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ABSTRACT

LAKE EVAPORATION ESTIMATION BY ISOTOPE, ENERGY BALANCE AND
BULK AERODYNAMIC METHODS.
C. Jaedicke, Department ofEarth Sciences, Hydrology, Uppsala University, Norbyvrfigen 18 B,
575236 Uppsala, Sweden.

Lake evaporation from a shallow lake in central Sweden has been estimated using three
independent methods from measurements during summer 1995. The applied isotope method
is a combination of the water and isotope mass balance. Its main feature is that inflows need
not to be measured. Only knowledge of their isotopic content is sufficient. For calculations by
the bulk aerodynamic method a computer program was applied, which takes into account the
different conditions of stratification. The energy balance of the lake was determined by using
the short and long wave radiation, heat storage and advective heat energy. Measurements
were done on a small island and at a mast in the middle of the lake. Evaporation estimated by
all the methods varied from —1.1 to 5.0 mm/d during the summer months 1995. Values
estimated by the energy balance method agreed well with those from the bulk aerodynamic
method. Evaporation estimates from the isotOpe method a showed fairly good agreement with
the two other methods, excepting a few periods. It was found that both the isotope as well as
the energy balance method are sensitive to errors in lake volume. Both methods carry some
uncertainty due to their dependence on water balance components, some of which are difficult
to determine. The bulk aerodynamic method is independent of the water balance of the lake.
A good accuracy can be achieved using only four variables i.e. wind speed, relative. humidity,
skin and air temperature.

Copyright © 1997, Christian Jaedicke and Department of Earth Sciences, Hydrology, Uppsala
University. Printed at the Department of Earth Sciences, Uppsala/Sweden 1997



III

REFERAT
SJÖAVDUNSTNING BESTÄMD MED ISOTOP—, ENERGIBALANS— OCH BULK.—
AERODYNAMISKA METODERNA.

C. Jaedicke, Institutionen för Geovetenskap, Hydrologi, Uppsala Universitet, NorbyvägenJS B,
5—75236 Uppsala, Sverige.

Avdunstningen från den grunda sjön Tämnaren i centrala Sverige bestämdes med tre
oberoende metoder ur mätningar från sommaren 1995. Den använda isotopmetoden är en
kombination av vatten— och isotopbalansen. Dess viktigaste fördel är att inflödet inte behöver
mätas, utan att kännedom om isotophalten är tillräcklig. För beräkningarna med den bulk——
aerodynamiska metoden användes ett datorprogram som tar hänsyn till atmofärens stabilitet.
Energibalansen beräknades ur kort— och långvågsstrålningen, värmelagringen och den tillförda
energin. Mätningarna utfördes dels på en liten ö och dels vid en mast mitt i sjön.
Avdunstningen varierade mellan —l.l mmd”1 till 5.0 mmdl. Resultaten från
energibalansmetoden överenstämde bra med resultaten från den bulk—aerodynamiska
metoden. Även resultaten från isotopmetoden överenstämde bra med resultaten från de två
andra metoderna, med undantag av några få perioder. Både isotop— och energibalansmetoden
var känsliga för feluppskattningar av sjövolymen. Båda metoderna innehåller osäkerheter som
en följd av deras beroende på vissa av vattenbalansens komponenter, som är svåra att
bestämma. Den bulk-aerodynamiska metoden är oberoende av sjöns vattenbalans och en bra
noggranhet kan uppnås med mätningar av endast de fyra variablerna vindhastighet, relativ
fuktighet, yt- och lufttemperatur.
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ZUSAMMENFASSUNG

BESTIMMUNG VON SEEVERDUNSTUNG DURCH ISOTOP, ENERGIE BILANZ
UND BULK—AERODYNAMISCHE METHODEN

C. Jaedicke, Geowissenschaftlz'ches Institut, Hydrologie, Uppsala Universität, Norbyvägerz 18 B,
S—75236 Uppsala, Schweden.

Die Verdunstung von einem flachen See in Zentralschweden wurde mit Hilfe von drei
unabhängigen Methoden bestimmt. Die Messungen wurden im Sommer 1995 durchgeführt.
Die angewandte Isotopenmethode ist eine Kombination aus Wasserbilanz and lsotop—
Massenbilanz. Das besondere Merkmal dieser Methode ist es, daß Zuflüsse nicht gemessen
werden müssen. Es genügt, ihre isotopische Zusammensetzung zu kennen. Für die
Berechungen mit der bulk—aerodynamischen Methode wurde ein Computerprogamm
verwendet, das die unterschiedlichen atmosphärischen Schichtungen berücksichtigt. Die
Energiebilanz des Sees wurde mit Hilfe der kurz—« und langwelligen Strahlung, der
gespeicherten Energie im See und der durch Zuflüsse und Niederschlag zugeführten Energie
bestimmt. Die Messungen wurden auf einer kleiner Insel und an einem Mast in der Mitte des
Sees durchgeführt. Die Verdunstung reichte von —l.l mmd“1 bis 5.0 mmd'1 während der
Sommermonate 1995. Die Ergebnisse der Energiebilanz stimmten gut mit den Ergebnissen
der bulk—aerodynamischen Methode überein. Die Ergebnisse der Isotopenmethode stimmten
relativ gut mit den Ergebnissen der beiden anderen Methoden überein, mit Ausnahme einiger
Perioden. Es wurde festgestellt, daß sowohl die Isotopenmethode als auch die
Energiebilanzmethode sensibel auf Fehler im Seevolumen reagieren. Beide Methoden
enthalten einige Unsicherheiten wegen ihrer Abhängikeit von Wasserbilanzkomponenten, die
z.T. schwer zu bestimmen sind. Die bulk—aerodynamische Methode dagegen ist unabhängig
von der Wasserbilanz des Sees. Gute Ergebnisse können mit nur vier zu messenden Variablen
erreicht werden (Windgeschwindigkeit, relative Luftfeuchtigkeit, Wasseroberflächen— und
Lufttemperatur).
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Introduction

Evaporation plays an important role in the water balance of lakes and catchments. Especially
for reservoirs in arid and semi~arid regions the losses due to evaporation can be large. But
even a low evaporation rate in humid climates can not be neglected especially if the area is
big (i.e. lake, reservoir). An evaporation rate of 1.5 mmd'1 from an area of 70 km2 amounts
to 105000 m3/d as losses. The ecological consequences are significant especially for shallow
lakes where more than half of the lake volume can be lost due to evaporation during summer.
Determination of evaporation is important before any man made changes in a lake are
planned. Therefore it is important to find a method to estimate lake evaporation, which is
accurate and does not demand too sophisticated measurements. This can be done through a
comparison of different methods.

The overall water balance would be the simplest way to determine evaporation from a lake.
However, this approach is often difficult because of uncertainties in determining all
components of the water balance particularly when the lake is fed by many streams.
Generally, subsurface in and out flow can not be measured with suitable accuracy. The
present method (isotope) is suitable for a shallow lake where subsurface flows are negligible.
Therefore, other methods for estimating lake evaporation were used. The bulk aerodynamic
method works with profiles of wind, temperature and humidity. In its simplest form this
approach assumes neutral atmospheric stratification, setting the turbulent transfer coefficients
of momentum (KM), heat (KH) and vapour flux (KB) equal to one another. In neutral
conditions this assumption is generally true but it leads to slight over and under estimation of
evaporation in stable and unstable profiles where KM :é KB.

The energy balance method works with the incoming and outgoing energy from the lake. The
most important components of the energy balance require measurements of water temperature
profiles, air temperature and radiation. But even the heat flux from the water to the lake
bottom can be taken into account. The loss of energy through evaporation is the flux of latent
heat into the atmosphere. In many studies the energy balance approach is considered to yield
the most realistic results for lake evaporation (Gibson et al., 1996).

Use of the stable isotopes of the water molecules is another possibility to estimate the water
balance of lakes. The general theory of the isotope method is that an evaporating water body
gets enriched in its stable isotope composition. As a first approximation, high evaporation
rates lead to higher enrichment of the relatively heavier isotopes like 180 and Deuterium. This
enrichment is measurable and the evaporation rate can be determined by a mass balance
approach. The main feature of the isotope method is that inflows need not to be measured.
Only knowledge of their isotopic composition is sufficient.
The main objective of this study is to estimate lake evaporation by the isotope method for the
summer 1995 using the stable isotope 18O. Estimations by the bulk aerodynamic and energy
balance method are used to compare the results and to find possible errors, strengths and
weaknesses in the isotope method. All three methods are discussed in their usefulness for
practical application.

Evaporation was estimated for the lake Tamnaren in central Sweden during the period 28 June
to 27 September 1995 using data recorded for the isotope method, and from a floating mast in
the middle of the lake for the bulk aerodynamic and the energy balance method.



Background

The process ofevaporation

Estimation of evaporation from open water surfaces such as lakes, reservoirs and ponds has
been a subject of scientific research for nearly 200 years.

Evaporation is the process by which water is changed from solid or liquid state into the
gaseous state through the transfer of heat energy. Water is transferred from land or water
surfaces to the atmosphere. Evaporation occurs when water molecules gain sufficient kinetic
energy to break through the water surface and escape to the atmosphere. On the other hand
some molecules from the atmosphere may enter the water surface and remain therein. This
exchange of water molecules to and from the atmosphere happens continuously and is ruled
by the surrounding conditions.

Mostly, water and air temperature as well as the gradient of saturated to actual vapour
pressure of the atmosphere rule the process. All these depend again on other factors such as
wind speed, atmospheric pressure and the available solar radiation.
Evaporation leads to cooling of the water body and large amounts of energy (2.4 M] / kg
evaporated water) must be supplied by radiation, conduction from the overlying atmosphere
or the energy stored below the water surface.

Measurement of evaporation is difficult due to all the influencing factors.

Evaporation pans

Earlier, evaporation pans were widely used for lake evaporation measurements. The pans can
be positioned at the shores of the studied water body or kept floating in it. The rate of
evaporation from pans is usually higher under summer periods and lower under winter
periods than the actual evaporation from the studied water body. This is due to the higher
temperature of pan water than the surrounding water during summer and lower pan water
temperature in winter (Harbeck et al., 1958). Therefore, correction factors specific for every
different pan construction and different seasons have been applied. The annual correction
factors are about 0.7 to 0.75.

Water balance

The correction factors can be obtained from studies of man made lakes where the actual
evaporation can be determined quite accurately from the water balance. Evaporation
corresponds to inflows minus outflows plus the change in lake volume. However this simple
balance equation can only be applied to reservoirs or ponds where seepage to and from the
water body does not exist. For natural lakes and streams groundwater seepage must be
included in the balance. However, seepage is difficult to determine and this method does not
work if seepage is comparable or equal to evaporation. But also precipitation over a water
surface is difficult to measure especially if the topography is mountainous or snowfall is
significant. The water balance gives reasonable results for periods longer than one month but
is entirely unsatisfactory for short periods.



Empirical approaches

To estimate evaporation from standard meteorological data, empirical approaches were
developed as early as 1802 when Dalton came up with a first empirical equation to estimate
evaporation. Most of the empirical methods are based on a simplified mass transfer relation,
which takes into account the vapour pressure deficit and later also the wind speed. One of the
most general forms is:

E2K><f(u)><(e0-ea) (1)

where K is an empirical coefficient, u is the wind speed and (e0 ~ ea) is the vapour pressure
deficit with co the saturated and ea the actual vapour pressure.

The use of these equations is limited due to lack of data. Especially water surface temperature
is generally not measured on a regular basis. Also small errors in temperature lead to big
errors in evaporation. However these equations are appealing because of their simplicity and
usefulness in giving an approximate measure of evaporation.

Mass transfer

The mass transfer approach for evaporation works with profiles of wind speed, air
temperature and humidity over a surface. Gradients between different heights are measured to
determine the fluxes between the surface and the atmosphere. Both the influence of
turbulence and surface roughness are included in the theory.
Early efforts on the mass transfer method were made by Svedrup (Harbeck et al., 1958) who
developed one of the first models to determine the flux of water vapour under turbulent
conditions. Anderson et a1. (1950) have given a detailed mathematical discussion of the
process of water vapour transport. All the early studies assumed neutral atmospheric
stratification which leads to errors if stable or unstable conditions exist. The Monin~Obukhov
similarity theory (Monteith and Unsworth, 1990) assumes that the fluxes of momentum,
sensible heat and water vapour have the same transfer coefficients under neutral conditions.
Under stable or unstable conditions the transfer coefficient for momentum differs from those
for sensible heat and vapour. To adjust the transfer coefficients to the actual atmospheric
stratification, the Monin—Obukhov length was developed as a useful parameter. However, this
approach recommends an iteration process in the calculations of the stability parameter. To
avoid this Launiainen (1995) developed an algorithm, which combines the Monin~0bukhov
length and the bulk

- Richardson number, which can be calculated from standard
measurements. This allows an adjustment for different atmospheric stratification. Earlier this
approach could have suffered from poorly developed instrumentation technology. Nowadays,
since it is possible to measure temperatures, wind speeds and humidity at different levels with
high accuracy, the systematic error of the measurements can be very small.

Energy balance

The energy budget method is based on the conservation of energy. All energy which enters
the water body is partly stored and partly escapes. An account is made of incoming and
outgoing energy and the energy stored in the lake. The sum of these components gives the
energy losses through the flux of sensible heat and the flux of water vapour i.e. evaporation.
Bowen (Monteith and Unsworth, 1990) concluded that the process of evaporation and



diffusion of water vapour from any water surface to the overlying atmosphere is exactly
identical with the conduction of sensible heat from the water surface into the same
atmosphere. The ratio of sensible to latent heat is known as the Bowen ratio which can be
determined from the temperature and humidity profiles. Eliminating the sensible heat by
dividing the energy balance by the Bowen ratio (+1), one gets the energy consumed by the
evaporation from the water body.

A big effort on the energy balance method was done by Anderson (1954) in the lake Heffner
studies. They developed accurate methods to determine or measure directly all important
energy balance components of the lake. Sturrock et al. (1992) studied the influence of
groundwater flow through the lake and the heat conducted from the sediments and showed
that both have little influence on the results. A comparison with the water balance and the
Priestley—Taylor model is given by Gibson (1996). The influence of substitute data on the
energy balance approach was studied by Rosenberry et al. (1993). They showed that even a
non optimal instrumentation introduces insignificant errors for most of the variables. With the
further development of the instrumentation, the results of the energy balance approach seem
to be one of the most accurate methods to measure evaporation.

Natural stable isotopes

To use the mass balance of soluble salts in the lake water is another method to study lake
evaporation. This may be done using the salt concentration of the water but is more often
applied on the water molecules themselves Natural water also contains stable isotopes of
oxygen and hydrogen as 8O and deuterium, respectively. Their changing concentration in the
different components of the water balance makes it possible to estimate evaporation by the
isotope method. The method works by combining the water balance and the isotope mass balance.
In any evaporating water body, the relatively heavier molecules containing stable isotopes get
enriched because the lighter molecules preferably escape to the atmosphere. According to
Craig and Gordon (1965) and also Merlivat and Coantic (1975), this isotopic fractionation is
made up of two components; (a) That lighter molecules are favoured in the liquid to vapour
phase transition because of vapour pressure differences between the lighter and heavy species
and (b) the additional effect (often referred to as the kinetic effect) resulting from the different
rates of diffusion of the lighter and heavier water molecules through the water-air boundary layer.
Early efforts to estimate lake evaporation by the isotope method were limited to relatively
warm climates where high evaporation rates causes the lake water to achieve near steady
isotopic state i.e. after a certain time the lake water reaches an almost constant isotopic
content, which made the calculation of the lake water budget easier. In these studies it was
further assumed that the isotopic content of atmospheric vapour 8A was in equilibrium with
the annual isotope content of precipitation 5p. This is somewhat true for warm climates but
this assumption leads to large error in relatively colder climates. It has been observed in
Sweden, by Saxena and Ericsson (1985), Saxena (1987, 1996) and in North America by
Krabbenhoft et al. (1990) that there is strong seasonal fluctuation in 5A. Also, during small
amounts of precipitation, the atmospheric vapour is not in isotopic equilibrium with
precipitation. The other major difficulty is the estimation of the isotope content of the
evaporating moisture 5E generally termed as the lake evaporate or evaporate. In practice 55
can not be measured experimentally due to the immediate mixing of the lake—evaporate with
the atmospheric moisture. Indirect methods for the estimation of 5B have been used.
Craig and Gordon (1965) developed a model to estimate 5E considering relative humidity,
isotopic fractionation factor, kinetic effect and the isotopic composition of the atmosphere as



well as of the water body undergoing evaporation. Dincer (1968) suggested the use of an
index lake with known water balance to estimate 5E assuming equilibrium between
precipitation and atmospheric vapour. Welhan and Fritz (1977) pointed out the danger of
errors in the Craig and Gordon model because of uncertainties in measuring relative humidity
at the lake surface. Therefore humidity normalised to lake surface temperature was recommended.
Two kind of evaporation pans were used to estimate 85. Pans evaporating to dryness were
used by Allison et a1. (1979) who showed that this approach works only in meteorological
stable conditions which hardly occur in nature. Better results were achieved using constant
feed pans (Allison and Leany, 1982, Saxena, 1987) which not only buffer variations of air
temperature and humidity but also simulate evaporation from a lake.
The isotope method yields good results, if all components of the isotope and some
components of the water balance are determined accurately.
Evaporation can be measured by many different methods. All methods have their advantages
and disadvantages and it must be judged for every study which method will bring the best
results. Besides the accuracy of the method, the effort for instrumentation and the costs of the
measurements generally play a decisive role in the decision. However, it must be kept in mind
that all methods only give an estimation of evaporation.

Site description
Lake T'amnaren is situated in Uppland, central Sweden about 100 km north of Stockholm. The
topography of the surrounding landscape is rather flat. The area is mostly vegetated with
about 70% woods, natural meadows and wetlands. Roughly 20 % is used as farmland. Lakes,
roads and communities cover the rest. Besides Tamnaren, no other big lake is situated in the
area. In historical times, lake Tamnaren caused a series of big floods during the snow melt
period. Spring floods are reported from 1650 onward. In 1871 the T'amnaren Regulation
Company was established to lower the lake level and avoid spring floods. The lake was
continuously lowered until 1954. But the ecological consequences of the lowering forced an
increase of the lake level by 0.2 m in 1971.

Today2the lake has an average depth of 1.2 m and maximum depth of 1.7 m. The lake area is
35 km2,with a maximum length of 9. 5 km and width of 5 km. The major streams entering the
lake, Harboan and Abyan, amount together 90% of the lake inflow The Haboan drains an
area of about 439 km2 and the total precipitation area of lake Tamnaren is 772 kmz. The
remaining 10% of inflow is due to five minor streams entering the lake. Bank in and outflow
have been neglected in this study.

The outflow of the lake is regulated by a dam. Every day 0.5 m3/s is pumped out of the lake
for drinking water supply to Uppsala city. This shows the environmental importance of this
lake. Furthermore, the lake is used for spare time activities like fishing.
The mean annual air temperature at the lake is 5 OC. About 200 days of the year are frost free,
but the lake begins to freeze usually in mid November because of its shallow depth, much
earlier than other lakes in the same area. Mean annual precipitation measured by the Swedish
meteorological and hydrological institution (SMHI) is about 752 mm. Evaporation from the
lake was estimated by the isotope method only for the summer 1994 and ranged from 0 6 to
5.4 mmd (Saxena, 1996).
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Theoretical background

Isotope Method

Natural water consists not only of H2160 but also contains a certain amount of other isotopes.
Considering only the stable isotopes of oxygen and , hydrogen, water molecules in content of
these isotope species are 3111121111860 111911191860 11 H SH 20 1‘H 11H 1880 12H 12H1860 etc. The most

abundant of these are 11191711860 11H12'H1860 11H 11111880 (where if] is identical with D). The

average value of HD1 60 and H2180 in ocean waters is about 200 and 1990 ppm., respetively.

The stable isotopic components of water are good tracers for a variety of hydrological
processes. As the mass spectrometer techniques improved in the mid-SOs a high accuracy
could be reached and automatic analysis techniques today allow a quick analysis of a large
number of samples. This started a rush of investigations to study the behaviour of 18O and D
in the nature. Since then stable isotope hydrology has become a well known discipline.
Some of the most important features of the isotopic composition of natural waters are:
0 the heavy isotope content of precipitation decreases with increasing altitude (altitude

effect) and latitude (latitude effect) and varies with seasonal changes in surface
temperature

I» sea water has an almost constant value of heavy isotope content
0 fresh water is isotopically lighter than sea water
0 the variation of 180 and D of fresh waters is parallel, i.e.5D 2 5

meteoric water line, (Craig et al. 1963)
180 + 10 %o, the so called

The content of heavy isotopes in water is expressed as the relative deviation of RSAMPLE to R511):

where:
R number of heavy molecules . th 1 (2)2 in e s mSAMPLE number of light molecules a p e

R number of heavy molecules . th t d d (3)
2 n eSTD number of light molecules 1 S an ar

then

RSAMPLE “’ RSTD * 1000m

65AMPLE ‘— (4)
RSTD

the 5 values are given in %o



As reference standard usually the SMOW (standard mean ocean water) is used which has a
defined isotope content. It corresponds to a hypothetical water having both oxygen and
hydrogen isotopic ratios equal to the mean isotopic ratios of ocean water. In fact the isotopic
ratios of SMOW were defined by Craig (1961) as: 180/160 2 (1993.4 :1: 2.5) ppm and D/H 2:
(158 :l: 2) ppm. Craig (1961) was entrusted by International Atomic Energy Agency (IAEA)
to prepare a defined SMOW, which was obtained by mixing distilled ocean water (collected
from the Pacific ocean, lat. 0°, long 180”, during July 1967) with small amounts of other
waters to adjust the isotopic ratios to the required value. Such a water sample is called Vienna
SMOW. According to Craig’s measurements, the V—SMOW has the same 180 content as the
defined SMOW but its D content is 0.2%0 lower. Nowadays Vienna SMOW is used as the
standard reference water.

The reason for the variations in isotope content of precipitation and the difference between the
lighter precipitation and the heavier surface waters are the different physical properties of
light and heavy molecules. As water is evaporating and condensing the water undergoes an
isotopic fractionation process.

The fundamental reason for the isotope fractionation in a water mass undergoing evaporation
is the difference between saturation vapour pressure of heavy and light molecules of water. So
e(H216O) is higher than e(H2180), where e stands for saturation vapour pressure. The lighter
molecules are easily removed from the water body thus its concentration of heavy isotope
molecules increases as evaporation proceeds. Furthermore, light molecules easier gain enough
kinetic energy to escape from the water surface compared to the heavy species.

The evaporation progress can be considered under equilibrium and non—equilibrium conditions.
Under equilibrium conditions the relationship between the isotopic content of the liquid phase
RL and the gaseous phase RG can be expressed as:

RL 2 0L RG SUCh that (X > 1

The equilibrium fractionation factor 0t has been found to be temperature dependent. In this
study the equation given by Majoube (1975, as reported in Saxena, 1987) to calculate 0t was
applied:

1137*103] (0.4156, «2,0 * 0—3T, T j 667 1 (5)1n 05680) = [

The temperature is given in Kelvin and the equation is valid for temperatures from O —lOO 0C.
Equilibrium conditions hardly occur in nature concerning evaporation. However, if precipitation
exceeds a certain amount it could be in equilibrium with the atmospheric water vapour.



To estimate evaporation from a lake a combination of the lake water and isotope balance is
used. The water balance of a shallow lake where bank in and out flows can be neglected can
be written as:

f~Z*~(V)---I+P 0 E (6)dr *

where: 21-; (V) 2 change in lake volume

I : inflow

P : precipitation

E 2 evaporation

O :2 outflow

according the isotope balance is expressed as:

dE(V5,) : 15, + P5,, —- 050 - E5, (7)

where: EL, 51, 5p, 50, 5B are the isotopic content of the isotope balance components, where
suffixes refer to lake water, inflow (surface), precipitation, outflow and lake evaporate.
The inflow (I) can be eliminated by combining equation (6) with equation (7). Due to its
shallow depth, Tamnaren should be a well mixed lake. This assumption was found correct as
no significant variations of SL were observed at 0.1, 0.5 and 1.0 m depths in the east west
transect (T1 to T7) (fig. 1) during the summer period 1994 (Saxena, 1996).

Thus for a well mixed lake 50 == 5 L and evaporation E can be expressed as:

dV d97(6L~61)-Vg;(6i)+P(61~5p)~0(5w5L)E:

(51 ""515)
(8)

51 is the weighted mean of all inflows assuming that the inflow is proportional to the area of
the drainage basin of the individual streams:

xax
6! 2% (9)

where the discharge Qx can be described as:

Qx == KAx Ax =2 area of the drainage basin
K 2 is a coefficient with the unit [L T’l]

Equation (8) must be applied over a period of several days to allow a measurable change in ESL.
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To estimate evaporation using stable isotopes it is necessary to know 55, the isotopic content of the
evaporating vapour. It can not be determined experimentally and must be estimated theoretically.

TURBULENT LAYER GASEUOS PHASE

LAMINAR LAYER AL
3

rlg rlg
IIIIIIIIII-IIIllIII-IIIIIIIIIIIIIIIIIIIIll-IIIIIIIIIIIIIIIIIIIIIIIIIII INTERFACE

r39! r91
V LAMINAR LAYER

TURBULENT LAYER UQUID PHASE

Figure (2): Craig and Gordons model for a natural water body undergoing evaporation. rgl, r‘ g1
and rlg, r‘lg are the resistances for the heavier and lighter molecules to pass through the
liquid / gas interface. The primes denote heavy molecules.

Craig and Gordon (1965), developed a model for evaporation from a natural water body (fig.
2). They suggested that the liquid — vapour interface is bounded on either side (in each phase)
by a laminar layer, in which the transport is predominantly governed by molecular diffusion.
In both the phases these laminar layers are followed by a region dominated by turbulence. The
model was proved experimentally by Merlivat and Coantic (1975) who found that the mass
transfer in the region just above the water—air interface is dominated by molecular diffusion.
Following this model, 513 the isotopic content of the evaporate can be expressed as (Craig and
Gordon, 1965):

1(1+5,)..h(1+5,,)
55 Z a mac, "‘1 “0)

where:

0t 2 equilibrium isotopic fractionation factor
5L 2 isotopic content of the water body undergoing evaporation
5A z isotopic content of the atmospheric vapour

h -_-_- relative humidity normalised to lake water temperature
CX = the ratio of the transport resistance of the heavy molecules H2180 to
lighter molecules H2160 offered by the diffusive layer at the water air Interface
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Equation (10) has a slightly different form than the Craig and Gordon equation, but basically it
is the same. According to their formulation (Craig and Gordon 1965), Cx can be expressed as:

A8
CX 221+: (ll)

where A8 is the excess fractionation factor. Here (CX —1) has the same meaning as Ck the
model dependent kinetic constant described in Craig and Gordon (1965). It should be noted
that the value of CK is a function of the local climate and has to be determined for the
environment of the lake in question.

A simple treatment explaining the coefficient CX is given below:
The net vapour flux from an open surface is proportional to the difference in vapour pressure
between the surface and the atmosphere just above it. Similarly, net vapour flux of the water
molecules containing heavier isotopes is given by the vapour pressure difference multiplied
by the isotope ratio. «
Following the approach by Rodhe (1987) the mean flux of heavy (subscript i) and lighter
components i.e. E, and E can be written as:

1 1
I”

l

E : ~1(e, —-— e, )C (12a)1”

where E is the net evaporation, r the resistance of the water air interface, eS the saturation
vapour pressure at the surface temperature, ea the actual atmospheric vapour pressure RS and
Ra the isotopic ratios in water and the atmosphere respectively and C is a factor relating the
specific humidity to vapour pressure. The isotopic ratio RE of the net evaporate is thus:

E. .oc“R.——~ RRE : 1 ::[es 5 ea a] (13)
6‘6

5 a

using the 5 notation and substituting Cx = ri/r and h 2:: ea/eS equation (10) is obtained which is
similar in form as the Craig ~ Gordon equation (Craig and Gordon, 1965).
To estimate lake evaporation an accurate value of SE must be determined. Under natural
conditions 0t, h, 5L ,SG are changing continuously. An optimum value of CK must be found
which is dependent on local climatic conditions.
Evaporation from a constant feed pan can be used to find CX. It should be placed in or near the
lake. The equilibrium fractionation factor 0t was determined according to prevailing water
surface temperature, ‘h’ relative humidity, SPAN and 5A were observed at the site.
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Change in isotope content of the pan water is expressed as:

“33%” l = Em _. 5E )‘g 46W" h 51”) <14)

5,1 is the isotopic content of the water in the feeding bottle. As a constant feed pan was used,
therefore V0 is constant and I is equal to E. Thus 6E can be obtained using equation (10).
The isotopic content of the pan water 5pm is simulated using equation (14). This is repeated
for Cx values ranging from 1.013 to 1.016 in equation (10). Plotting the resulting curves
together with the measured values of 8pm,, that value of Cx was chosen which gave best fit
with the observed isotopic changes in pan water.

Bulk aerodynamic method

The flux of water vapour from an open water surface into the atmosphere is divided into two
layers, as shown in figure (3). In the laminar boundary layer just over the surface, transport is
ruled by diffusion associated with molecular agitation. In the turbulent boundary layer above
that, the same principles apply, but the diffusion is associated with turbulent eddies. The size
of the eddies decreases as the surface is approached and finally they mix with the molecular
agitation of the laminar layer. Because of the change of eddy size with height and the
dependence of turbulent mixing on wind speed, the shape of profiles is influenced both by
wind speed and surface properties that generate turbulence.

height
2
A

TURBULENT LAYER

LAMINAR LAYER"H"

v

wmd

Figure (3): Flux profile of momentum over a water surface for neutral conditions showing the
eddies and the roughness length 20
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Profiles exist for the fluxes of momentum, sensible heat, water vapour or any other gas. They
can be determined by measurements of air temperature, wind speed and humidity or any gas
concentration at different heights over the surface. The fluxes can then be calculated from the
gradients between the different heights. The transport efficiency of turbulence is represented
in the transfer coefficients. The surface properties are represented by the roughness length
which differ for the different fluxes.

The flux of water vapour, i.e. the evaporation from the surface, can be expressed as:

dqE 2 mpg KE ~2- (15)dz:

where: E 2 evaporation

pa 2 density of air

KE 2 transfer coefficient for water vapour flux
01
:12 2 vertical gradient of specific humidity

Z

2 2 height above surface

(the minus sign denotes flux from the surface to the atmosphere)

which is the gradient form of the flux equation. The same form can be applied to the flux of momentum:

dur 2 pa KM ~— (16)dz

where: t 2 the flux of momentum

KM 2 transfer coefficient for momentum flux
du . . .2,2 2 vertical gradient of wrnd speed

z

Equation (15) and (16) can be combined under the assumption that KB 2 KM (neutral profile)
to give the flux of vapour following the deviation in appendix (1) as:

2Ez_P$(%*qJe
Z 2

ln ——

(17)

where: k 2 von Karman constant (0.4)

q 2 specific humidity

u 2 wind speed at height 2

z 2 refers to the measurement height for values of wind speed and
humidity

20 2 roughness length.
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This equation has a similar form as the Svedrup equation from 1937 (Harbeck et al., 1958).
However this equation is valid only for open water surfaces under neutral atmospheric
stratification, where the transfer coefficients KB = KM are equal.

To calculate the evaporation following equation (17) the water surface temperature, air
temperature, wind speed and humidity at the height 2 must be measured. Humidity can be
normalised to water surface temperature as shown earlier.

However neutral profiles seldom exist over a longer time in nature. Only during short periods
during dusk and dawn and in warm calm nights a neutral profile can be observed. If the water
surface is heated very much during summer days unstable profiles lead to the fact that KB >
KM which causes to an underestimation of evaporation. In stable profiles KE < KM which leads
to an overestimation of evaporation.

Therefore the atmospheric stratification must be taken into account for flux calculations to
adjust the transfer coefficients to the changing stability conditions.
Atmospheric stratification can be taken into account in flux calculations using the Monin
Obukhov similarity theory. It usually demands iterative processes to get the Monin~Obukhov
length as a stability factor. To avoid this the bulk Richardson number was developed which
can be determined by standard observations. The computer program by Launiainen and
Cheng (1995) used to calculate evaporation by the bulk aerodynamic method, uses a semi—-
analytical relationship between the bulk Richardson number and the Monin~Obukhov stability
parameter. The program assumes a diabatic lapse rate of 1.0 0C / 100m for neutral conditions.
The difference in temperature between the surface and the atmosphere at a certain height is
used to decide whether stratification is neutral, stable or unstable (i.e. for 1.5 m height 0.015
0C for neutral conditions). During the study period unstable conditions dominated. Therefore
only the routine for unstable conditions (Launiainen, 1995) for vapour flux is discussed below.
As shown above the flux of vapour can be expressed as:

(16]..
EZ—“p KEZE-Tpa CE(qs——qz)uz (18)

where the last expression shows the bulk form of the flux equation. The bulk transfer
coefficient CE is defined as:

—1CE 2am *k2(ln z/zO ~111M(z/L))”1(1n z/zq ~‘I’E(z/L)) (19)

where 20 and zq are the roughness length for momentum and water vapour respectively. ‘PM
and LPE are the integrated form of the universal functions or in other words characterise the
effect of atmospheric surface layer stability on the transfer efficiency, 0t denotes the neutral
ratio of the eddy diffusion of water vapour to that of momentum, which can be assumed to
equal one and L is the Monin—Obukhov length.
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In the universal functions the term z/L is a dimensionless stability parameter:

zn
Z/nz—wym’kcm (20)a; Topaz,

where: z 2 measurement height

g =2 acceleration due to gravity

H 2: sensible heat flux

u* :2 friction velocity

To 2 reference temperature (mean absolute temp. of the layer)

pa =2 density of air

cp =- specific heat of air

Cm = correction factor for moisture which is insignificant except over
tropical oceans

Because equation (20) contains the heat flux H and the friction velocity u* the calculation usually
demands an iteration process. To avoid this the bulk Richardson number is introduced such as:

*@@~Q)
2Z TO uz

R *Cm (21)

where (67588) is the difference in potential temperature between surface and atmosphere and
uZ is the wind velocity at height 2.

The dimensionless stability parameter C, can then be defined for unstable conditions as:

l/ 2q : Mwss *R7 (22)
(lnz/zr ”

This formula is found to be valid for aerodynamic roughness 20 in the range of 10"5 to 10‘1 m
and aerodynamic-to~temperature roughness 20/21 from 0.5 to 7.3.

The dimensionless stability parameter Q can then be applied in the universal function for
momentum and vapour for unstable conditions

for momentum:
l

(Emu—M) 4 <23)
and

1+cr>M’l 1+crnM"2 7:
\PM :21n “-5-“ +ln ”7*- ~2arctan<l>M +3 (24)
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and for vapour

5 (25)(DE :(IT‘Vzg)

1+CIJE‘l‘PE~21n 2 (26)

where the constants are 71: 19.3 and 72 2: 12.0

To calculate the fluxes the neutral bulk transfer coefficients for momentum CDN and vapour
CEN or the on site roughness length for both must be known. The neutral transfer coefficients
enter equation (19) as the roughness length:

2In 20 = 1n 2 - k CDN‘“ (27)

1n 2., = ln 2 ~ k (:DN”2 cm1 (28)

Over open water surfaces CDN can be given as:

CDN * 103 :— 0.61 + 0.063 um) (29)

where um) is the wind speed at ten meter height. The transfer coefficient for vapour follows as:

CEN * 103 z: 0.63 CDN * 103 + 0.32 (30)

With the above equations the flux of vapour can easily be calculated under unstable stratification.
The routines for stable, unstable and neutral stratification and a more detailed discussion of the
used computer program is given by Launiainen (1995 ) and Launiainen and Cheng (1995).

Energy balance method

All energy entering a water body must be partly stored or escape as radiative and advected
energy. The amounts of incoming, outgoing and stored energy are expressed in the energy
balance equation. Energy is gained mostly from direct solar short wave radiation and from
atmospheric long wave radiation. Both are reflected to some extent depending on the surface
properties. The largest loss of energy is due to long wave radiation emitted by the lake itself,
which depends on the water surface temperature and the emissivity of water and partly due to
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the fluxes of latent and sensible heat. Some energy is put into the lake by heat carried by
precipitation and inflow, and is as well lost through outflow from the lake.

Summing all components of the energy balance one gets the change in heat storage of the lake water:

Qx=QN"QE-QH+Qb+Qv (3l)

where:

QX 2 change in heat energy stored in the water body

QN : net radiation

QE 2: flux of latent heat

QH :2 flux of sensible heat

Qb 2 heat transferred to the water from the sediments

QV .—-.. advected heat

Figure (4): Components of the Energy budget of a lake, all Q values in Wm‘2 as described in
the text

The net radiation contains the following elements:

QN : Qs “ e + Qa ‘ Qar " Qbs (32)

where:

QS = incoming short wave radiation

e == reflected short wave radiation
Qa 2 incoming atmospheric long wave radiation
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Qar = reflected atmospheric long wave radiation

Qbs 2 long wave radiation emitted from the water body

(note: Q values are given in Wm‘z)

The energy balance equation can be rearranged with regard to QE+QH, i.e. the energy losses
through the flux of latent and sensible heat from the lake. Eliminating QH by QH = (1+B) x Q;
and introducing E 2 QB / X gives (Harbeck et al., 1958):

E 2 Q. - Q... + Qa ... Q... *Qbs -* Q. +Qb + QV
M1 + ,8) (33)

E 2: evaporation from the lake (kg m"2 s'l)
9t 2 latent heat of vaporisation of water in Joules per kg (2.45 MJ kg)
[3 = Bowens ratio (dimensionless)

The different Q values can be determined as follows:

Incoming short wave radiation QS can be measured directly with a standard pyranometer.
Reflected short wave radiation Q51. can be measured directly or calculated using a method
described by Anderson (1954) and modified by Koberg (1964). Incoming atmospheric long
wave radiation Qa is taken from the total amount of incoming radiation minus incoming short
wave radiation

Reflected long wave radiation Qar is taken as 3 % of the incoming long wave radiation as
shown by J .T. Gier and RV. Dunkle (Anderson 1954).

Long wave radiation Qbs emitted by the lake can be calculated as:

Q,” 2 5074 (34)

where:

8 :2 emissivity of water (0.97)

o : Stephan Boltzman constant (5.67 * 10‘8 W m'2 K4)

T 2 water surface temperature in Kelvin

The change in heat stored in the lake is calculated periodwise from water temperature profiles
in the lake. The average heat storage was calculated by dividing the lake into horizontal
slices. The temperatures measured in the middle of the slices are averaged for each slice and
the stored heat is totalled over the entire volume of the lake (fig 5).
The advected heat energy entering the lake by inflow and precipitation and leaving it by
outflow, can be determined knowing their approximate amount of energy.
Loss or gain of heat from the sediments Qb was not taken into account in this study. Sturrock
et al. (1992) however showed that under some circumstances, this can lead to errors up to 7 %.
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The Bowen ratio [3 which expresses the ratio between the amount of sensible and latent heat
can be expressed as (Harbeck et al., 1958):

(1:) —— 7;)firr BS
(60 _..~ ea)

where:

To : water surface temperature

Ta 2 air temperature

e0 2 saturated vapour pressure of air at water surface temperature in kPa
ea 2 vapour pressure of the air in kPa

float positioned in the lake with
two thermocouples at 0.2 m and
0.8 m depth

Figure (5): Position of the thermocouples under the float to determine the energy stored in
the lake

The psychrometer constant y can be expressed as:

>l<CPP
7’ Z a * 0.622 (36)

where cp is the specific heat of air and P is the actual atmospheric pressure.
The constant 7 was determined by Bowen (Sturrock et al., 1992) and is 66 Pa KI at 0 OC.

Care must be taken if the Bowen ratio approaches values near «1. Assuming that the turbulent
transport coefficients for latent and sensible heat are CE 2 CH, the Bowen ratio approach
needs no correction for atmospheric stratification.
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Another approach for the energy balance is to determine the sensible heat flux QH directly
from the bulk aerodynamic method. The vapour flux can then be calculated by the equation:

QE 2 Q8 ‘ e + Qa" Qar ‘Qbs ‘Qx “ QB (37)

where Q; is the flux of water vapour, which must be divided by 9» to get the evaporation in kg 3'1 ma.

Materials and methods

Isotope Method

Data description

Precipitation was measured at two sites, at the south-westem (Harbonas) and north—eastern
(Sjolunda) shores of the lake. Daily average values from these sites were used as actual
precipitation over the whole lake. Daily outflow from the lake was measured by a suppressed
rectangular weir using rating curves for low and high flow periods.
Data was collected over a period from 28 June to the 27 September 1995. The meteorological
station was placed on a small island in the lake (figure 3). Air temperature and relative
humidity were measured at 1.5 m over the ground surface. Lake water level, relative
humidity, air and water surface temperature were recorded automatically by a Campell logger
every 30th second, saving the ten minute average values.

flowmeter

v lva e outflow

60 l/min

fl W __
inflow

-—-' compressor

Collecting cylinders
Figure (6): schema of the used gastrap.
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The water level was measured in a stilling tube to avoid the influence of wave action. The
temperature sensors were calibrated at the Uppsala University Department of Hydrology and
the relative humidity probe was calibrated with a ventilated Assman hygrometer in the field.
The pressure transducer was calibrated to read directly water level in the laboratory in Uppsala.
To measure 8A a cold trap was installed at the shore of the lake at Sjolunda. The cold trap
consists of two bottles through which air was pumped at a constant rate of 60 l/min. The bottles
were held at ~55 0C. All water vapour is condensed in the bottles. The first catches about 99.9%
of the vapour and the second 0.1%. The bottles were mixed carefully before analysis.

51 and BL were measured weekly, i.e. 51 at every stream entering the lake (Bl -— B8 in fig. 1),
5L along a transect of the lake (Tl ~ T7 in fig. 1) at one meter depth.

The isotope content of 5;, 5L, 5A and 5p were analysed by a mass spectrometer with an
accuracy of ~l..:0.1%o for 180. All the results are expressed in %o relative to Vienna—SMOW.
To estimate CX (explained above), isotopic fractionation of water was observed in a constant
feed pan placed at the lake shore at Sjolunda. The pan was shaded by a roof avoiding
influence of precipitation. The constant volume pan was monitored for about a month. Water
level in the pan was kept constant at 14 cm by a constant level reservoir. The inner depth of
the pan was 15 cm. For isotopic analysis of pan—water, about 5 ml water (corresponding to
0.045 mm evaporation) was either removed daily or once in two days.
The pumping rate of 0.5 m3s’1 for the Uppsala water supply was added to the outflow. Inflow
was not measured directly but weights were assigned to all the streams to calculate a weighted
51. Weighting was done continuously as some of the streams became dry in late summer. The
collected precipitation was used to measure 5p.

Calculations

Most of the data used in the present calculations was collected by the Department of
Hydrology, Uppsala University as described above.
Weather data from the station on an little island in the lake (fig. 1) was available as ten
minutes averages from a logger in different logger files. The computer program P~graph was
used to combine all files and to calculate daily values, which were used in the calculations.
All further data processing was done by EXCEL program and by MATLAB.
Weather data was missing for 18 August to 2-4 August 1995. Correlation between data from
the weather station and from the float was observed to be very high (r2 = 0.97)(fig. 7) and the
float data was used to fill in the gap.

Because relative humidity was not measured at the water surface, water surface temperature,
air temperature and relative humidity at 1.5 m were used to normalise relative humidity to
water surface temperature.
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Figure (7): Correlation between the float data (middle of the lake) and the weather station (lake
shore) for air temperature

The following equation was used:

wl7 .26
e Ta+237 .3

”RH = (1-5 RH ) W7 .26 (38)
{TW +237 .3 i

where nRH is the normalised relative humidity, 1.5 RH the measured relative humidity at 1.5
m, Ta and TW are the air and water surface temperatures in 0C, respectively.
Lake volume and lake area were calculated as a function of lake level. To achieve these
functions, data from Gassama (1994) was used to make a plot of volume and area against lake
level. A trend line was fitted to the series which gave the relation lake level — lake volume as:

v = 5.3644 x2 -— 336.52 x. + 5247.9 (39)

. . 3 . .where V 18 the volume 1n m . The lake area 1s g1ven as:

A z 3.47 x3 — 366.89 x2 + 12927.59 x — 151855.21 (40)

where x is the lake level given in m above mean sea level. At the level 33.85 m the lake
should be absolutely dry.

The initial lake level must be known in m above mean sea level to relate the lake level data
from the logger to that level. Volume can be calculated for every day using equation (39). To
achieve this initial value, the height difference between the lake level and the gauging station at
Annedal was measured in May 1997. Gauge recordings from 1995 were used in combination
with the relative lake level data from the logger, to determine the lake level for 1995.
The calculation periods were given by the collection dates of the water samples for isotope
analysis of 5;, and 5m which was generally done weekly and sometimes after 10 days interval
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(table 1). The values of the weather data from the logger were then averaged over the entire
periods including the first and last day.

The isotope data was available from the sampling records and laboratory results. For 5a,, and
5p continuos measurements over the whole study period were made. 5a,, was averaged over
the periods. 5p was weighted with the amount of precipitation for every event

_2P5m; (41)63—.) 21,

and averaged over the entire period. The amount of precipitation was corrected for the
instrument error by +10% and summed over the periods.
Values for 8L and 5m were available for the first and last day of every period. 8L was averaged
for all seven points along the transect (T1 — T7) and the change in ESL, i.e. d/dt (5]) calculated for
every period. 5111 was available from eight streams entering the lake (B1 - B8). For every stream
a weight was assigned depending on its contribution to the lake inflow. The weights were
changed continuously from period to period to take into account those streams, which dried out
or got disconnected from the lake. The sum of all weights was checked to be equal to one.
Outflow was available in digital form only for the beginning of the study period, but graphical
records from the gauging station were available for the rest of the period. They were
computed into digital outflow data using the rating equation:

Q0111: 4.8 x2 — 322.87 x 4- 5429.5 (42)

where Qout is the outflow in m3 s”1 and x the water level in m over sea level. The outflow was
summed for every day and the pumping rate of 0.5 m3 s"1 added. The daily values were
summed over the periods.

The temperature dependent isotopic fractionation factor 0t was calculated using equation (5)
for every day using daily values of water temperature from the logger.
The isotopic content of the evaporate 51; was calculated using daily values of 01, BL (which
was assumed to be constant over the period), normalised relative humidity, 5A and the
constant Cx. Also these values were averaged over the periods.
Using the available data of lake volume, changes in lake volume, precipitation, outflow, 5L, 5m,
5p, and 51:, evaporation was calculated from equation (8) To get evaporation in mm/day the result
had to be divided by the lake are in m2and multiplied with 1000 to exclude the %o of the 5 values
Having reached these final results an error analysis was done to check the effect of changes in
some important variables. A change of i 10% was introduced in 5E, 5m and 5A to see the
effects on evaporation, which are discussed later.
Originally lake volume was taken as the average depth of l 2 m times the average area of
35*106 m2. Actually the average depth was much higher (ca. 1.95 m) in the beginning of the
study period as could be seen from high water marks at the island (Saxena 1997, oral
information). As a consequence this caused a change of 62% in lake volume and about 59% in
lake evaporation. Therefore, the rating curves by Gassama (1994) were applied as shown above.
The method showed somewhat strange results when normalised relative humidity exceeded
85%. To study this effect in a special example, the values of the first period were held
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constant while normalised relative humidity was increased from O - lOO %. The resulting
values for 5E and B were plotted against normalised relative humidity.
The overall relative error in evaporation estimates was calculated introducing relative errors
for all variables and combining them to give:

F all 2 2 V;— (43)
i=1 i

where Fall is the overall relative error and F1 is the relative error of the variable V. The results
of all these tests are presented in discussions.

Bulk aerodynamic and energy balance method

Data description

Data for both the methods was collected by a Finnish group (Finnish Meteorological Institute)
in summer 1995. The instruments were placed on a float positioned on the south east side of
the lake, ca. 1 km from the shore (see fig. 1). The triangular float (6 m — 9 m —~ 9 m) was
anchored at one corner to allow the float to turn into the wind direction.

standard pyranometer at 2.5 m height

sensors for rel. humidity and air temperature
at 2.0 m height

Figure (8): The standby float with its equipment during the study period 1995
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Water surface temperature was measured with an infra red thermosensor pointing downwards
450 from the water surface. Water temperature was measured at 0.2 m and 0.8 m depth below
the water surface using thermocouples. Air temperature, relative humidity and wind speed
were measured at 2.0 In over the water level. For air temperature an unaspirated
thermocouple, for relative humidity a thin film capacitor and for wind speed a pulse count
photochopper were used. In addition, the incoming short wave radiation was measured by a
standard pyranometer placed with free horizon at 2.5 m height. The instruments were
powered by solar powered batteries (Tourula et al. 1996). The data was collected by a Campell
logger, which saved 20 sec. values averaged over 10 min (28 June to 4 July) and 1 hour (5 July
— 4 October) intervals.

All the instruments on the float were calibrated by the Finnish group before and after the
study period. No significant changes during the study period were observed.
For calculations with the bulk aerodynamic method, the wind speed data from the float was
used together with values of air and skin temperature and relative humidity from the isotope
method. Calculations were done using a computer program by Launiainen and Cheng (1995).
For the energy balance calculations, incoming atmospheric long wave radiation was needed,
which was not measured at the site. Data was taken from a near by (10 km) climate station
”Norunda Common.” The instruments were positioned at 68 m height. Ten minute averages
were used in the calculations.

Calculations

Bulk aerodynamic method

Data used in calculations with the bulk aerodynamic method was available in digital form
from the Finnish team and from the weather station logger at the small island. For calculations
with the computer program, wind speed at 2 m was taken from the float and data of water
surface temperature, normalised relative humidity, air temperature at 1.5 m and relative
humidity at 1.5 m were taken from the weather station
The data had to be pre~processed to get daily values of all variables. This was sometimes
difficult because the data from the float was given partly in ten minutes averages and partly in
one hour averages. For each variable a separate editor file with daily values had to be made.
Since their was no user's manual available for computer program many tests had to be done to
get the input files into the right shape and to see how the program reacts to different heights
for wind speed humidity and air temperature.

It was also tested to use data only from the float for all variables to see if the location of the
weather station had any influence on the results.

It was not possible to get a complete output file from the program. Therefore calculations were
done for a day at a line and the results were copied manually to an EXCEL file. From the daily
values corresponding period averages, also used in the isotope method, were calculated (table 1).
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Energy balance method

For calculations with the energy balance approach, all data was taken from the float. The data
was available in digital form as 10 minutes or one hour averages. First, daily averages were
calculated for all the variables. In the beginning of the study period data for water surface
temperature and water temperature at 80 cm depth was missing from 29 June to 10 July 1995.
Correlation with water temperature at 20 cm depth was used to fill in the gap for water
surface temperature and water temperature at 80 cm depth, for which the correlation
coefficient (r2) was 0.97 and 0.99 respectively (fig 9 and 10).
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Outflow and corrected precipitation data was taken from the recordings for the isotope
method to calculate QV. Also, the lake volume data was directly copied from the isotope
method calculations.

Incoming short wave radiation was directly available in digital form and could be used
without any corrections. To calculate the reflected short wave radiation the method of Koberg
(1964) was applied. In this method, only a rating curve of incoming against reflected short
wave radiation 1s shown, which is based on measurements by Koberg (1964). The values were
changed from cal cm 2day1 to W m 2and copied into an EXCEL sheet to fit a trend line This
trendline was used to calculate e from the measured QS values. The Koberg (1964) method
was tested using data from spring 1995 where Q, was measured directly. The values were
also plotted against QS and trend line fitted. Both trend lines were applied on the float data and
showed similar results.

Qa was not measured at the site. Instead data from the nearby climate station ”Norunda
Common” was used. The data was available in digital form and Q31. could be calculated directly
as three percent of Qa. The energy emitted by the lake was calculated using equation (34).
The advective net energy is not taken into account in this study. According to Heikinheimo (private
communication, 1997) the influence of QV at Lake Tamnaren is small and can be neglected.
Water temperature from 20 and 80 cm depth under the float was used to calculate QX, i.e. the
change in the lake heat storage. The volume of the lake represented by the thermocouple at 20
cm and 80 cm was calculated for every period from equation (39). The stored energy was
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calculated by multiplying the temperature change with the volume and the specific heat of
water assuming the density of water to be equal to one. This value in Joule was then divided
by time in seconds and the lake area in m2.

The Bowen ratio was calculated using normalised relative humidity, water surface
temperature, relative humidity and air temperature at two meters over the water surface and
the psychrometer constant as 0.67. The saturated vapour pressure e0 at the water surface
temperature was calculated from the equation:

60 : 60(T*)6[A(T—T*)/(T~T')] (44)

where: A :2 17.27

T* 2 273.15 K => e0(T*) =-. 0.611 kPa
T’ = 36 K

T 2 water surface temperature in Kelvin

The actual vapour pressure ea was calculated as:

ea 2 nRH * e0 (45)

where nRH is the normalised relative humidity.

The Bowen ratio was then calculated using equation (35) for every day.
Period averages of all components of the energy balance were calculated to determine
evaporation from equation (33). Resulting values are in kg s"1 m‘2 and must be multiplied with
time to get evaporation in mm / day assuming again the density of water as one. From the
daily values, averages for the periods given by the isotope method were calculated (table 1).
To check the Bowen ratio approach, the flux of sensible heat was determined by the computer
program by Launiainen and Cheng (1995). This approach was used to calculate the
evaporation from equation (37). The results are listed in table (1)

To get a better overview over incoming and outgoing energy, values for all the energy balance
components are listed in table (2).

Weather conditions

The weather data was collected on a small island near Sj61unda. The average air temperature
at 1.5 m over the ground surface was 14.3 0C during the study period 28 June to 27 September
1995. The average minimum temperature was 10.0 0C during 13 September to 20 September
and the average maximum 21.3 0C occurred during 27 July to 3 August. Lake skin
temperature followed the same pattern with an average value of 16.5 0C. The average
minimum during the same period as air temperature was 11.6 0C and the average maximum
skin temperature during 3 to 10 August was 22.5 0C.

Relative humidity measured at 1.5 m over the lake level ranged from 66.9 % to 94.9 % with
an average value of 78.4 %. For all the three methods, relative humidity of the laminar layer
at the water surface should be known, where the molecular exchange takes place. Because of



28

the instrumental difficulties this was not measured directly, but relative humidity normalised
to lake skin temperature was used. Normalised relative humidity ranged from 52.4 % to 92.0 %
with an average value of 68.6 %. Wind speed was measured at the float in the middle of the
lake. Values ranged from 2.9 ms"1 to 5.5 ms"1 with an average value of 4.1 ms'l. All weather
data is plotted against time in figure (A 1) to (A 5) in the appendix.
Weather data at Sjolunda was missing from 18 to 21 August1995. The correlation for water
surface, air temperature and rel. humidity from the weather station (lake shore) and the float
some kilometres away (lake middle) was very high r2 > 0.93, thus the mast data was used to
fill in the gap.

Results

Isotope method
The isotope content of the precipitation 5p was in equilibrium with the isotope content of the
air 5air if precipitation was over 3 mm (figure 11). However for small local showers
equilibrium was not achieved. Usually 8p should be about 10 %o lower than 5air at prevailing
temperatures.

The values of film at different points along the transect through the lake were the same
supporting the assumption of a well mixed lake. The lake did not approach isotopic steady
state during the study period. The initial value of filake was ~10.1 %o the final ~7.8 %o.
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Figure (11): values of 5m (I) and 5p ( A) during the study period (after Saxena, 1996)

To get a proper value for the coefficient CX the isotope content of the constant feed pan was
simulated using observed air temperature, pan water temperature, relative humidity and
extreme values of CK as 1.013 and 1.016. As can be seen from figure (12) the curve with a CX
value of 1.014 gives the best fit with the observed fractionation in the pan. Fluctuations in the
measured values of Span are caused by volume fluctuations in the pan.
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Figure (12): Observed (El) and simulated values of 8pm, using extreme values for Cx
(o, Cx = 1.014), (A, Cx : 1.016)

Evaporation estimated by isotope mass balance ranged from ~11 to 5.0 mmd'1 during the study
period. A minimum in evaporation was observed during 6 to 13 September (table 1). This
period was characterised by high normalised relative humidity and low air and water surface
temperature and hints at condensation rather than evapoartion. Maximum evaporation was
observed for the period during 28 June to 5 July because of low norm. rel. humidity and high air
and water surface temperatures. The average over the whole experiment was 2.3 mmd’l.

Table (l): Evaporation results by all three methods (all values are in mmd'l)

Period: Day of the lsotope Bulk aerodynamic Energy Balance Energy Balance
year method method method (Bowen) method (flux)

28. June - 5. July 179 5 4.8 4.8 4.7
5. July - 16. July 186 1.1 3.6 3 2.8
16. July - 20. July 197 1.6 2.8 3.2 3.3
20. July - 27. July 201 1 2.8 3.4 3.5
27. July - 3. Aug 208 3.2 3.1 4.1 4.2
3. Aug - 10. Aug 215 3.3 4.4 4.9 4.9
10. Aug - 17.Aug 222 2.7 2.2 2.7 2.8
17. Aug - 24 Aug 229 2.1 2.1 3.4 3.5
24. Aug ~ 31 Aug. 236 3.3 3.0 3.6 3.6
31. Aug. ~ 6. Sep 242 ~39.4 0.9 0.2 0
6. Sep — 13. Sep 249 ~1.1 0.8 0.9 0.8
13. Sep - 20. Sep 256 0.9 1.3 1.3 1.2
20. Sep - 27. Sep 263 0.8 1.3 1.6 1.7

In order to check the impact of small errors in the measurement of 81 on evaporation, 1.40%
changes were induced in the measured values of 81, which caused 12.5 % average error in
evaporation during 1995 (fig. 13). In a similar exercise, i10% induced changes in the
calculated values of SE resulted in 15% average error in evaporation during 1995 (fig. 14). A
i10% change in 5.411 caused a 1 1% average error in evaporation which was relatively less than
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Figure (13): Effect of a ten percent change in 51 for the first nine periods. . shows the observed
evaporation, I calculated evaporation with a 10% increase in 51 and A calculated evaporation
with a 10% decrease in 81

errors caused by 51 and SE. This further implies that evaporation estimates are quite sensitive
to errors in the determination of 81 and 5E. Further more, increase in 81 gave lower
evaporation, while a corresponding increase in 5;; caused higher evaporation estimates.
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Figure (13): Effect of a ten percent change in 5B for the first nine periods. 0 shows the observed
evaporation, I calculated evaporation with a 10% increase in 55 and A calculated evaporation
with a 10% decrease in SE

To show the impact of using the annual average lake depth instead of the actual values,
evaporation was calculated using the literature value of 1.2 m. The error caused by this
exercise was a high as 50%.
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Figure (15): Evaporation estimated by the isotope method with the overall relative error of 26%

Bulk aerodynamic method
Wind speeds were not measured at the weather station at Sjolunda. To estimate evaporation
by bulk aerodynamic method, wind speed was taken from the float in the middle of the lake.
Calculations were done using a computer program by Launiainen and Cheng (1995). The
program takes different heights of the instrumentation into account, wind speed at 2 m and
humidity and air temperature at 1.5 m. The program works with a linear relationship between
the bulk Richardson number and the Monin—Obukhov stability parameter. Different
atmospheric stratifications are considered in the computations. Only a slight error occurs
(Launiainen and Cheng, 1995) using the linear approach instead of the usual iteration process.
Evaporation estimated by the bulk aerodynamic method ranged from 0.8 to 4.8 mmd‘1 during the
study period (table 1). The average value is 2.6 mmd”l. An error analysis for the bulk
aerodynamic method was not made because of the unknown structure of the used computer
program.

Table (2): Values for the energy balance elements. 13 is the Bowen ratio, Q6 + Q, is the energy lost
due to the flux of sensible and latent heat (all Q values are Wm'z)

period QS e Q; Q” Obs Qx QE QH B QE+QH
28. June — 5. July 242 17 311 9 392 ~34 134 35 0.24 169
5. July - 16. July 222 16 328 10 394 36 81 12 0.10 93
16. July — 20. July 183 14 341 10 399 -9 95 16 0.19 110
20. July - 27. July 209 16 330 10 397 4 100 12 0.14 112
27. July - 3. Aug 264 18 336 10 412 36 120 3 0.04 123
3. Aug - 10. Aug 231 17 320 10 406 —42 141 20 0.15 160
10. Aug — 17.Aug 199 16 335 10 401 19 79 8 0.12 88
17. Aug - 24 Aug 192 16 348 10 410 -3 99 7 0.09 107
24. Aug - 31 Aug. 143 13 320 10 386 -70 103 22 0.23 125
31. Aug. — 6. Sep 82 8 332 10 369 21 0 5 0.08 5
6. Sep - 13. Sep 65 7 354 11 375 —7 22 11 0.25 33
13. Sep - 20. Sep 120 11 297 9 365 ~12 36 8 0.21 43
20.Sep-27.Sep 118 11 301 9 363 ~17 48 4 0.13 53



32

Energy balance method
For evaporation estimates by the energy balance method, data from the float was used in
combination with lake volume from the isotope method. The approach of Koberg (1964) to
calculate the reflected short wave radiation was tested using data from spring 1995. Values
computed from the theoretical approach and observed values showed a correlation of r:2 r: 0.81.
Results for all the energy balance components are shown in table (2). Losses through the long
wave radiation emitted by the lake itself are biggest followed by the incoming long and short
wave radiation Energy available for the heat and vapour flux ranged from 5 to 169 s.
The sensible heat flux ranged from 3 to 35s The change of heat storage during the single
periods ranged from 70 Wm'2 which means a cooling of the lake by 8. 50 OC and 36 Wm'2
which means a warming by 4.05 C. The Bowen ratio ranged from 0.04 to 0.25.
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Figure (16): Evaporation estimated by the energy balance (Bowen ratio) method with the overall
relative error of 25 %

Evaporation estimated by the energy balance method varied from 0.0 mmd during 31
August to 6 September and 4. 9 mmd"1 during 3 to 10 August (table 1). The average value
over the whole study period was 2.9 mmd Both approaches, i..e the Bowen ratio and the
heat flux gave similar results for all the periods. The overall error in the energy balance
method was 25% using reasonable errors for every variable (fig. 16).

Discussion

Weather conditions

The average and maximum air temperatures i.e. 14.3 0C and 21.3 0C, respectively, indicate a
relative cold study period in summer 1995. Normalised relative humidity was generally lower
than the values measured at 1.5 m height. Only in periods with an inversion normalised
relative humidity was higher than relative humidity. A slight wind was blowing during the
entire study period.
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Isotope method
The approach to weigh the 5m values with the catchment area of the draining streams did not
work out very well. Some parts of the lake catchment are not drained by some stream at all
during peak summer. Some of the streams get disconnected from the lake in late summer and
thus do not supply water to the lake. They show 5 values of an isolated evaporating water body.
Such streams or draining ditches were excluded from the weighting of 51during peak summer.
Data of 5pm during 14 to 24 August 1995 was either missing or obviously wrong due to
sampling errors by the field observer. Thus values of 5m for this period were computed
assuming isotopic equilibrium between precipitation and atmospheric vapour.
The coefficient Cx 2 1.014 was determined by Saxena (1996) using a constant feed pan at the lake
shore at Sjolunda. In wind tunnel experiments by Gilath and Gonfiantini (1983) Cx was estimated
to be 1.0143. In evaporation studies at lake Tiberias (Gat 1970) Cx varied from 1.013 to 1.016,
depending on wind speed and diurnal temperature changes. The calmer the water surface, the
higher the CX value. Studying isotopic fractionation in constant feed pans and pans evaporating to
dryness in central Uppsala, Saxena (1987) found Cx to be 1.016. It is obvious that the Cx value
depends strongly on the local weather conditions. As long as the pan is situated near the
evaporating lake or water body values of CK can be obtained which represent the exchange factor
of the lake itself. In this study a CX value of 1.014 is used as mentioned above.
Proper determination of 5}; and 51 is important because evaporation estimates are sensitive to
small variations in their values. The main difficulty in estimating 5B is the collection of water
vapour in a suitable way. It should be collected right over the surface in the laminar layer,
which is practically impossible as escaping vapour get mixed with the atmosphere above.
Also the coefficient Cx has big influence on 513. A pan floating in the lake should be used
instead of one positioned at the lake shore. However, large wave action can cause some lake
water to enter the pan as spray.

Another important role is played by the normalised relative humidity in estimating 515. If the
values of norm. rel. humidity approach 85% or higher the values of 8B and E get totally out of
control. One reason might be that the ratio of molecules leaving the water body to molecules
entering it, which becomes 1 as norm. rel. humidity approaches 100%. As this ratio approaches
1 there is no clear direction anymore in molecular movement because of a very low gradient
between the water surface and the atmosphere. Leaving and entering molecules could disorder
each other by collision and prevent a proper transport in one direction. It is clear that in the limit
of nRH approaching 100% the Craig and Gordon (1965) model breaks down.
The error analysis showed that slight changes which may lie in the error range of 6B and 51
cause significant error in the final evaporation results. The error of 10 % introduced for 8A,, had
relatively less influence on the results. It should be noted that i10 % error in the measurement
of 51 is relative extreme considering the instrumental error which is only 1%. Normally one can
expect a i5% error in 51 due to weighting of inflows. However a 3:10 error in the estimation of
SE is quite possible because 55 is calculated from the Craig and Gordon formulation (Craig and
Gordon 1965) where the variables 5M, Cx, relative humidity and BL are involved. Relative
humidity and BL can be measured very accurately but an accurate measurement of 5A,, and CX
are to some extent relatively less accurate. Thus the source of error in E depends strongly in the
estimation of SE which is the most confounding factor in the isotope method.
However, the largest error can be caused by using wrong values for the lake volume. Using
the annual average values for area and average depth caused an error of 59% in the
evaporation results. The change of lake volume was measured accurately near the island with
a resolution of 0.1 cm. Changes were multiplied with the average lake area of 35 kmz. For
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initial value for the lake volume, the average depth of l 2 m was multiplied with the area (35
km2). Both average values are taken from the Tamnaren regulation company (Gassama,
1994). This relatively old value for the average depth is probably from winter measurements,
as it is easier to measure the depth from the ice surface The area average is annual but the
seasonal variations are huge and range from 46 km2 to 24 kmz. In the beginning of the study
period (28 June 1995) however the lake level was significantly higher than the average value
of 1.2 m because of the spring flood. Setting the initial average depth to a more realistic value
of 1.95 m observed from the high water marks at the island, the final results showed much
better values. Still the variation in area in not taken into account and the volume calculation
gives a high inaccuracy in the final results if the average values are used.
To avoid the big error introduced by the average values, relationship between lake volume
and area (Gassama, 1994) were applied to calculate the actual area and volume for every
period after the lake level was related to the gauging station at Annedal.
Outflow calculated from the gauging station recordings could not be determined with high
accuracy for some periods. The recording printer rotates ones in a month and the paper on the
barrel should be changed every month by the authorities. However, this was not done for this
gauging station which results in two or more lines on one recording paper which cross each
other and sometimes even overlap each other. Therefore, a proper determination of the water
level was sometimes very difficult.
The single evaporation rate of «39.4 mmd'1 estimated for the period during 31 August to 6
September (table 1)was caused by a very high nRH of 92 % and positive change in ESL because
of high precipitation If the nRH 1s decreased by only 1% the resulting evaporation rate is 3.9
mmd This shows how sensitive the model is when nRH approaches 100% Therefore this
value was not included 1n the final discussion.
The overall error of 26 % is mainly caused by 5 % probable error in 5,1,, and 10 % error in all
other 5 values of the isotope balance. This is a reasonable value for the technique applied in
this study. Saxena (1996) reported that in earlier studies where the evaporation flux was
calculated by the isotope and water balance method, the estimated errors ranged from 15 to 30 %.

Bulk aerodynamic method
Since the skin temperature was mostly 2.0 0C higher than the air temperature at 1.5 m height
(diabatic lapse rate for neutral conditions: 0.015 0C / 1.5m) the algorithm of the computer
program for diabatic~unstable conditions was used for most of the periods to calculate the
evaporation by the bulk aerodynamic method For the prevailing range of wind speeds the
roughness length 20 was about 2 x 105 m and the friction velocity u* about 0.08 ms
To test the influence of the location of the weather station, calculations for the bulk
aerodynamic method were done with the mast data only. No significant difference in the
results was observed, which supports the assumption that the wind field and moisture load of
the air is nearly the same at the mast as well as at the weather station at Sjolunda.
Evaporation rates estimated by the bulk aerodynamic method are in fairly good agreement
with the isotope method. Only in five of the total thirteen periods, evaporation estimated by
the isotope method is almost half or less than the bulk aerodynamic method. The average over
the whole study period agreed well.
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Energy balance method
Only two components of the energy balance QS and Q1 were measured directly. The applied
high quality instruments should not introduce an error higher than 1 % (Toroula et a1. 1996).
All other components were calculated from the available data and may have a poor accuracy.

isotope method
EBulk aerodynamic method
13 Energy Balance method (bowen ratio)

Energy Balance method (heat flux)
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Figure (17): Evaporation estimates by all the three methods for the summer 1995

The reflected long wave radiation was calculated to be 3 % of the incoming long wave
radiation. Therefore the emissivity for the long wave radiation emitted from the lake itself is
0.97. These values are widely accepted in the literature and the emitted long wave radiation
can be calculated using the water surface temperature with good accuracy.
The reflected short wave radiation was calculated following the approach of Koberg (1964).
The test on values measured in spring 1995 gave a fairly good correlation with the theoretical
approach. Short time changes in the water surface properties i.e. wave action and sediment
load (the test was carried out on the one hour averages) which are excluded in the theoretical
approach cause fluctuations in the measured values. Therefore a correlation coefficient of 0.8
is acceptable and the theoretical approach can be applied with fairly good results.
For calculating the energy stored in the lake the change in lake volume was not taken into
account in most earlier studies (Anderson, 1954, Harbeck et al., 1958, Rosenberry et al.,
1993). However, change in lake volume plays an important role for lake Tamnaren where the
lake level decreases by 50 cm during the study period which makes about 26 % of the lake
volume. Still the same problem of the lake volume determination as in the isotOpe method has
to be faced. To make the results of both methods comparable the same volume values were
used in both the methods.

In both the approaches to determine the energy balance, i.e. the Bowen ratio as well as the
sensible heat flux approach gave similar results. The small differences may be caused by the
different theoretical background.

All components of the energy balance as listed in table (2) show similar values as those
achieved by Sturrock et al. (1992) for a lake in northern Canada.
The overall relative error in the energy balance calculations lies in the usual range of 15 % to 30 %.
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Comparison
The results of all the three methods are shown in figure (17) and (18) Evaporation estimates
were similar using the energy balance and the bulk aerodynamic method. These values also
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Figure (18): Accumulated values over the whole study period for all three methods

agree well with the values given by the evaporation map from the SMHI for Sweden. The
average however differs by 0.4 mmd‘l.

Evaporation estimates by the isotope balance method are generally lower than the other two methods.
The difference in evaporation by the bulk aerodynamic and isotope method is +9% where as the
corresponding value for the energy balance method is 24%. Gibson et al. (1996) reported 11%
difference between bulk aerodynamic and isotope methods and 7 % for energy balance method.
The lake area is partly vegetated with water lilies. Transpiration through the plants is non
fractionating and is thus not taken into account in the isotope method. This may cause some
of the differences between the methods. A relatively lake area for the isotope method,
representing only the open water surface should be used in the calculations.
All the three methods show their minimum value in the periods 31 August to 13 September,
where the isotope method even indicates condensation. These two periods are characterised by the
maximum normalised relative humidity and precipitation as well as low skin and air temperatures.
The maximums however fall in different periods. Only the maximum value achieved by the
energy balance method, matches with the maximum water surface temperature and one period
after the maximum in global radiation. Thus, some time delay is needed to warm up the lake
before the radiation energy can be used for evaporation. The maximum value estimated by the
bulk aerodynamic method falls in the same period as the maximum value estimated by the
isotope method. This period showed the lowest nRH during the whole study period.
Generally it may be said that the energy balance method depends more on the water
temperature while estimates by the bulk aerodynamic and isotope method are more dependent
on the normalised relative humidity nRH and other variables.
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Conclusions

In most of the periods, evaporation estimated by the isotope method showed lower results
than the other two methods. However, a fairly good agreement can be observed between all
the three methods. The uncertainties in determination of 51 and 5E leave room for doubt in the
accuracy of the method. A representative 5; value is difficult to achieve especially in a flat
landscape such as Tamnaren because some of the streams dry up in summer. To determine 513
more accurately, special care should be taken in determination of 8A and CK. Collection of
water vapour at various locations around the lake is suggested.
Some of the energy balance components could not be determined with high accuracy due to
lack of data. However, the theoretical approach should also yield good results. The very little
variations between both approaches, the Bowen ratio and the heat flux approach, showed that
the methods can be applied with similar accuracy.
For both the isotope as well as the energy balance method a proper investigation of lake
topography is strongly recommended. As shown for the isotope method the use of the average
values of lake area and average depth can have big influence on the final results. Therefore
accurate relationship between lake volume and area must be available or determined to
achieve accurate results by these methods.

The data collected for this study is from two locations, the island and the mast. It is shown
that both the stations represent almost the same vapour load and wind field. But both the
stations were situated at the eastern shores of the lake, where the fetch of the wind is mainly
the water surface considering the dominating western winds.
To represent a big lake like T'amnaren, estimation of lake evaporation at two or more sites are
required to take care of the different wind and vapour load conditions over the lake. This has
also been suggested by Gat (1995).

The determination of lake evaporation is important before any man made change in a lakes
water balance is done. However, the choice of any method is highly dependent on the
available financial resources. Here the scientific approach to measure as accurately as
possible must be replaced by a more practical approach.
The isotope method is a quite simple method and easy to apply but should always be
compared with some other independent method. The Craig and Gordon model should be
developed further to take care of the uncertainties at high relative humidity.
Investments for the energy balance method are quite high if good quality data is required. To
determine all components of the energy balance with high accuracy a huge investment must
be made in instrumentation as shown by Sturrock et al. (1992).

Both these methods depend significantly on water balance components such as lake volume,
while the isotope method even depends on precipitation and outflow, which are difficult to
measure accurately.

The costs of a floating mast to apply the bulk aerodynamic method are big. However, this
method works without any reference to the water balance, i.e. only four variables must be
measured. This method can be applied automatically for several weeks. The flux equations
used to calculate the evaporation from the measured data, are now a days sufficiently
advanced, so that estimates can be done with high accuracy using the available algorithms.
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It is therefore suggested to use the bulk aerodynamic method as an independent check when
other water balance dependent methods are applied.

But it must be kept in mind that all these methods are still an estimation of the actual evaporation.
Such estimations might be sufficient for planning water resources but never give the ”real” value.
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Appendix

(I) Vapour flux from an open water surface under neutral conditions

The flux of water vapour, the evaporation from the surface, can than be expressed as:

dqE:—~paKE-gg (A1)

where E is the evaporation in kg s"1 m’z, pa is density of air, KB is transfer coefficient for
water vapour flux and dq/dz is the vertical gradient of specific humidity which is the gradient
form of the flux equation. The same form can be applied to the flux of momentum:

TZPaKMQ; (A2)

where ”c is the flux of momentum, p21 is density of air, KM is the transfer coefficient for water
vapour flux and du / dz is the vertical gradient of wind speed.
Dividing equation (A l) with (A 2) we get:

E K}; (Qql): —— . (A 3)T KM (L12 —— M1)

or for E:

K ._.E24 E ((12 ‘11) (A4)
KM (”22 T ”1)

For the wind speeds we have in logarithmic profiles:

“2 z “* 111(2) (A 5)
k 2,0 ‘

u, 2 ln[*—] (A 6)k 2:0

where u>’< is the friction velocity which quantifies the turbulent velocity fluctuations in the air, k
is the von Karman constant (0.4) and 22, 21 are the measuring heights for the wind velocities.

u... 2:2 z1 '
u2~u1=k 1n;- --ln: (A7)

0 0

Therefore:
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Mr 29/z0
:2 111.4“... A8k [zl/Zoi ( >

at 2:2
2: ln m A9

k [Z1] ( )

As the flux of momentum can also be written as:

T :2 pal/£3 (A 10)

follows:

2
k u —~ u

r —- paM (A 11)
MFA]

Z1

putting this value of 1 into equation (A 4) we get for E:

2
K k2 q -- q u —- uE:__ Epa (2 21)(2 1) (A12)
KM Z2

ln __,_ (L12 ~14)
Z1

This equation yields only for open water surfaces.
Assuming neutral atmospheric stratification KE 2 KM and E becomes:

k2 —— u —-uE=~pa (92 611x 2 1) (A13)

Over open water surfaces it can be assumed that the velocity ul 2 O at the height 20. Equation
(A 13) becomes than the final form as:

__ pak2(qz .._ q0)uz
Z 2

14—]
Z0

where 2 refers to the values at the measurement height and 0 to the values at the water
surface. 20 is the roughness length for momentum.

E z: (A 14)
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As the specific humidity q is:

__ 0.62260 (A 15
q ” p —-— 0.378% )

where ea refers to the actual vapour pressure and p to the atmospheric pressure.
Equation (A 14) can also be expressed as:

k 2 (e —— ea )uz
E : —~0,622pa (A 16)

Two possibilities for the gradient (eaZ — e30) exist:

a) eaZ 2 actual vapour pressure at height Z

e30 2 actual vapour pressure at the water surface

b) eaZ 2 actual vapour pressure at the water surface temperature
e30 2 saturated vapour pressure at the surface temperature

Equation (A 16) has a similar form as the first Svedrup equation from 1937 as shown in
Harbeck (1958). This equation gave good results at lake Heffner under the assumption of
constant neutral atmospheric stratification, but did not work at lake Mead (Harbeck 1958).

(11) Weather data from the island near Sjtilunda (6 June to 28 September 1995)

100 «
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E 60 ._... ‘ , f.- . I. 'I u . . '
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Figure (A 1): Relative humidity and humidity normalised to the water surface temperature
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Figure (A 2): Water surface and skin temperature measured at the weather station
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Figure (A 3): Wind speed at 2.0 m height measured at the float
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Figure (A 4): Global radiation measured at the float
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Figure (A 5): Lake level during the study period


