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Abstract

This study discusses energy and water balance &-amar-old deciduous Carolinian forest in
the Great Lakes region in southern Ontario, Can8lde.eddy covariance technique and
associated meteorological and soil variables weegl uto make a year-round measurements of
energy and water vapour fluxes from January-Dece/@®®2. This site is part of the Turkey
Point Flux Station and global Fluxnet. The lineglationship between daily turbulent (sensible
heat (H), latent heat (LE)) and radiative fluxest(radiation (Rn),soil heat (G) and canopy heat
storage ( S)) has a the slope of 0.75 (intercef®8 Wi, and a correlation coefficient, of
0.93) indicating a 25% deficiency in energy bataolwsure. The mean value of canopy albedo
was 0.16 during the growing season. Maximum dargpotranspiration (E) rate was 3.8 mm
day’ in June, when growing is at its peak in the regitotal annual E was 400 mm, which
accounted for 42% of the total annual precipitaté850 mm. The water storage in upper soil
column (1.0 m depth) was approximately 100 mm,datiing that about 450 mm of water was
lost from the forest as runoff. Apart from radiatioapour pressure deficit (D) was the dominant
control on E. Maximum value of bulk surface condnce (Gs) was about 18.5 mih &s

linearly decreased in response to increase in B.rimimum Gs values were recorded when D
was maximum, i.e. 3 to 3.5 kPa. Gs also showed $egisitivity to the volumetric soil water
content ©), during dry periods, for example the drought ¢ver2012. In the growing season,
the typical value of Priestley-Taylarranged between 0.8 to 1.2 with a maximum of 1.8,
indicating a wet deciduous forest. However, théRtkrelationship showed a linear increase
with increasing D with a low (0.26) slope, indicagia conservative response of forest E to
atmospheric demand. This study provides insighd émergy partitioning, the water balance and

their controls in this Carolinian deciduous forgsbetter understanding of evapotranspiration
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processes and their controls in these forests wuelfalto better quantify water availability at
local and regional scales and to evaluate the itspEduture climate change on water resources

in the region.
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Chapter 1. Introduction

The deciduous forest region is the most southeaty @f Ontario and is situated north of Lake
Erie. Common species found in this area includeyntgpoes of oak and maple, cherry, black
walnut, butternut, tulip, magnolia, poplar, blaakng hickory, sassafras and red bud - species
commonly found in Ohio, Pennsylvania and the Caadi(Ontario Ministry of Natural
Resources, 2013). Although it covers less tharofl@anada'’s land mass, the region is home to
more than 25% of Canada's population. This deciswo Carolinian forest region is important
for its ecological, social and economic valuesss tich in terms of species diversity and houses
40% of all of Canada’s vulnerable or endangeredispgOntario Envirothon, 2013). Despite its
ecological, social and economic importance, thel@aan forest ecosystem of Ontario is the
most threatened forest type in Canada. It is lacai€i) a transition zone between northern cold
boreal and southern warm temperate climate regags{ii) a densely populated area. Both of
these factors increase its vulnerability to climaind environmental stresses. Therefore, it is
important to measure and quantify energy and watkmces in this forest ecosystem to explore
its sensitivity to seasonal and annual climatealality. This information will help to determine

how this forest ecosystem may responsd to futumeaté change.

Deciduous forests are characterized by phonologtegles including leaf emergence and
senescence, which can vary in timing and durateiwéen years and alter the exchange
properties between the forest and atmosphere (idottlet al., 1986). The presence and canopy
density of deciduous forest modify a number ofdesthat influence energy availability and

partitioning in the forest. These factors includdiation, temperature, soil water content, and



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science

humidity, which together govern evapotranspiradod hence the water balance of the forest.
Studying the water balance in a forest ecosystdnolsgically more meaningful than traditional
climatic metrics. This is done through incorporgtthe seasonal interactions of energy and
water. Measurement of evapotranspiration reflgetsavailability of biologically usable energy
and water, and is therefore an index of forest pectdity. When the evaporative demand is not
met by available water, the forest ecosystems expegs drought effects. When the water is not
used biologically , it becomes surplus and leakieddrest site through runoff or infiltration
(Stephenson, 1990). Studying the water balancerest ecosystems is also important because it
not only governs the composition and distributibregetation type, but also the climate of a

region.

In order to enhance the understanding of energyaater exchange processes in deciduous
(Carolinian) forests, long-term year-round measeets of energy, carbon dioxide and water
vapour fluxes were initiated in an 80-year-old decius forest in southern Ontario, Canada, in
January 2012. The site is part of the Turkey PBinx Station and global Fluxnet. The Eddy
Covariance (EC) technique ( Baldocchi, 2003; Battigc2008) was used to measure energy and
water fluxes. Evapotranspiration is consider@tbgor component of the water balance (Fisher
et al, 2005). Evapotranspiration was determinedri®rgy-partitioning between latent (LE) and
sensible heat (H) fluxes . The major source ofgnéuxes is the net radiation (Rn). In
addition to LE and H (turbulent fluxes), Rn is [avhed into soil heat flux (G) and canopy heat
storage (S) (radiative fluxes). Although the daibected through the EC technique is subjected
to various corrections (Franssen et al., 2010pravides a direct measurement of all

components of the energy budget(i.e., LE, H, Rh@nS). The forest energy balance closure
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(Rn-G-S=LE + H) was investigated to validite accuracy of the measured fluxes by the
EC system (Foken, 2008). In addition to evaporaaton, we evaluated other important
factors which contribute to the observed waterh@dzaof the forest such as soil moisture, bulk
surface conductance (Gs) and the role of the satiégfmcontent (Barr et al., 2001). The
relationship between Gs and Priestley-Tayl¢Priestley and Taylor, 1972), vapour pressure

deficit (D), and the ratio of LE to Rn is also dissed.

1.1 Objectives

The objectives of this study are:

1) To measure diurnal and seasonal dynamics of enangy water fluxes and associated
meteorological variables in a deciduous (Carolipfanest in southern Ontario.

2) To estimate the annual evapotranspiration and vibatgget of this forest.

3) To examine environmental and physiological contosivapotranspiration in this forest.

Chapter 2. M ethodology

2.1. Site Description

The study site (42° 38' 7.124" N, 80° 33' 27.222'i8Vlocated near Long Point Provincial Park
in southern Ontario, Canada. The forest is owrnadl maintained by the Long Point Region
Conservation Authority (LPRCA) and known as theddil Tract. The study site and the natural
heritage woodland properties of LPRCA are showhRigure 1. Tree species include White Oak
(50%), White Pine (20%), soft Maple (10%) and Whiigh, Poplar, Black Cherry, Black Oak,

Red Oak) and Sassafras make up the remaining 200&efspecies. Trees are approximately

3
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25.7 m high and stand density is 504 + 18 treedpetare. Mean stem diameter at breast height
(1.3m) is about 22.3cm, while basal area is ab8ut2per hectare (Kula, per com.). Leaf area
index (LAI) measured by the Plant Canopy Analyzeodel Li-2000, Li-COR Inc.) and Tracing
Radiation and Architecture of Canopy, TRAC (develbpy Dr. Jing M. Chen’s group at the

University of Toronto) is 8.0 fim’2,

Soil in the region is classified as a brunisolieygbrown luvisol (Present and Acton, 1984) with
a mid-to-coarse grain size. The thickness of dipeorganic layer varies from 5 to 10 cm, while
the bottom sandy layer may extend to 100 m deptheararea. Soil texture is more than 90%

sand with a bulk density of 1.15 g énSoil is well-drained with low water holding cajtsc

Climate of the region is cool continental, with wasummers and cold winters. The mean
annual temperature in the area is 7.8°C with tatalual precipitation of about 1010 mm, which
is distributed evenly throughout the year (from Emwment Canada, 30-year (1971-2000)
measurements made at the Delhi weather station)h®fotal annual precipitation, about 130

mm falls as snow in the winter months.

2.2. Flux, meteorological and ancillary data collection

Energy and water fluxes were measured using the ealchriance technique at half- hour time
intervals (Baldocchi, 2008; Wilson and BaldoccltipQ) from January to December 2012. The
site was established in January, 2012, therefitiig,study report first year of data for this site.

The instruments designed to measure fluxes weoeglan a scaffold tower, 36 m above ground

4
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surface. Wind velocity and temperature fluctuadiorere measured with a three-dimensional
sonic anemometer (model CSAT3, Campbell Scien@anada, Inc. (CSI)). Fluctuations in
humidity and CQ concentrations were measured with an enclosedgegbrmance gas
analyzer (model LI-7200; LI-COR, Lincoln, NE, USAThe LI-7200 is a compact, enclosed
CGOJ/H.O analyzer that combines the benefits of open &mkd path gas analyzers. Itis an
integrated system designed to provide measurenrehtgsh weather conditions and

environments, with impressively low power consurmipti

Temperature and relative humidity were measuretgusitemperature/relative humidity probe
(Model HMP 155A, CSI). Photosynthetically activelietion (PAR) was measured above and
below the canopy with a quantum sensor (model @, & Zonen B.V, Netherland). Net
radiation above the canopy was measured using radieimeter (model CNR4 Net radiometer,
CSI). Soil moisture was monitored at two locatibgssoil water reflectometers (model CS650,
CSl.), which were buried at depths of 2, 5, 10,5Dand 100 cm. At the same depths and
locations, soil matric potential was also measiineddel 253-L; CSI). Soil heat flux was
measured using soil heat flux plates (model HFTSI) Guried 3 cm below the soil surface. All
meteorological and soil data were recorded at OB mtervals using a data loggers (model
CR3000; CSI). Precipitation was measured usingllaseason tipping bucket raingauge (model
CS 700H; Hydrological Services Pty. Ltd) in an opesa in the forest. It also contains an
internal snow detection sensor that is activatednithe air temperature drops below 4°C.
Precipitation was also measured using all weatbauraulation raingauge (model T200B;
Geonor Inc.), as well as tipping bucket rain gafgedel TE525, Texas Inst.) about 20 km away

at the Turkey Point Provincial Park. In additioegpitation was measured on top of the Turkey
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Point Flux Station TP39 site (~20 km away) usirtgpping bucket raingauge (model CS700,

csl).

2.3 Gap filling models and data processing

All flux and meteorological data were quality canlied, once data collection from factory-
calibrated monitoring equipment was complete. p<3aere filled following guidelines provided
in the Fluxnet Canada Research Network data asgbystocols with some modification as
described below. Gaps inateorological variables were filled using data fritnree nearby
(within 20 km radius) Turkey Point Flux Stationesit We linearly regressed data variables
measured this site with similar variable at thezotihree site and used data for gap filling from
the site which gave bestRalues

These meteorological variables included air tentpeea{’C), relative humidity (%), wind speed
(ms™), surface pressure (kPa), soil temperat®@2, (volumetric water content m®). Because

of limited availability of precipitation data fronaingauge at the deciduous site due to late
installation of sensor and initial problem assaaiatvith power supply and communication
connections, we used precipitation data from ougkted raingauge (~20 km away) in this
study. Data gaps in precipitation measured by thighted raingauge were filled using data from
tipping bucket raingauge installed besides it. rréntly, precipitation is being fully measured at
the deciduous site, using heated raingauge ansk tiheta will be used in future studies. Before
using data from weighted raingauge, we comparecigtation from all four raingauges of the
Turkey Point Flux Station and an Environment Canadngauge at Delhi, Ontario Data from
these gauges compared fairly well. Precipitaticia df@m from weighted raingauge was used

because it had minimum gaps.
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The LE and H data were filled by neural networkmg the matlab neural network toolbox (The
MathWorks Inc.). For LE, the neural network usedh@bvork nodes and soil temperature at 5
cm, wind speed, net radiation, soil moisture &g 80cm layer and vapour pressure deficit. The
model output was subsequently spike-filtered toaeemoisy data that occured occasionally
during the non-growing season. Any remaining gadss data are filled using a windowed

linear regression between LE and available enaxgy $ensible heat (Rn - G - S - H). This linear

relationship is then used to predict and fill rmgsLE data.

For H, the neural network used 30 nodes, and PA&Radliation, air temperature and LE data.
A similar method was applied to this data as dbscdriabove for LE for spike filtering. The
remaining gaps were filled using a windowed linemyression between available energy (Rn - G

- S) and H. This linear relationship is then usegredict and fill missing H data.

2.4. Water balance calculation

The water balance of forest ecosystems is given by

P = E +AS, Equation (1)
where (P) is precipitation, (E) is evapotranspimand AS,) is the change in water stored in the
soil column. The term E accounts for transpiratsmil evaporation and water intercepted by the
canopy. AS,, was calculated by taking the difference betweehvgater content values at each

measurement depth (i.e. 5, 10, 20, 50, 100 cm).
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Matural Heritage Woodlands

Q -‘Ezl_ o 43 L3 { ]‘ ‘-I‘!—\.JL\'. chLP ) r%‘
1. Anderson Tract- 35 ac - 14 ha 6. Mackay, Baker, Lipsett, Penner TradtG5 ac - 43
2. Backus Woods- 788 ac - 319 ha ha
3. Harris, Harris, Floyd Tract- 150 ac - 61 ha 7. Hepburn Tract 78 ac - 32 ha
4. Carr Tract - 50 ac - 20 ha 8. Harvey Tract 90 ac - 36 ha
5. Earl, Danylevich Tract - 35 ac - 14 ha 9. South Walsingham Sand Ridget95 ac - 79ha

10. Watson CA 307 ac - 124 ac
11. Burwell Tract -100 ac - 41 ha

Figure 1. The location of study site (Wilson Tract) and ethatural heritage woodland
properties of the Long Point Region ConservatiothAtity (LPRCA).

Chapter 3. Results

3.1. Meteorological and Soil M oisture Trends

Daily average trends of photosynthetically actiadiation (PAR), air temperature (Ta), and specific

humidity (Qs), soil temperature at 2 cm and 5 ciptl (Ts) and precipitation for 2012 are shown in

Figure 2(a-e). During the year, the Ta fluctudted -11°C up to 3°C. Ta was below fC at the end
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of December and it reached as low agClih January. In March, substantial fluctuatiam3 a occurred
when an unusual warm front passed through the Breing this period maximum Ta reached 2C1

By the beginning of April, the Ta started to in@eateadily and reached a maximum ofGy July. Ts
followed a similar trend to Ta, except during theter months when Ts remained &@) due to the
isothermal properties of snowpack which insulateri€oil and maintained a constant temperature with
minimal diurnal variability. Once the snow packlted, Ts increased and showed diurnal variability
similar to Ta. Ts showed maximum variability atvkr depths of 2 cm and 5 cm. Qs was influenced by
the incoming radiation and Ta. The daily averagieies of Qs followed the trend of Ta. Maximum alil
P values remained below 20 mm from January to MWhst of the large precipitation events were
recorded in spring and summer months. From Jubetember, substantial variation in precipitatiorswa
recorded, when few daily P events exceeded 40 iirime. Maximum daily precipitation event of 50 mm
occurred in September. Only 13% of the cumulati¥ellRn June and July indicating a dry period dgri
peak growing season. Cumulative P from August thinahe end of the year was 60% of the annual total
P while cumulative P from January to May was 30%hefannual P. Annu&l values of 950 mm over

this ecosystems is slightly less than the 30-yesamannual precipitation of about 1010 in this

area. Therefore, the 2012 is considered an aveeage

The mean daily volumetric soil water conte®) (s shown in Figure (3)© followed the trend

of P, especially in the top 2cm of the soil sinces ithe closest layer to the surface. Shallow (5
cm beneath the surfac®)ranged from 0.25 fm in the wet season to about 0.0.3mi® in the
drought period (June to the beginning of Augusthe shallow© varied markedly during the
year in response to P events while the deep sagtare (100 cm) declined gradually during the
drought event. In this dry period, the evaporatieenand was not met by the available water,

hence the forest ecosystems experienced drougditicon
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Generally,© had approximately the same value from Januarydyg & 50 and 100 cm deptiés.
sharply decreased from May to July because of hags of E. At the end of July and early

August recorded the lowe6tof the year with a lowest value of 0.023. Th@rstarts to increase

McMaster - Earth and Environmental Science

in late August approaching maximum value towareéseahd of the year (Fig. 3).

0 30.5 61 91.5 122 152.5 183 213.5 244

2745 305 335.5 366

Jan Feb Mar Apr May Jun Jul Aug

depth soil (dashed) plot, (e) precipitation, P (rffind

Sep Oct Nov Dec

Figure2. Daily mean values of (a) Photosynthetically AetRadiation, PAR
(Lmolm?s?), (b) air temperature, T&Q), (c) Specific humidity, Qs (kgky, (d) Soil
temperature, TSC) at the 2 cm depth soil (solid) plot, soil temgiare Ts{C) at 5 cm

10
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0.3 T T T

025k ——

100cm

0 (m3 m'3)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3. Daily mean values of volumetric water conténi(mm™) for soil depths
from 2 cm up to 100 cm.

3.2. Energy Balance

Forest energy balance closure was estimated by axomgpthe sum of turbulent fluxes (H+ LE)
and radiative fluxes (Rn - G - S). The relatiopdbetween the daily average values of gap-filled
(H + LE) and (Rn - G - S) values is shown in FigdreThe slope of the regression line is 0.75,

with an intercept of -15.8 Wi and a correlation coefficientz,,rof 0.93. Non-closure of the

energy balance (deviance from a unity slope) isommmon feature of eddy covariance
measurements above forest ecosystems (Foken, BEEfi&sen et al., 2010; Restrepo and Arain,

11
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2005). Causes of this non-closure may includeatigence of fully developed turbulence during
calm conditions (i.e. .u< 0.35), localized large turbulent structures tbahnot be spatially
averaged by point measurements, measurement earmrgjncertainties associated with Rn and

G+S measurements (Foken, 2008; Restrepo and A@Db,).

The daily average albedo throughout the growing@edMay-October) is shown in Figure 5.
The daily average albedo was calculated as aoatipward and downward shortwave radiation.
The average daily albedo is 16 %, and it falls imittne range of albedo's value for temperate

deciduous forests (i.e. 15-17%).

12
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300 T T T
250 y = 0.746x-15.79 B

R*=0.93

200 o & .

100~

LE + H (Wm?)

S0

=50~

_100 1 ! ! ! 1 ! |
-100 -50 0 50 100 150 200 250 300

Rn-G-S(Wm?)

Figure 4. Available energy (net radiatioRn (Wm?) minus the sum of soil heat flux, G
(Wm™) and canopy heat storage, S (Wjrplotted against (the sum of latent, LE (V{)m
and sensible heatlj (Wm?) fluxes. The linear relationship is fitted by trguation Y
=0.746*-15.79. with rearession o’= 0.93

13
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-0.05 - .

0.1

T SR

Albedo (o)
=
>
T

03

-0.35

0.4 L .

Apr May
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Figure5. Daily mean values of Albeda) throughout the growing season.

Jul Aug Sep Oct
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The sequence of daily average values of Rn, HanB,G + S is shown in Figure 6 (a—d).

Solar radiation is the main energy source of tlesgstem and microclimate. During the winter,
the minimum Rn value reached -27 V¥mwhile in the summer the maximum value reached 228
Wm?day*. On an annual basis the site received about 34/&8?per year of solar energy.

The average of the daily mean values of Rn is 954VFrom March through the end of August
there was a substantial variation in the daily galaf the Rn values, in response to cloud cover
and precipitation events. More than 90% of Rn peasitioned as H and LE. The remainder of
the energy flux was contributed by G+S. This iga# typical of a mature forest ecosystem

(Restrepo and Arain, 2005).

There was a variation in the daily average valdéd$ throughout the year. The average of the
daily mean values of H is 27 Wimwith a maximum value of 135 Wfand a minimum value
of -48 Wm?. There was a trend in the daily average valuésofnvith minimal values in the
dormant season and maximum values in the growiagose The LE reached its maximum
value in June with a mean daily value of 134 WnDaily mean values of G+S were the lowest
among the energy fluxes. Their values varied thhout the year with a minimum value of -27
WmZ and a maximum value of about 30 V¥mTable 1 summarizes the statistics of different

energy is partitioned over the deciduous forest.
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Table 1. Summary of different energy partitioneatistics in the study

Fluxes Type The annual Maximum value Minimum value  Annual value

average of the  of the fluxes of the fluxes of the fluxes
daily fluxes (Wm?) (Wm?) (Wm?)
(Wm)

Net Radiation (Rn) 95 228 -27 34,333

Latent Heat 31 134 -2.0 11,321

Flux(LE)

Sensible Heat Flux 27 135 -48 9697

(H)

Soil and Canopy 0.67 30 -27 244.5

Heat Flux (G+S)

The mean monthly diurnal cycles of Rn, H, BBd G + S in the growing season are shown in
Figure 7. These data was calculated by dailyamgreg of half-hourly fluxes over each month.
The mean daily positive value of Rn is between 0G8d 18:30. The lowest daily positive
value of Rn was recorded in October (on averagedsst 07:30 and 17:00). In general, there
was a variation in the partitioning of differenteegy fluxes throughout the growing season.
Although H and LE followed the pattern of Rn, H whe dominant turbulent flux and followed
the trend of the diurnal pattern of Rn in April, and October. On the other hand, LE was the

dominant turbulent flux in June, July, August, &eptember.

Daily mean E values are shown in Figure 8. E redeéhmaximum of 3.8 mm dayn June, and
reaches minimal or zero values in the dormant sea3tie annual cumulative value of E is 400
mm. The maximum values of E coincided with highuea of temperature, net radiation, and
vapour pressure deficit. In July, E decreased gpoase to the sharp decrease in soil water

deficit (Figure 8).
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Figure 6. Daily mean values of (a) Net radiation, Rn (Wm(b) Sensible heat flux,
H (Wm?), (c) Latent heat flux, LE (W), (d) Soil heat flux, G (Wrfi) and canopy
heat storage, S (WA
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Figure 7. Diurnal values of net radiation, Rn (Win(cross) plot, latent heat flux, H
(Wm) (circle) plot, sensible heat flux, H (Wi (dashed) plot, and soil heat flux, G
(Wm™?) and canopy heat storage, S (Wngstar) plot.
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Figure8. Daily average values of Evapotranspiration, E (day’).

Cumulative values of P, E, and the progression® eE andAS, for the year are shown in
Figure 9. The cumulative E pattern illustratesteady increase of E from the beginning of
March due to the slight increase in temperature.coBtinues increasing by the start of the
growing season in April with temperature increas&ben, a sharp increase in E occurred from
May to July with temperature increases and canaopwil. The cumulative E for the year was
400 mm, which accounted for 42% of the cumulativecpitation of 950 mm. Cumulative E

shows a stabilization of values by the end of tloevgng season.
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CumulativeAS,, was 100 mm at the beginning of the year; theredrelased from June through
the beginning of August. During this period, teenperature reached its maximum value of 30
°C by = mid July. This happened in response tooagft event that occurred in June and July.
Despite the soil water deficitAS, values balanced towards the end of the year, while
approached near normal value (905 mm vs 30-yean w&lae of 1010 mm). By the end of the

year, cumulativé\S,, values reached a value of about 100 mm.
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Figure 9. Daily values of cumulative precipitation, P (mmyapotranspiration E (mm),
and precipitation minus evapotranspiration, P mBJ and soil water storage change,
A© (mm) throughout the year.
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3.3. Environmental Controlson Evapotranspiration

The relationship between the bulk surface resigtd6s) and diurnal vapour pressure deficit (D)
in the growing season is shown in Figure 10. xhed a maximum value of 3.5 kPa and Gs
reached a maximum value about 18.5 Mmslowever, Gs values were higher when D values
were low. The sensitivity of the Gs response desm@awith the increase in D values. The

minimum Gs values were recorded for D value betwatn3.5 kPa.

The relationship between the daily volumetric watmtent in the root zor@ (m*m™) and Gs in
the growing season is shown in Figure 11. Maxin@nn the root zone reached about 0.14
m°m while Gs reached a maximum value about 18.5 fm &s showed variation in response
to the increase db in the root zone. However, there was a decreasamgl in the response of
Gs to wher® in the root zone values were about 0.03 and 0.56m This is because of low
soil moisture in the June and July. The Gs shosvstight increase whe@ in the root zone
reached about 0.08°m™. Despite the increase in ti@ of the root zone, the Gs showed a

decreasing trend because the growing season isdswa end.

21



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science
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Figure 10. Relationship between daytime mean of vapour presseficit, D (kPa),
and bulk surface conductance, Gs (nfjrthroughout the growing season.
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Figure 11. Relationship between volumetric water conténfm®m™), and bulk
surface conductance, Gs (mthshroughout the growing season.
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The relationship between Pristley-Taytoand Gs in the growing season is shown in Figure 12
Given thato represents the fraction of surface moisture avksléor evapotranspiration, the
increase in Gs is nonlinearly proportional to theréase . In the growing season, the Gs
reached a maximum value about 18.5 nimvhile o reached a maximum value about 1.6.
When this forest is assumed to be in hypothetigaildrium, Gs increases with the increase of
a. Under hypothetical equilibrium system, Gs is irsiive toa above a value of 15 mrit's

Overall, Gs falls well within a range afbetween 0.8 to 1.2.

The relationship between the ratio of latent héat to net radiation (LE/Rn) and D in the

growing season is shown in Figure.13. Understanthie relationship between the LE/Rn and D
is important to examine the response of forest enson to canopy resistance and factors
influencing it such as soil water content. The LEMRIationship showed a linear increase with
increasing D. The slope of the regression lin@ 26, with an intercept of 0.09 and a correlation

coefficient, f of 0.66. Low value of the slope of regressiore lindicates a slow response of

evapotranspiration rate to Gs over the growing@eas
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Figure 13. Relationship between daytime mean vapour presiefreit, D (kPa), and the
ratio of latent heat flux to net radiation, LE/Rmdughout the growing season.
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Chapter 4. Discussion

4.1. Energy Balance Closure

The energy balance closure of measured fluxes@sramon problem related to large-scale
convection in forest ecosystems, where measuringpse are installed at high elevations
(Foken, 2008; Franssen et al., 2010). As menti@aekker, the most common cause of this
energy balance closure is weak turbulence or latidn velocities (u*) that result in low
sensible and latent heat fluxes (Rocha and Goulki¥¥). Studies have shown that energy
balance closure improves during time periods whenuience is strong or when u* is high
(Franssen et al., 2010). This is because conveidinat suppressed under unstable conditions.
The lack of energy balance closure may not necéssaticate poor C&-flux measurements
(Baldocchi, 2008). It may also be caused by (Ifed#intial attenuation of water vapour when air
passes through the tube, (2) differences in flotdonts for the energy sensors and the eddy
flux instruments and (3) spatial and statisticahgling of net radiation, soil heat and storage
fluxes (Baldocchi, 2008). Often radiation is measluat a single point in the forest near the
tower while turbulent fluxes are measured for a lmlacger foot print. The analysis, in this
study, shows an energy balance closure value (sibipe regression line) of 0.75. Several past
energy balance closure assessment studies acrayssites have found that energy balance
closure might be underestimated by 10 to 30% (Twire. 2000; Wilson et al. 2002; Li et al.
2005; Barr et al., 2006; Oncley et al. 2007; Batto, 2008). Therefore the energy balance
closure underestimation of 25%, in this study, ithinw the range reported in the literature. The
fluxes have not corrected to close the energynoalas has been done in past studies, such as

Barr et al. (2006).
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4.2. Seasonal Patterns of Water and Heat Fluxes

Rn was the main controller of day-to-day variatiorLE and H, with high values of turbulent

fluxes occurring in the growing season. H reacheagaaimum before or around noon time, and
was typically negative at night. LE reached a maxmshortly after noon time and approached
zero at night. Half-hourly LE peaked at 600 Win May and June while half-hourly H peaked
at 300 W in April. After the start of growing season, Hri¢al to decrease with the increase of

LE fluxes.

Mean daily values of Rn ranged from -27 to 228 Ywmith annual cumulative value of 34,333
Wm2. The inter- and intra-seasonal dynamics of LE ridllowed Rn. The seasonal pattern of
H was broadly similar to the seasonal pattern af &Rmual total H was 28% (9697 Wihof the
annual total Rn. H recorded minimum daily mean eslaf -48 Wrif in the middle of April and
the beginning of May. The maximum mean daily Hreabf 130 Wrif was observed in April.
The variance in Rvas slightly larger in the dormant season thargtbeing season, a pattern
that attributed to the increase partitioning ofikade energy as LE due to the increased water
loss in the growing season. Cumulative value obRer the dormant season was 8343 WirE
reached a maximum value of 1109 Win June, and the annual total LE was 33%

(11,321 Wnf) of annual Rn. Diurnal and seasonal patterntuges observed in this forest are
similar to that reported by Wilson et al. (2008kideciduous forest. In forest ecosystems,
evaporation represents the sum of evaporation gaifrsurfaces, vegetation leaves through their
stomatas and wet plant surfaces after precipit{lRmctha & Goulden, 2004). In this study mean
daily values of E ranged from -0.08 to 3.8 mmtajth an annual cumulative value of 400 mm

yeaf’. Our maximum daily E value was similar to manyesttnature temperate forests growing
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in wet environments such as 4.4 mm dagported by Barbour et al. (2005), 4.0 mmYay
reported by Grelle et al. (1997), 3.7 mm dagported by Humphreys et al. (2003) and 3.6 mm
day* reported by Unsworth et al. (2004). The maximuiitydavalue was also similar to the
maximum E value of 4 mm ddyexcluding two extreme days) observed by McLartea.e

(2008) in a nearby white pine forest.

The cumulative E was 42% of the annual P of 950 dnmual E in our deciduous forest was
similar to other mid-latitude temperate forest®North America. Humphreys et al. (2002)
reported annudt values of 434 mm and 435 mm for 1998 and 199pes/ely in a temperate
Douglas-fir forest in British Columbia, Canada. Amni et al. (1999) reported an annkal

values of 430 mm in 1996 and 400 mm in 1997 ouengerate Ponderosa pine forest in
Oregon, USA. Their annual precipitation valuesdspective years were 595 mm and 188 mm.
Restrepo and Arain et al. (2005) reported anBualue of 465 mm, from February 2002 to
March 2003, in a white pine forest in the areal(@key Point), which accounted for 47% of the
cumulative precipitation of 996 mm. The study iradexd mean water storage of about 100 mm in
the soil zone (0-100 cm). It indicates that abd@ snm of water was lost from the forest in

terms of runoff, ground waterflow.

4.4. Factors I nfluencing Evapotranspiration

One of the most important environmental variableswvhich stomata respond is the vapour
pressure deficit (D) between a leaf and air (Adtbinget al., 2004). The bulk surface
conductance reported in our study is derived frdra inverted Penman-Monteith equation
(Monteith and Unsworth, 1990). It is directly reddtto the Gs of the individual leaves (Stewart,

1988). Stomata close as D increases and the respoofien depicted as a nonlinear decline in
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Gs (Addington et al., 2004). Although the mechan@drthis decline is not known, some studies
suggest that stomatal closure with increagingccurs as a feedback response to some aspect of
transpiration (bulk leaf or epidermal) and watessldrom the leaf, rather than as a direct
response to humidity (Addington et al., 2004). AAlthis response supports the feed-forward
hypothesis, which states that stomatal conductémc@s) decreases directly as D increases as a

result of stomata being able to sense an incre&ifiereu, 2003).

At thesite, Gs was high when D values were betve®rand 2.0 kPa. The stomatal responses to
atmospheric conditions such as temperature, hwradid incident radiation occur at sub-diurnal
and diurnal scales. On the other hand, over lotgens such as days and seasons these
responses are influenced or controlled by variationsoil water content and rooting
characteristics (Pataki et al., 1998). Gs valiresved a high sensitivity toward the variability in
soil water content over the growing season. Ini@aer water stress or a drought event in June

and July at the site reduced Gs values and exarsg@ng control E.

The radiation term of the Penman-Monteith equagapresses the ability of the surface in
capturing the incoming radiation, and it sets tbedr limit of E if soil water supply is not
limiting and if it is not influenced by upwind overhead conditions (Pereira, 2004). Under such
conditions, E is defined as the equilibrium evapagpiration (Eeq). Based on the Penman-—
Monteith equation, Allen et al. (1998) defined refece evapotranspirationgjEas the amount of
water used from a well-watered reference surfad@s surface is a hypothetical grass reference
crop with specific characteristics. Under such ctmals, advection has the least effect on the

evapotranspiration. On average, Eeq representst &% of E, (McNaughton and Jarvis,
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1983). Priestley and Taylor (1972) neglected tema@dynamic term and corrected Eeq by a
dimensionless coefficient, (the Priestley—Taylor parameter) as=&x Eeq. Experimental results
from several sites around the world, including tetg surfaces and large water bodies (lake
and oceans), gave Pelvalues between.Q8 + Q01 and 134 + Q05, with an average of 1.26.
Variability or deviations from the idealized ‘wetirfaces’ are created largely by changes in
surface conductance, which is related to changésaiharea and stomatal conductance. These
variations alter P-Ta values. Wet ecosystems, with an unlimited sumblyvater, may have
values of P-Ta >= 1.26, while dry ecosystems, with lower thaneptial evaporation rates, have

values of P-Ta < 1 (Restrepo and Arain, 2005).

In our forest, P-Ta values weresensitive to the surface conductance throughougtbeing
season. At our site, typical growing season valti€-@ o ranged between 0.8 to 1.2 with
maximum value reaching 1.8. These values are tifucavell watered deciduous forest (Wilson

and Baldocchi, 2000; Rao et al., 2011).

At the canopy surface, net radiation is partitiom#d LE, H, G and S (Campbell & Norman,
1998). The advection of LE and H can also infleetie partitioning of radiation if the canopy
is not horizontally homogeneous, the terrain iggular or if ambient conditions are not at
steady-state (Baldocchi, 2008). Because, LE ismaimnt turbulent flux in forest ecosystems,
the relationship between the ratio of LE and Ra. (LE/Rn) and vapour pressure deficit (D)
helps to examine the interaction of LE with thea@anresistance. The LE/Rn ratio increases as
D increases, and this reflects the facts that eatijpm of a well-watered deciduous forest can
increase with increasing D over a wide range otldmns (Baldocchi, 1989). Usually, the slope

of this linear relationship indicates a slow ortfassponse of the evapotranspiration rate to
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atmospheric demand. In this study,the slow respaisthe evaporation to D in vegetation
ecosystem can be explained by lower coupling betwkmves and canopies and their
environment (Baldocchi, 1989). It also indicatles sensitivity of vegetation ecosystems to the

soil water stress over the growing season.

In our forest the relationship between LE/Rn andgHdwed an increase in evapotranspiration
with increasing D. Because the slope of the regpesline is low (i.e. 0.26), it indicated a

conservative rate of evapotranspiration over tleavgrg season. This response may be due to
drought-induced reduction in soil water, which kedd stomatal closure and reduces canopy
evaporation (Baldocchi, 1989). It may be causethbydrought event that occurred at the site in

June and July when the forest growth is maximuthéregion.

4.5 Significance of the Study

About 15 to 20% of landscape in southern Ontarmoigered by the Carolinian deciduous forest
and planted conifer forests. Much of these foreateds are comprised of unconnected patchy
woodlots in primarily agricultural landscape andittareas range from few ha to 10s of ha
(Restrepo and Arain 2005). Energy partitioning andpotranspiration from these patchy
deciduous and conifer forests have important icapilon for regional water and carbon budgets,
through alterations in the boundary layer and aprhesc feedback processes (Barr et al, 2001,
McNaughton and Spriggs, 1989). The study providsght to energy partitioning, water
balance and their controls in this Carolinian deoigs forest ecosystem. A better understanding
of evapotranspiration processes and their conindisese forests would help to better quantify
water availability at local and regional scales emdvaluate the impacts of future climate

change on water resources in the region, whiclkeavity populated and industrialized with
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rapidly growing water demands. Data and knowledgpiaed from this study will help in the
assessment of hydrologic models. It can also beé fmsesalidation of catchment-scale and
regional ecosystem models. Our study as well asdhd meteorological data will help to
evaluate the impacts of climate change and extigeather events on the deciduous forest in the
region. It will also help to determine the vulnélidypand sustainability Carolinian deciduous
forest ecosystem in the Great Lakes region arézeiface of future climate change. Indirectly,

it will also help in the conversational efforts thie natural (ecosystem) heritage of this area.

Chapter 5. Conclusions
In this study, characteristics of energy partittgnand water balance and their controls were

examined in temperate deciduous forest. Key ceimhs of this study are given below:

1. Evapotranspiration (E) increased in the growingsrand decreased in the dormant season.
Maximum daily E rate of 3.8 mm daywas observed in June when growing is its peak in

region.

2. Annual mean value of evapotranspiration was 400 mvhich accounted for 42% of the
annual total precipitation of 950 mm. Mean soil evagtorage was about 100 mm in the soll
zone (0-100 cm). It indicates that about 450 mrwatler was lost from the forest in terms of

surface runoff, subsurface lateral flow or infittoam.

3. Maximum value of bulk surface conductance (Gs) waasut 18.5 mm& Gs linearly
decreased in response to increase in vapour pees®iicit (D). The minimum Gs was

recorded when D was maximum at about 3 to 3.5 kPa.
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4. Gs and hence E showed high sensitivity to the vetum water contentd), during dry
periods of the growing season. There was a deagéagnd in Gs values whé&hin the root
zone reached low values of about 0.0%nmM during June and July when forest experienced a

drought event.

5. In the growing season, typical value of Priestleyddr o ranged between 0.8 to 1.2 with a
maximum of 1.8, indicating a wet deciduous forddawever, low response of LE/Rn
relationship to increasing D values indicated aseovative response of forest water loss to

atmospheric demand.

32



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science

References

Addington, R. N., Mitchell, R. J., Oren, R., & Doram, L. a. (2004). Stomatal sensitivity to
vapor pressure deficit and its relationship to hydic conductance in Pinus palustiisee
physiology 24(5), 561-5609.

Allen, R. G., Pereira, L. S., Raes, D., & Smith, (#998).Crop evapotranspiration Guidelines
for computing crop water requirements-FAO Irriagatand Drainage Pap86 (pp. 1-15).
Rome: FAO.

Anthoni, P.M., Law, B.E., Irvine, Unsworth, M.U1999. Carbon and water vapour exchanges
of an open-canopied ponderosa pine ecosy#gnicultural and Forest Meteorolog®5:
51-168.

Baldocchi, D. (1989). Canopy-atmosphere water vapgahange Can we scale from a leaf to a
canopy? InEstimation of Areal EvapotranspiratiodHS Publications, pp. 21-41.

Baldocchi, D.D. (2003). Assessing the eddy covaeaechnique for evaluating carbon dioxide
exchange rates of ecosystems: past, present and.f@tobal Change Biology9:479-492.

Baldocchi, D. D. (2008). Breathing of the terresdthiosphere: lessons learned from a global
network of carbon dioxide flux measurement systefstralian Journal of Botanyb6 1—
26.

Barbour, M. M., J. E. Hunt, A. S. Walcroft, G. N. Rogers, T. M. McSeveny, and D.
Whitehead (2005), Components of ecosystem evaparatia temperate coniferous
rainforest, with canopy transpiration scaled usagwood densitf\ew Phytologist165,
549- 558.

Barr, G., Betts, A. K., Black, T. A., MccaugheyHl, & Smith, C. . D. (2001). Intercomparison
of BOREAS northern and southern study adeayrnal of Geophysical Researd96(33)
543-550.

Barr, A.G., Morgenstern K., Black T.A., McCaughell.] Nesic Z. (2006) Surface energy
balance closure by the eddy-covariance method athwge boreal forest stands and
implications for the measurement of the CO2 flgricultural and Forest Meteorology
140, 322-337. doi: 10.1016/j.agrformet.2006.08.007

Campbell, G. S., & Norman, J. M. (1998n Introduction to Environmental Biophysidéew
York, NY: Springer New York. doi:10.1007/978-1-461826-1

33



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science

Dirmeyer P.A., (1994). Vegetation Stree as a Feddb&chanisim in Midlatitude Drought.
American Meterological Society, 1463-1483.

Franssen, H. J., Stockli, R., Lehner, ., RotenpErg& Seneviratne, S. I. (2010). Energy
balance closure of eddy-covariance data: A mudtigitalysis for European FLUXNET
stations Agricultural and Forest Meteorology50(12), 1553-1567.
doi:10.1016/j.agrformet.2010.08.005

Fisher, J. B., DeBiase, T. a., Qi, Y., Xu, M., &l@stein, A. H. (2005). Evapotranspiration
models compared on a Sierra Nevada forest ecosy&t@nmonmental Modelling and
Software 20(6), 783—796. doi:10.1016/j.envsoft.2004.04.009

Foken T. (2008). The enery balance closure probfenmoverview.Ecological Applications
18:1351-1367. http://dx.doi.org/10.1890/06-0922.1

Grelle, A., A. Lundberg, A. Lindroth, A. S. Moreand E. Cienciala (1997), Evaporation
components of a boreal forest: Variations durirggdglowing seasodournal Hydrology
197, 70— 87.

Humphreys, E.R., Black, T.A., Ethier, G.J., Drew#tB., Spittlehouse, D.L., Jork, E.-M., Nesic,
Z. and Livingston, N.J. (2002). Annual and seaseoaahbility of sensible and latent heat
fluxes above a coastal Douglas-fir forest, Brit@blumbia, Canadagricultural and Forest
Meteorobgy, 15: 109-125.

Humphreys, E. R., T. A. Black, G. J. Ethier, GBewitt, D. L. Spittlehouse, E. M. Jork, Z.
Nesic, and N. J. Livingston (2003), Annual and seasvariability of sensible and latent
heat fluxes above a coastal Douglas-fir foresti®riColumbia, Canad&gricultural and
Forest Meteorabgy, 115, 109— 125.

Hutchison, A. B. A., Matt, D. R., Mcmillen, R. TGross, L. J., Tajchman, S. J., Hutchison, B.
A., Norman, J. M. (1986). The archiecture of a deos forest canapy in eastren Tennessee,
U.S.A .Journal of Ecology74(3), 635—646.

Li ZQ, Yu GR,Wen XF, Zhang LM, Ren CY, Fu YL (200Bhergy balance closure at chinaflux
sites.Science in China Series D-Earth Sciend@s51-62.

McLaren, J. D., Arain M.A., Khomik M., Peichl M.nd Brodeur J. ( 2008). Water flux
components and soil water-atmospheric controlsteéngerate pine forest growing in a
well-drained sandy soiJournal of Geophysical Research - Biogeoscient#&3: G04031,
doi:10.1029/2007JG000653.

McNaughton, K.G., Jarvis, P.G. (198B)edicting effects of vegetation changes on

transpiration and evaporatiorin: Kozlowski, T.T. (Ed.), Water Deficits and BtaGrowth,
vol. VII. Academic Press, pp. 1-47

34



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science

McNaughton, K. G. (1989). Regional interaction betw canopies and atmosphétiant
anopies: Their Growth, Form and Functio@, Russel, B. Marshall, and P. Jarvis, Eds.,
Cambridge University Press.Monteith JL, UnsworttHM(1990) Principles of
Environmental Physics. 2nd Edn., Edward Arnold, dam 291 pp.

Nereu S.A. (2003). Stomatal response to water vppssure deficit: An unsolved issue. R.
bras.Agrociéncia 9, 317-322.

Oncley SP, Foken T, Vogt R, Kohsiek W, DeBruin HA®rnhofer C, Christen A, van Gorsel
E, Grantz D, Feigenwinter C, Lehner I, Liebethal ®, H, Mauder M, Pitacco A, Ribeiro
L,Weidinger T. (2007). The energy balance experinetex-2000. Part i: overview and
energy balancdBoundary-Layer Meteorologi23, 1-28.

Ontario Ministry of Natural Resources (2013). OitarForests.
http://www.mnr.gov.on.ca/en/Business/Forests/2Col8obPage/STDPROD_091289.html

Ontario Envirothon (2013). Forest Biodiversity.gutwww.ontarioenvirothon.on.ca/

Pataki, D. E., Oren, R., Katul, G., & Sigmon, B4&). Canopy conductance of Pinus taeda,
Liquidambar styraciflua and Quercus phellos undeywmg atmospheric and soil water
conditions.Tree physiologyl8(5), 307-315.

Pereira, A. R. (2004). The Priestley—Taylor paramnand the decoupling factor for estimating
reference evapotranspiratiokgricultural and Forest Meteorology253-4), 305-313.
doi:10.1016/j.agrformet.2004.04.002

Present, E.W. and Acton, C.J. (198%)ils of the regional municipality of Haldimand-Nuk.
Ontario Institute Pedology, Ontario Ministry of Agulture and Food. Report No. 57. Vol. 1.

Priestley, C. H. B., & Taylor, R. J. (1972). On thesessment of Surface Heat Flux and
Evaporation Using Large-Scale Paramet®lsnthly Weather Revied00(2), 81-92.

Rao, L. Y., Sun, G., Ford, C. R., & Vose, J. M.12D Modeling potential evapotranspiration of
two forested watersheds in the southern Appalachansrican Society of Agricutural and
Biological Engineers54(1),2067-2078.

Restrepo N. and Arain M.A. (2005). Energy and watahanges from a temperate pine forest.
Hydrological Processgd9-27-59.

Rocha, H. Da, & Goulden, M. (2004). Seasonalityvafer and heat fluxes over a tropical forest
in eastern Amazoni&cologicall4, 22-32.

Stephenson, N. L. (1990). Climatic control of viagjen distribution The role of the water
balance,The Americal Naturalistt355), 649—-670.

35



MSc Thesis - R. E. Khader McMaster - Earth and Environmental Science

Stewart, J. (1988). Modelling surface conductasfqaene forestAgricultural and Forest
Meteorology43(1), 19-35. doi:10.1016/0168-1923(88)90003-2.

Twine T.E., Kustas W.P., Norman J.M., Cook D.R.ubsker P.R., Meyers T.P., Prueger J.H.,
Starks P.J., Wesely M.L. (2000) Correcting eddyaz@nce flux underestimates over a
grasslandAgricultural and Foresfl03, 279-300. doi: 10.1016/S0168-1923(00)00123-4

Unsworth, M.H., Phillips N., Link T., Bond B., FaM., Harmon M., Hinckley T., and others.
(2004), Components and controls of water flux irolhgrowth Douglas-fir-western
hemlock ecosystenkcosystems’,468— 481.

Wilson, K. B., & Baldocchi, D. D. (2000). Seasoaal interannual variability of energy fluxes
over a broadleaved temperate deciduous forest ithManerica.Agricultural and Forest
Meteorology 10Q(1), 1-18. doi:10.1016/S0168-1923(99)00088-X.

Wilson K., Goldstein A., Falge E., Aubinet M., Baltthi D., Berbigier P., Bernhofer C.,
Ceulemans R., Dolman H., Field C. (2002) Energgamhe closure at FLUXNET sites.
Agricultural and Forest Meteorologil3, 223-243. doi: 10.1016/S0168-1923(02)00109-0

Wilson, K. B., Hanson, P. J., & Baldocchi, D. DO@B). Factors controlling evaporation and

energy partitioning beneath a deciduous forest ameannual cycléigricultural and
Forest Metorology102 83-103.

36



