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Abstract

The paper presents the initial results of a field study of boundary layer behaviour and
open water evaporation carried out on two small- to medium-sized lakes in Western
and Northern Canada. Meteorological and boundary layer measurements were made
over the water surfaces and over the upwind land surface, allowing for an examination
of the effect of lake-land contrasts of temperature on the wind speed over the open
water and on the evaporation rates. Lake evaporation was measured directly using
eddy covariance equipment.

The study showed that, for time periods shorter than daily, the open water evapora-
tion bears no relationship to the net radiation. The wind speed is the most significant
factor governing the evaporation rates, followed by the land-water temperature con-
trast and the land-water vapour pressure contrast. The effect of the stability on the
wind field is demonstrated; stability over the water and adjacent land surfaces are, for
the most part, out of phase. The derived relationships will be used to develop a model
for estimating the hourly evaporation rates from open water.

Examination of the seasonal trends shows that the open water period can be sepa-
rated into two distinct evaporative regimes: the warming period in the Spring, when the
land temperature is greater than the water temperature, the turbulent fluxes over water
are suppressed; and the cooling period, when the water temperature is greater than
the air temperature, and the turbulent fluxes over water are enhanced.

1 Introduction

Evaporation from open water bodies is an important component of the energy and
hydrologic cycles for many watersheds. Since most hydrological and meteorological
models operate with time steps of the order of an hour, a reliable approach to the
calculation of hourly lake evaporation is necessary to both objectives.
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However, evaporation from open water remains largely unmeasured as a course
of routine and is still estimated with limited confidence. This is particularly true for
sub-daily time periods, where the factors governing the boundary layer dynamics, the
thermal lag between the water and land surfaces, and the evaporation rates are not
well understood.

Some analytical and field studies have provided limited insight into the controls on
open water evaporation. Weisman and Brutsaert (1973) applied analytical solutions
to the advection problem over open water for the unstable case and showed that an
appropriate formulation of the transfer processes, occurring in the advective boundary
layer, is required. Blanken et al. (2000), in a study of evaporation over Great Bear Lake,
showed that for daily periods, open water evaporation is governed by the wind speed
and the vapour gradient over the water. Granger (2000) showed that lake evaporation
is largely uncoupled from (or unsynchronized with) the land surface evapotranspiration.
The land surface processes closely follow the pattern of energy supply. The partition-
ing of the net radiation is straightforward; the soil heat flux tends to be relatively small
for most situations and the turbulent fluxes of sensible and latent heat, for the most
part, behave in a similar manner. The partitioning of energy on a lake surface, on the
other hand, is more complex. Because of radiation penetration, heat storage effects
can be significant. The turbulent fluxes of sensible and latent heat are not necessarily
in phase with the radiant energy supply, but are governed by the gradients of tempera-
ture and humidity in the boundary layer. These gradients are controlled both by water
surface temperatures (affected by radiation and intermittent mixing of the water) and
by the processes occurring at the upwind land surface (heating or cooling of the air
and evapotranspiration). For these reasons, land surface data alone are insufficient to
parameterize the lake evaporation. Information about the lake surface is also required.

Granger (2000), using lake evaporation observations made over Big Quill Lake, near
Wynyard, in Central Saskatchewan, showed that the analytical solutions developed by
Weisman and Brutsaert (1973) can be applied when the boundary layer over the lake is
unstable (temperature decreasing with height). For stable conditions, however, these
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solutions did not work as well: an analysis of the advection under stable boundary
layer conditions, such as those encountered over a lake during daytime heating of the
adjacent land surface, is required.

Assouline and Mahrer (1993) and Liu et al. (2009) also showed that the open water
evaporation is greatly affected by the stability of the overlying air, which is governed by
the land-water temperature contrast.

The purpose of the present study was to demonstrate how the advective boundary
layer over a lake, as well as the open water evaporation are affected by such pa-
rameters as net radiation, wind speed over the water, water surface temperature, the
temperature and vapour pressure gradients over the water, atmospheric stability and
upwind fetch distance.

2 Study sites

Two lakes, providing a range of fetch distances from 150 m to 11 000 m, were chosen for
the study. The largest of these is Crean Lake, located within the Prince Albert National
Park in Saskatchewan. A small island, near the centre of the lake provided a stable
and secure platform for the instrumentation, with access to nearly the full spectrum of
wind directions and a range of fetch distances from 3600 m to 11 000 m. Observations
at Crean Lake were obtained for the open water seasons from 2005 to 2008.

Landing Lake, near Yellowknife, NWT, provided fetch distances ranging from 150 m
to 900 m. Observations at Landing Lake were obtained for the period 2007 to 2008.

For each lake, the instrumentation included a direct measurement of evaporation
(using eddy covariance equipment), short-wave and net all-wave radiation, at least
two levels of air temperature, humidity and wind speed, wind direction, as well as the
infrared water surface temperature. A water temperature profile was established near
the centre of each lake. In each case, an instrumented tower over the adjacent land
surface (away from the edge of the lake) was also set up; the radiation fluxes and the
atmospheric parameters (wind speed, wind direction, air temperature and humidity)
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were monitored. All parameters were recorded on half-hour intervals. Figure 1 shows
the two study lakes, with the locations of the instrumentation.

3 Data analysis

The turbulent fluxes of latent and sensible heat over the water surface were measured
directly with an eddy covariance system consisting of a three-dimensional ultra-sonic
anemometer and a krypton hygrometer. Some corrections were applied to the eddy
covariance measurements; these included coordinate rotation (Kaimal and Finnigan,
1994), the WPL adjustment (Webb et al., 1980), adjustments for sonic path length,
high frequency attenuation and sensor separation (Massman, 2000; Horst, 1997) and
oxygen extinction for the krypton hygrometer. Data from the meteorological tower over
the water surfaces allowed for a second, independent determination of lake evapora-
tion using profile measurements of wind speed, air temperature and vapour pressure.
Granger and Hedstrom (2006) showed that there is good agreement between the two
methods. This allowed for both quality control and gap-filling of the direct eddy flux
measurements of evaporation. Wind speed, temperature and humidity data from the
land tower allowed for the parameterization of the contrast between the land and wa-
ter surfaces. In all cases, daily and seasonal values were obtained by summing the
half-hourly rates.

3.1 Controls on evaporation

Three conditions must be met for evaporation to occur from a natural surface; these
are:

— there must be a supply of water at the surface;

— there must be a source of energy to ensure the phase change from liquid to
vapour; and
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— there must be a transport mechanism to carry the water vapour away from the
surface.

Understanding how these conditions are controlled is necessary for the correct param-
eterization of the evaporation process. For land surface evaporation, most models in
fact represent all three conditions; the moisture availability is parameterized using soil
moisture or a “stomatal resistance”, the net radiation absorbed at the surface is the
available energy, and a vapour transfer function based on wind speed is applied. For
lakes, however, the supply of water at the surface is non-varying, and as such is not
a useful parameter. Also, since the net radiation penetrates the water surface, the en-
ergy is absorbed at depth and is not immediately available for the phase change at
the surface: there can be very little relationship between the available energy and the
turbulent exchanges of heat and water vapour in this case. This leaves only the vapour
transport mechanism to work with in the development of an open water evaporation
model.

The transport mechanism is governed by the vapour pressure gradient above the
surface and the efficiency of the exchange is controlled by the wind speed and the
stability. Since all small- to medium-sized lakes, and most open water surfaces, expe-
rience advective situations, the vertical humidity gradient is controlled by the horizontal
gradients of temperature and moisture, or the lake-land contrast. Most lakes are not
uniform in shape, so the fetch distance and wind direction may also be significant.

To demonstrate whether the upwind land surface and the water surface are respond-
ing in the same way to the environmental forcing, one can examine the behaviour of
the thermal boundary layer over the two surfaces. Figure 2 presents the diurnal vari-
ation of stability over the two surfaces at Crean Lake: in the figure a value of +1 is
assigned if the stratification is stable (temperature increasing with height) and a value
of —1 if the boundary layer is unstable (temperature decreasing with height). Figure 2
shows that the water and land surfaces are essentially out of phase. It is, therefore, un-
likely that one could use land-based measurements alone to parameterize processes
occurring over the water surface. The phase lag between the land surface stability
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and that over the water surface is the result of very different thermal inertias; the land
surface responds very quickly to the radiative heating and cooling, while with radiation
penetration, the water surface is much less responsive to the radiative forcing.

The relationships between the hourly evaporation rates over water and several mete-
orological parameters were examined. Figure 3 presents these relationships for (a) net
radiation over the water, (b) wind speed over the water, (c) land-water temperature
contrast, and (d) water-land vapour pressure contrast. Figure 3a shows that, unlike
evaporation from land surfaces, the hourly open water evaporation rate bears little or
no relationship to the net radiation. The hourly open water evaporation rate is most
strongly affected by the wind’s speed over the water. Although the vapour transfer
function is defined by the vapour pressure gradient, the land-water temperature gra-
dient actually shows a stronger relationship: this is likely due to the strong effect of
stability on the evaporation rates.

Since many of the current evaporation models use net radiation as one of the con-
trolling parameters, it is useful to demonstrate how the relationship between evapora-
tion and net radiation is affected by the time scale and by water depth. Crean Lake
is a relatively deep lake, the portion of the Lake that was studied is typically 21 to
25m deep. Landing Lake is a relatively shallow lake, with an average depth of 3 to
4 m. For each lake the correlation coefficients were determined for the relationship be-
tween evaporation and net radiation for daily, weekly and monthly periods. For Crean
Lake, the relationship showed R? values of 0.003, 0.004 and 0.023, respectively. Thus,
for a deep lake, even at the monthly time scale, one sees very little relationship be-
tween evaporation and net radiation. This suggests that modelling approaches such
as the Priestley-Taylor technique, which uses only net radiation and a correction factor,
will be of little use in estimating evaporation from open water bodies such as Crean
Lake. For the shallower Landing Lake, the respective R? values were 0.354, 0.731 and
0.927. Thus, for a shallow lake, the energy input is reflected more quickly in the surface
temperature, and there may be a definable relationship between evaporation and net
radiation only for periods greater than weekly.
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The open water evaporation is most closely controlled by the wind speed over the
water (Fig. 3b). Although wind speed is a standard, routinely observed parameter over
land surfaces, it is not commonly measured over water surfaces. To examine how the
wind speed over water may be affected by atmospheric stability, the lake-land wind
speed contrast was compared to the lake-land temperature contrast for 5-day periods
at Crean Lake in 2006. These are presented in Fig. 4, while Fig. 6 shows that the
wind speed over water is affected by the stability over the water; in unstable situations
(lake-land temperature >0) the wind speed increases as the air passes from the land
to the water. However, this relationship is also likely affected by the distance from the
upwind shore. To test this, the data for both lakes and for all seasons were separated
into stable and unstable cases, and sorted according to the upwind fetch distance; the
following relationships were developed to relate the wind speed over water to that over
land:

Uwater = Uland : (b +cC- (Tland - 7-water)) (1)

Tiang 18 the air temperature over the adjacent land surface and T, is the surface
temperature of the water. The coefficients, b and ¢, are related to the fetch distance,
X (m):

For Stable conditions:
b=1.0+0.0001247-X
c=-0.0125-4.87x107°.X

For Unstable conditions:

b=1.0+0.0001247-X

c=-0.0125-2.33x107°. X (3)

Equations (1)—(3) can be used to estimate the wind speed over open water when no
measurements are available.
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3.2 Seasonal evaporation

Figure 5 shows the seasonal evaporation, radiation and turbulent heat exchange rates
as well as the temperature contrast between the water surface and adjacent land sur-
face at Crean Lake for the 2007 open water period. The energy terms are expressed
in mm equivalent of evaporation. For the sake of clarity, the temperature values are
five-day running averages. The figure shows that for the warming period, the land tem-
perature is greater than the water temperature, resulting in stable conditions over the
water; whereas for the cooling period the inverse is true. The trends shown in Fig. 5
are similar to those for the other years. The figure shows that the lake evaporation
is strongly affected by the thermal contrast between the water and the adjacent land
surface. In the Spring, the land surface warms more rapidly than the water surface
does; this results in a predominantly stable boundary layer over the lake. In stable
conditions, turbulence is suppressed, and so are the exchanges of water vapour and
heat. Figure 5 shows that although evaporation occurs during this period, there is very
little turbulent heat exchange between the lake and the atmosphere. At Crean lake,
for the three study years, the average evaporation rate during the warming period was
1.85mm/d. The land surface reaches its maximum seasonal temperature generally
a few days before the water, and it cools more rapidly than the water does. After this
point, an unstable boundary layer (temperature decreasing with height) develops over
the water: the instability enhances turbulence and the exchanges of water vapour and
heat. For the three study seasons, the average evaporation rate during the cooling pe-
riod was 3.05 mm/d. This pattern of temperatures was also demonstrated by Bussiéeres
and Granger (2007), who derived seasonal curves of water temperature for large lakes
and suggested that these will have an effect on the evaporation rates.

Figure 6 shows the seasonal evaporation, radiation and turbulent heat exchange
rates and the temperature contrast between the water and adjacent land surfaces at
Landing Lake for the 2007 open water period. Unlike Crean Lake, the warming pe-
riod at Landing Lake was not characterised by a consistent stable regime: it showed
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alternating periods of stable and unstable conditions. Landing Lake is located north of
Great Slave Lake, such that the thermal regime over the area is significantly affected by
the proximity of the large lake when southerly flows are occurring. Nonetheless, Fig. 6
does show that the turbulent fluxes are significantly modified when the regime changes
from unstable to stable. For example, during the first 9-day period, shown in Fig. 6, con-
ditions were unstable, the average evaporation rate observed was 3.86 mm/d. During
the next 8-day period, conditions were stable and the average evaporation rate dropped
to 2.04 mm/d. During the cooling period, Landing Lake behaved the same as did Crean
Lake, with a consistent unstable regime and enhanced turbulent fluxes (3.3 mm/d).

Figure 5 shows that evaporation from Crean Lake represents approximately 2.5 times
more energy transfer than does the turbulent heat exchange, while Fig. 5 shows that
for Landing Lake the latent heat is 3.8 times the turbulent sensible heat. This sug-
gests that, for regions such as the boreal plain and sub-arctic shield where open water
represents a significant proportion of the surface area, correct knowledge of the lake
evaporation rates are important in the regional energy balance, and indeed for the
correct assessment of the meteorology.

4 Summary and Conclusions

Four successful field campaigns were carried out for measuring and modelling evapo-
ration from Crean Lake, and two seasonal campaigns were carried out at Landing Lake.
Data collection includes both lake and land surface parameters and fluxes. The data
allowed for a determination of those factors controlling the hourly rates of evaporation
from the lake surfaces. It was shown that for the hourly period, the open water evapo-
ration bears no relationship with the supply of radiant energy: the solar radiation is ab-
sorbed at depth in the water, and the surface temperature is governed more by the mix-
ing and the turbulent atmospheric fluxes. The hourly evaporation rates are more closely
related to the wind speed above the water; followed by the land-water temperature and
vapour pressure contrasts. It was also shown that the distance from the upwind shore,
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or fetch distance, is also important. Thus, the development of a model for estimating
the hourly rates of open water evaporation must take these factors into account. A re-
lationship is developed between the over water wind speed to that over the adjacent
land; the relationship is governed by the lake-land temperature contrast and the fetch
distance.

The data have allowed for the identification of two distinct evaporation regimes during
the open water season; in the early portion of the summer, when air temperatures are
generally greater than the water temperatures, the evaporation rates are suppressed;
after the temperature maxima are reached, during the cooling down portion of the
summer, water temperatures are generally greater than the land temperatures, and
lake evaporation is enhanced. For the 2007 open water season, the latent heat ex-
change over Crean Lake represented approximately 2.5 times more energy transfer
than did the turbulent sensible heat; at Landing Lake this ratio was 3.8. The clear pre-
dominance of the latent heat exchange over water does demonstrate that knowledge
of lake evaporation rates is important in assessing the regional energy balance.
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Fig. 1. Study Lakes showing location of instrument towers and water temperature profiles (a)

Crean Lake, PANP, SK; (b) Landing Lake, NWT.
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Fig. 2. Stability indicator for the boundary layers above the water surface (Crean Lake, PANP,

176.5

SK) and over the adjacent land surface for two days in 2006.
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Fig. 3. The observed relationship between the hourly evaporation over Crean Lake, 2006,
and (a) net radiation, (b) wind speed, (c¢) land-water temperature contrast, and (d) land-water

vapour pressure contrast.
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Fig. 4. The observed relationship between the 5-day average lake-land wind speed contrast
and the lake-land temperature contrast for Crean Lake, 2006.
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