from Appendix 

3 are summarized in Table 4.1. The daily values of the radiation balance 

components over the period of the experiment are plotted in Figure 4.1, and 

the daily a and t are plotted in Figure 4.2. 



Table 4.1. Summary of daily, daylight and night period 
Plateau Mountain, June 26 - July 26, 1985. 

daily 

daily 

daily 

daily 

daily 

daily 

daily 
daylight 

night 

daily 
daylight 

night 

daily 
daylight 

night 

daily 
daylight 

night 

Minimum 

38.8 

10.3 

1.9 

8.2 

0.257 

0.159 

17.3 
12.1 
5.3 

26.3 
18.3 
7.6 

- 12.0 
-9.3 
-2.7 

5.8 
6.3 

-2.7 

Maximum 

4 1.8 

33.1 

5.7 

27.4 

0.793 

0.21 1 

24.3 
16.8 
8.0 

32.1 
23.7 

9.3 

-2.4 
-1.8 
-0.4 

15.8 
18.1 
-0.4 

Mean 

40.6 

25.8 

4.4 

2 1.4 

0.635 

0.172 

20.9 
14.4 
6.5 

30.1 
21.7 
8.4 

-9.2 
-7.3 
-1.9 

12.2 
14.1 
-1.9 

radiation balance data, 

Std. 
Dev. 

--- 
6.1 

1 .o 

5.1 

0.15 

0.009 

1.7 
1.3 
0.7 

1.4 
1.3 
3.3 

2.6 
2.0 
0.6 

2.8 
3.3 
0.6 

Coeff. of 
Variation 

- - 
0.238' 

0.230 

0.239 

0.233 

0.05 1 

0.082 
0.087 
0.100 

0.046 
0.059 
0.387 

0.284 
0.280 
0.32 1 

0.230 
0.232 
0.32 1 

MJ m-l, except t, a and coefficients of variation, which are All values are in 
dimensionless. 
Values for July 9 and July 14 are excluded due to periods of missing data 
on those days. 
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4.2.2 Half  -hourly Data for Selected Days 

Five days of half-hourly radiation flux density data were selected to 

illustrate the characteristics of  the daily radiation balance regime under 

different conditions. The days selected were June 26. July 10, July 17, 

July 18 and July 25.- The half-hourly data from these days is summarized in 

Table 4.2 

Data from June 26 and July 25 are presented to illustrate the radiation 

regime under near cloudless conditions. Data for these days are presented in 

Figures 4.3 and 4.4. There were no noticeable clouds during the daylight 

period of July 25, and only a very light buildup of cumulus clouds on the 

afternoon and evening of  June 26. On June 26, the temporal proximity to the 

summer solstice, and the high daily t resulted in the highest daily KJ during 

the experiment being measured. 

The data for July 17 and July 18 includes radiation flux density 

measurements made during periods of  heavy overcast skies and precipitation, 

partly cloudy conditions, and cloudless conditions. The effects of these 

varying conditions on the radiation balance are illustrated. The radiation 

balance data for July 17 and 18 are presented in Figures 4.5 and 4.6 . 

Thunderstorms began on the afternoon of July 16 and developed into a 

general rain by that evening. The rain continued most of that night, changing 

to snow some time after sunrise on July 17. During the period between 

13:OO MDT July 16, and 15:OO MDT July 17 over 25 mm of precipitation was 

recorded. The sky was completely obscured by heavy low cloud during this 

precipitation event. The cloud cover became more broken during the afternoon 

of July 17. For a portion of the morning of July 17 the site was snow 

covered. Figure 4.5 shows the effect of the snowcover on the radiation 

balance during this period. Figures 4.7 and 4.8 are photographs of the site 

taken during the snowstorm on the morning of July 17. The photographs 

show the greatly reduced visibility and heavy cloud cover during the 



snowstorm. The snow at the site on the morning of July 17 was gone by 

that afternoon. The night of July 17 and the morning of  July 18 were 

cloudless, and the best visibility conditions during the experiment were 

experienced in this period. Cumulus cloud began developing over the site on 

the afternoon of July 18. 

The data for July 10, presented in Figure 4.9, shows the effect of 

smoke and haze on the radiation regime of an otherwise cloudless day. On 

July 10 the sky conditions were near cloudless in the morning, but in the 

afternoon the sky was obscured by smoke and haze. The smoke originated 

from forest fires in the Canal Flats area of British Columbia, some 70 km 

west of Plateau Mountain. Small amounts of ash were also observed in the 

air and on the surface. Hailstone Butte and Raspberry Ridge lookouts also 

reported limited visibility due to  smoke and haze on the afternoon of  

July 10. 

The photographs in Figures 4.10 and 4.11 were both taken from 

approximately the same location, looking north from the data logger shelter. 

The photograph in Figure 4.10 was taken in the late afternoon of a day with 

good visibility, while the photograph in Figure 4.11 was taken at 17:30 MDT 

on July 10. The effect of the smoke on the visibility at the site on the late 

afternoon of July 10 is clearly shown. 



Table 42. Summary o f  half-hourly radiation flux densities, Plateau Mountain, 
June 26, July 10, July 17, July 18, July 25, 1985. 

June 26 - 
KO max 1 177.0 1 165.5 1155.1 1 153.3 
KO mean 483.2 473.3 464.0 462.5 

Ks max 994.0 937.0 767.0 95 1 .O 
Ks mean 383.3 318.8 1 19.5 337.8 

K t  max 160.5 151.5 1 15.5 153.6 
K t  mean 66.0 56.3 25.2 55.8 

K* rnax 
K* mean 

Ls max 232.9 308.5 310.3 251.5 
Ls min 167.6 228.0 218.7 187.5 
Ls mean 200.6 250.6 276.9 22 1.4 

L t  rnax 
L t  min 
L t  mean 

L *  max -83.5 - 15.0 12.8 -67.7 
Lb min -238.9 -206.1 - 107.9 - 178.6 
L* mean -135.1 -1 10.6 -27.4 -109.1 

Q* max 609.5 579.9 567.0 628.9 
Q* min -9 1.5 -88.8 -69.7 -76.5 
Q *  mean 182.3 152.0 66.9 172.9 

a max 0.41 1 0.292 0.642 0.303 
a min 0.159 0.159 0.134 0.149 

t rnax 
t min 

Al l  values are in W m-2, except for a and t which are dimensionless. 
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Figure 4.3. Half-hourly radiation flux densities, transrnissivity and albedo for a 
near cloudless day, June 26, 1985, Plateau Mountain. 
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Figure 4.4. Half-hourly radiation flux densities, transmissivity and albedo for a 
near cloudless day, July 25, 1985, Plateau Mountain. 
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Figure 4.5. Half-hourly radiation flux densities, transmissivity and albedo during 
the snowstorm and subsequent clearing on, July 17, 1985, Plateau 
Mountain. 
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Figure 4.7. Photograph of  site during snowstorm on the morning of  
July 17, 1985. 
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Figure 4.10. Photograph taken looking north from instrumentation site on a day 
with good visibility. 

Figure 4.11. Photograph taken looking north from instrumentation site on the 
afternoon of July 10, when the sky was obscured by smoke and 
haze. 



4.3 Discussion of Solar Radiation Densities. Transmissivitv Albedo 

4.3.7 Solar Radiation Flux Densities 

During the period of the experiment, the post-solstice decrease in solar 

declination resulted in a slight decrease in the magnitude of KO, and a 

decrease in the length of the daylight period. The maximum half-hourly KO 

value went from 1177.0 W m-2 to  1139.1 W m-2, and daylight period length 

decreased from 16.1 hours to  15.2 hours. As a result, daily KO decreased 

from 41.8 MJ m- I  on June 26 to 38.8 MJ m-2 on July 25. 

As noted in Chapter 3, the region experienced below normal cloud cover 

during the experiment, with both Kananaskis and Calgary recording above 

normal hours of bright sunshine during June and July. The below normal 

cloud cover, in a region which normally receives high insolation during the 

summer (Hare and Thomas 1979), combined with the high t values 

characteristic of alpine locations, resulted in generally high daily Kr values 

being measured during the experiment. Daily Kr ranged from a maximum of 

33.1 MJ m-2 on June 26, to a minimum of 10.3 MJ m-2 on July 17, 

averaging 25.8 MJ m-2 over the 28 days for which daily values were 

determined. The variations in the daily K+ values (std. dev. 6.1 MJ m-l) were 

primarily a result o f  the variations in daily t ,  as illustrated in Figure 4.2 . 
Although the daily Kr values were essentially determined by daily t ,  the 

decreasing daylength also had a slight effect. For example, on July 2 the 

daily t (0.76) was 'sl ightly less than that for July 25 (0.77). However, the 

daily Kr on July 2 (31.3 MJ m-2) was slightly greater than for July 25 

(30.0 MJ m-'). 

Figure 4.2 also shows that daily a was essentially constant at the site. 

As a consequence of the constant nature of daily a, daily K t  and K* closely 

tracked daily Ki.  As there was only a slight seasonal change in KO, and daily 

a was almost constant, variations in daily t had the most effect on the daily 

solar radiation balance over the period o f  the experiment. The controlling role 



played by daily t on the daily solar radiation balance is  clearly shown by  

the similarity o f  the coefficients o f  variation for  daily t ,  KL, K t  and K*. 

4.3.2 Transmissivity 

Average daily t was 0.635, but variable (std. dev. 0.148). The lowest 

daily t (0.303) occurred on July 17, a day characterized by  extensive cumulus 

cloud cover and precipitation. The highest daily t (0.793) was measured on 

June 26, a day characterized by  near cloudless sky conditions. Daily t did not 

exhibit a particular trend over the experiment period, although more low daily 

t values were recorded in the latter part of  the experiment than in  the early 

part. This is primarily attributable to  the increased frequency of  cloud cover 

in the daylight periods, during the latter part o f  the experiment. The 

decreasing solar declination after the summer solstice, and the consequent 

increase in M would have only reduced daily t by  approximately 0.01 over 

the period o f  the experiment. 

The high daily t values characteristic o f  high elevation locations were 

experienced on several occasions during the experiment. Daily t exceeded 0.75 

on 6 days. and approached 0.80 on 2 of those days. Similarly high daily t 

values have been measured at other mid-latitude alpine sites, and at lower 

elevation sites on particularly clear days (Gates and Janke 1966; 

Terjung et. al. 1969; Ripley and Redman 1976; Staudinger and Rott 1981). 

Figures 4.3 and 4.4 show that on days without cioud cover, half-hourly t was 

essentially a function o f  the solar zenith angle. On these days the maximum 

half-hour t value would occur at solar noon and would approach 0.85. On 

days with partial cloud cover, the half-hourly maximum t values would also 

approach 0.85 during bright periods when the solar disc was not obscured b y  

clouds. 

Cloud cover effects on t obviously varied wi th the cloud type, extent, 

duration, location and time o f  day. Cloud cover observations were not made 

continuously during the experiment, and were not made in enough detail t o  



quantify the effects o f  clouds on t. Persistent and complete coverage of the 

sky by heavy low cloud, as on the morning o f  July 17, resulted in  the most 

significant and continuous reduction o f  t. More characteristically. the sky was 

only partially obscured by  clouds. Partial cloud cover resulted in effects 

ranging f rom the large fluctuations in t during periods o f  alternating 

cloudy-bright conditions, as seen on the afternoons o f  July 17 and July 18, 

t o  the almost insignificant reductions in t caused b y  the passage o f  single 

clouds, as seen at mid-day on June 26. The data for  June 26 also shows 

the effect o f  the development o f  thunderclouds in the late evening, which 

accelerated the decrease in t during the last f ew  hours o f  the daylight 

period. 

The smoke, haze and ash in the atmosphere on the afternoon o f  July 10 

reduced t. Cloud cover in this period may have had an effect on t, but as 

the sky was completely obscured b y  smoke i t  was impossible to  make cloud 

observations. Sky conditions prior to, and immediately after, the smoke period 

were not involved in the reduction o f  t. suggest that clouds 

As i t  is based 

Lowry's (1980) empir 

atmospheric pressure 

on a large number o f  observations at varying altitudes, 

,ical relationship between direct-beam transmissivity and 

provides an interesting standard against which the 

transmissivity data f rom Plateau Mountain can be compared. Assuming "dry 

conditions" and a constant atmospheric pressure o f  75 kPa, the Lowry 

expression would predict a maximum half-hourly t of  0.828 on June 26, 

decreasing to  0.824 on July 25, which agrees very well with the observed 

maximum values on those days. In Figures 4.12 and 4.13 the observed 

half-hourly t values for June 26 and July 25 are compared with the predicted 

values from the Lowry expression. In both cases there is very good 

agreement between the predicted and observed values. This is particularly 

surprising considering that the observed t values are based on calculations 

which do not discriminate between direct solar radiation and diffuse solar 

radiation, while the Lowry expression only predicts direct beam transmissivity. 



The divergence between the predicted and observed values on the morning of 

June 26 may be attributable to this discrepancy. 



Measured  t 

Pred ic ted  t - - - - - - - - - -  

Figure 4.12. Comparison of  predicted (Lowry expression) and observed half-hourly 
transmissivity at Plateau Mountain, June 26, 1985. 
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Figure 4.13. Comparison of  predicted (Lowry expression) and observed half-hourly 
transmissivity at Plateau Mountain, July 25, 1985. 
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4.3.3 Albedo 

In contrast t o  t, the daily a was near constant throughout the 

experiment. The average daily a for the experiment was 0.172 (std. dev. 0.051) 

The highest daily a (0.21 1) was measured on July 17 and can be 

attributed to  the snow cover on the morning o f  that day. The decrease in  a 

as the snow melted is seen in Figure 4.5. The lowest daily average (0.159) 

occurred on July 16, and may be a function o f  the darkening of the bare 

soil surfaces as a result of  wetting from precipitation. As Figure 4.2 shows, 

the increase in a on July 17 was the only significant fluctuation in daily a 

over the course o f  the experiment. Excluding the data for  July 17, the 

average daily a for the experiment becomes 0.170, with a standard deviation 

o f  less then 0.005. In the absence of snowcover, daily a is considered t o  be 

essentially constant at this site. Despite phenological changes in vegetation 

there was l i t t le effect on daily a. Rouse (1984) also found l i t t le change in 

the average daily a of  a sub-arctic tundra site over the summer season. The 

value o f  0.170 is quite similar t o  published values for daily summer albedos 

o f  arctic and sub-arctic tundra sites (Davies 1963; Petzold and Rencz 1975; 

Lewis and Callaghan 1976; Rouse 1984). 

Half-hourly a showed a characteristic diurnal pattern, with the maximum 

albedos occurring just after sunrise and before sunset, and the minimums 

occuring around solar noon. This pattern is primarily attributable to  the 

increase in a associated with increases in Z. This relationship has been 

observed by  others over both agricultural and tundra surfaces (Davies and 

ldso 1969; Nkemdirim 1972; Greenland and Clothier 1975; Rouse 1984) The 

relationship between half-hour a and Z at Plateau Mountain on the five 

selected days is presented in Figures 4.14 - 4.18 . Figure 4.16 shows that 

the snowcover on the morning o f  July 17 resulted in a substantial deviation 

f rom the characteristic diurnal pattern. 



Theory suggests that the variation o f  a wi th Z wi l l  be greatest at sites 

where the ratio o f  direct solar radiation to  diffuse solar radiation is high 

(Monteith 1973). Rouse (1984) reports no variation in a with Z at a tundra 

site on overcast days. Interestingly, the Plateau Mountain data shows an 

increase in afternoon a even on the afternoon o f  July 10, when the sky was 

completely obscured b y  smoke, and presumably the ratio o f  direct solar 

radiation t o  diffuse was low. 

At  Plateau Mountain the relationship between a and Z was not constant 

throughout the day, afternoon a being consistently higher than morning a. The 

lack of symmetry is probably a result o f  a combination of various factors. 

The high relative elevation of the site and the slight slope o f  the surface 

may have resulted in the K t  sensor "seeing" a small portion o f  the sky 

above the western horizon. There were also probable differences between the 

relative amounts o f  direct and diffuse radiation in the afternoon and morning 

K6, and differences in the spectral composition o f  afternoon and morning KL. 

These factors would occur as a result o f  differences in  the amounts o f  

aerosols, water vapour and other atmospheric constituents in the air mass 

west o f  the site, as compared to  the air mass east o f  the site. The 

possibil i ty o f  a systematic sensor error was investigated and ruled out. 

However, i t  is noteworthy that the greatest differences were measured 

between the early morning and late afternoon albedos. At  these times both 

KJ and K t  are low in magnitude, and small errors in the measurement of  

either parameter w i l l  result in large errors in the determined a. 

The overall impact o f  the differences between afternoon and morning a 

on the radiation balance at Plateau Mountain is considered to  be negligible. 

The largest differences occur when the radiative fluxes are small, and for 

most of the daylight period the half-hourly a values fel l  in the range o f  

0.15 - 0.18. 
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Figure 4.14. Half-hourly albedo vs. zenith angle. June 26, 1985. 
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Figure 4.15. Half-hourly albedo vs. zenith angle. July 25. 1985. 

0.0 , I 1 1 1 I I I I I 
10 20 SO 40 5 0  6 0  70 8 0  90 

Zen i th  Angle (Degrees) 

Figure 4.16. Half-hourly albedo vs. zenith angle. July 17. 1985. 
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Figure 4.17. Half-hourly albedo vs. zenith angle, July 18, 1985. 
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Figure 4.18. Half-hourly albedo vs. zenith angle. July 10. 1985. 



4.4 Discussion of Lonnwave Radiation Densities 

Figure 4.1 shows that the daily L t  and LL varied only slightly from their 

mean values during the experiment. The average daily values o f  LL and L t  

were 20.9 MJ m-2 (std. dev. 1.7 MJ m-2) and 30.1 M J  m-2 (std. dev. 

1.4 MJ m-2) respectively. Daylight period LL and L t  were similarly constant, 

averaging 14.4 M J  m-2 (std. dev. 1.3 MJ m-2) and 21.7 MJ m-2  (std. dev. 

1.3 MJ m-2) respectively. Night period values were more variable but smaller 

in magnitude. Night L r  and L t  averaged 6.5 MJ m - l  (std. dev. 0.7 MJ m-2) 

and 8.4 MJ m-2 (std. dev. 3.3 MJ m-2) respectively. 

The tendency o f  L*  totals t o  approach 0 M J  m-2 at night, as LL and L t  

values became similar, is shown by  the low magnitude of the average night 

period L*  (-1.9 MJ m-2). Daylight values were larger in magnitude, 

approximately -9.0 MJ m-2 on days with small amounts o f  cloud cover. 

Heavy cloud cover resulted i0 daylight L* totals approaching 0 MJ m-2. The 

effect o f  cloud cover on daylight L*  totals is illustrated b y  the small 

magnitude o f  the daylight L*  value on July 17 (-1.8 MJ m-2). Figure 4.5 

shows the similarity of the half-hourly L t  and LL during the period o f  

extensive cloud on the morning o f  July 17. 

As noted in Chapter 3, there was a general increase in surface 

temperatures during the experiment, which resulted in a general increase in Lt .  

The mean surface temperature for the period o f  the experiment, 15.6'~, is 

very similar t o  the radiative surface temperatures measured at an arctic 

tundra surface during the summer by  Rouse (1984). On the half-hour basis, L t  

being a function o f  To, which is strongly dependent on Q*, tended to  fo l low 

the trend of the half-hourly Q*. The strong dependence o f  Q*  on KL, 

discussed in a subsequent section, resulted in L t  tending t o  reach its 

maximum coincident wi th Kr. 



L r  appeared to  be relatively independent o f  the solar radiation fluxes, 

and most o f  i ts  variation can be attributed to  variations in cloud cover. For 

example, the decreasing trend o f  L r  throughout July 17 is attributed t o  the 

change from the heavy cloud cover and fog  of the morning to  the scattered 

cloud cover of the afternoon, t o  the clear skies o f  that night. Similarly the 

small increase in L r  just before sunrise on July 10, is attributed t o  the 

passage o f  a small thunderstorm at this time. 

The large potential error associated with the L+ measurements did not 

support the comparison o f  the L r  data with the results f rom atmospheric 

emittance models. The L r  data does reflect the elevational influence, with the 

values being less than summer values reported for lower elevation 

mid-latitude sites, but greater than those reported b y  LeDrew (1975b) at the 

64 kPa level. 

4.5 Discussion of Net Radjation Densities 

Daily and daytime Q* averages over the experiment were 12.2 MJ m-2 

(std. dev. 2.8) and 14.1 MJ m- I  (std. dev. 3.3), respectively. Although direct 

intercomparisons are difficult, these daily Q* values are not unlike summer 

measurements f rom other mid-latitude sites at lower elevations, with similar 

albedos (Ripley and Redmsn 1976. Oke 1978, Rouse 1984). The similarity o f  

the daily Q* values measured at Plateau Mountain, with those measured on 

fine days at lower elevation sites, does suggest that during this experiment 

high daily K e  values were to  some extent compensated for by  small L*  

values. 

As would be expected f rom the nature o f  the solar and longwave 

radiation regimes, Q*  was largely dependent on Kr, both on a daily and 

half-hourly basis. As shown in Figure 4.1, daily Q*  closely tracked daily Kr, 

and the coefficient o f  variation for Q*  is similar t o  that for daily t. 

Similarly, half-hourly Q*  closely tracked half-hourly K1, and the maximums o f  



Table 4.3. Average daily and daylight period values for QL/K*, Q*A* and 
Q*/Ks, Plateau Mountain, June 26 - July 26, 1985. 

Daily 

Daylight 

Mean 0.576 - 1.404 0.477 
Std. Dev. 0.056 0.359 0.046 

Mean 0.665 -2.033 0.550 
Std. Dev. 0.042 0.437 0.034 



half-hour Q *  and Kr were always coincident. 

In  Table 4.3 average daily values fo r  Q*K*. Q * K s  and Q * A e  are 

presented. The small standard deviations f o r  the Q * K *  and Q * K r  ratios 

il lustrate t h ~  constant nature o f  the relationship between solar and net 

radiation at this site. *The larger magnitude o f  the Q * A *  rat io indicates the 

relatively smaller significance o f  the longwave component t o  the daily net 

radiation balance. 

4.6 Relat ionshi~s Between Solar and Net Radiation 

A simple linear relationship between the daylight per iod Q* and KJ 

measured at Plateau Mountain is presented in Figure 4.19. This relationship, 

based on 29 cases, has the f o rm  . + r x  
i-. 

i 
/ 

Q* = 0.512 Kr + 1.038 (MJ m- l )  (4.1) 

w i t h  r2 = 0.946 and a standard errok o f  0.719 M J  m-2. The Davies (1967) 

relationship, based on  Q* and K1 values f r om 14 stations around the world, 

is  included fo r  comparison. 

Davies' (1967) relationship is based on  some surfaces similar t o  the 

surface at Plateau Mountain. A l l  the stations used b y  Davies had albedos 

comparable t o  that o f  Plateau Mountain, and 3 o f  the stations were located 

in  the Canadian arctic and sub-arctic. A l l  14 stations were at or near sea 

level. The range o f  Q* values considered was similar t o  that measured at 

Plateau Mountain. The sl ightly steeper slope o f  the Davies curve, as compared 

t o  the Plateau Mountain curve, suggests that the rat io o f  the daylight Q* 

total t o  K+ was generaly smaller at Plateau Mountain, as compared t o  the 14 

other stations. The difference between the Plateau mountain data and the data 

f rom the 14 'lower elevation sites could be interpreted as supporting the 

suggestion that increases in solar radiation resulting f r om increases i n  



elevation, are to  some extent, compensated for  b y  an increasingly negative 

L *. 

I t  has been noted (Idso 1971) that relationships between the daily values 

o f  K r  and Q* are marred by  a lack o f  data points around the origin. This 

weakness is apparent - i n  Figure 4.19. Davies and ldso (1979) suggest that a 

relationship based on shorter term data may be more reliable for the purpose 

o f  estimating daylight Q*. This approach would involve the substitution o f  

measured mean short-term K r  values into the relationship t o  predict mean 

short-term Q*, then multiplying that value by  the length o f  the daylight 

period. 

In Figure 4.20 the relationship between the measured half-hourly K r  and 

Q* is presented. This relationship, based on 929 cases, has the form 

with r2 = 0.966 and a standard error of 38.72 W m-2. The slope o f  this 

relationship is greater than both the Davies relationship, and that o f  the 

relationship developed using the daylight values f rom Plateau Mountain. This 

relationship is quite similar t o  those presented by  Nkemdirim (1973) for a 

wide variety o f  cropped surfaces near Calgary, Alberta, at approximately 

1000 m asl. Nkemdirim (1973) used hourly data collected on cloudless days 

t o  develop his relationships. The empirical expression based on the daylight 

period data, the expression based on the half-hourly data and the Davies 

expression were evaluated in terms o f  their performance as predictors of 

daylight Q*  at Plateau Mountain for the period o f  the experiment. The results 

o f  the comparisons are presented in Table 4.4. 

The tabulated results indicate that there was only a small difference 

between the performance of the site specific empirical expressions, and the 

more general Davies expression. The average relative error o f  the three 

expressions ranged f rom 23% t o  +7% . This is not considered a significant 
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difference, as measurements o f  Q* are generally considered to  have a relative 

errror of f7% (Davies and ldso 1979) . Thus, i t  is concluded that for this 

site the Davies empirical expression could have been used with a high degree 

o f  confidence as a means o f  estimating daylight period Q*. The measured 

daylight Q* values are compared with values predicted using the Davies 

expression in Figure 4.21. 
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Figure 4.19. Measured daylight period Q *  vs. daylight period K r ,  Plateau 
Mountain, June 26 - Juiy 26, 1985. 



Figure 4.20. Measured half-hour daylight OC vs. half-hour K1, Plateau Mountain, 
June 26 - July 26, 1985. 
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Figure 4.21. Predicted dayl ight  pe r i od  Q C  (Davies expression)  vs. measured 
dayl ight  pe r i od  Q*, Plateau Mountain. June 26 - Ju ly  26, 1985. 



CHAPTER 5 

SURFACE ENERGY BALANCE MEASUREMENTS AND MODELLING - RESULTS AND 

DISCUSSION 

5.1 Introduction 

In this chapter the results f rom the surface energy balance measurements 

made at Plateau Mountain are presented and discussed. First, the daily and 

half-hourly measurements made using the BREB approach are presented and 

discussed. Emphasis is placed on the discussion o f  surface effects on the 

energy balance. Then the OH measurements made using the eddy correlation 

approach, and the OH estimates made using the Ohm's law approach, are 

compared with the measurements made using the BREB approach. Finally, the 

results o f  using an equilibrium based approach t o  model daily QE, and a 

combination energy balance-Ohm's law approach t o  model half-hourly QE, are 

presented and discussed. 

5.2 Descr i~ t ion  of the Surface Enerqy Balance Regime During the Ex~eriment 

5.2.1 l ntroduction 

In this section, the nature o f  the surface energy balance regime at 

Plateau Mountain during. the experiment is described. The energy balance is 

f i rst  described in terms o f  the daily and daylight values o f  the energy 

balance components. Half-hourly data for selected days is presented to  

provide more detail. The resultant surface and near surface zone thermal 

regimes are discussed, as is the behavior o f  the surface with regard to  the 

movement o f  water f rom the tundra surface to  the atmosphere. Finally, the 

surface energy balance regime over the course o f  the experiment is described. 

A l l  the measured daily, daylight and night period values for the energy 

balance components are presented in Appendix 4, along with the average 0 



and a values. The energy balance data from Appendix 4 is summarized in 

Table 5.1. 

As specified in Appendix 4, some o f  the missing values in Table 5.1 

are due to  the problems with instrumentation and data recording. Other 

missing data is due €0 meteorological conditions which prevented the use o f  

the BREB approach for determining convective fluxes. These latter problems 

are discussed more ful ly in subsequent sections. 

The general summary o f  the energy balance regime presented in Table 

5.1 shows that QG tended to  be proportional t o  Q*, and most o f  the 

variance in daily QG can be explained by  the variance in daily Q*. Daily QG 

was on average 8.4% of  daily Q*, and daylight QG was 13.6% of the daylight 

Q*. The relationship between QG and Q* is discussed more ful ly in Section 

5.2.5. 

Table 5.1 also shows that the energy balance was generally characterized 

by  high OH values, and relatively small QE values. The average daily P was 

1.89, the average daylight period fl was 2.53. Previous energy balance studies 

conducted over the summer, in alpine environments, have reported lower 

average p values (LeDrew 

the Plateau Mountain site 

have been the subject o f  

value recorded during the 

4.2 mm per day and the 

0.6 mm per day. Addison 

1975; Staudinger and Rott 1981). This suggests that 

had a drier surface than other alpine sites which 

energy balance investigations. The highest daily OE 

experiment was equivalent t o  an evaporation rate o f  

lowest was equivalent t o  an evaporation rate o f  

and Bliss (1980) measured a similar range o f  daily 

evaporation rates at an arctic tundra fel l f ie ld site during the snow-free 

season. 

In general,. the night period values for all the energy balance components 

were low in magnitude. Given the (1) similarity o f  the daylight and daily 

values, (2) more dynamic nature o f  the daylight period energy balance regime 

as compared to  the night regime and (3) the larger error associated with the 



Table 5.1. Summary of daily, daylight and night period energy balance data, 
Plateau Mountain, June 26 - July 26, 1985. 

KJ 

Q *  
(daily) 
(daylight) 
(night) 

OH 
(daily) 
(daylight) 
(night) 

OE 
(daily) 
(daylight) 
(night) 

Q~ 

(daily) 
(daylight) 
(night) 

N Minimum Maximum Mean Std. 
Dev. 

5.96 

2.76 
3.23 
0.66 

2.59 
2.54 
0.6 1 

2.50 
2.27 
0.52 

0.67 
0.7 1 
0.15 

Coeff. of 
Var. 

0.230 

0.226 
0.229 
0.329 

0.41 1 
0.318 
0.360 

0.490 
0.472 
1.730 

0.608 
0.373 
0.185 

N refers to the number of periods for which values were available. All other 
values are in MJ rn-2, except the coefficients of variation which are 
dimensionless. 



determination o f  the night period values, as compared t o  the daylight period 

values, the remainder of the discussion w i l l  refer only t o  the daylight period 

energy balance values. 

To facilitate the description o f  the energy balance regime, the days were 

categorized into three- groups on the basis o f  the daylight period net radiation 

values and average 0. This categorization enables the comparison o f  days 

which had similar magnitudes o f  available energy. This categorization is also 

useful for  illustrating the effect o f  the availability o f  surface moisture on the 

daily energy balance regime. Surface moisture availability being a major 

factor in determining the partitioning o f  the available net radiative energy at 

the surface into QH and QE. The criteria for categorization were selected 

solely for the purpose o f  description. The three categories were as fol lows: 

(a) Low Q* days. These days had low to  moderate Q*  values, generally less 

than 10 MJ m-2. Four days fel l  into this category: July 12-13 and 

July 16-17. 

The remaining days were then divided into t w o  groups on the basis o f  the 

daylight period 0: 

(b) High Q* and low 0 days. These days had high to  moderate Q *  values, 

greater than 10 MJ m-1, and a 0 o f  less than unity. Seven days fel l  into 

this category: June 30, July 1, July 18, July 20-21 and July 23-24; 

(c) High Q* and high 0 days. These days had high t o  moderate Q *  values, 

greater than 10 MJ m-1, and a 0 o f  greater than unity. Into this category 

fel l :  June 27-29, July 4-8. July 10. July 16, July 19, July 22 and July 25-26. 

July 2-3, July 9 and July 11 could not be categorized, although they 

had high Q* values. On those days periods of missing data prevented the 

determination o f  an average 0 value for the entire daylight period. 

Table 5.2 summarizes the daylight period energy balance component 

values for  each category o f  day, as well as the soil moisture, daily mean 

windspeed, air temperature and a (data presented in Table 5.2 is discussed in 
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subsequent sections). 

5.2.2 Low O* Days 

The low mean Q* for these four days, 7.4 MJ m-2, was a consequence 

o f  cloud cover reducing t and the daily K&. The average daily t for  the low 

Q*  days was only 0.330 . 

The clouds on the low Q *  days were generally associated with 

precipitation. Over 26 mm of  precipitation fel l  on the low Q*  days, 

approximately 70% o f  the total precipitation recorded during the experiment. 

During the periods o f  precipitation the air mass near the surface tended t o  

be isothermal. These conditions resulted in  the vertical differences in 

temperature and vapour pressure being less than the resolution o f  the 

differential psychrometer system. As a result, the partitioning o f  the available 

energy into OH and QE, using the BREB approach, for portions o f  July 13 

and July 16-17 was not possible. The possibil i ty o f  precipitation induced 

instrument damage prevented the use o f  the eddy correlation equipment on 

these days. 

In general, i t  is assumed that daily QE was l ow  (less than 3.0 MJ m-l)  

on the l ow  Q* days. The main reasons for this assumption are the low 

amounts o f  available energy, and the small vapour pressure deficit (VPD) on 

these days. The VPD is a measure o f  the strength o f  the atmospheric sink 

for water vapour. I t  is the difference between the saturation vapour pressure 

and the actual vapour pressure as measured at a given height above the 

surface. 

5.2.3 High Q* days 

As discussed' in Chapter 4, high daylight Q* values were associated with 

the generally fine weather and low amounts o f  cloud cover. These conditions 

were the norm for the experiment. 



Table 5.2 shows that, apart f rom the categorization created differences in 

their QE and OH regimes, the meteorological conditions on both types of 

high Q *  day were quite similar. Both categories o f  days had similar Q* and 

QG values, showing that the amount o f  available energy at the surface was 

the same for  both categories o f  day. Windspeeds and air temperatures were 

slightly higher on the high P days. Statistical analysis o f  the data 

(Mann-Whitney U Test) supported the hypothesis that there was not a 

significant difference between the means of the daylight Q*, QG, daily 

windspeeds and daily air temperatures for the two  categories o f  high Q* day. 

The difference in the QE regimes for the t w o  categories o f  high Q* 

day, despite the similar amounts o f  available energy, air temperatures and 

windspeeds, is attributed to  differences in  the availability o f  surface moisture. 

The statistical analysis showed a high probability that volumetric soil 

moisture measurements f rom the 0-50 mm layer were higher on the low P 

days, as compared t o  the high P days. Further evidence for the l imit ing 

effect o f  surface moisture availability is found in the t iming o f  the 

occurrence o f  the high Q *  and low P days. These days only occurred 

immediately after precipitation events. 

Analysis o f  the energy balance regimes on individual days more clearly 

illustrates the effect o f  surface moisture availability on the QE regime. 

5.2.4 Half-hourly Data for Selected Days 

Five individual days were selected to  illustrate the characteristics of the 

surface energy balance regime in more detail. The days are intentionally the 

same as those discussed in Chapter 4, with two  exceptions. This facilitates 

the description o f  the relationships between the surface radiation and energy 

balances on these days. The days are June 27, July 25, July 6 and 

July 17-18. June 27 is discussed, rather than June 26, as a complete set of 

energy balance measurements was not made on June 26. July 6 is discussed, 

rather than July 10, because the data for July 6 is more representative o f  



the energy balance regime during the dry conditions o f  the middle part o f  

the experiment. The half-hour energy balance data for these days is  presented 

in Figures 5.1 through 5.5. The half-hour daylight period ra and VPD at 1.0 m 

above the surface are also presented in the figures. The VPD and ra  are 

included to  illustrate the strength o f  the atmospheric sink for  water vapour 

and the effectiveness of the turbulent exchange process on these days. 

The energy balance regimes on June 27 and July 25 are considered 

typical o f  days with high daylight Q *  and relatively moist surface conditions. 

The half-hourly energy balance data for these days are presented in Figures 

5.1 and 5.2. Both days fal l  into the high Q* and high 0 cateqory, with 

June 27 having a daylight Q *  value o f  17.4 MJ m-2 and a o f  1.37. The 

respective values on July 25 were 16.0 MJ m - 2  and 1.12. 

The surface radiation regimes on June 27 and July 25 were similar. The 

weather was generally f ine for both days and both days had a high daily t. 

The slightly higher Q*  total on June 27 is due t o  i ts slightly longer daylight 

period. Daily t was actually higher on July 25. June 27 was a predominantly 

cloudless day, with some cumulus clouds developing in the late afternoon, 

and a squally thunderstorm in the late afternoon and evening. The effect of 

the afternoon cloud on June 27 is well demonstrated in the period f rom 

15:30 MDT to  17:30 MDT. Passing cloud in this period caused t t o  go f rom 

0.796 to  0.461, then t returned to  0.784. As a result Q* dropped from 

500 W m-2 to  200 W m-l, then increased to 450 W m-2. The diurnal radiation 

regime on July 25 is described in Chapter 4. 

The VPD and ra regimes on both days are similar, with minor 

differences as a result o f  the thunderstorm on the afternoon o f  June 27, and 

the period o f  low windspeeds on the morning o f  July 25. As on other days, 

with small amounts o f  cloud cover, the VPD showed a steady increase 

through the morning, reaching a maximum in the early afternoon. The 

maximum VPD being associated with the maximum air temperatures. On 
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on  which  the surface w a s  re la t ive ly  wet ,  June 27, 1985, Plateau 
Mountain. 
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Mountain. 



June 27 the surface was st i l l  drying f rom the preceding precipitation and 

snowmelt. On July 25 the surface was st i l l  drying from the precipitation that 

fel l  on July 22-23. 

The night period values illustrated in Figure 5.1 and 5.2 are typical o f  

night period energy values during the experiment. As previously 

discussed, the night period energy balance fluxes showed l i t t le variation 

throughout the experiment, and were consistently small in magnitude. 

On both days the morning increase in both QG and QE occurred 

coincidentally with the increase in Q*. OH lagged behind, not showing a 

significant increase until an hour after Q* became positive. This lag reflects 

the t ime required to  reverse the nocturnal temperature inversion. After i t  

began t o  increase, OH quickly outpaced the other components, tracking Q *  and 

reaching a maximum of  300-350 W m-2 at the same time that Q* peaked at 

nearly 600 W m-l. The QE curve has a flatter peak o f  less than 200 W m-2. 

The larger amount o f  cloud cover on June 27 results in more fluctuations in 

the energy balance regime when compared to  July 25. Figure 5.1 shows the 

characteristic lag in the response of QG to  these cloud induced fluctuations 

in t. 

The tendency of QE to  experience a decline in it's rate o f  increase in 

the late morning, while Q* and OH were st i l l  increasing rapidly, was a 

general characteristic of  the energy balance regimes for most o f  the high Q* 

days. There was considerable variation in this trend. Figure 5.2 shows QE 

approaching i ts maximum value before either the available energy maximum or 

the maximum VPD is achieved. This suggests that surface moisture availability 

had become the l imit ing control on QE. This "flattening" o f  the QE curve 

may reflect some physiological control b y  the surface vegetation over the 

movement of water t o  the surface, as suggested by  Hatfield and Wanjura 

(1985). I t  probably also reflects an increase in the surface resistance, rs, 

caused b y  the drying o f  the top few millimetres o f  the bare soil surface. 



The thunderstorm between 19:30 MDT and 20:30 MDT on June 27 

produced a small amount o f  rain and hail. The small increase in QE during 

this period is likely a result o f  this precipitation wetting the surface. 

However, i t  should be noted that in this evening period vertical temperature 

and vapour pressure gradients were very small, and the BREB approach was 

susceptible to  large errors. 

The energy balance regime on July 6, shown in Figure 5.3, is 

characteristic o f  a high Q*  and high 6 day during the middle part of the 

experiment. The daylight Q* value on July 6 was 16.3 MJ m-2, the daylight 

was 4.04. This period was characterized by fine weather with no precipitation, 

and the site's surface was quite dry. Figure 3.11 shows that volumetric soil 

moisture measurements in  the 0-50 mm layer were consistently less than 10% 

at this time. 

July 6 was a nearly cloudless day, daily t was 0.750, and Figure 5.3 

shows the characteristic Q* curve expected on such a day. The curve is 

similar t o  those observed on June 26 and July 25. Q* reached a maximum of  

over 600 W m - 2  at solar noon on July 6. 

In comparison t o  June 27 and July 25, Figure 5.3 shows that there was 

l i tt le lag in the response o f  OH to  the increase in Q* on the morning o f  

July 6. The nocturnal temperature inversion was reversed more quickly than 

on the morning of those other days. QH tracked Q* t o  reach a maximum of  

approximately 450 W m-2 at solar noon. Typically, during this dry period, QE 

was low. Figure 5.3 shows that for most of the daylight period o f  July 6, 

QE did not exceed QG. The characteristic "flattening" o f  the QE curve is 

very pronounced. QE increased slowly, reaching a f lat topped peak o f  

approximately 100 W m-2 before solar noon, then decreasing to  near its 

nocturnal minimum by 16:30 MDT. 

Surface moisture availability is clearly a limiting factor on the QE 

regime on July 6. Despite increasing amounts o f  available energy, a 
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pronounced VPD, and low ra, QE decreased throughout the late morning and 

afternoon. 

The energy balance data for July 17-18, presented in Figures 5.4 and 

5.5, illustrates the conditions during the latter part of the rain and snowstorm 

that occurred on July- 17, and on the subsequent fine day, July 18. The 

energy balance regime on July 17 is an example of a low Q*  day, the 

daylight Q* value was 6.3 MJ m-2. The surface energy balance regime on 

July 18 is an example of a high Q *  day (16.9 MJ m-2) with a low daylight 

/3 of 0.678. 

As noted in Chapter 4, the heavy cloud cover on the morning and early 

afternoon o f  July 17 reduced t and resulted in low Q* values for most of 

the day. Q* did not exceed 150 W m-2 until after 15:OO MDT, when clearing 

skies resulted in cloudy-bright conditions and Q*  fluctuated widely. The low 

Q* values and the snowcover on the morning reduced surface heating, and 

QG did not become positive until 12:30 MDT. The isothermal nature o f  the 

airmass near the surface, and snow induced instrumentation problems, made it 

impossible to determine QH and QE using the BREB approach on the morning 

and early afternoon o f  July 17. For the latter part o f  the afternoon and 

evening, it was possible to use the BREB approach. Figure 5.4 shows that in 

this late afternoon period QE generally exceeded QH. 

Figure 5.4 shows that there was no VPD at 1 m above the surface until 

16:OO MDT . The lack of an atmospheric sink for water vapour would have 

minimized any evaporation up until this time. 

The cloudless morning of July 18 saw a rapid increase in Q*  shortly 

after sunrise. As on June 27 and July 25, QE and QG increased coincidentally 

with Q*, while OH lagged behind the other components. Unlike those other 

days, QE was greater than QH for almost all the daylight period. QH peaked 

at approximately 260 W m-2 between 12:30 MDT and 13:OO MDT, and QE 

peaked at approximately 270 W m-2 at the same time. OH, QE and QG all 
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show fluctuations as a result o f  the increase in cloud cover between 

12:OO MDT and 18:OO MDT . The particulary large decreases between 

16:OO MDT and 17:OO MDT are the result o f  the decrease in  t caused by 

cloud cover. 

In  Figure 5.5 there is l i t t le evidence o f  QE being l imited by  the 

availability o f  surface moisture, and QE closely tracks Q *  over the entire 

daylight period. Interestingly, the daylight period a for July 18 was only 0.96, 

considerably less than the apT value of 1.26. The failure o f  a to approach 

a p ~  indicates that evaporation did not occur at i ts potential rate on July 18. 

This is somewhat surprising, given that July 18 was preceded by  several days 

with significant precipitation. The value of 0.96 was the highest daylight 

period a recorded during the period o f  the experiment. In contrast, a for the 

daylight period on July 6 was 0.30. 

5.2.5 Soil Heat Flux and the Temperature Regime at the Surface and i n  the 

Near Surface Zone 

Daylight period QG was consistently between 10-15% of  the daylight Q*. 

Figures 5.1 through 5.5 show that this relationship held true for the 

half-hourly values, wi th QG closely tracking Q*. 

In Figure 5.6 all half-hourly (daylight and night) QG values are plotted 

against the coincident Q *  values. Figure 5.6 confirms that QG was essentially 

a constant proportion o f  Q*. This is attributed to  a lack o f  variation in the 

soil thermal conductivity over the course o f  the experiment. As discussed in 

Section 3.3.8, so i l  thermal conductivity wi l l  vary primarily due to  changes in 

soil moisture content. The l imited range o f  soil moisture conditions in the 

0-50 mm layer during the experiment resulted in  small variations in soil 

thermal conductivity. 

Figure 5.6 also confirms that QG was consistently low in magnitude, 

with almost all the half-hourly 



Figure 5.6. Half-hourly Q *  vs. QG, June 26 - July 26, 1985, Plateau Mountain. 



QG values lying between 100 W m-2 and -100 W m-l. 

The generally posit ive daily OG values resulted in an increase in soil 

temperatures throughout the experiment. The mean temperature at 0.5 m below 

the surface was approximately 2' C on ;me 26, and on July 26 i t  was 8' 

C. The amplitude o f  the diurnal fluctuation o f  soil temperature was almost 

totally dampened at 0.5 m below the surface. The mean surface temperature 

data presented in Table 3.3 shows a similar slightly increasing trend for the 

experiment period, as does the mean air temperature at 1.0 m above the 

surf ace. 

The slight increase in  the mean temperature o f  the near surface air and 

soil was greatly exceeded b y  the diurnal range o f  temperatures in the near 

surface zone. 

In Figures 5.7 and 5.8 the soil and air temperature profi le data for 

July 25 are presented. July 25 was selected as an example because cloudless 

conditions eliminated the temperature fluctuations that ocurred when t 

fluctuated. The data in the Figures 5.7 and 5.8 is typical o f  a fine day during 

the experiment. Earlier in  the experiment temperatures would have been 

slightly lower, and the curves in the figures would have been shifted slightly 

lower. 

The soil temperature data shows the characteristic increase in the 

amplitude of the diurnal fluctuation o f  soil temperature at decreasing soil 

depths. At  0.50 m below the surface the amplitude of the diurnal fluctuation 

is almost totally dampened. The fluctuation is greatest at the surface. At the 

surface temperatures ranged from an early morning l ow  of 3' C, to  a 

mid-day high o f  33' C. 

The large diurnal fluctuations in the temperature o f  the top 0.05 m o f  

the soil were an important consideration in the determination o f  QG. 

Typically, in the morning and evening over 50% o f  QG consisted of the 
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Figure 5.7. Soi l  temperatures at the surface, 0.01, 0.05, 0.10, 0.25 and 0.50 m 
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Figure 5.8. Ai r  temperatures at 0.25, 0.50, 0.75 and 1.00 m above the surface, 
July 25, 1985, Plateau Mountain. 



energy being used to  raise or lower the temperature o f  the top 0.05 m layer 

o f  soil. In terms of equation 2.1 1, in the morning and evening QGz was 

often equalled or exceeded by  the surface heat f lux divergence term. Failure 

to  account for  temperature changes in the top 0.05 m o f  soil would have 

resulted in considerable error in the determination o f  QG. 

Figure 5.8 shows that air temperatures also underwent considerable 

diurnal variation, with air temperatures at 0.25 m ranging f rom 5' C in the 

early morning to  17' C in the mid-afternoon. Larger diurnal variations in air 

temperatures must have occurred between the surface and 0.25 m. The small 

vertical temperature gradients that occurred in the morning and evening are 

also apparent in the Figure 5.8. 

5.2.6 Surface Resistance 

Given the persistently large amounts o f  moisture in the soil at depths 

greater than 0.20 m, and the observed l imit ing influence o f  surface moisture 

on QE on most days, it is suggested that the surface and top layer of soil 

at this site restricted the movement o f  water f rom the sub-surface t o  the 

atmosphere. Several factors are believed t o  be responsible. First, for the 

non-vegetated portions o f  the surface the very porous non-consolidated 

nature of the alpine soils l imits the capillary movement o f  water f rom the 

sub-surface t o  the surface. At  the same t ime this soil type is very effective 

at moving liquid water f rom the surface t o  the sub-surface. Second, the 

strong thermal gradients in the soil during the daylight period would result in 

a strong water vapour flux, within the soil pores, away f rom the surface 

Third, for much of the vegetated portion o f  the surface, mat plants provide a 

barrier between the sub-surface and the atmosphere, exerting both a physical 

and a physiological control over the movement o f  water t o  the atmosphere. 

This latter factor is supported b y  the observed dampness under the mat 

plants during the dry period in the middle of the experiment. I t  is 

hypothesized that this combination of factors resulted in a general surface 



resistance to  the movement of water from the soil t o  the atmosphere, and 

that this resistance became greater as conditions became drier. 

As noted in Section 2.8.1, the combination model can be used as a 

diagnostic too l  to quantitatively describe surface resistance. Half-hourly 

surface resistance, rs,' values were calculated using the half-hour OE values 

determined using the BREB approach, the measured Q*  and QG, the T and e 

values at 1 m above the surface, and the calculated ra values. 

The hypothesis that surface resistance at this site increased as the 

surface became drier was supported b y  the calculations of rs. Mid-afternoon 

half-hourly rs values ranged from 200 - 500 s m-l. The higher values were 

observed on the days when the surface was dry. This range o f  values was 

similar to  that observed by  Ripley and Redmann (1976) at a semi-arid 

grassland site during the summer in Saskatchewan, Canada. 

The trends o f  half-hourly rs over the daylight periods of June 27, July 

25, July 6 and July 18 are shown in Figures 5.9 - 5.12. In all four figures 

the di f f icul ty o f  determining rs in the early morning and late evening is 

apparent. This di f f icul ty is primarily attributable to  the di f f icul ty in using a 

residual approach to  determine rs, when Q*. OG and QE are small. In the 

fol lowing discussion o f  the figures the large fluctuations in  rs prior t o  

08:OO MDT and after 20:OO MDT are disregarded. On the moderately 

wet-surface days, June 27 and July 25 (Figures 5.9 and 5.10). and the 

wet-surface day, July 18 (Figure 5.12). rs was l ow  in the morning and 

increased to a maximum value in the mid-afternoon. Similar trends have been 

observed in the calculated canopy resistances o f  forest and agricultural crops 

(Szeicz and Long 1969; Tan and Black 1976; Gash and Stewart 1975; Bailey 

and Davies 1981b). In the agricultural and forest environments the increase in 

surface resistance throughout the daylight period has been related to  the 

physiological response o f  vegetation t o  environmental parameters eg. VPD and 

solar irradiance. For this alpine tundra site there also appears t o  be a large 
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Figure 5.10. Calculated half-hourly rs  for July 25, 1985, Plateau Mountain. 
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physiological element in the surface resistance. Direct measurement o f  the 

stornatal resistance o f  the surface vegetation would be necessary to  

demonstrate this conclusively. Ripley and Redmann (1976) suggest that low 

surface resistances in the morning may be partially attributable t o  the 

re-evaporation o f  condensation. This may be the case wi th the data from 

Plateau Mountain, and would explain the very low surface resistances on the 

morning o f  July 18. 

The trend o f  rs  on the dry-surface day, July 6 (Figure 5.11), is different 

f rom the other days. rs decreases f rom a morning high of >I000 s m- I  t o  a 

mid-morning low of approximately 500 s m-I, and then increases t o  greater 

than 1000 s m - I  by  early afternoon. Ripley and Redmann (1976) present 

similar data for  a dry surface day at their grassland site. Oke (1978) 

suggests that "U" shaped surface resistance curves wi l l  occur when there is 

no condensation in the morning and the surface resistance is primarily a 

function o f  the physiologic response o f  vegetation t o  increasing light 

intensity. 

I t  is apparent f rom the results, for both the wet and dry-surface days, 

that the tundra surface at Plateau Mountain exercised a dynamic and variable 

control over the movement o f  water t o  the atmosphere. I t  seems that a 

large element of this surface control was physiological in origin. 

5.2.7 Summary of .the Daily Energy Balance Regime 

The daylight period energy balance values for the experiment are 

presented in Figure 5.13. From Chapter 4 and the preceding sections, it is 

apparent that the major controls on the energy balance at Plateau Mountain 

were the amount of available radiative energy at the surface, and the 

availabilty o f  surface moisture, which affected the partitioning of the available 

energy into QE and OH. The fol lowing discussion reviews the daily surface 

energy balance regime during the experiment in terms o f  these factors. 





The period June 26 - July 1 was a drying period, with the surface st i l l  

wet f rom previous precipitation and snowmelt. The measured daily QE in this 

period translated to  evaporation rates o f  2-4 mm per day. Daylight a values 

ranged f rom 0.54 to  0.87. Surface drying during this period was slowed by  

some recharge from the afternoon and evening thunderstorms. The 0.8 mm of 

precipitation recorded on June 30 fel l  between 15:OO-15:30 MDT and the rest 

o f  the afternoon was characterized by cloudy-bright conditions. This 

precipitation on the afternoon o f  June 30 resulted in a relatively wet surface, 

and low /3 values for that afternoon and the morning o f  July 1. 

Instrumentation diff icult ies prevented the partitioning o f  the available 

energy on July 2-3. These were high Q* days, and i t  is assumed that dry 

surface conditions resulted in low QE values on these days, similar t o  those 

recorded on July 4. 

The period f rom July 2 - 15 was characterized by  fine weather, on only 

t w o  occasions did a* fal l  below 10.0 MJ m-2, and only a trace o f  

precipitation was recorded. Figure 3.11 shows that volumetric soil moisture in 

the 0-50 mm layer was quite consistently at 10% throughout this period. The 

energy balance regime on July 6 was typical o f  the high Q* days during this 

period. Surface moisture availability clearly l imited QE and evaporation rates 

seldom exceeded 1.0 mm per day. The vertical differences in vapour pressure 

became very small in this. period causing diff icult ies in the use o f  the BREB 

approach. Values o f  less than 0.20 were consistently observed for a during 

this period. The small amounts of precipitation on July 10 and July 13 did 

not wet the surface enough to  significantly alter the surface energy balance 

regime. 

A storm began on the night o f  July 15, and continued through 

July 16-17 resulting in heavy cloud cover and precipitation. July 18 was 

clear, particularly in the morning, resulting in a high Q *  total for the day. 

The surface was wet f rom the previous day's precipitation and snowmelt, 



resulting in a low P value for the day. The second highest daylight a value 

during the experiment (0.96) was observed on July 18. The QE total on 

July 18 translated to an evaporation rate of nearly 4 mm per day. 

July 18-21 appears to be a drying period, after the storm. The low QE 

values on July 19 are surprising, and can not be explained in terms of  

available energy or surface moisture. The mean windspeed on July 19 (3.2 

m s-I) was below the experiment average, and the wind blew primarily from 

the east, as opposed to the more characteristic southwest. These factors may 

have resulted in  an unusually large advective element in the energy balance 

regime on July 19. 

Cloud cover reduced daily t on July 22-23, although the daylight period 

values remained slightly greater then 10 MJ m-l. On these two days 6.5 mm 

of precipitation fell. These days were followed by nearly cloudless sky 

conditions. for July 24-27. This was another drying period, as shown by the 

steadily increasing 0. 

5.3 Com~arison of Sensible Heat Flux Densities Determined Usinq the Eddy 

Correlation and Ohm's Law A ~ ~ r o a c h e s  with Those Measured Usinq BREB 

A ~ ~ r o a c h  

5.3.7 l ntroduction 

In this section the values from the two other approaches used to 

determine OH during the experiment, the eddy correlation and the Ohm's law 

approaches, are compared with the OH values measured using the BREB 

approach. To simplify the discussion, QH as determined by the eddy 

correlation and Ohm's law approaches wil l  be referred to respectively as 

OH(EC) and QH(OL). The BREB determined values wil l  continue to  be referred 

to simply as OH. 



As discussed in Chapter 2, there is an element of uncertainty in 

accounting for bluff-body effects, surface roughness and atmospheric stability 

effects in the Ohm's law approach. The sensitivity of  the approach to  errors 

in the estimation o f  these elements is discussed in this section. 

5.3.2 Eddy Correlation Determined Sensible Heat Flux Densities 

In Figure 5.14 the 303 half-hourly daylight period OH(EC) values are 

plotted against the concurrently determined OH values. A statistical 

comparison o f  the measurements is presented in Table 5.3. 

Figure 5.14 and the high index o f  agreement (d = 0.944) presented in 

Table 5.3 show that there was extremely good agreement between the t w o  

techniques. The good agreement between these two  independent measurement 

techniques, for the portions o f  the experiment during which they were 

operated concurrently, supports a high degree o f  confidence in the OH 

measurements made over the course o f  the entire experiment. 

For the 303 cases the average difference between OH and OH(EC) was 

k51.0 W m-1. I f  analysis is restricted to  the 250 cases for which OH 

exceeded 25 W m-l, the average difference between OH and OH(EC) was 

k33.2% of  OH. This difference is not much larger than the relative 

measurement error associated with OH, as measured using the BREB approach 

(measurement error associated with the BREB approach is discussed in 

Appendix 2). For smaller OH values, the average magnitude o f  the relative 

differences between OH and OH(EC) was considerably larger. The larger 

magnitude o f  the relative differences is considered to  be primarily a function 

o f  the di f f icul ty o f  determining QH, when OH is small. 

The apparent tendency o f  OH(EC) to  be greater than OH values is shown 

by  the posit ive mean bias error (MBE) o f  33.1 W m-2. Figure 5.14 suggests 

that this tendency was more pronounced when OH was large. Given the 

probable error o f  the BREB approach, i t  would be diff icult t o  determine i f  
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Figure 5.14. Comparison. o f  half-hourly measurements, o f  OH made using the 
eddy correlation approach with those measured using the BREB 
approach, June 26 - July 26, 1985, Plateau Mountain. 



this bias truly represents a systematic difference between the approaches. 

In Figures 5.15 and 5.16 the daylight period half-hourly QH and QH(EC) 

values for the dry surface day, July 6, and the wet surface day, July 18, are 

presented. The eddy correlation equipment was not operated after 16:OO MDT 

on July 6. The figures illustrate the good agreement between the two 

measurement techniques throughout both daylight periods. The apparent 

tendency o f  OH(EC) to  be slightly greater then OH is seen in both figures. 

5.3.3 Ohm's Law Approach Determined Sensible Heat Flux Densities 

In Figure 5.17 the 804 concurrent daylight period half-hour OH and 

OH(OL) values are compared. A statistical comparison o f  the results is 

presented in Table 5.3. 

Figure 5.17, and the index o f  agreement (d = 0.957) presented in Table 

5.3, show that there was excellent agreement between the two  approaches. 

The average difference between OH and OH(OL) for  the 804 cases was 

k40.1 W m-=. I f  analysis is restricted to the 573 cases for which OH 

exceeded 25 W m-2, the average difference between OH and QH(OL) was 

f31.1% o f  OH. As with the OH(EC) values, the relative difference was 

considerably larger for  smaller values of OH. 

The MBE o f  -25.0 W m-2 shows that there was a slight tendency for 

QH(OL) t o  be less than OH. Figure 5.17 shows that this tendency prevailed 

over the entire range o f  OH values, and was not more pronounced at greater 

or lower values. As with the QH(EC) values, this apparent bias fel l  within the 

range of error assoc'iated with the BREB approach so that i t  would be 

di f f icul t  t o  determ'ine i f  this truly represents a systematic difference. 

Table 5.3 shows that i f  analysis is restricted to  the 303 cases where 

concurrent OH, QH(EC) and QH(OL) values are available, QH(OL) continues to 

display good agreement wi th OH. The MBE and RMSE and index o f  agreement 

remain essentially the same as for the larger data set. This similarity 



Figure 5.15. Half-hourly daylight Q,, and QH(EC), 'July 6, 1985, Plateau 
Mountain. 
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Figure 5.16. Half-hourly daylight Q,, and QH(EC), July 18, 1985, Plateau 
Mountain. 



Figure 5.17. Compar ison o f  hal f -hour ly  values o f  O determined using the 
Ohm's l aw  approach w i t h  those rneasure$using the BREB approach. 
June 26 - Ju ly  26, 1985, Plateau Mountain. 



confirms that the differences in agreement between QH and QH(EC), and QH 

and QH(OL), are the result of  differences in  the measurement approaches, 

rather than the conditions that prevailed during the periods when the different 

measurement techniques were being employed. 

In Figures 5.18 -and 5.19 the daylight period half-hourly OH and QH(OL) 

values for the dry surface day, July 6, and the wet surface day, July 18, are 

presented. On both days the agreement between the two  approaches is 

excellent, with the slight tendency o f  QH(OL) to  be less then OH apparent in 

both figures. 

5.3.4 Sensitivity of the Ohms' Law Approach to Uncertainty in  the Estimation of 

z0 , rb and 4~ 

The Ohm's law approach for determining OH is not only susceptible to  

errors arising from the measurement o f  To, but is also affected by  

uncertainty regarding the parameterization o f  surface roughness, bluff-body 

effects and the effects o f  atmospheric stability. I f  small errors in the 

estimation of these parameters can be shown t o  result in large errors in the 

determination of ra, i t  can be argued that the reliance of the approach on 

the empirical determination of important parameters reduces i ts general 

applicability. Alternatively, i f  the procedure is relatively insensitive to  errors 

in these parameters, i ts value as both a measurement technique, and as a 

basis for  modelling QE is enhanced. In the fol lowing discussion the effect o f  

uncertainty regarding z,, rb and $M on ra, and QH(OL) is discussed. 

In Figure 5.20 ra, as determined using z o  = 2.1 mm, is  plotted against u 

at 1.0 m. In-addit ion the ra values resulting f rom an error of +50% in z, are 

plotted. The figure shows that the effect o f  the f50% error generally resulted 

in a +lo% error in ra. The figure further shows that the sensitivity o f  ra t o  

uncertainty in z, decreases as u increases. 
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Figure 5.18. Half-hourly daylight QH and QH(OL), July 6, 1985, Plateau 
Mountain. 
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Figure 5.19. Half-hourly daylight QH and QH(OL), July 18, 1985, Plateau 
Mountain. 
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Table 5.3 summarizes the effect the +50% error in z, would have on the 

the determination o f  QH(OL), as compared t o  QH. The high z, value actually 

counters the previously noted tendency o f  QH(OL) t o  be less then OH, while 

the low z, value accentuates this apparent bias. In both cases the resultant 

QH(OL) values are on average within 70 W m-2, or 10% of  the QH values. 

In Figure 5.21, ra is compared with a calculated aerodynamic resistance 

value which was determined without accounting for atmsopheric stability 

effects (non-stability corrected ra). In Figure 5.22, ra is compared with a 

calculated aerodynamic resistance value which was determined without 

accounting for bluff-body effects (ram). In Figure 5.23, ra is compared with a 

calculated aerodynamic resistance which was determined without accounting for 

either atmospheric stabil i ty or bluff-body effects (non-stability corrected ram). 

The results o f  using these three values, non-stability corrected ra, ram and 

non-stability corrected ram. as substitutes for ra in the determiniation of 

QH(OL), as compared t o  OH, are summarized in Table 5.3. 

Failure to  account for atmospheric stability clearly has only a slight 

effect on the determination of ra and ram, and the resultant QH(OL) values. 

As was noted in Section 2.7.2, Bradley (1972). has shown that this is to  be 

expected for  unstable conditions, when the measurements o f  air temperature 

and windspeed are made close to  the surface. Failure to  account for 

bluff-body effects in the determination o f  QH(OL) counters the tendency of 

QH(OL) to  be less than QH. In all cases, the average difference between OH 

and QH(OL) is approximately 50 W m-2, and within the probable range o f  

error associated with the BREB approach. 

In  general, the aerodynamically smooth nature o f  the tundra surface, the 

high windspeeds, and the abil i ty t o  make windspeed and air temperature 

measurements close t o  the surface at this site reduced the sensitivity o f  the 

Ohm's law approach to  errors in z,, rb and 4M. As these conditions are 

likely to  exist at other alpine tundra locations, the Ohm's law approach seems 



well suited for the measurement of OH at such locations. 

5.4 A ~ ~ r o a c h e s  for Modellinq Latent Heat Flux Densitv 

5.4.7 l ntroduction 

In this section, the results of using a combination of the energy balance 

and the Ohm's law approach (equation 2.42) for modelling half-hourly QE, and 

the potential for using an equilibrium evaporation based approach (equation 

2.47) to model daylight period QE are discussed. These models were 

investigated primarily to  test the concept of applying these techniques to the 

alpine tundra environment. Obviously the lack of a comparable data set for a 

similar alpine location precludes the possibility of testing the robustness and 

general transferability of these models. 

5.4.2 Estimation of Available Energy at the Surface 

Both models require an estimate of the available energy at the surface, 

as described by (Q* - OG) AS such information is not often readily 

available, it is desirable to incorporate a means for estimating (O* - QG) 

into the models. For this thesis, an objective and independent method of  

determining (Q* - OG) has the added benefit of making the model results 

more independent of the test data set. 

To develop an expression for predicting daylight period (Q* - QG) two 

assumptions* were made. Firstly, i t  was assumed that the empirical expression 

suggested by Davies (1967), and discussed in Chapter 4, could be used as a 

predictor of O*. Secondly, on the basis of the measurements made at Plateau 

Mountain and those reported elsewhere, it was assumed that daylight period 

OG could be reasonably estimated as 10% of Q*. This resulted in the 

following expression for daylight period (Q* - QG) 

O(model) = 0.553 KJ. - 1.1 1 (MJ m-2 d-I), 



where Q(model) is the estimated (Q* - QG). 

An expression for half-hourly values was developed b y  assuming that 

the Davies expression could be extended t o  half-hourly data. This was done 

by  reversing the procedure suggested by  Davies and ldso (1979) for 

converting relationships based on hourly or half-hourly data to  be used as 

predictors for longer periods (this procedure was discussed in Section 2.3). 

Assuming a mean daylight period length o f  15.5 hours, and that half-hourly 

QG was 10% of Q*, this resulted in 

5.4.3 An Energy Balance - Ohm's Law Approach for Modelling Half-hourly 

Latent Heat Flux Densities 

The measured half-hourly To, measured half-hourly T at 1 m above the 

surface, the stability corrected ra used to  determine QH(OL), and estimated 

Q(model) term were used as input for equation 2.42 to  produce half-hourly 

estimates o f  OE, which w i l l  be referred to  as QE(EBOL). In Figure 5.24 the 

half-hourly QE(EBOL) are compared with the daylight period half-hourly QE. 

Estimates were also made using the model with measured Q*  and QG, and 

substituting a non-stability corrected ram value for  ra. A statistical 

comparison of the QE(EBOL) values with the BREB measured QE values is 

presented in Table 5.4. In Figures 5.25 - 5.28 the daylight period half-hourly 

values o f  QE and QE(EBOL) for  the selected individual days June 27, July 6, 

July 18 and July 25 are presented. Data for July 17 was not plotted due to  

the l imited amount o f  QE data available for  that day. 

The performance o f  the EBOL model as a predictor o f  QE is closely 

related to  the performance o f  the Ohm's law approach for determining 
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Figure 5.24. Comparison o f  half-hourly QE(EBOL) with  OE measured using the 
BREB approach. June 26 - July 26 ,  1985, Plateau Mountain. 
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Figure 5.25. Half-hourly QE  and QE(EBOL), June 27, 1985. Plateau Mountain. 
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Figure 5.26. Half-hourly QE and QE(EBOL). July 26, 1985, Plateau Mountain. 



Figure 5.27. Half-hourly OE and OE(EBOL). July 6, 1985, Plateau Mountain. 
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Flgure 5.28. Half-hourly OE and OE(EBOL). July 18, 1985, Plateau Mountain. 
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OH. The MBE for the QE(EBOL) values that were determinued using the 

measured Q* and QG is the inverse o f  the MBE for QH(OL) presented in 

Table 5.3. As well, the RMSE and the standard deviation o f  the differences 

between the predicted and measured QE values are the same as those for 

the predicted and measured OH values. The generally smaller magnitude o f  

the QE values means that these differences translate to  a larger relative 

error, and the index o f  agreement for QE and QE(EBOL), determined with 

measured Q*  and QG, is smaller than that for OH and QH(OL). 

Incorporating Q(mode1) into the approach has the effect o f  increasing the 

RMSE by  approximately 15.1 W m-2, and lowering the index o f  agreement 

f rom 0.844 to  0.761. The empirical estimate o f  (Q* - QG) accentuates the 

tendency o f  QE(EBOL) t o  exceed QE, increasing the MBE by  approximately 

20 W m-2. 

The overall performance of the EBOL model as a means of estimating 

QE deteriorates further when a non-stability corrected ram value is 

substituted for  ra. The RMSE approaches 270 W m-2 and the index o f  

agreement fal ls t o  0.70 1. 

Given the probable error associated with the half-hourly measurements 

o f  QE (errors associated with the QE measurements are discussed in 

Appendix 2) the performance of the EBOL model is considered to  be good. I f  

analysis is restricted to  the 553 cases for which QE exceeded 25 W m-2 the 

average relative error o f  the model, using the measured Q* and QG, is 49.3% 

(std. dev. 55.3%). Using the empirically estimated (Q* - QG) the average 

relative error increases to  273.2% (std. dev. 77.4%). I f  analysis is restricted t o  

the 470 cases where QE exceeded 50 W m-2 the respective mean relative 

errors decrease t o  238.2% and +54.2%. In both cases, using either the 

measured values or the empirical estimates, the relative error is considerably 

larger i f  QE values o f  less than 25 W m-2  are considered. However, the 

relative error in the BREB measured QE also becomes very large when QE is 



less than 25 W m-=. 

Figures 5.25 - 5.28 show that the EBOL model generally does a good 

job o f  tracking half-hourly QE. Particularly satisfying is the close agreement 

o f  the QE(EBOL) and QE during periods o f  fluctuating Q+  values. This is seen 

in the late af ternoon-of  June 27, and during the middle part of the day on 

July 18. 

The model's performance appears to  be better when the surface is wet 

or moderately wet. On the dry-surface day, July 6, the model overestimates 

half-hourly QE throughout the day. On the wet-surface day, July 18, 

agreement between the predicted and observed QE values is particularly good. 

The most probable cause o f  the differences is the residual nature of the 

model. This means that when the surface is dry and OH is large, small 

errors in estimating OH and QG wi l l  result in large relative errors in the 

modelled QE. However, the apparent improvement in performance o f  the 

model may also reflect the better performance o f  the BREB approach when 

surface conditions are moist. 

5.4.4 Equilibrium Based Modelling of Daylight Period Latent Heat Flux 

Densities 

As discussed in Section 2.8.2, the success o f  an equilibrium based. 

modelling approach for estimating daily or daylight QE wi l l  primarily depend 

on the successful estimation o f  a. In situations where a can be shown to  be 

constant, or accurately predictable from commonly measured parameters, an 

equilibrium based model wi l l  be applicable. 

The a values presented in Appendix 4 and summarized in Table 5.2 were 

calculated by dividing the BREB determined daylight period QE values by the 

Qeq values determined f rom equation 2.46. The daylight period means o f  Q*, 

QG and S were used as the input for equation 2.46. The calculated Qeq 

values ranged from 3.1 to  10.5 MJ m-2, with an average value o f  7.9 MJ m-2  



(std. dev. 2.1 M J  m-2). 

The average daylight period a value for the 22 days that QE values 

were available was 0.581 (std. dev. 0.258). The largest daylight period a value 

(1.093) was measured on July 23, the lowest vaiue (0.145) was measured on 

July 5. 

The failure o f  a t o  approach 1.26 during the experiment suggests that 

actual evaporation never equalled potential evaporation, as defined by the 

Priestley Taylor expression (equation 2.47), for a ful l  daylight period. 

Half-hourly a values approaching 1.26 did occur for brief periods, on the 

afternoon o f  July 17, the morning o f  July 18, July 23, and the morning o f  

July 24. Half-hourly values in excess o f  1.26 were rarely observed. 

The behavior o f  a at this site matches that noted by  Wilson and Rouse 

(1972) and Bailey (1983) for other sites with extensive bare soil surfaces. 

When the daylight period includes a period where the surface is wet, water 

can be readily evaporated and a approaches 1.26. However the surface quickly 

dries, retarding the eff lux o f  water, and a decreases. The result is an a value 

approaching unity for the daylight period, as seen by  the average a value o f  

0.85 on the high Q* and low 0 days. For daylight periods which did not 

include the wet surface regime, soil moisture limitations and surface control 

restrict the movement o f  water t o  the surface throughout the daylight period. 

This results in a being considerably less then unity, as seen by the average 

value of 0.45 for the high Q*  and high 0 days. 

The variable nature o f  a during the experiment suggests that there is 

l i t t le physical basis for  a daily evaporation model based on the assumption 

of a constant a at this alpine tundra site. Models o f  this type have been 

proposed for arctic tundra sites (Rouse and Stewart 1972;Stewart and 

Rouse 1976). However, i t  may be possible that other exposed alpine tundra 

surfaces w i l l  consistently behave in a fashion similar t o  that observed at 

Plateau Mountain. I f  the regime of alpine tundra surfaces quickly becoming 



resistant t o  the movement o f  water after precipitation events, and daily 

summer a trending towards a mean value of 0.6 - 0.8 is characteristic of 

such sites, then an equilibrium based model, which assumed a f ixed a value, 

would perform wel l  at predicting seasonal QE. Such a model would 

overestimate QE on dry surface days and underestimate i t  on wet surface 

days, but provide good seasonal estimates. Further research for several 

seasons, at a range o f  sites, would be necessary to  confirm the seasonal 

behavior o f  a at alpine tundra sites. 

For several agricultural and some arctic tundra sites, empirical 

relationships between soil moisture measurements or other indices of soil 

wetness and a have been proposed. These relationships are proposed as a 

means o f  dealing wi th the problem o f  equilibrium based modelling of QE, 

when a is  variable. Although soil moisture measurements are not commonly 

available for  alpine tundra surfaces, it was fel t  that i f  such a relationship 

could be shown for  Plateau Mountain site i t  would indicate a direction for 

future research. A strong relationship between a and soil moisture would 

indicate that equilibrium based models, using a variable a, might have a 

potential as a means o f  estimating daily or longer term QE in alpine tundra 

environments. 

In Figure 5.29 the 22 daylight period a values are plotted against the 

volumetric soi l  moisture measurements f rom the 0-50 mm layer. The obvious 

outlier in the upper le f t  corner o f  Figure 5.29 is the data f rom July 23. On 

this day soil moisture measurements were made in the morning, prior t o  the 

rain that occurred during the daylight period. This data was not used in the 

development o f  the best-f i t  curve. The best-fit curve, determined by  linear 

regression, is  shown in Figure 5.29. This equation for the best-fit curve has 

the form 
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Figure 5.29. Daylight period a vs. volumetric soil moisture (0-50 rnm), 

June 26 - July 26, 1985, Plateau Mountain 



with r' = 0.471 and a standard error o f  0.173. The t-test score for  the slope 

coefficient was 15.36, indicating that there is more than a 99.9% probability 

that the relationship is significant. Attempts t o  improve upon this relationship 

by  including a Y axis intercept, or using a polynomial t o  f i t  a non-linear 

curve t o  the data did not prove to  be statistically significant. These results 

indicate that there is clearly a strong relationship between the a values and 

the volumetric soil moisture measurements f rom the 0-50 mm layer. However, 

the low r2 value for equation 5.3 indicates that as a means o f  describing the 

relationship between a and soil moisture, i t  would have l imited predictive or 

explanatory value. 

Previous researchers (Davies and Allen 1973; Rouse et. al. 1977; Marsh 

et. al. 1981; Mawdsley and A l i  1985) have found that the relationship between 

a and soil moisture was best described b y  a non-linear expression. In  

particular, curves bases on logistical functions have commonly been used. In 

Figure 5.29 a non-linear curve, with the shape o f  a logistical function, has 

been hand f i t ted to  the data. 

The data appears to  agree well with the middle segment o f  the curve. 

The agreement between the data and the lower and upper portions o f  the 

curve is less apparent. The di f f icul ty in describing the upper segement o f  the 

curve may be due to  the l imited nature o f  the Plateau Mountain data set. 

The dry surface conditons meant that soil moisture was generally a limiting 

factor on evaporation. To determine a logistical function describing the 

relationship between a and soil moisture i t  would be necessary to  collect 

data when soil moisture was not a l imit ing factor. I t  would be desirable for 

future investigations into equilibrium based model ling o f  evaporation in alpine 

tundra environments to  consider a wide range of surface conditions. 

Furthermore, it is worth recalling the errors associated with the 

volumetric soil moisture measurements when considering Figure 5.29. High 

quality surface moisture parameterization would be another important 



component of future investigations into the potential of equilibrium based 

evaporation models for alpine tundra environments. 



CHAPTER 6 

CONCLUSIONS 

6.1 Introduction 

In this chapter, the general conclusions regarding the radiation and 

energy balance measurements, and the evaporation modelling are summarized. 

Some suggestions regarding future work are also presented. 

6.2 Radiation Balance Measurements 

Radiatively, the snowfree alpine tundra surface at Plateau Mountain 

behaved in a similar fashion to  lower elevation tundra surfaces. The surface 

reflectivity characteristics, on both a daily and half-hourly basis, at Plateau 

Mountain were quite similar t o  those that have been reported for lower 

elevation agricultural and tundra sites. The nearly constant mean daily a o f  

0.17 at Plateau Mountain was similar t o  that observed for snowfree arctic 

and sub-arctic tundra sites. The diurnal trend of half-hourly a also matches 

that observed at arctic tundra sites. Although there is a l imited amount o f  

comparable data, the range o f  daily Lt values measured at Plateau Mountain 

(26 - 32 MJ m-2) was also comparable t o  daily summer values for  lower 

elevation arctic tundra sites. This suggests that both the emissivity and 

surface temperature regimes o f  arctic and alpine tundra sites are similar in 

the summer. 

An important attribute o f  an alpine tundra is that the surface may be 

snow covered on any given day o f  the year. The effects of a summer 

snowstorm, large increases in a, and large decreases in Lt, are well 

demonstrated in  the July 17, 1985 data from Plateau Mountain. To accurately 

describe the surface radiative characteristics of an alpine tundra surface in 

the summer the possibil i ty o f  snowcover during portions o f  the summer must 



be acknowledged. 

The largest difference between the radiation balance o f  the Plateau 

Mountain site, and that o f  lower elevation tundra sites, resulted f r o m  the 

greater atmospheric transmissivity at Plateau Mountain. Maximum half-hourly 

transmissivit ies approaching 0.85, and daily transmissivit ies in  excess o f  0.70, 

were common. For cloudless days, atmospheric transmissivity at Plateau 

Mountain, both half-hourly and daily, was wel l  represented b y  Lowry's (1980) 

empirical expression. 

The high atmospheric transmissivity resulted .in predictably large daily Kr  

values at Plateau Mountain on both cloudless and part ly cloudy days. Average 

daily Kr  values were generally greater than 25 M J  m-*. Variations in  

atmospheric transmissivity on  part ly cloudy days resulted in large fluctuations 

in the half-hourly Kr  values, but daily values remained high for  those days. 

Only when the sky was completely obscured b y  heavy l o w  level cloud did 

daily Kr values become low. 

Elevation ef fects on L r  were less obvious. Qualitatively, the theoretical 

decrease in  cloudless sky L r  associated wi th  increases in  elevation appeared 

t o  be largely overshadowed b y  the ef fects  o f  cloud cover on  Lr. There does 

not appear t o  be a large difference between the L r  values observed at 

Plateau Mountain, and those o f  lower elevation sites. Unfortunately, due t o  

instrumentation diff icult ies, the quality o f  the L r  data collected at Plateau 

Mountain was less tkan what was desired. Future work in this area, 

particularly better quality L r  measurements and the development o f  models 

fo r  estimating L r  in  alpine environments, which account for  both cloud and 

elevation effects, would be o f  value. 

Although direct intercomparisons are diff icult,  daily Q *  values at Plateau 

Mountain appeared t o  be only sl ightly higher than those recorded on  f ine 

days at lower elevation sites. Daily Q *  values ranged f r om 8.2 M J  m-2  t o  

15.8 MJ m-2. The high daily Kr  values, as compared t o  lower elevation sites, . 



were not  matched b y  comparably high Q *  values. This suggests that at 

Plateau Mountain, during the period o f  this experiment, the increase in  K *  wi th  

elevation was compensated f o r  b y  a more negative L*. 

The relationship between K r  and Q *  at Plateau Mountain was found t o  

be quite comparable t o  that found b y  Davies (1967) f o r  14 lower elevation 

sites w i th  similar albedos. A t  this 2475 m as1 site, the sh i f t  in the relative 

magnitudes o f  K r  and L r  d id  not  appear t o  result in a s igni f icant ly di f ferent 

relationship between K r  and Q*, as compared t o  relationships that have been 

observed at lower elevation sites. An  interesting question f o r  future work  

would be a comparative examination o f  relationships between K r  and Q* at 

increasing elevations. Given the level o f  accuracy in the measurement o f  Q*. 

it was concluded that the Davies (1967) relationship could be  used t o  predict 

Q *  at Plateau Mountain w i t h  a reasonable degree o f  confidence, when 

half-hourly or  daily K r  data was available. 

6.3 Enernv Balance Measurements 

From the energy balance measurements at Plateau Mountain, it was 

concluded that the chief factors determining the nature o f  the energy balance 

regime at the s i te over the course o f  the experiment were radiative energy 

and surface moisture availability. The amount o f  radiative energy at  the 

surface was largely determined b y  atmospheric transmissivity. The availabi l i ty 

o f  surface moisture: determined the nature o f  the part i t ioning o f  the available 

energy at the surface into OH and QE. Daily and half-hourly QG values were 

found t o  be an essentially constant proport ion o f  Q*, approximately 10-15% . 
A n  interesting subject f o r  future investigation would be the areal variat ion o f  

QG in the alpine tundra environment. 

The l imi t ing influence o f  surface moisture availabi l i ty on  the energy 

balance is evidenced b y  the general failure o f  dai ly QE t o  equal Qpe during 

the experiqent. The lack o f  available surface moisture meant that evaporation 



rates were l ow  (1 - 4 mm per day), and the surface energy balance regime 

was dominated by  OH at this site. 

Previous summer energy balance studies in alpine environments have 

suggested environments with considerably wetter surfaces, and greater 

evaporation rates. The energy balance regime at Plateau Mountain, during the 

experiment, was quite similar t o  that postulated b y  Lewis and Callaghan (1976) 

for an arctic fel l f ie ld in  the late summer. 

Qualitative observations indicated that the sub-surface at Plateau 

Mountain (depths greater than 0.20 m) remained very moist throughout the 

experiment. There was very strong evidence, on both a daily and half-hourly 

basis, o f  a dynamic and active surface control over the movement o f  

sub-surface moisture to  the atmosphere. The combination model, although 

theoretically not suitable for modelling evaporation f rom a partially vegetated 

tundra surface, proved t o  be useful as a means o f  quantitatively describing 

this surface resistance. I t  is hypothesized that this surface control represents 

the net effect o f  both physical and physiological control b y  the tundra 

vegetation, and the drying o f  the top layers o f  the bare soil surface. A 

better parameterization o f  the soil and surface moisture regime o f  the alpine 

tundra would be necessary to  address this question. An investigation into the 

spatial and temporal distribution o f  soil moisture in the alpine tundra 

environment would be a worthwhile, interesting and challenging study. Energy 

balance studies, coordinated with investigations into the physiological response 

of alpine plants to  drying conditions would also be of considerable merit. 

Determinations o f  half-hourly OH made using both the eddy correlation, 

and Ohm's law approaches, agreed very well with the OH measurements made 

using the BREB approach. The differences between the OH values determined 

by  the approaches generally being not much larger than the error associated 

with the BREB measurement o f  OH. The good agreement between these three 

independent approaches suggests that a high degree o f  confidence can be 



expressed wi th regard to  the energy balance measurements made at Plateau 

Mountain. 

I t  is noteworthy that the eddy correlation instrumentation used in this 

experiment proved surprisingly robust. The instrumentation was operated when 

windspeeds were in excess o f  10 m s- I  with no damage t o  the thermocouple. 

The characteristics o f  the Plateau Mountain site, high windspeeds, an 

aerodynamically smooth surface lacking large roughness elements and generally 

neutral or unstable conditions, made it well suited t o  the application o f  the 

Ohm's law approach. The approach was relatively insensitive to  errors in 

determining the surface roughness, the effects o f  bluff  bodies and the effect 

o f  atmospheric stabil i ty on the turbulent transfer process. 

The Ohm's law approach may be better suited for the determination of 

OH in alpine tundra environments than the BREB approach. As the BREB 

approach requires measurements o f  the vertical gradients o f  vapour pressure, 

i ts application in cold, dry. alpine environments can be problematic. As noted 

in Appendix 2, vapour pressure measurement can become a large source o f  

error with the BREB approach. The success with which the BREB technique 

was used in this experiment can be partially attributed to the fine weather 

experienced during the experiment. The major measurement problem associated 

with the Ohm's law approach for  determining OH is the measurement of T,. 
' - 

This source o f  error only becomes significant when ra is very small (less 

than 10 s m-I), or the error in To is large (greater than 55' C). Measurement 

o f  To to  within +5'. C is not unrealistic, particularly with the increasing 

availability of infrared thermometers. For future investigations into the surface 

energy balance regimes o f  alpine sites, one approach might be to  use an 

Ohm's law approach as a means to  continuously determine OH, wi th the eddy 

correlation or the BREB approach being used coincidentally during periods o f  

fine weather t o  confirm the results. Such an approach would have 

considerably. simpler logistics than the Plateau Mountain experiment approach, 



where the BREB technique was used continuously. The data f rom the Plateau 

Mountain experiment suggests that such an approach would provide data of 

equivalent quality. 

6.4 Eva~ora t ion  Modelling 

The proposed energy balance - Ohm's law model for  half-hourly QE, 

which requires measurements o f  KJ, To, TZ, u, and knowledge o f  z,, was a 

reasonably good predictor o f  half-hourly QE at Plateau Mountain. For the 804 

half-hour daylight cases considered, the model had a probable error o f  

571.5 W m-2. The generally low QE values measured during the experiment 

meant that a probable error o f  f71.5 W r n - 2  represented a large relative error, 

greater than 100% However, i f  analysis was restricted to  the cases where QE 

values exceeded 50 W m-2, then the relative error o f  the model was only 

254.2%. Some o f  this error arises f rom the use o f  the empirical expression 

to  predict (Q* - QG) f rom K1. When the measured Q* and QG values were 

used in the model the probable error decreased to  256.4 W m-2. This would 

translate to  a relative error of +38.2% for the cases where QE exceeded 

50 W m-2 A relative error o f  this magnitude is comparable to  the 

measurement error associated with the BREB approach. I t  is concluded that 

this model would provide reasonable estimates o f  half-hourly QE at suitable 

alpine tundra sites, where the necessary data was available. 

The site limitations o f  the model, extensive areas o f  flat and 

homogeneous surface are required, restrict the model's general applicability. 

The model, as presented, could not be used to  estimate evaporation from 

extensive areas of non-homogeneous alpine tundra. The perceived chief use o f  

this model would be as an alternative to  the direct measurement o f  

half-hourly or hourly QE. Such an application might be the estimation o f  

evaporation in a portion o f  a well instrumented research watershed, or as a 

means o f  providing point data t o  help verify the estimates of areal 



evaporation from a more empirical model. 

Future areas for investigation, with regard to the EBOL model, would 

include consideration of it's applicability at other alpine tundra locations. 

Particularily interesting would be the performance of the model a t  sites wit:, 

wetter surfaces. Another area for investigation would be the possibility of 

including a surface temperature estimating component to the model. At 

present the most restrictive data requirement of the model are the surface 

temperature measurements. The model's general applicability would be 

extended i f  a means of estimating surface temperature from single level data 

could be successfully added to the model. 

The observed dynamic nature of the alpine tundra surface at Plateau 

Mountain indicated that there may be difficulties in the development of an 

equilibrium based model for estimating daily evaporation a t  alpine tundra 

sites. As there was not a constant relationship between actual and equilibrium 

evaporation, an equilibrium based model which assumed a constant a value 

could not be used to predict daily evaporation at this site. Such a model 

may have potential as a predictor of seasonal evaporation at such sites. 

An equilbrium based daily evaporation model, in which a is determined 

as a function of soil moisture appears to hold some promise. The Plateau 

Mountain data indicated that there was a relationship between soil moisture 

and a at this site, but the. derived relationship had limited predictive value. 

More daily evaporation data from alpine tundra sites, for a variety of surface 

conditions, wi l l  be necessary to determine how consistent such relationships 

might be. As the measurement of soil moisture is likely to remain 

problematic in alpine tundra environments, future investigations might also 

consider the possibility of relating a to some other index of surface wetness, 

as was done for agricultural environments by Mawdsley and Ali (1985). 



6.5 Summary 

This application of  microclimatological experimental method t o  an 

investigation o f  the surface radiation and energy regimes at the surface o f  an 

alpine tundra confirmed existing knowledge about such environments, and 

suggested directions for  future investigation. 

Like other alpine sites, Plateau Mountain experiences high solar 

irradiances. Interestingly, the high solar irradiances do not appear to  result in 

equivalently high O* values. As at other lower elevation sites, a simple 

empirical relationship between K& and O8 was found to be a good predictor 

o f  Q *  at this site. 

The nature o f  the partitioning o f  the available radiative energy at the 

surface into OH and QE indicated a dynamic and active surface control over 

the movement o f  soil moisture to  the atmosphere. Such control has not been 

reported b y  other investigators working in  alpine tundra environments. This 

type of surface behaviour raises questions about the nature o f  alpine tundra 

surfaces, and poses problems for  those interested in modelling short-term 

evaporation f rom such surfaces. 

The results f rom the Plateau Mountain experiment would suggest that 

physically based models, such as the proposed EBOL model, w i l l  work well 

as a means of estimating short-term evaporation f rom alpine tundra surfaces, 

when the site and data requirements are met. The equilibrium based models 

also appear- to  have potential as a simple means o f  estimating daily, or 

longer term evaporation in alpine tundra environments. 



APPENDIX 1 - SYMBOLS 



Symbol Quantitv Units - 
Roman 

C 

'a 

Cm 

Co 

Cw 

D 

Dz 

D 0 

10  

KO 

KL 

K t  

K* 

Kh 

K m 

v 

L1 

L7 

L * 
M 

P 

p 0 

Q* 

01 

'div 

Q~ 

capital letters 

volumetric heat capacity of  soil 

volumetric heat capacity of dry air 

volumetric heat capacity of soil minerals 

volumetric heat capacity of soil organics 

volumetric heat capacity of  water 

wet bulb depression 

wet bulb depression at height z 

wet bulb depression at the surface 

solar constant 

extraterrestrial radiation flux density 

global solar radiation flux density 

reflected solar radiation flux density 

net solar radiation flux density 

eddy diffusivity for sensible heat 

eddy diffusivity for momentum 

eddy diffusivity for vapour 

incoming longwave radiation flux density 

outgoing longwave radiation flux density 

net longwave radiation flux density 

optical air mass 

atmospheric pressure 

atmospheric pressure at sea level 

net radiation flux density 

net incoming solar and longwave radiation flux 
density 

energy flux density resulting from the net 
horizontal movement of sensible and latent heat 

latent heat flux densitv 

dimensionless 

k Pa 

k Pa 



' ~ d i v  energy flux density resulting f rom the net W m-l, MJ rn- l  
horizontal movement o f  latent heat 

 st energy flux density resulting f rom the net W m-l, MJ m-2 
storage o f  latent heat in the atmosphere 

Qeq latent heat flux density resulting f rom 
equilibrium evaporation 

OG soil heat f lux density W m-l, MJ rn- l  

OH sensible heat flux density W m-l, MJ m-2  

' ~ d i v  energy flux density resulting f rom the net W m-2, MJ m-? 
horizontal movement of sensible heat 

 st flux of energy resulting from storage o f  W m-l, MJ m - I  
sensible heat in the atmosphere per unit surface 
area 

Q(mode1) empirically estimated (Q* - QG) W m-=, MJ m - l  

OP energy flux density resulting f rom 
photosynthesis 

Ope 
latent heat f lux density resulting f rom potential W m-2, MJ m-2  
evaporation 

Qstor energy flux density resulting f rom the net W m-2, MJ m-2 
storage o f  sensible and latent heat in  the 
atmosphere 

O v  energy flux density resulting f rom the net W m-2. MJ m-2  
storage o f  sensible heat in the phytomass 

R i Richardson number dimensionless 

RV radius vector dimensionless 

S slope of the saturation vapour pressure curve at Pa K-I 
T 

s w  slope ,of the saturation vapour pressure curve at Pa K-I 
TW 

T air temperature OC, K 

T o sufface temperature OC, K 

s soil temperature OC, K 

Tw wet bulb temperature OC, K 

Tz air temperature at height z OC, K 

Xw volumetric soil water content % 

Xo percentage o f  organics in soil by  volume % 

'a percentage o f  air in soil b y  volume % 



'm percentage o f  minerals in soil by volume 

Z solar zenith angle 

Roman small letters --- 
a 

C P 
d 

e 

eo 

z 

esCro) 

es(Tw> 

e&> 

9 

k 

'a 

'am 

r~ 

'st 

t 

U 

z 

uo 

u 

W 

X 

z 

z, 

surface albedo (K?/Kr) 

specific heat o f  air at a constant pressure 

zero plane displacement height 

vapour pressure 

surface vapour pressure 

vapour pressure at height z 

saturation vapour pressure at To 

saturation vapour pressure at Tw 

saturation vapour pressure at TZ 

acceleration o f  gravity 

von Karman's constant 

aerodynamic resistance t o  sensible and latent 
heat transfer 

aerodynamic resistance t o  momentum transfer 

surface resistance 

stornatal or canopy resistance 

transmissivity (KrK,) 

horizontal windspeed 

windspeed at height z 

windspeed at z, 

eddy or fr iction velocity 

vertical windspeed 

horizontal distance 

vertical distance 

surface roughness length 

% 

degrees 

dimensionless 

J kg-1 K-1 

m, mm 

Pa 

Pa 

Pa 

Pa 

Pa 

Pa 

m s - ~  

dimensionless 

s m- I  

s m-1 

s m- I  

s m- I  

dimensionless 

m s- I  

m s- I  

m s - l  

m s- I  

m s- I  

m, mm 

m, mm 

mm 



reference height above the surface 

Greek c a ~ i t a l  letters 

@M integrated stabil i ty function 

A Beckey-Fairley location index 

Greek small letters --- 
a equilibrium coefficient (QE/Qeq) 

0 Bowen ratio (QH/QE) 

P density o f  dry air 

7' psychrometric constant 

X latent heat o f  vapourization 

4~ stability function 

u Stefan-Boltzmann constant 

T shearing stress 

4 ratio o f  the molecular weight o f  water t o  the 
mean molecular weight o f  dry air 

dimensionless 

km 

dimensionless 

dimensionless 

kg m-3 

Pa K-I 

MJ kg- l  

dimensionless 

W m-2 K-4 

Pa 

dimensionless 



APPENDIX 2 - ERROR ANALYSIS 



A n y  value Y can be expressed as a func t ion  o f  a set o f  measurements 

X,. XI, .... Xn which  have associated w i t h  them errors bX,, 6X1, .... 6Xn, so  

that 

The to ta l  error  i n  Y, 6Y. i s  g iven b y  

The probable absolute error i n  Y, SYrmS, w i l l  be  less than the to ta l  error and 

is  found b y  taking the root-mean-square o f  equat ion A2.1, s o  that 

The re lat ive error i s  de f ined b y  6Yrms/ Y and i s  expressed as a percentage. 

Errors Radiat ion Densi ty  Measurements 

Error Analysis for Ks,  K t  and Q* 

The d i rec t ly  measured radiat ion f lux  densit ies. Ks,  K t  and Q*. are 

determined using the f o l l o w i n g  expression 

where F i s  the f lux densi ty ,  c i s  the sensor cal ibrat ion constant  and m is  

the measured electr ical signal f r o m  the sensor. The probab le  absolute error in 

the measured radiat ive f lux densi ty  i s  thus g i ven  b y  



For the f o l l o w i n g  analysis, Campbell  Scient i f ic 's  spec i f i ca t ion  fo r  the 

CR21 data sys tem o f  6 m  = 2 5  ctV was  assumed. 

Errors i n  rad ia t ion  sensor cal ibrat ion arise as a resul t  o f  deviat ions f r o m  

the theoretical l inear response o f  the sensor t o  changes i n  radiat ive f lux 

densities. A n  error f ree sensor will have a pe r fec t l y  l inear response t o  

increases o r  decreases in radiat ive f lux  density. The ca l ib ra t ion  error 

associated w i t h  a part icular rad ia t ion  sensor i s  usual ly  expressed as a 

percentage o f  the radiat ive f lux dens i ty  being measured. For the Midd le ton 

CN-1 pyrradiometer the cal ibrat ion error w a s  assumed t o  b e  +7%, and for  the 

M idd le ton  CN7 Solar imeter  the cal ibrat ion error w a s  assumed t o  be +5% . For 

the Eppley PSP pyranometer the manufacturer's spec i f i ca t ion  o f  50.5% was 

assumed. These are considered l iberal  est imates. 

assumed i n  other error analyses fo r  comparable 

The calculated probable absolute errors and 

o f  radiat ion f lux dens i ty  values are presented i n  

and are s imi la r  t o  those 

sensors. 

re la t ive  errors fo r  a range 

Table A2.1 . The tabulated 

resul ts  show that the error int roduced b y  vol tage measurement i s  on l y  

s igni f icant  at l o w  f lux dens i ty  magnitudes. When the d i rec t ly  measured f lux 

densi t ies are i n  excess o f  100 W m-'.  the measurement error i s  p r imar i l y  

attr ibutable t o  the sensor cal ibrat ion. 

Error Analysis for L t  

Di f fe rent ia t ion  o f  the Stefan-Boltzmann expression, equat ion 2.5, y ie lds  

the f o l l o w i n g  expression fo r  the probable absolute error i n  Lt, 



For the purpose o f  th is  analysis, errors ar is ing f r o m  uncertainty regarding 

the Stefan-Bol tzmann-constant  can be ignored. The chief  sources o f  error can 

be regarded as uncerta inty i n  the es t imate  o f  surface emiss iv i ty ,  and the 

measurement o f  To. For th is  analys is the re lat ive error i n  the es t imated 

surface emiss i v i t y  w a s  assumed t o  b e  f 10% . This i s  considered a l iberal  

est imate as ' i t  suggests that actual sur face emiss i v i t y  f e l l  i n  the w i d e  range 

o f  0.81 - 0.99. Assessment o f  the error i n  the T o  measurement i s  d i f f i cu l t .  

Errors no t  o n l y  arise f r o m  the temperature sensor cal ibrat ion and the 

measurement o f  the sensor output, but  are a lso  re lated t o  the p rob lem o f  

determining representat ive areal surface temperatures f r o m  indiv idual  sensors 

p laced o n  the surface. For th is  analysis, error analysis w a s  done assuming a 

range o f  poss ib le  errors i n  To, + l O c ,  f 5 O ~  and + l o O c .  

The resul ts  o f  the error analysis fo r  L t  over a range o f  surface 

temperaures are presented in Table A2.2. 

Error Analysis for Lr  

The residual approach used t o  determine L1 accumulates the errors f r o m  

the other measured rad ia t ion  balance components i n  the calculated L1  value. 

The probable error i n  the L r  value i s  thus g iven b y  

A s  the calculated L1  value w i l l  n o t  b e  associated w i t h  a unique set o f  

values fo r  the measured radiat ion f lux  densit ies, i t  i s  n o t  poss ib le  t o  assign 

a spec i f i c  error t o  a spec i f i c  L1  value. In Table A2.3 the probable absolute 

and re la t ive  errors fo r  L1. assuming. the mean dai ly, dayl ight  and night values . 
f o r  the other radiat ion balance terms, are presented. The e f f e c t  o f  a range o f  



errors in the measurement of To on 6L4 is also shown in Table A2.3. 



Table A2.1. Error analysis 

Flux Density 

results for Q*, Ks and K t  measurements. 
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Errors & BREB Determinat ion of QH 
QE - 

For th is  analysis, the absolute and re la t ive  er rors  i n  temperature 

measurement were  assessed. These were  used t o  determine the errors in the 

calculated Bowen  rat io.  I n  turn, these errors were  comb ined  w i t h  the probable 

errors in the measurement o f  Q *  and OG t o  determine the er rors  associated 

w i t h  Q,, and OE, as measured using the BREB approach. This me thod  o f  

assessing errors i s  s imi lar  t o  that used b y  Fuchs and Tanner (1970). 

On ly  quant i f iable and ob jec t ive  sources o f  error  are considered i n  th is  

analysis. More  subject ive sources o f  error, such as imprope r l y  adjusted water  

feeds f o r  the Tw sensors and radiat ive heat ing o f  the temperature sensors 

are no t  considered. Furthermore, the error  analys is  does n o t  consider  the error 

in t roduced b y  the hor izonta l  divergence o f  sensible and latent  heat. 

Error Analysis for Temperature Measurement 

Temperatures at each level,  b o t h  w e t  and dry  bulb, were  determined b y  

adding the measured d i f fe rences be tween  levels t o  the measured absolute 

temperatures at level  1. For example the d ry  bu lb  temperature at leve l  2, TZ , 
I 

w a s  determined f r o m  

where ATl-, i s  the d i f fe rence i n  temperature between leve ls  1 and 2. Hence, 

the probable absolute error  in T Z 2  i s  g iven b y  



For a deta i led analys is  o f  the error associated w i t h  absolute temperature 

measurements using thermocouples and this data sys tem.  the reader is 

re fer red  t o  the manual f o r  the Campbell  Sc ien t i f i c  CR21X data system. For 

th is  analysis the f o l l o w i n g  assumpt ions were  made;  (1) reference junct ion 

temperatures were  measured t o  w i th in  + O . ~ ~ C .  (2) thermocouple generated 

vol tages were  measured t o  w i th in  52.5pV. and (3) there w a s  a 1% slope error 

in the thermocouple cal ibrat ion. For temperature d i f fe rences be tween  the 

reference junct ion (data sys tem)  and the thermocouple junc t ion  (wet or d ry  

bulb temperature) o f  0 - 15 O C  the probable error  i n  absolute temperaure 

measurement ranges f r o m  5 0.307 - 0.341 OC. The mean o f  these values. 

50.32 OC w a s  assumed as the error associated w i t h  the absolute temperature 

measurements at leve l  1 o f  the d i f fe rent ia l  psychrometer  sys tem.  

Temperature d i f fe rences be tween  thermocouple junct ions, AT, were  

determined f r o m  

where c i s  the ca l ib ra t ion  constant  f o r  the thermocouples.  and m i s  the 

measured vo l tage generated b y  the d i f fe rence i n  temperatures between the 

thermocouple junct ions. The probable error i n  AT will thus be  g iven b y  

Three junct ion copper-constantan thermocouples were- used in the d i f fe rent ia l  

psychrometer  s y s t e m  t o  measure temperature d i f fe rences be tween  levels. For 

these sensors c = 8.503 O C  m V - I  and, assuming a 1% s lope error  in the 

thermocouple cal ibrat ion, dc = 

range o f  vo l tage measurement 

20.4418 O C  mV-I.  For the CR21X, over  the 

used, b m  = 52.5 pV. 



In Table A2.4 the probable absolute and relative errors for a range o f  

AT values are presented. The tabulated data shows that small temperature 

differences between thermocouple junctions, 10.75 O C ,  can be measured to  

within f 0.05 OC. This theoretical result was supported b y  the observed 

performance o f  the differential psychrometer system in the laboratory. 

Errors associated with the absolute temperature measurements at levels 

2, 3 and 4, assuming a range of AT values between the levels, are presented 

in Table A2.5. The tabulated results show that when temperature differences 

between levels were small, the error associated with their measurement 

introduced relatively small errors in the measurement o f  absolute 

temperatures. The largest contributer t o  the error in the measurement of 

absolute temperatures is the error associated wi th the measurement o f  the 

reference junction temperature. 

On the basis o f  this analysis, a probable error of k0.32 OC for absolute 

temperature measurements at all levels for  both wet and dry bulb sensors 

was assumed. 



Table A2.4. Error analysis results for AT measurements. 



Table A2.5. Error analysis results for absolute temperature measurements at 
levels 2, 3 and 4. 

For this analysis AT was assumed to be same between levels, so 

T z 2 = T Z I + A T , T z 3 = T Z I + 2 A T , a n d T Z , = T z l  + 3AT. 



Error Analysis for  

Combin ing  equat ion 2.19 and equation 3.2. and assuming 

re la t ive ly  smal l ,  the B o w e n  rat io,  0, can be  determined f r o m  

This expression i s  usefu l  f o r  determing B w i t h  a d i f f e ren t i a l  

that AT, i s  

(A2.12) 

psychrometer  

s y s t e m  as i t  reduces the need f o r  extreme accuracy in absolute temperature 

measurement. Abso lu te  measurements o f  T, are o n l y  required t o  determine 

S,, the s lope o f  tt ie saturat ion vapour pressure curve at T,. 

Fuchs and Tanner (1970) show that the re la t ive  error  in P ,  can be  

expressed 

The re la t ive  errors in the measurement o f  AT  and AT, have already 

be ing  d iscussed and presented (Table A2.4). 

Assuming an atmospher ic  pressure o f  75 KPa, and an error o f  k 0 . 3 2 ' ~  

i n  the measurement o f  T,, the SSw/(Sw + 7) t e rm will range f r o m  0.0096 at 

oOC t o  0.0134 at 2 5 O ~ .  Hence, i n  compar ison t o  the measurement error 

associated wVith AT and ATw. the cont r ibu t ion  o f  th is  f ac to r  t o  the re la t ive  

er ror  i n  0 w i l l  b e  smal l .  Th is  will be  par t icu lar ly  t rue w h e n  AT and AT, are 

smal l .  

Error Analysis for  OG 



A probable re lat ive error o f  210% was assumed fo r  the QG 

measurements. This i s  considered a l iberal est imate o f  the error associated 

w i t h  the measurement o f  so i l  heat f lux density. 

Error Analysis for  OH and QE 

Dif ferent iat ing equations 2.20 and 2.21 resul ts  i n  the f o l l o w i n g  expression 

fo r  the re lat ive error i n  QE and OH; 

In  Table A2.6 a sample tabulat ion o f  the error associated w i t h  the BREB 

determined QH and QE, f o r  a range o f  AT , AT, and Q *  values i s  presented. 

These calculat ions were  done assuming T = 15OC. Tw = 1 0 ' ~  and QG i s  

15% o f  Q *  (e = 978 Pa, re la t ive  humid i ty  = 57.4%). 

The tabulated data c lear ly  shows  the d i f f i c u l t y  o f  us ing the the BREB 

approach t o  determine QE and OH when Ae and AT are small .  The resul ts  

show that Ae must  be greater than 15 Pa f o r  the re lat ive error i n  QE t o  be 

less than +50%, and greater than 50 Pa fo r  the re lat ive error t o  b e  less than 

520%. The resul ts  a lso s h o w  that the re lat ive error i n  OH does n o t  ever fa l l  

b e l o w  520%. and i s  considerable larger when AT is  less than O.lOc or Ae is  

less than 20 Pa. Fortunately the condi t ions wh ich  favour the largest re lat ive 

measurement errors f o r  b o t h  OH and QE occur when the f luxes themselves 

are small. Hence, even when Q *  = 400 W m-', absolute errors i n  OH and QE 

w i l l  on l y  exceed +50 W m-I f o r  very  l o w  values o f  ATw and AT . 



On the basis o f  preceding analysis, and considering the warm, dry 

conditions experienced during this experiment, a reasonable estimate of  the 

relative measurement error for both OH and OE would be 220%. 



Table  A 2 . 6 .  Error a n a l y s l s  r e s u l t s  for 0 
H 

and OE 

97 .0  
G9.3 
6 4 .  I 
6 2 . 2  
G 1 . 2  
GO. 7 
GO. 3 
6 0 .  1 
59.9  
59.  U 





Tab le  A 2 . G .  (continued) 

o* 

A 1 

('c) 

0. O'i 
0 . 0 5  
0 . 0 5  
0 . 0 5  
0 . 0 5  
0 . 0 5  
0 . 0 5  
0. 0 5  
0 . 0 5  
0. 0 5  

0. ( 0  
0. I0 
0. I0 
0 . 1 0  
0 . 1 0  
0. I0 
0. 10  
0 . 1 0  
0 . 1 0  
0 . 1 0  

0 . 2 5  
0 . 2 5  
0 . 2 5  
0 . 2 5  
0 . 2 5  
0. 2 5  
0 . 2 5  
0 . 2 5  
0 . 2 5  
0 . 2 5  

0 . 5 0  
0. SO 
0. SO 
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  
0 . 5 0  

0 . 7 5  
0 . 7 5  
0 . 7 5  
0 . 7 5  
0 . 7 5  
0 . 7 5  
0 . 7 s  
0 . 7 5  
0 . 7 5  
0 . 7 5  

no 

( 1'18 ) 

8 . 4  
3 3 . 3  
5 7 . 2  
0 1 . 0  

104 . 9  
12n .n  
152.G 
176.5 
700 .4  
2 2 4 . 2  

6 . 9  
3 0 . 0  
5 4 . 7  
7 0 . 5  

102.4 
126.3 
150 .  l 
1 7 4 . 0  
1 9 7 . 9  
221 .7  

- 0 ,  G 
2 3 . 3  
4 7 . 2  
7 1 . 0  
9 4 . 9  
I 1n .o  
142 .6  
1GG.5 
190 .4  
2 1 4 . 2  

- 13. I 
t o .  n 
34  . . I  
9 0 . 5  
n z . ?  

IOG . 3  
#no. I 

' 154 .O 
177 .9  
201 .7  

- 2 5 . 6  
-t:1 
2 2 . 2  
4G.O 
6 9 . 9  
9 3 . 0  
I I 7  .G 
I 4  1 . 5  
165.4 
t o o .  2 

MJI 1  

( W  1 n . 1 )  

3 4 . 5 5  
0 . 2 2  
4.57 
3 .  IG 
2 . 4 2  
1 .96  
I .G5 
1 .43  
1.2G 
1. I 2  

5 4 ,  I n  
11 .47  
G .  15 
4 .  I 9  
3 .  I 9  
2 . 5 7  
2 .  I 6  
c.na 
1.63 
1 .46  

- 0 7 . 7 7  
2 1 . 6 1  
I t .  I 4  
7 . 4 5  
5 . G l  
4  . 5 0  
3 . 7 6  
3 . 2 3  
2  .I14 
2 . 5 3  

- 5 4 2 . 6 0  
no. mi 
l 9 . 9 G  
( 3 . 2 5  
9 . 9 2  
7 . 9 4  
6 . 6 3  
9 . 6 9  
4 ' 9 9  
4 . 4 5  

5 3 4 . 7 5  - 136 1 . 0 5  
I 7 0  .OO '25 .79  
106.115 , 2 9  .OD 
7 6 . 3 2  19. 2 7  
5 9 . 3 6  14.4 I 
no. s 7  1 1 . 6 3  
4 1 . 1 0  9 . 6 2  
3 5 . 6 2  0 . 2 6  
3 1 . 4 3  7.24 
20. 12 e.-14 

t5tll l/fJl 

( % )  

n 7 . 0  
6 8 . 3  
64 .  I 
G2.2 
6 1 . 2  
6 0 . 7  
6 0 . 3  
GO. I 
59.9 
5 9 . 0  ' 

7G. I 
40 .  3  
4 3 . 2  
44 .2  
4 0 . 2  
3 9 . 7  
3 9 . 4  
39. s 
3 9 . 0  
3 0 . 9  

- 4 9 . 3  
3 6 . 4  
31 .5  
2 9 . 3  
2 8 . 3  
2 7 . 0  
27 .4  
27 .2  
2 7 .  1  
2 7 . 0  

- 152.. 3  
3 3 . 2  
sn .o 
2G -0 
25.  I 
2 4 . 5  
24 .2  
24 .O 
23 .0  
23 .7  

- 2 5 4  .n 
- 1 4 . 5  

2 7 . 2  
25 .3  
24.3 
23 .7  
23 .4  
2 3 . 2  
2 3 . 0  
22 .9  

"c 

( W  h")  

I 3 4 . 3 f l  
t s n .  13 

162  . o n  
$ 6 4  .9 I 
166 . 0 4  
IGG. 7 6  
167 .26  
l G 7 . 6 3  
1 6 7 . 9 0  
IGO. I 3  

9 8 . 7 7  
146 .26  
1 5 5 . 7 5  
159 .02  
1G2.09 
l G 3 . 5 2  
( 6 4 . 5 2  
165 .25  
465.01 
IGG. 2 5  

- 0 . 0 8  
1  l O . 6 4  
134 .30  
1 4 4 . 5 6  
150 .2  1  
1 5 3 . 0  l 
l 5 G .  30 
l ! i t l .  I 3  
I S 9 . 5 2  
160 .63  

- 1116. I 7  
Tr l .2 f l  
!)0 . 7 7  

( ( 9 .  12 
( 3 0 . 4 3  
837. 6 2  
I42.GO 
l 4 G .  2G 
( 4 9 . 0 5  
I T j l . 2 5  

- 3 6 4 . 2 5  
- 0  .oo 
6 3 .  15 
93.GO 

110.64 
12 I . 4 3  
1 2 n . 9 0  
I D 4  .at3 
430.57 
14 1  .OO 

104 .77  
26 .74  
2 I . O l  
19 .37  
Ill .G5 
10.  2 6  
cn .02  
17.I lG 
I 7  .'I4 
1 7 . 6 5  

5 5 9 .  GO 
3 2 . G l  
2 2 . 7 1  
20.01) 
19.01 
10 .47  
In .  1 5  
17'. 9 4  
1 7 . 0 0  
( 7 . 7 0  



Table A 2 . G .  (cant lnuod) 

A ~ I  

( I'll ) 

0.4 
3 3 . 3  
57.2 
n I .o 
104. !I 
1211. 11 
I52.G 
176.:; 
700 . 4 
224.2 

6.9 
no. n 
54.7 
7n.5 
102.4 
126.3 
150. 1 
I74 .0 
I1)l .9 
22 1.7 

-0.G 
2:1.3 
47.2 
71.0 
94 .!I 

I I II . II 
142.6 
(66.5 
I !lo. 4 
214.2 

- tn. I 
l0.II 
34.7 
sn.5 
nz.4 
10G.3 
$30. 1 
l5.I .0  
1'17.9 
201 :I 

-25.6 - 1.7 
22.2 
46.0 
69.9 
93 . 0 
117 .6 
1.1 1 .5 
165. .I 
109.2 

97.0 
G9.3 
G4. I 
62.2 
61.2 
GO. 7 
G 0  . 3 
GO. I 
59. !I 
59. I1 



APPENDIX 3 - DAILY, DAYLIGHT AND NIGHT PERIOD RADIATION BALANCE 

VALUES 



r - - 9  . . .  
m a w  
- 7  I 

r - m 9  . . .  
- m e 4  
- 1  I 
I 

0 - w  . . .  
m - r -  
N N 

m - m  . . .  
r- N m  
7 - 

9 v . . 
r- t- 
N N 

r- r- . . 
m  ln 

N N 
r - r -  - - 

. . 
0 0 

- 7 

. . 
m  m  
m  m  

m  m  
m  m  
r- r- . . 
0 0 

r- t- . . - .- 
0 P 

C 
f 

X O C  - - .c - -  0 
m >. - 
urnc 
D 

w  
N 

(U 

3 
3 

N 7 N  . . .  
m t -  N - -  I 

m o w  . . .  
1 1  

I 

m m o  . . .  
m - m  
N N 

N o r -  . . .  
m m m  - - 

r - r -  . . 
m  M 
N N 

m  m  . . 
m  rn 

0 0 
r- r- - . . 
0 0 

0 0 . . - 7 

m  m  

N N  
P P 
r - r -  . . 
0 0 

r- r- . . - .- 
V 9 

w 
s 

X W *  
- - K  - -  0, 
m x .- 
u m c  
D 

t- 
N 

(U 
c 
3 
1, 

m m m  . . .  
- m -  - -  I 

m - m  . . .  
F - w -  
I l l  

r - m -  . . .  
m - m  
N N 

m 9 m  . . .  
;;'Cw 

u P . . 
m m  .- - 

m  m  . . 
m m  

m  m  
w w  
7 - . . 
0 0 

7 - . . 
m  m  
N N 

m  M 
m  M 
m  m  . . 
0 0 

r- r- . . - 7 

P -3 

C 
r 

x 5 w  - .- K  
.- - 0 1  
m X .- 
D ~ C  
D 

m  
N 

pl 

J 
1, 

m m -  . . .  
P W N  - -  I 

N N -  

m - m  
PIN 

P m N  . . .  
Z P N  - I 

r - m N  . . .  
m r - N  
I l l  

o m -  . . .  

P O 0  . . .  
o p w  
CY 

0 0 . . 
N N 
N N 

m  m  . . 
u u 

2 2 
Y .- . . 
0 0 

w  w  . . 
w  w  
N N 

m  m  
m  m  
w w  . . 
0 0 

w  w  . . - - 
P P 

C 
f 

x 0 ) c  - .P c 
.- - 0 
m x .- 
D m C 
D 

:: 
(U 
C 
3 
3 

O r - N  . . .  
2:': 

W O N  . . .  
- m w  
- 1  I 
I 

m m m  . . .  
 ON^ 
m  N 

m N -  . . .  
m m w  - - 
0 0 . . 
w  w  
N N 

m  m  . . 
m  LO 

2 2 - - . . 
0 0 

o m  . . - - 
m  m  

m  m  
m  M 
r- r- . . 
0 0 

m  m  . , - 
v P 

C 

K 
X t n C  - .- K .- - 0) 
m x .- 
u m c  u 

N 

x - 
3 
3 

m w -  . . .  
m m c Y  - -  I 
P J N -  . . .  
- m w  
- 1  I 
I 

- + - a  . . .  
~ m m  
m  N 

m w m  . . .  
o p w  
N 

F- r- . . 
P u 
N N  

0 0 . . 
M m  

m  m  
? ? . . 
0 0 

r- r- . . 
m  m  
N N 

m  m  - - 
r- r- . . 
0 0 

9 P . . 
7 - 
9 P 

* 
f 

X C n W  
- - K  - -  0, 
m x .- 
D Q C  
u 

0 

X - 
3 
3 



o m m  

m p r  .-.- l  

w m m  

mar- . . .  
l n * -  

I  

m - r -  . . .  
a m -  
I l l  

m m o  . . .  
:gm 

m m r -  . . .  
N m w  
N - 

9 0 
N N - - 

w  w  . . 
N N 

I- P- 
r- r- .- - . . 
0 0 

I- I- . . 
2 2 

- - 
w w  
m  m  . . 
0 0 

. . 
: '2 

I-' 
K XEY - c .- - m  

m x -  
u m c  
D 

.- 
X 
7 

J 
3 

m  w I- . . .  
r- m  0 

P P r -  . . .  
l n P 0  
I  I  I  

o m -  . . .  
m m m  
N - 

w  - P . . .  
w m r -  
N - 

m  m  . . 
m  m  - .- 

m  m  . . 
N N 

0 0 
m 9 
. . 

0 0 

N N . . 
w  w - .- 
0 0 
0 0 
u v . . 
0 0 

w  w  . . 
0 0 
P P 

w 
K 

A m + '  - .- .- - 0) 
m X .- 
u  m c  

u 

m  - 
Z - 
3 
3 

m  m  
s s c n  
E E W  

E  

m  m  
s s m  
E E W  

E  

m m c n  
s w s  
E E E  

w m m  
s s s  
E E E  

m  m  
s  s  
E  E  

m a  
s  

E  E  

cn m  
s  s  
E E  

m  0) 
s  s  
E  E  

W 0, 
s  s  
E E 

P P . . 
0 0 
P P 

Y 
Z: 

x a c - .- f - -  m 
m X -  
u m t  
u  

P .- 

X - 
3 
3 



J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

J
u
l
y
 

d
a
i
l
y
 

d
a
y
l
 i
a
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

. 
d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
:
 i
g
h
t
 

n
i
g
h
t
 

- 
d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
i
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 

d
a
l
l
y
 

d
a
y
l
 i
g
h
t
 

n
i
g
h
t
 



J
u
l
y
2
6
 

d
a
i
l
y
 

3
8
.
7
 

0
.
7
3
7
 

2
8
.
6
 

0
.
1
7
2
 

4
.
9
 

d
a
y
1
 i
g
h
t
 

3
8
.
7
 

0
.
7
3
7
 

2
8
.
6
 

0
.
 1
7
2
 

4
.
9
 

n
i
g
h
t
 

A
l
l
 
v
a
l
u
e
s
 
a
r
e
 
in
 
M
J
 
m
-
'
.
 
e
x
c
e
p
t
 
t 
a
n
d
 
a
 
w
h
i
c
h
 
a
r
e
 
d
i
m
e
n
s
i
o
n
l
e
s
s
.
 

T
h
e
 
m
i
s
s
i
n
g
 
d
a
t
a
 
o
n
 
J
u
l
y
 
14
 
(
i
n
d
i
c
a
t
e
d
 
b
y
 
m
s
g
)
 
is
 
d
u
e
 
t
o
 
a
 
d
a
t
a
 
r
e
c
o
r
d
i
n
g
 
p
r
o
b
l
e
m
 
w
h
i
c
h
 
r
e
s
u
l
t
e
d
 
in
 
t
h
e
 
l
o
s
s
 
o
f
 
a
 

p
o
r
t
i
o
n
 
o
f
 
t
h
e
 
d
a
t
a
 
f
o
r
 
t
h
i
s
 
d
a
y
.
 

, 
A
l
l
 
f
l
u
x
 
d
e
n
s
i
t
y
 
v
a
l
u
e
s
 
a
r
e
 
b
a
s
e
d
 
o
n
 
t
h
e
 
s
u
m
 
o
f
 
t
h
e
 
h
a
l
f
-
h
o
u
r
l
y
 
m
e
a
n
s
.
 
T
h
e
 
d
a
y
l
i
g
h
t
 
p
e
r
i
o
d
 
w
a
s
 
d
e
f
i
n
e
d
 

h
a
l
f
-
h
o
u
r
l
y
 p
e
r
i
o
d
s
 
w
h
e
r
e
 
t
h
e
 
m
e
a
n
 

K
O

 v
a
l
u
e
 
w
a
s
 
g
r
e
a
t
e
r
 
t
h
a
n
 
0
.
 T
h
e
 
n
i
g
h
t
 
p
e
r
i
o
d
 
w
a
s
 
d
e
f
i
n
e
d
 
a
s
 
a
l
l
 
t
h
e
 
h
a
1
 

p
e
r
i
o
d
s
 
w
h
e
r
e
 
t
h
e
 
m
e
a
n
 
K
O
 v
a
l
u
e
 
w
a
s
 
0
.
 

a
s
 
a
l
l
 
t
h
e
 

f
-
h
o
u
r
l
y
 

K
O

 i
s
 
t
h
e
 
t
h
e
o
r
e
t
i
c
a
l
 
s
o
l
a
r
 
r
a
d
i
a
t
i
o
n
 
r
e
c
e
i
p
t
 
f
o
r
 
a
 
s
i
t
e
 a
t
 
t
h
i
s
 
l
a
t
i
t
u
d
e
.
 
a
s
s
u
m
i
n
g
 
n
o
 
h
o
r
i
z
o
n
 
s
h
a
d
i
n
g
 

u
s
i
n
g
 
t
h
e
 
a
p
p
r
o
a
c
h
 
s
u
g
g
e
s
t
e
d
 
b
y
 
S
e
l
l
e
r
s
 
(
1
9
6
5
)
.
 

K
c
,
 K

 
a
n
d
 
Q
*
 
w
e
r
e
 
m
e
a
s
u
r
e
d
 
d
i
r
e
c
t
l
y
 

L 
w
a
s
 
c
a
l
c
u
l
a
t
e
d
 
u
s
i
n
g
 
s
u
r
f
a
c
e
 
t
e
m
p
e
r
a
t
u
r
e
 
m
e
a
s
u
r
e
m
e
n
t
s
 
a
n
d
 
t
h
e
 
S
t
e
f
a
n
-
B
o
l
t
z
m
a
n
n
 e
x
p
r
e
s
s
i
o
n
 
(
e
q
u
a
t
i
o
n
 

A
 

03
 

e
m
i
s
s
i
v
i
t
y
 
w
a
s
 
a
s
s
u
m
e
d
 
t
o
 
b
e
 
c
o
n
s
t
a
n
t
 
a
t
 
0
.
9
0
.
 

03
 

, 
c
a
l
c
u
l
a
t
e
d
 

2
.
5
)
.
 
S
u
r
f
a
c
e
 

L
 (
w
a
s
 
c
a
l
c
u
l
a
t
e
d
 
b
y
 
s
u
b
s
t
i
t
u
t
i
n
g
 
t
h
e
 
m
e
a
s
u
r
e
d
 
K
b
.
 K
t
.
 Q

k
 
a
n
d
 
c
a
l
c
u
l
a
t
e
d
 
L
t
 
i
n
t
o
 
t
h
e
 
r
a
d
i
a
t
i
o
n
 
b
a
l
a
n
c
e
 
e
x
p
r
e
s
s
i
o
n
 

(
e
q
u
a
t
i
o
n
 
2
.
1
)
 a
n
d
 
s
o
l
v
i
n
g
 
i
t
 
f
o
r
 
L
b
.
 

t 
w
a
s
 
c
a
l
c
u
l
a
t
e
d
 
f
r
o
m
 
t
h
e
 
m
e
a
n
 
d
a
i
l
y
 
a
n
d
 
d
a
y
l
i
g
h
t
 
p
e
r
i
o
d
 
v
a
l
u
e
s
 
o
f
 

K
O

 a
n
d
 
K
b
.
 

a
 
w
a
s
 
c
a
l
c
u
l
a
t
e
d
 
f
r
o
m
 
t
h
e
 
m
e
a
n
 
d
a
i
l
y
 
a
n
d
 
d
a
y
l
i
g
h
t
 
p
e
r
i
o
d
 
v
a
l
u
e
s
 
o
f
 
K
t
 a
n
d
 
K
b
 



APPENDIX 4 - DAILY, DAYLIGHT AND NIGHT PERIOD ENERGY BALANCE VALUES 
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