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ABSTRACT

Energy balance components were measured over a coastal
subarctic wetland in northwestern James Bay during the
growing season. The Penman-Monteith combination model was
used to determine surface and atmospheric controls on
evaporation. The Priestley-Taylor combination model was used
to calculate an evaporability parameter, a. Combining these
two models resulted in determining the sensitivity of a to
surface and atmospheric controls.

Canopy, aerodynamic, and climatological resistances
were influenced by onshore or offshore wind directions.
Canopy resistance was dominant and showed a strong seasonal
trend. a averaged 0.78 and was influenced by wind direction.
a is most sensitive to canopy resistance, followed by vapour
pressure deficit, net available energy, and aerodynamic
resistance. i
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CHAPTER 1 - INTRODUCTION

1.1 Research Objectives \

This paper studies the boundary Jlayer climate of a coastal
gubarctic wetland in northwestern James Bay. It particularly
focuses on the process of evaporation. Evaporation is an
important process because it is the connecting link between
the climatic and the hydrologic cycles. Evaporation is
important ecologically since most rlants rely on the
movement of water through their roots systems and stomatal
cells in order to make use of soil nutrients. It also plays
an important role in the prediction of future climates. If
evaporation 18 increased as a result of a warmer climate,
the warming trend may be amplified since water vapour, as a
greenhouse gas, 1is an efficient absorber of 1long wave
radiation. Thié is discussed in detail by Raval and
Ramanathan (1989) and‘Manabe and Wetherald (1867).

The first objective of this paper is to determine the
factors which limit the evaporation process. The second is
~ to determine the value of an evaporability parameter «. The
third is to determine the sensitivity of a.

In pursuing the three objectives stated above, the

data are divided into onshore or offshore wind directions.

The purpose of this is to determine how advection affects



the evaporation process. Throughout this paper, evaporation,
evapotranspiration, and the latent heat flux (Qe) terms are
used synonymously. SI (Systéme International) units are used

throughout.

1.2 Review of the Penman-Monteith Model

The original empirical method for determining evaporation
was to treat the process as a function of vertical vapour
pressure gradients and a coefficient of turbulent mixing. An
alternative to this method was to regard the process as a
function of the energy balance at the Earth's surface.
Penman (1948) combined these two approaches, eliminating the
need to measure surface temperature which was a difficult
variable to measure. Penman applied his derived equation to
successfully model evaporation from open water.

Building on Penman’s work, Monteith (1965) attempted
to reconcile climatological concepts of evaporation with the
physiological controls on evaporation exerted by vegetation.
In doing so, Monteith added terms to Penman’s equation which
account for the regulatory control of the water vapour flux
exerted by leaves. This leaf control is accomplished by the
stomata which regulate the exchange of gases between the
plant and atmosphere (Arms and Camp, 1982). This model

became known as the Penman-Monteith combination model for



evaporation and is given by

S(Qx - Qg) + oCpleg (T) - & 1/%
Qe = (1)
S+ v(1 + r. /yg)

where S 1is the slope of the saturation vapour pressure
versus temperature curve; QX is the net all wave radiation;
Qg 1s the subsurface heat flux; p is the density of air; Cp
is the specific heat of air at constant temperature; g is
the saturation vapour pressure; T, is the ambient air
temperature; e, is the ambient vapour pressure; r, is the
aerodynamic resistance; v is the psychrometric constant and;
r is the canopy resistance.

This one-dimensional model is termed a “combination”
model since 1t combines aerodynamic and energy balance
theory. Also, the model is combinational since both
available energy and moisture are incorporated. McNaughton
and Jarvis (1983) describe the applications of the model to
different types of vegetation, and Lafleur and Rouse (1988)
discuss the application of the model to different surfaces

in a coastal zone of the subarctic.

1.3 Review of Resistances
The exchange of gases between a surface and the atmosphere
can be understood using the electrical analogue defined by

Ohm°s Law. This states that the flow of current in an



electrical circuit is equal to the electrical potential
(voltage) divided by the wire resistance. Similarly, the
flux of gases 1is equal to the concentration difference of
the gas divided by the resistance to flow exerted by the
system (Oke, 1978). This resistance represents a measure of
how the system inhibits the flow of gases to the atmosphere.
In this paper, water vapour 1is the only gas that is
considered. The resistances that are considered are canopy,
aerodynamic, and climatological.
The climatological resistance 1is calculated wusing
the Bowen ratio (B) given by
Qh AT,
B= — =y — (2)
Qe Ae,;
where Qh is the sensible heat flux. The partitioning of
energy at the surfgce is given by
Q% = Qh + Qe + Qg (3)
Combining equations (2) and (3) gives the Bowen Ratio Energy
Balance (BREB) equation
(Qx - Qg)
Re = ——m8m88 (4)
(1 +8)
Combining equations (1) and (4) and solving for B yields
re +§ -1

B = (5)
(S/7y1 r, +1x

where r; is the climatological resistance given by



pCP & (T) - g
Pi = (6)
4 Q¥ - Qg

A large r; indicates that evaporation is enhanced,
not inhibited. Lafleur and Rouse (1888) reported that »r;
varied little between three contiguous wetland surfaces of
alder/willow woodland, sedge marsh, and sedge meadow located
in a subarctic coastal marsh. r, however, varied markedly
with wind direction (table 1).

The canopy resistance is determined by measurements

of the stomatal resistance and the leaf area index using the
relationship x = ry4 x LAI, where r4 1is the bulk surface
resistance and LAI is the leaf area index. When measurements
of x and LAI are not available, 1r can be determined by
calculating the bulk surface resistance given by
re =gy = (B+ 1)y + [B(S/7) - 1] (7)

Lafleur and Rouse (1988) state that site differences
in x; were directly related to the biophysical properties of
the vegetation canopies. For example, the LAI for the
woodland site was approximately twice as large as the other
sites which resulted in a smaller 1r; value. Table 1 gives
representative r, values for different vegetation.

The  aerodynamic resistance for momentum is
calculated using the wind speed measured at a single level

and parameters determined by the aerodynamic characteristics



of the canopy (Thom, 1975). The aerodynamic resistance is

determined using

[In(z - D)/z 1!
r, = + 1y (8)

Zy,

where u is the wind speed at height z; D is the 2zero-plane

displacement; 2z, is the surface roughness length; k is von
Karmen's constant and; 1ryis a correction factor wused to
account for excessive resistancevto heat and vapour incurred
by bluff body forces (Lafleur and Rouse, 1988). As suggested
by Thom (1975), r , = 4/wk where uX is the frictional
velocity.

Lafleur and Rouse (1988) reported that r, was
consistently smallest at the woodland site because of the
large surface roughness length ﬁtable 1). 1 values for the
sedge marsh and sedge meadow site were similar because of
the similar canopy morphologies. The authors note that wind
speed did not change with wind direction, hence g varied

little with wind direction.

1.4 Review of the Evaporability Parameter a

| Priestley and Taylor (1972), while investigating the
partitioning between sensible heat and evaporation,
developed a special form of the combination equation of

evaporation. This model, known as the Priestley-Taylor



model, is given by
Qe = alS/(S +7)1(Qx - Qg) (9)
where a 1is an evaporability parameter relating actual to
potential evaporation. Solving equation (9) for a gives
Qe

a = (10)
(S/(S +7)1(Q*x - Qg)

When a 1is equal to unity, the model gives the equilibrium
evaporation. Using equation (9), Priestley and Taylor (1972)
found that for a variety of surfaces with an unlimited water
supply, an a value of 1.26 was appropriate.

Rouse et al. (1977), while investigating the
application of the model, reported that a decreased from
1.26 (potential conditions) to 0.87 and 0.91 for a old and
new burn lichen woodland, respectively. This decrease is
likely due to available soil moisture. For a wet sedge
meadow, a equalled 1.26 since the surfaces were continuously
wet. For upland lichen heath, a = 0.95 and 80il moisture
played no role because of the overwhelming control exerted
by the thick lichen mat.

An investigation into the effects of Hudson and
James Bays on the coastal energy balance by Rouse et al.
(1986) included the calculation of a. The authors report
that a values are smaller during cold onshore windas than

warm offshore winds.



Bello and Smith (1990) report on the behaviour of a
over a lake in the Hudson Bay Lowlands. Their results show
that 1local advection is primarily responsible for large
latent heat fluxes. Although a averaged 1.35 over the
summer, hourly and daily values were highly variable. Most
of this variability could be reconciled with changing
weather conditions (i.e. sunny, cloudy, rainy, or evening

conditions).

1.5 Derivation of a using the Penman-Monteith Model
To accomplish the third objective, the value of Qe which
appears in the numerator of equation (10) is that obtained
by the Penman-Monteith combination model. Combining
equations (1) and (10) gives

S(Q¥ — Qg)(S +7v) + SpCpVPD/y + vpCpVPD/r,

a = (11)
S(Q% - Qg)(S +v) + S(@Q* - Qg)vr, /3

where VPD 1is the vapour pressure deficit. Figure 1 shows
that the Penman-Monteith estimate of Qe is insensitive to
all but very small values of x. Within the range of r,
measured in this study, Qe using the BREB approach and Qe
using the Penman-Monteith approach gave a 1:1 relationship
with ¥¥ = 0.99. Therefore, equation (11) is valid for this

study.



CHAPTER 2 - STUDY SITE

2.1 Site Location

The study site (figure 2) is located on the western coast of
James Bay, 20 km north of the mouth of the Ekwan River and
just north of Ekwan Point (53°17°N, 82°07 W).

The coastal topography is very flat with an
elevation rise inland of 0.2 %. The region is rapidly rising
due to isostatic rebound in response to the removal of the
Wisconsin ice sheet some 10,000 years ago (Sugden and John,
1985). This process has resulted in a series of well-
developed raised beaches extending inland from the coast.
This coastal zone marks the southern 1limit of continuous
permafrost and the northern limit of the tree line, since

both converge at approximately 53°N (Rouse et al., 1987).

2.2 Vegetation
As noted by Kadonaga (1989), distinct vegetation zZones are
evident at Ekwan Point. In general, fens have developed in
the poorly-drained depressions, while the upland raised
beaches are dominated by small shrubs, stunted trees, and
lichens.

The vegetation nearest the main climate site

consisted of Potentilla egedii and Carex subspathacea. Soils
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in the area consisted of beach soils with deposits of sand

and gavel evident to a depth of at least 0.30 m.

CHAPTER 3 - METHODOLOGY

3.1 Instrumentation

The main measurement site was located in an open coastal
area, approximately 575 m from the mean high water mark
(figure 2). Q% was measured with an aspirated Middleton net
byrradiometer. Qg was measured with a Middleton heat flow
transducer. See Halliwell and Rouse (1988) for details on
methods used to correct the underestimate of Qg typically
made by heat flow transducers. Temperature and vapour
pressure gradients were measured with shielded psychrometers
mounted at 0.5, 1.0, 1.5, and 2.0 m above the surface. Each
psychrometer contained two thermocouples, one dry and one
wet, with water supplied by a reservoir via a saturated
cotton wick. The psychrometers were aspirated by battery
powered fans.

Wind speed was measured with Young 3-cup analogue
output anemometers located on a separate mast at heights of
0.5, 1.0, 1.5, and 2.0 m above the surface. Wind direction
was determined by a Young wind vane positioned on top of the

wind mast.
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Signals from the instruments described above were
recorded on a Campbell Scientific CR-7 data logger with a
scan interval of 10 seconds. Values were integrated every 60
minutes, then averaged for the entire day. The measurement

period began on June 29, 1988 and ended on August 3, 1988.

3.2 Wind Direction Division

Initial analysis involved dividing the data into either
onshore or offshore wind direction. The coast runs north-
south (figure 2), therefore winds blowing from the east have
originated over James Bay, and are termed onshore winds.
Conversely, winds blowing from the west have originated over
the land surface, and are termed offshore winds. The term
“allwinds” refers to winds blowing from any direction
(average conditions for the entire measurement period). Of
the 35 day measurement period, 23 experienced onshore winds,

and 12 experienced offshore winds.
CHAPTER 4 - RESULTS

4.1 General Climate
Climate records for a 29 year period were compared to the
observed measurements for the month of July. The closest

long-term records available are at Moosonee, Ontario, which
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is located approximately 250 km SSE of Ekwan Point. Table 2
gives climate normals (where normal refers to the 29 year
average at Moosonee) and a summary of boundary layer climate
recorded at the study site.

The environments over which the onshore and offshore
winds originate are distinct. James Bay 1is relatively
shallow (46 m maximum) which increases the duration of sea
ice cover well'into the growing season. In late June, 75 %
of James Bay has from 20 - 80 % ice cover. This decreases to
50 % of the Bay having between 10 - 50 % ice cover in early
July. In late July and early August, a further decrease of
25 % of the Bay having between 10 - 20 ¥ ice cover occurs
(Danielson, 1969). As a consequence of this long duration of
ice cover, sea surface temperatures range from 7 - 11 °C in
July to 8 - 14 °C in August (Danielson, 1969).

In contrast; the land surface’s river ice has broken
by May 20, with lake ice persisting until June 1 (Hutton and
Black, 1975). Mean monthly surface air temperatures range
from 7 - 13 °C in June, 13 - 18 °C in July and, 10 - 16 °C

in August (Danielson, 1968).

4.2 Seasonal Patterns
Figure 3 shows a time series of evaporation and

precipitation. The evaporation time series shows a seasonal
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trend, reaching a minimum value on Julian Day 198 (July 17).
The precipitation plot shows that rainfall was sparse,

occurring}only 34 % of the days.

4.3 Resistances

Table 3 gives resistance values. The canopy resistance, %,
was 6 s/m larger for offshore than onshore winds. Note that
r is, on average, approximately four times r, . The
aerodynamic resistance, r, was 14 s/m larger for onshore
than offshore winds. Also, the range of r,was 58 s/m larger
for onshore than offshore wind directions. Unlike r,and r,
the climatological resistance, r;, for onshore and offshore
winds was very different (table 3c). r; was more than 2.5
time;}fdr offshore winds and the range of values was more
than twice as great. Figure 4 shows a time series of all
three resistances. It shows that all resistances have a
large daily variability.

Figure 3c focuses on the time series of r.. The
three-day running mean indicates a strong seasonal trend
with g peaking around Julian Day 200 (July 19). This
seasonal trend shows the effects of high Qe and small

rainfall as the growing season progresses.
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4.4 Evaporability Parameter

Table 4 shows the results obtained using the Priestley-
Taylor model of evaporation when solved for a (equation 10).
Average values for a are small compared to a = 1.26. For
offshore winds, a 1is 0.19 larger than for onshore winds.

Also, the range of a is 0.34 larger for offshore winds.

4.5 Sensitivity of a to Atmospheric and Surface Controls

The ranges and average values of the variables that appear
in equation (11) are given in table 5. Figure 5 shows th&t a
decreases exponentially as g 1increases. Sensitivity is
greatest for small r, and offshore wind conditions. For
example, an increase in r, from 100 to 300 s/m results in a
0.2 and 0.4 increase in a for onshore and offshore winds,
respectively. Offshore a values are always greater than
onshore a values for the ranges encounter during the
measurement period. Figure 6 indicates a clear linear
relationship between a and VPD. This can be approximated by
the equation a = 0.58(VPD) + 0.40. Wind direction has no

significant effect on this relationship. Figure 7 shows that

a decreases exponentially as QX - Q& increases. The
sensitivity of o to Q¥ - Qg decreases as Q¥ - Qg becomes
large. a i@ more =mensitive to offshore than onshore wind

conditions. Offshore values of a are consistently larsger
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than onshore values. Figure 8 shows the sensitivity of a to
y. Contrary to expectations, a increases as r; increases.
Note that wind direction changes the magnitude but not the
sensitivity of a to . a is 0.25 greater for offshore than
onshore winds.

Table 6 summarizes the order of sensitivity of a to
each of the wvariables. Overall, a 1is more sensitive to
offshore wind conditions. The range of a for a variable g,
VPD, and QX% - Qg increaseé by 588 %, 56 %, and 48 X%,
respectively, during offshore winds. The range of a for a

variable p decreases by 67 % during offshore winds.
CHAPTER 5 - DISCUSSION

5.1 Resistances

The canopy resistance 1is a composite measure of surface
dryness and stomatal resistance. The large values of g
indicate that surface was very dry. Figure 3 reveals that
this drying trend increased as the growing season
progressed. Before Julian Day 200 (July 19), the small
rainfall (figure 3a) causes the surface to dry out and the
stomatal | resistance to increases. In response,
evapotranspiration decreased as the canopy resistance

increased. After Julian Day 200, rainfall events provided
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water allowing the surface to dampen and stomatal resistance
to decrease. Evapotranspiration then began to increase as
the canopy resistance decreased. Note that figures 3b and 3c
are mirror images.

The daily variation of r, is related more to stomatal
resistance than surface dryness. Stomatal behaviour is
influenced by 1light, air or leaf temperature, humidity,
water status, and CQ ooncentfation (Lafleur, 1988). A
general response of stomatal is to increases resistance as
the VPD increases. McNaughton and Jarvis (1883) report that
this response has been found for as many as 200 plant
species. Lafleur and Rouse (1988) reported that in a
subarctic coastal marsh, large x; values occurring with
offshore winds (table 1) were probably a result of the
stomatal response to the increasing VPD. In this study, the
offshore average VPD = 0.6 kPa, and the onshore average VPD
= 0.3 kPa. Based on the stomatal response to VPD, the
average offshore r; should be much greater than the average
onshore ry. Table 3a shows that this did not occur. It is
likely that the stomata are responding to a combination of

.the influences described above.

The aerodynamic resistance 1s affected by plant

morphology, wind speed, and surface roughness. The zero-

plane displacement, D, (equation 8) gives a quantitative
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estimate of the role of plant morphology in determining 3.
D 1is related to the height of the vegetation, and is a
function of the shape and density distribution of the leaves
(Oke, 1978). As plant height increases, 1y will decrease
(with a constant wind speed). In this experiment, the sedge
grass grew 0.10 m during the measurement period. An increase
of 0.10 m in plant height corresponds to an 16 s/m decrease
in g if all ofher variables are held constant. This trend,
however, does not appear in a time series of r, (figure 4).
Therefore plant induced wind roughness does not seem to
affect p, presumably because the LAI is so small.
r, was larger during onshore than offshore winds

(table 3b). Figure 9 shows that as wind speed increases, r,
decreases exponentially. Since the difference between
average onshore and offshore wind speed in not significant
(onshore = 4.6 m/s; offshore = 5.2 m/s), wind speed does not
account for the differences in y values. Surface roughness
coupled with tidal conditions may explain the differences in
y values. Although tide times are not known, with onshore
winds, tide-out conditions would create a large 2z,due to
the exposed boulders (Silis, 1987). This would tend to
decrease x. In contrast, onshore winds with tide-in
conditions would create a small z, causing r, to increase.

r;i is not a true resistance, but only conveniently
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has units of resistance (Lafleur and Rouse, 1888). g
responds to the VPD and to the available energy (egquation
6). Since the available energy shows no systematic trend
with time or wind direction, § becomes largely a function
of the VPD. The large VPD values associated with offshore
winds result in large x values. The wide range of r; values
during offshore winds is a result of the wide range of VPD
values during these conditions. |
The net resistance can be calculated as
Tt =3+ - 4 (12)

Note that r; is subtracted from the other resistances since
positive r;values 1indicate that evaporation 1s enhanced.
The higher the net resistance, the greater the evaporation
is 1inhibited (from equation 12). During onshore winds, the
value of g, is 302 s/m. Offshore winds result in a r,; value
of 240 s/m. Based on these values, evaporation should be
greatest during offshore winds. This agrees with observed
measurements. Average Qe calculated using the BREB approach
gave an onshore value of 62 W/m), and a offshore value of 76
W/m& A siméle' calculation reveals that Qe increases 23 %
with offshore winds, and the g, increases a very similar 26
% with offshore winds. This indicates a substantial

atmospheric control on Qe.
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5.2 Behaviour of a

The allwinds average of a = 0.78 is well below the a = 1.26
which is the value commonly quoted for a continuously wet
surface (Priestley and Taylor, 1972). This is expected since
a ¢coastal sedge meadow is not continuously wet. The 1low a
value indicates that the surface was very dry. This is
confirmed by high a p». The average values of a for
precipitation and non-precipitation days are 0.98 and 0.73,
respectively. This 1indicates that the atmosphere was close
to saturation (i.e. a = 1) during precipitation events.

An offshore wind direction had the effect of
increasing a from 0.71 to 0.90 (21 %), placing evaporation
close to equilibrium in the absence of advection. This
implies that with offshore winds, the deficit in evaporation
caused by lack of.rainfall could be partially eliminated.
However, since days with onshore winds (23) greatly
outnumber days with offshore winds (12), this balancing will

not occur.

5.3 Sensitivity of a

Figure 5 reveals that as the surface dries (large 1), «
decreases. Contrary to r, the VPD does not overpower the
effect of r, on a. The sensitivity of a is greatest for a

small r. This indicates that initial drying of a wet
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surface will cause a sudden drop in «. Once the surface has
become very dry, a becomes insensitive to changes. Since
offshore winds are warm and dry, a is consistently 1larger
during offshore winds. Note that the sensitivity of a to g
increases during offshore winds.

A large VPD corresponds.to a large a (figure 6). As
the air becomes drier, a increases in a linear fashion. The
sensitivity of o to VPD does not change with wind direction.
Only the magnitude of a is affected by wind direction. Since
6ffshore.winds have a larger VPD than onshore winds, the
value of a is also larger.

Referring to figure 7, a 1is large and sensitive to
small values of Q% - Qg. The average QX - Qg during days
with precipitation (117 W/m2) is smaller than non-
precipitation days (141 W/m2). Therefore a small Q% - Qg
corresponds to ©periods when there 1is available surface
moisture due to precipitation input. These conditions allow
evaporation to increase, bringing the surface and atmosphere
close to equilibrium.

‘ It 1is expected that as r, increases, a would decrease
since evaporation is 1inhibited. Figure 8, however, shows
that increasing g3 results 1in a non-linear increase in «.

The increase in a izs larger for a small r,. For wind speeds

less than 4 m/s, the average VPD is 0.2 kPa; greater than 4
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m/s, the average VPD is 0.4 kPa. As wind speed increases, 3
decreases (figure 9) while at the same time the VPD
increases, which has the effect of increasing a (figure 6).
Figure 8 shows that the sensitivity of a to the VPD |1is
greater to that of p. Through the common factor of wind
speed; the effects of r, and VPD on a counteract one
another, with the VPD effect wining out. Offshore a’s are
consistently greater than onshore a values due to the large
VPD associated with offshore winds.

Overall, a is most sensitive to r, (table 6). This 1is
because r is the most important indicator of the surface
moisture state. The sensitivity of a to VPD ranks second
indicating that VPD is the most important indicator of the
atmosphere’s ability to accept moisture from the surface.
a’s sensitivity to Q% - Qg ranks third showing that the
energy available to drive evaporation is not as important as
surface or atmospheric moisture states. The sensitivity of «a
to p ranks fourth indicating that r; plays a minor role in

the evaporation process.
CHAPTER 6 - CONCLUSIONS

The Penman-Monteith combination model shows the following.

The total resistance, p,, is increased by 21 ¥ during
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offshore winds. Due to a decrease in precipitation and an
increase in evaporation as the growing season progressed, a
strong seasonal trend was shown by . A two-times increase
in the VPD which occurred with offshore winds did not
significantly increase x. A large r, occurs with onshore
winds due to a longer surface roughness length during tide-
out conditions. y was of secondary importance for both wind
directions.

The Priestley-Taylor combination model indicates the
following. A calculated wvalue of a indicated that the
surface was evaporating near equilibrium with the atmosphere
during rainfall events. On average, a 26 % decrease 1in «
occurred during days with no rainfall. Warm, dry offshore
winds increased a by, on average, 21 %. )

The evaporability term, a, is sensitive in declining
importance to Q,' VPD, Q% - Qg, and r,. These results
indicatéd the following: 1) a decreased exponentially as r,
increased; 2) a increased linearly as VPD increased; 3) a
decreased exponentially as Q¥ - Qg increased and; 4) «
increased as 1y increased. This unusual behaviour of the
sensitivity of a to r,was due to the overpowering effect of
VPD on a. The sensitivity of a is greatest with the initial
drying of the surface.

Ending on an ecological note, the James Bay Power
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Project, when completed, would harness 20 rivers draining
350,000 km’ of northwestern Quebec (Gorrie, 1990). A
consequence of this (not to mention numerous others) would
be to reverse the natural pattern of seasonal river flow.
Instead of maximum flow occurring during the spring melt, it
would 1instead occur during the winter. This might decrease
the amount of sea ice, resulting in an earlier sea ice
spring melt. Rouse and Bello (1985) have empirically shown
that a shift from onshore to offshore winds is likely to
occur with an earlier sea ice melt in Hudson Bay. As this
paper has shown, evaporation would be increased with a
higher frequency of offshore winds.

The overall importance of surface and atmospheric
controls on evaporation in a subarctic coastal wetland has
been shown. In combination with previous studies it |is
evident that controls on evaporation operate everywhere from
western Hudson Bay through the southern tip of James Bay.
Any events which alter the overall climate, the offshore sea
ice, or the vegetation in the Hudson Bay Lowlands are likely
to alter the evaporation regime and the water balance in

these delicate subarctic environments.
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TABLES

Table 1. Comparison of resistance for different vegetation
under wvarious conditions.

r T Fst r,
Lafleur and
Rouse, 1988
Sedge Marsh
Onshore 21 48 35
Lateral 40 39 41
Qffshore 90 87 36
Sedge Meadow
Onshore 16 50 30
Lateral 37 70 36
Qffshore 85 107 32
Woodland
Onshore 22 24 11
Lateral 36 37 18
QOke, 1978
Short Grass 70 70
Crops 40 30
Forests 125 5
Open Water 200
McNaughton and
Jarvis, 1983
Dry Forest 40-100 5-10
Dry Crop 20-60 20-200
Wet Forest < b 5-10

Wet Crop < b 20-200
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Table 2. Average daily values of the boundary layer climate
for the entire measurement period (appendix for sasymbols and
units). Square brackets refer to July mean values; round
brackets refer to July normal values (Environment Canada,
1982a, and Environment Canada, 1982b).

QX Qh Qe Qe B Kd Ku Alb T, e, P ET

143 69 69 6 1.12 265 62 0.23 12.4 1.4 2.3 2.3
(12.1] [79.1]
(15.3) (95.9)
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Table 3. Values for the (A) canopy, (B) aerodynamic, and (C)
climatological resistances (s/m). C.V. is the coefficient of

variation of the resistances.

A

Allwinds Onshore Qffshore
Average 230 228 234
Minimum 51 51 55
Maximum 503 429 503
Range 452 377 448
C.V. 0.47 0.45 0.562

B

Allwinds Onshore Qffshore
Average 107 112 98
Minimum 41 41 66
Maximum 154 154 121
Range 113 113 55
C.V. 0.24 0.26 0.17

C

Allwinds Onshore Offshore
Average 64 38 92
Minimum 13 13 37
Maximum 177 86 177
Range 164 73 139
C. V. 0.67 0.560 0.40
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Table 4. Values for the evaporability parameter a.

Allwinds Onshore Offshore
Average 0.78 0.71 0.90
Minimum 0.51 0.51 0.52
Maximum 1.41 1.06 1.41
Range 0.90 0.55 0.89
C.V. 0.28 0.21 0.30
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Table 5. Average, minimum, and maximum wvalues for the
variables required to calculate a using the Penman-Monteith
combination model of evaporation.

Allwinds Onshore Qffshore

Average 230 228 234
r, - Minimum 51 51 55
Maximum 503 429 503
Average 0.4 0.3 0.6
VPD Minimum 0.1 0.1 0.3
Maximum 1.4 0.6 1.4
Average 133 133 131
Q*x-Qg Minimum 61 61 72
Maximum 193 193 184
Average 107 112 98
r, Minimum 41 41 66

Maximum 154 154 121



32

Table 6. Order of sensitivity over full range of a over full
range of », VPD, Q¥ - Qg, and r; for offshore and onshore
winds. Parenthesis indicate ranking of sensitivity.

Offshore Onshore
r 0.69 (1) 0.50 (1)
VPD 0.45 (2) 0.20 (2)
Q¥ - Qg 0.29 (3) 0.15 (4)

5 0.06 (4) 0.18 (3)
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FIGURES

Figure 1. Sensitivity of the Penman-Monteith estimate of Qe
to g.
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Figure 2. Location of study area. Modified from Kadonaga
(1989).
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Figure 3. Seasonal patterns of (A) precipitation, (B)

evapotranspiration, and (C) canopy resistance (thin line),

and 3-Day running mean (thick line).
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Figure 4. Seasonal patterns of canopy, aerodynamic, and
climatological resistances. Julian Days 180 and 215
correspond to June 29 and August 3, respectively.
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Figure 6. Sensitivity of a to VPD.
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Figure 8. Sensitivity of a to jx.
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APPENDIX - SYMBOLS AND ABBREVIATIONS

Definition

Surface albedo

Specific heat of air at constant
temperature

Coefficient of variation
Zero-plane displacement
Ambient wvapour pressure
Saturation vapour pressure
Evapotranspiration

von Karmen s constant
Reflected solar radiation
Incoming solar radiation
Leaf area index
Precipitation

Net all wave radiation
Latent heat flux

Subsurface heat flux
Sensible heat flux

Slope of the saturation vapour
pressure versus temperature curve
Ambient air temperature
Aerodynamic resistance

Bluff body resistance

Canopy resistance
Climatological resistance
Bulk surface resistance
Vapour pressure deficit
Frictional velocity

Wind speed

Height

Surface roughness length
Priestley-Taylor coefficient
Bowen ratio

Psychrometric constant
Density of air
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