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Abstract

Calculation of potential evapotranspiration (PET) has peablematic ifNewfoundlandNL)

due tothe lack of measured dataherefore,PET data obtained from the Pacific Field Corn
Association forSt  J,dNb wad sompared againve empiricalPET calculatiorequatiors

(i.e. (i) radiationbased Priestleyaylor (PT), and Makkink (M), (ii) temperatutemsed
HargreavesSamani (HS), andiurc (T), and (iii) locatiorbased Hamon (H)Evaluation based

on the results concluded that tH& equatiorwould be appropriate to calculate PETNL.
Further calibrations and validations were done to modify the HS to better calculate PET for the
growing season (Ma@ctober)in NL. The modifications improved thRoot Mean Square
Error RMSE), NashSutcliffe Efficiency(NSE) andco-efficient of determinationR?) of the
validated data. Trend assessmentarried outusing Innovative Trendinalysis (ITA) and
MannKendal (MK) tess indicatedthatboth methods were in par with each otivost of the
significant positive trends ahonthly total precipitatiorf0.375-2.210 mm/month/year) were
available for September and October. Positive trésrdsinimumand maimumtemperatures
were foundmostly concentrated within August and September with increments ranging from
0.015 to 0.062 °C/month/year PET trends of magnitudesp to 0.01 mm/month/year were
observedmostly within September and October. Total water balanteat show as many
positive trends as other parameters considétedeverthe available positive trends (ranging
from 0.018 to 0.076 mm/month/year)were also focused mostly within Septembéys a
conclusion, the HS equation with modifications and error margihsr@necessary) can be
used to calculate PET accurately for the growing seaddh,iand positive trends are observed
mostly within the later periods of the growing season. The redultésostudy could be used

in consideration of agricultural expansion, selecting cropping systems and water management

systems of\L in future.



General Summary

Agricultural industry inNewfoundland L) can be threatened by fluctuations caused by
climate change ototal precipitationPPT), potential evapotranspiratidRET) and total water
balance.As a preliminary supportive attempt to address this jsthie studyfocusal on
selecting and modifying a suitable substitute PET calculation equation to be used ingtead of
comnonly usedPenmarMonteith equation Secondlyit was attemptedo identify existing
trends of PPT, mamum and minmum temperature, PET and total waterdade and their
magnitudes.Results revealedthat the HargreaveSamani equatiorwould be themost
acceptable to calculate PET for tRe. The same equationas further modified to calculate
PET valuesiccuratelyfor the growing season (Mayctober) inNL. Trend analysis carried out
usingLocally Weighted Scatterplot Smoothing (LOWESS), Md¢endal (MK), Innovative
Trend Anal ysi s (nefhidd3indieatedinc&asmgPs, PES ) n@aimemand

minimum temperatures and total water &ratetrends
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Chapter 1: Introduction

1.1 Overview

Studies showthat the global climate is changidge tomany reasonsnthropogenic activity
being one cause(Mehan et al., 2016)Hydrological behaviars, whetherit be on a local,
regional,or global scaleare greatly influenced by weather extremes and climate changes
(Gleick, 1989)and have become a primary concern of every ¢guof the world These
weather extremeshange the hydrological cyclaffecting many necessaryactions from
agricultural practicesto primary scale power generatiofMehan et al., 2016) Total
precipitation (PPT) and potential evapotranspiration (PETiha&svo mostimportant natural
water transfer processbstweerthe atmosphee and landof theglobal water cycleThey are
alsothetwo most importanhaturalfactors governingainfedagriculture As the population of
the world continuesto grow, the food demandavill also undeniably increaselydrological
aspects hold much leverageaddressing this food dematfttough increased and sustained
agricultural yield Hence it is essentialto study the behaviars of precipitation and

evapotranspiration extensivelyu et al., 2005)

Thegovernment oNewfoundland and Labradbasplamedto increase food production from

a current10% to 20%by 2022 and have decided to expand the land area for farms and
cultivation by converting 64000 ha fafrest aredo farmlandgGovernment oNewfoundland

and Labradqr 2017; Fisheries and Land Resource17). To support this goal of the
provincial government, it is imperative to calculate PET and water balance for potential
agricultural areas iNewfoundland(NL). Even though there are research outcomes on PPT,
and PET andresultant water balance for the eatboreal regiorfKing et al., 2018)there is

little research focusing on hydrological aspects, including water balance, relatgattdtural

areasin NL. Also, identification of possible trends of hydroclimatol@jiparameters would



support decision making such as the selection of the most suitalde@anpropping systems

to sustain the agriculture industry.

The Food and Agriculture OrganizatioRAO) recommendshatthe PenmanAvionteith PM)
equationbe usedor PET calculationsHowever,it is quitechallengingto use this methods
there are nor very fewweather data available f&dL. It is possible to use assumptidios
parameters used in PM calculatiombese agimptions may not be suited for every location
in NL, which in return could =it in errors in PM calculationsas each assumption made for
each parameter may change the outcome of the PM calculatioderingPM equation
unreliable to calculate PET iNL. Therefore, itis crucial to select a method thatll give
reasonably accurate valugsthe PM equationusingfewerparameters and assumptionghia
calculation Thus results coulde usedfor better agricultural practices as well as any other

field where the involvement of PRANRAPET parameters are vital.

1.2 Statistical Calculation of Potential Evapotranspiration

PETis the maximum allowed evaporation amount when theaa islimited supply of water

to evaporate. In othavords,it is the amount of water that could evaporate fropa#icular

land surface duenly to the atmospheric demafidu et al, 2005; Penman, 1948; dmthwaite,
1948) Even though measurimgptential evaporation is feasible, it is not the same for the case
of transpirationThis task isvery complicated when there is scarce data, which leads to a lack
of reliable calculations(Valipour et al, 2017) Hence in most instancesempirical equations

are used with certain assumptions to calcub&@ for a given locality.

As many statistical metho@se availabléo calculatePET, it is difficult to specify one method
to bethe mostaccurate and precig€hen et al., 2005; Lang et al., 2017; Lu et al., 2005)
Therefore,researchers havearried outmany studies avarious locationsunder diferent

weather conditionto compae various PETcalculationmethods/Amthor et al., 2001; Grace



& Quick, 1988; Kisi, 2016; Kisi &Alizamir, 2018) The PM equation wasuggestedsthe
standard PET estimation equation by considering aerodynamic and physiologic parameters
(Allen et al., 1998py the FAO and World Meteorological Organization (WMBM produces
accurate results for tHRET because it is a combined equation of surface energy balance and
radiation andconsiders many parametesisch as net radiation, soil heat flux amecificheat

of the air As the standard methqdPM equation can be used in most localities of the world

without having to amend the equati@ilen, 2005)

However,asmany meteorological parameters might not be measured or estiesgiecially

in developing countries or less populated regi@amsissue arises when calculgtthe PET

using the PM equationbecause it utiles many meteorological parametéfdkaeed et al.,

2006; Venkataraman et al., 201B)any researche have studied otheradistical methods or
models to be used instead of #d that would producsimilar resultslt shouldbe noted that

the equation selected to substitute PM in different studies would not always be the same due to
prevailing weather, climatic, langseconditions over the studied ar&@ome examples from

previous studies are given as follows.

The temperatebased Thornthwaite equatiomas recommendeds a substitute for PET
calculationin Itoshima Peninsula Area, Fukuoka, Japatkaeed et al., 2006)Makkink
equationwasidentified aghe besperforning equationn the east Tibetan Plategeearly, and
seasonldy. In contrastthe HargreavesSamani equation showecah @&xcellentperformance
along with Abtew and Makkinkh summer and autumn the arid river valleysouthwest China
(Lang et al., 2017)PriestleyTaylor, Penman and Shuttleworth equatiarese recommended
to calwlate PETin arid regions in northwest Chirfai et al., 2019. Priestley-Taylor, Hamon
and Turc methods were recommended southeastern Unites Statgsu et al., 200h
HargravesSamani equation wasiggested as one of the suitable substitute modedddolate
PET for all climatic regions of Iran(Raziei & Pereira, 2013 PriestleyTaylor and Turc

5



methodsperformed superior to thBeenmarMonteith for estimating PET fowvariousland

covers in FloridaDouglaset al, 2009) PriestleyTaylor and Makkinkwere rankedas top
modelsin accuracyfor PET calculationsfor Switzerland(Xu & Singh, 2002) From a study
caried out in Camda andWestern Europeit was noted thaBaierRobertsonequation was
suitable for PET calculation in Canada and Turc equation was suitabléeitern Europe

(Seiller & Anctil, 2016).

Fromtheliterature it is possible tanotethatin such a scenario where data is scagaeh PET
calculation equation performs differently each situation Therefore, toadapt a suitable
substitute for PM to a given locatighis necessary to compare different equations with PM at

a localsed scad.

1.3 PPT, Minimum and Maximum Temperature, PET and Water Balance

Trend ldentification

Trend identification oPPT, maknum (max)and minmum (min)temperatures, PET anokal

water balanceis crucial as it provides a somewhat comprehensive understanding about the
land to atmospheric water transfer (Katul & Novick, 2008)return,this understanding can

be effectively used imgricultural management, including estimating soil water suppty
understandinglrought or excess water availability (Patkal.,2018).Trend detection is also

vital to understand the impacts of climate change over the hydrologic ré¢ammeuzot al,

2010)

Trends of hydroclimatological parameters differ from one another due to various faatbrs
aslocation, ecosystem, climatic regicemddegree of anthropogenic activitiyor instancea
downward trenaf PPTwas observed frora study carried out in the Pieria regions of Greece
(Karpouzos et al., 2010l southern Italy an overall decreasingnd in PPTover 1923-2000

was detectedwith significantly different seasonal trend®iccarretaet al, 2004. Partal &



Kahya,in 2006indicated a noticeable decrease in the annual Bdmmostly in western and
southern Turkey. The trend of meteorological parameters with Mandall trend analysis
revealed a seasonal and monthly variabilit)Kolkata, India (Chaudhuri & Dutta, 2014 A
study caried out over Canada indicated thatRterieshad become warmer and drier oeer
period from 1949 to 1989 Gan, 1998. The annual max, min and mean temperature
significantly increased over the Yangtze River Basin, Cfiha etal., 2017) Therewas no
detectablePET trendin ChottMeriem region of Tunisia(Mansouret al, 2017) A positive
PET trendin the panarctic regionwas also reporte{Zhang et al.2009) Positive multi-
decadatrendswereidentifiedin globalterrestrial PETrom 1981 to 2012Zhang et al., 2016)
Thereforeit is imperative to identify trends in each of these componeitsPPT, max and
min temperatures and PBm a local scale to supportthb g over nment 6s i ni ti at

fresh food produce.

1.4 Obijectives

The objective of this studfocusedon distinguising a suitable method for local lev&ET
calculation,to be used instead of th&M method for selected locatioms NL. The selected
methods for comparisomere (i) radiatiorbasedPriestleyTaylor (PT), and Makkink(M), (ii)
temperaturdased HargreaveSamaniHS), and TurdT), and(iii) | ocatiorbased Hamo(H).

Once a suitable equatiavasselected to estimate PET withiL, modificationto the equation
wascarried out to further finetune the calculation results to match PET in the growing season

(May-October)in NL.

The second objective of this stughasto identify and obtain an understanding of existing
trends in PPT, max and min temperature, PET andntalance in each of the selected study
locations namely,Cormack Corner Brook Cow HeadDeer Lake Gander Port Aux Basque

St J andStephenville



1.5 Structure of the thesis

This thesis follows a manuscript format and consists of thwegall chapters.

Chapter 1: An introductory chapterttas researchincluding objectives, and structure of the

thesis

Chapter 2: A standalone manuscript highlighting the selection process of a suitable equation to
replace FAO recommended PM. Resultgrafltiple equation comparison with the PM and
further modification of a selected substitute equation are presented. Application of the selected

eqguation to all study locations are also illustrated.

Chapter 3: A second standalone manuscript describing @ealysisof total precipitation
maxmum and minmum temperaturespotential evapotranspiraticand total water balance

using several trend identification methods commonly used in hydrology.

Chapter 4: Includes the general summary of the entire thasitiame recommendations to

further progress the research.
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Chapter 2: The adaptability of empirical equations to calculate
potential evapotranspiration for agricultural areas: A case study
from Newfoundland, Canada

2.1 Abstract:

Calculation of potential evapotranspiration (PET) has been a protilento the unavailability

of measured meteorological dataNewfoundland Hence, this studfocusel on selecting a
suitable empirical equation whicbould be used in calculating PET under datarce
scenarios. Daily PET values were calculated for selected agricblisesl eight different
localities including Cormack, Corner Brook, Cow Head, Deer Lak&nder, Port Aux
Bas que, aBdStephenvlleidNewfoundlandCanadausingmeasured weather data.
Five empirical equation®riestleyTaylor (PT), Makkink (M), HargreaveSamani (HS), Turc

(T), and Hamon (H) were used to calculate PET and were compared with respective PET data
available from the Pacific Field Corn Associatiéht  J,dNbBwiodrslland calculated based

on PenmarMonteith PM) method. The analysisdicatel that the HSwas the best method
suited to calculate PET &tt  J baked énscorrelation coefficient¥R0.970), a roetmean
square error (RMSE =0.242 mm/day), and a Nagtcliffe Efficiency (NSE =0.944). Using
datafromSt J m Newdbsndland, further statistical analyses, calibrations and validations
were done to modify the HS to better approximate the PET for the growing seasen (May
October). The modifications improved the RMSE (0.069 mm/day), NSE (0.996F $0®87)
during the validation and the modified HS was applied to other study locatioliswas
concluded that the temperattvased HS could be used as an adequate substitute ftw PM
calculate PET for NewfoundlanBased on the study resuliisis method is even commended

for remote locations in the world where accurate PET data are not available.
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Hamon; Makkink; Priestleyraylor; Newfoundland

2.2 Introduction

Weather extremes ancimate change significantly influence the surface and subsurface
hydrological behaviours from local pedon scale to global s¢@lkesck, 1989; Vereecken et

al., 2019) Such extremevents eventually lead to quantitative and qualitative deviations to the
different components of the hydrological cycle. The ultimate adverse effects badly interfere
with the vital sectors in the economgausing declining agricultural productiaiue to
unpredicted water supply and power generafdehan et al., 2016) otal precipitation (PPT)

and potential evapotranspiration (PET) are twitical components of the water cyclehey

are the only natural means of water transfer between the atmosphere and the land. PET is the
maximum allowed evapotranspiration (mm/day) when there is an unlinvaésr supplyto
evaporate from the ground atndnspire through vegetatigRind et al, 1990) In other words,

the amount of water that could evaporate and transpire from a particular land surface depends
only on the atmospheric demafidi et al., 2005; Penman, 1948; Thornthwaite, 19%8)ile
measuring peentialevaporatiorusing instruments feasiblgKarlsson & Pomade, 201,3he
measurement or calculation of transpiration is much more complex and involved with

uncertainties as it varies with temporal stages of crop growelipour et al., 2017)

Consequently, PPT and PET are the most decisive hydrological factors governing the output
of rainfed agriculture. Therefore, understanding the spatial and temporal kinetics of PPT and
ET is a crucial prerequte under variable climatic conditioffsu et al., 2005) Though long
term PPT, PET, and water balance data are alaifabthe entire boreal regiqiing et al.,

2018) the resolution was not adequate to take better agricultural decisions. Such inadequate
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spatial resolution of PET/PPT data strongly interferes with the efficient water management
decisions.

Undelrheid Way programmeg tlleogovernmenbf Newfoundlawn and Labrador
expects to double the local food production to satisfy 20% of the provincial food requirements
by 2022(Government of Newfoundland and Labrador, 205uch initiatives have given the
mandate for effective water resources management unisedaagriculture which could
maximise the land and water productivity. In achieving such goals, policy and deueskans

need to understand the crucial inputs of hydrological aspects. To maintain sustainability and to
support the increased agricultumgbduction, a suitable method for calculation of PET and
then predict water balance for agriculturally potential regions in Newfoundldhyl is
essential. Hence, usage of empirical equations, wariebommonly applicable under certain
assumptions, to callate PET for given localitieis very important. Such equationsclude

but are not limited to PenmarAVionteith (PM), Makkink (M), PriestleyTaylor (PT),
HargreavesSamani (HS), Turc (T), and Hamon (H).

Given many options for calculating PEZeleke & Wade, 2012)t is difficult to simply adopt

one equation as accurate and @edor an allotted locatiofChen et al., 2005; Lang et al.,
2017; Lu et al., 2005 Comparisons of PET equations have been previously carried out under
various weather and soil conditions for different regi@@sace & Quick, 1988; Kisi, 2016;

Kisi & Alizamir, 2018; Li et al., 2016)However, as an accepted standard method that produces
accurate results, the FA@commend that PM equation can be used in most |oiealit
throughout the world without amendingAtllen, 2005) This may not be true when measured,

or estimated weather parameters are sparsely availdbjedeveloping countries or less
populated localitiegVenkataraman et al2016; Alkaeed et g12006) As a result, scientists

turn to other empirical equations suchTaghat utilises temperature datd, based on day

length orHS, relies upon tempetare and solar radiation, as a substitute for the PM equation.
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This studyfocusel on evaluating an empirical equation which could replace thedistan
PM equation for calculation of PET over agricultural regiorislin The equations selected for
this dudy include (i) radiationbased PT and M; (ii) temperatdpased HS, and T; and (iii)

locationbased H.
2.3 Methodology

2.3.1 Study locations and data collection

Locations for the present study were identified from the land use mbjh ,ofvhere each
location was selected as close as possible to agricultural areaSowxizack Corner Brook
Cow Head Deer Lake Gander Port Aux BasqueSt  J ank SteplsenvilleAmong these,
Cow Head Port Aux BasqueSt  J,cahdist@phenvilldie within coastal areas whereas
Corner BrookandDeer Lakeare associated with Humber river valley in Westekn Gander
resides close to th&anderlake, andCormackis located further inland more towards the

agricultural hinterlands (Figui21).

58°0'0"W 56°0'0"W 54°0'0"W

Figure 2-1: Terrain representation oNewfoundland Canada including the selected study
locations
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Daily total PPT andemperature (minimurAvin and maximurdMax ) data for each location
(Table 2-1) were extracted from the Environment Canada weather station network
(Environment and Climate Change Cand{¥8)

Table2-1: Summary of coordinates and elevation datthe selected study locations

Coordinates

Location

Latitude (N) Longitude (W) Elevation (m)
Cormack 49A 1906 57A 246 1539
Corner Brook 48° 57 57A 5706 46
Cow Head 49A 42860 57A 476 152
Deer Lake 49A 1306 57A 2406 219
Gander 48A 560 454A 3406 1512
Port Aux Basque 47A 3406 259A 096 397
St Johnos 47A 3706 252A 446 1405
Stephenville 48A 320 58A 3306 247

2.3.2 Determination of a replacement to tHeM equation

Five different empirical equationgere used to calculate PET, and the results were evaluated
using already available PET data (Ta®iR). Since daily Min and Max temperatures and PPT
data were readilavailable, other parameters such as net radiation, vapour pressure, and day
length used in each equatioreng separately calculated as per the procedures desdribed
(Allen et al, 1998) andZotarelli et al, 2010)

Among the selected stationshih., estimated PET data based on the PM equation were readily
available only forth& t  J station frasn 2014 to 2014t thePacific Field Corn Associatien
PFCA (Evapotranspiration2018. Yet, these PM data waalso subjected to assumptions
during calculationgEt calculation, 2018and a complete metadata set was amgessible
Since theravere no other measureyapotranspiratiodata available for the region in question,

the accuracy of the PET calculatiqasing above five equationgjas evaluately comparing

18



with the PET data estimated using the PM equation foSthe J stdtion@auired by the

PFCA
2.3.3 Calibration, validation and application of the empirical equation

Once a suitable equation was selected, a series of calculation procedures were adapted, as
illustrated in the flowchart (Figure-2). The selected equation was subjected to a further
modification (calibration) byadjusting the equation constants using the MS solver function to
accurately calculate the PET. The term fAmodi
the optimsed equation by changing the constants forShte J datasetlse modification

of the equatiorwasdoneexplicitly focusng on the growing season (Mdayctober)in NL to

accurately obtain a specific equation to calculate PET in the said growing.8g@slming so,

this modified equation could be used to suppietisionsand developmentregarding

agricultural water management in NL

As dictated by common practickEpm the four years of available PET data obtained from
PFCA, three years of May to October data (22046) was usetb calibratethe selected PET
equation. The remaining PET data for Magtober of 2017 was then used to validate the
modified equation. The resulting data set calculated from the modified PET equation from 2014
through 2018s referred to as the calibration.sEte data calculated for 2018 referredo as

the validation set throughout this study. Once the validation was completed with acceptable
accuracy, the modified PET calculation equation was applied to other study locations within
the growing season (Ma@ctobe). For locations ilfNL, where the modified equation was

planned to be applied, margin of error was incorporated (E2€6).

D wi ORI 1 €1 (1)78% (2-6)
€

WhereZy  wasthe confidence coefficiend, referedto the population standard deviation, and

nwasthe number of data points. As the margin of error dependgldalsel & Hirsch,2002)
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the criteron for applying the best selected empirical equation for a different study location
hinged upon whether the variances between averaged temperatures of the study loc&iton and

J o h differedsignificantly from each other.
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Table2-2: Empirical equations used in the study

No  Equation Formula Remarks
2-1  PriestleyTaylor (PT) v e, POYE O | PR @
(Priestley & Taylor, 1972) L O w7 | & W orQQ
2-2  Makkink (M) (Valipour et al., 50"y (:')pE wR's &c ¢g uCl=061land C2=0.1
2017) I
2-3  Turc (T)1961(Lu et al., 2005) Rs must be in mm/day. Hence, Rs
PEFCX Y + CE (RE3) MJ/né/day is divided by 2.45. C1
0.0133,C2 = 15°C and C3 = 5
MJ/né/day
2-4  HargreavesSamani (HS) Y©, v v Ra must be in mm/day. Henceal
(Hargreavest Samanj 1982, PEFC 1: Y v (Y +c2) in MJ/mé/day is divided by 2.45. C
Hargreaves & Samari985) =0.0023,C2=17.8and PC =0.t
2-5 Hamon (H)1963 (Lu et al., PET = C1(Ld)(RHOSAT)(KPEC) 'Y'O0 "Yd "Y
2005) G PR 0"Yd "Y
Y C O
0"Yo "Y
8
P TR 8
0006 pR
C1=0.1651
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Select best fit original
equation by comparing
with available PFCA data
for St John's

Calibration
Use MS Excel Solver function to optimize constants of the
selected equation for St John's to fit the available data of the
growing season (May - October) from 2014 - 2016
obtained from PFCA.
Check RMSE, NSE for calibration set

A 4
Validation
RMSE, NSE of
validation (2017) sets
improved against original and
Calibration data set

Calibrated constants
approved to calculate PET
of growing season
of St John's

!

Calculate PET for
St. John's using "St.
John's Constant
Set”

A 4
Application of the modified equation
to growing seasons of other study locations in NL
Cormack, Gorner Brook, Cow Head, Deer Lake,
Gander, Port Aux Basque, Stephenville

Y
Perform F and t-tests for average
temperatures of growing season

from 2014 - 2017 between St. John's

and each study location

Variances and

Yes
Present the mean between average Could
modified equation ] temperatures are use modified
with a significantly equation

different?

margin of error without issues

Figure 2-2: Methodology flowchart of modifying the selected empirical equation (HS) and
application procedure to study locationsNiewfoundland
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2.3.4 Statistical analysis

To select the most suitable empirical equation and to evaluate the accuracy of the calibration
and validation of the modified PET equation, the following statistical analyses were completed
and utilised. Statistical analyses were carried out to estabkskadrrelation, the slope and
intercept comparisons (deviation from the 1:1 line) between the calculated PET data and the
PFCA PET data complying with the methods describeddigntz 019. Additionally, Root

Mean Squar e Er r o#est@ilM&BESutcliff Sfficiendye MSE)gréVetSoft,

2018 Nash & Sutcliffe, 1970) were further employed to evaluate the accuracy and the
performance of each PET calculation equatidre goal was to identify the empirical equation

with the least RMSE, an NSE close or equal to 1, and a probabilitgstfabove 0.05. Further,

the slope and intercept values of each empirical equation were also considered in assessing the
performance oéach equation. Additionally -tests were carried out to calculate if the variance
between two parameters significantly differed from each other as a supporting statistical test to
be usedbeforec al cul ating the margin of aeQd0B@®@% The

probability) for all statistical analysis.

2.4 Results and Discussion

2.4.1 Comparison of Potential Evapotranspiration (PET) with Pacific Field Corn

Association (PFCA)

The results were obtained through subsequent attempts performed as described in the following
paragraphs. This attempt was focusedsan J,d\Nb to @entify an empirical equation that

could calculate the PET values closer to PFCA data without havingtitee many
hydrometeorological parameters. The correlations between PET calculated by each equation
and PFCA datarerepresergdin Figure2-3. Figure2-3 additionally incorporates linear trend

lines to provide a clear relationship between each calculated and the PFCA &ata fod,o h n 6 s
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viz; how much the calculated data dewhteom the available data (deviation from the 1:1
line). The HS correlate beter with PFCA data with an®Rvalue of 0.970 (Figurg-3(d)). In
the case of H equation,showedan R value of 0.796 with PFCA data (Figu2e3(e)). Even
though itwas not as accurate as HS equation when comparing with the 1:1 ives,pbssible
to olserve that H equatigoroducel better fits than PT, M or T equations ot~ J @-iguned s

2-3(a, b, c)).

The statistical results (RMSE, NSE and studesst) and the linear regression by comparing
with the 1:1 line for the selected empirical equations against the PFCAreatanmarised in
Table2-3. The HS equatiohad a slope of 1.115 and an intercept-0f114 mm/daywith an
RMSE of 0.242 mm/dagnd a NSE of 0.944The PT, M and T equationdid not provide
better statistical correlations to PFCA dathey highly overestimatethe calculatedPET
compared to HS and H. Thevplues of student-test revealed that PET calculated by all
equations excepbf HS (p = 0.102) was significantly different from PET values of PFCA data
of St J.Rbsnli® sevealed that the HS equation performed very well when compared to

other PET calculation equations testedSar J.oh n 6 s
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Figure 2-3: Scatter plot of calculated potential evapotranspiration (PET) against Pacific Field
Corn Association (PFCA) f@8 t  J.@:Priedtley and Taylor (PT) @R 0.790); b: Makkink
(M) (R? = 0.829); c: Turc (T) R = 0.818); d: HargreavesSamani (HS)R? = 0.970); e:

Hamon (H) R? = 0.796)
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Table2-3: Summary of slope and intercept analysis of potential evapotranspiration (PET)
calculated using different equations and PET data available from Pacific Field Corn

Association (PFCA)foBt Jobnds0. 05)

PET Intercept RMSE P-value of NashSutcliffe
Slope
Equation (mm/day) (mm/day) Student T-test Coefficient
PT 3.64% -0.43% 2.316 0.000 -20.04
M 26.247 13.92F 14.702 0.000 -2861.867
T 1.460° -0.487 0.851 0.000 0.26
HS 1.115 -0.114 0.242 0.102 0.944
H 0.822 0.287 0.513 0.795 0.795

S-theslope (or the intercept) of the calculated data is significantly different from the 1:1 slope

(or the intercept).

Thecomparisons that were carried out revealed that HS can be used as a suitable substitute for

PET calculationinth& t  J lodatiord Beng a temperaturbased equation, HS provides an

additional advantage since th@n and max temperature data are available for almost all

locations, even in the rural areas. Though the T is also a tempdvas@® equation, it contains

a solar radiation goponent. Due to lack of data, it had to be assumed that the actual duration

of sunlight was equal to total daylight hours, causing less accurate results from this equation.

Whereas H, being a locatidrased equation, relying mainly on the day lengerfamed

moderately to HS. When considering PT and M, these equations also carry solar radiation

component in the calculation procedures, which, as mentioned ab@gepased on

assumptions. This might have led to the poor performance given by PT and M.

2.4.2 Calibration and validation of HS0 better calculate Potentidtvapotranspiration.

Calibration and validation results of HS based on comparisons carried &t for J ar@ n 6 s

presented in a stepwiseanner as follows. Based on the statistical analysiSfor Johnoés
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constant set, tested against available data from PFCA, (ZaBhlan improved RMSE (0.165
mm/day) and NSE (0.977)vasobtained during the calibration. Moreover, the validation set
resulta in an RMSE of 0.069 mm/day and NSE of 0.99t®wing further improvement of the
HS compared to the emodified and the calibrated data sets.

Table 2-4: Summary of statistical comparison of modifiddrgreavesSamani (PETHS)
calculated forSt J admgdts J conmgtadt set against respective Pacific Field Corn

Association (PFCA) data (U = 0.05)
1:1 Analysis 1:1 Analysis
Location RMSE R? NSE
Slope Intercept

HS 0.315 0.976 0.916 S NS
St

Calibrated HS 0.165 0.979 0.977 NS NS
Johni

Validated- HS 0.069 0.997 0.996 NS NS

S-Significantly different; NSnot significant

A graphical representation of the comparison between the PFCA data and HS values and the
validation set for thegrowing season (Ma@ctober 2017) obtained by modification as
mentioned aboves given in Figur&-4. The validation set obtained by the modification of HS
provided PET values slightly less than that of the originalnobodified HS equationvhich
confirmedthat the uamodified HS overestimates values ®t  J.dlus, thes HS calculated
usingSt J cohstaidt sgberformedas the best compared to themnodified HS Therefore,

the modified HSook the form as given in EQ-7.

PEFO0. 06-1'% Y & (Y +19.6605) Eq.2-7
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¢ Modified HS (St. John's Constant Set) mm/day
= Un-modified HS mm/day
1.
Linear Fit of Un-modified HS {y = 1.118x - 0.074)

Linear Fit of Modified HS
{St. John's Constant Set){y = 1.027x - 0.088)
O K T ~ T 1

0 2 4 6
Pacific Field Corn Association ET (mm/day) St. John's

Potential Evapotranspiration by Modified HS
(mm/day) St. John's

Figure 2-4: Validation of calculated potential evapotranspiration (PET) (Magtober 2017)
using modified HS usifgt  J (Rh=r0®37) constants with respect to original-modified
(R% = 0.996) HS by comparing with Pacific Field Corn Association (PFCA) data

2.4.3 Application of the modified HS®quation

The statistical results of &nd ttests of average temperatures of the remaining study locations
compared to the average temperatur8 ¢f J ardagivénsn Tabl@-5. The variance and the
mean of the averaged temperatureS of J wdremdi significantly different (P > 0.05pr
Cormack Deer Lakeand Gander Additionally, the variances of the average temperature of
Corner Brookwerealso not significantly different, but the meamas different from that oSt

J o h.miereforethe modifiedHS as a temperatutgased method, could be directly used for
PET calculation foCormack Corner Brook Deer LakeandGander

For the remaining locations, viCow Head Port Aux Basqueand Stephenvillehat had a
significant variability fromthe&s t  J lodatiod, the modified H®/as appliedvith a margin

of error as given in Tabl@-5. A graphical representation of the temporal variation of the

estimated PET using the modified HSgiven in Figure2-5. The lower and upper bounds of
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95% margin of erroweregiven only to those study locations where the modifieccbl8d not

be applied directly.

Table2-5: Statistical results of F andtests of meatemperature comparison data of study

| ocations against St. John6s mean temperatur
90% and 80% confidence levels for three locations in Newfoundland where the modified
HargreavesSamani (PETHS) equation of StoJlhn6s cannot be directly

Margin of error (mm/day)

F - test
Location Probability —against 95% 90% 85%
of F test St. Confidenc Confidenc Confidenc

John's e level e level e level
Cormack 0.203 NS - - -
Corner Brook 0.380 NS - - -
Cow Head 0.005 S 0.072 0.080 0.053
Deer Lake 0.313 NS - - -
Gander 0.141 NS - - -
Port Aux Basque 0.000 S 0.055 0.046 0.041
Stephenville 0.000 S 0.071 0.059 0.052

Even though HS was initially designed for the California dry clinfate et al., 2005) it
appeaedthat HS with certain modifications;ouldbe useds a suitable substitute to calculate
PET inNL as well. The analysis carried out in this study for the locatiohLiproved that

the HS, in both unmodified and modified formzerformed better than other equatie
considered. The results of this papsso agreethat HS could be used successfully in
NewfoundlandBoreal ecozone, as well as most of other climate and ecoregions. For
example Valipour and Eslamian (2014pnsideredHS equation (with modifications) to be a
suitable substitute for calculating PET in most provinces of Iran. Similar results were found for
localities throughout Iran whetdS equation was recommended to be utilised as a substitute
for FAO recommended®M equation(Raziei& Pereira, 2013; Sepaskhah & Razzaghi, 2009)
Additionally, our study resultgell in line with MartinezCob & TejeroJuste(2004) where it

has shown that the HS equation worked well for samei windy locations in Spain. Unlike in
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the case oKu & Singh QOM®), where a modified PT and M equations closely resembled pan
evaporation of Changins, Switzerland, these equations highly overestimated PET values for the
study locations of the current study. The present findings of this study alsadicitfthe
outcomes of.u et al.(2005)which preferedPT, T and H equations, as PT and T highly ever
estimates PET values in all the locatiomthis studywhen compared to available daResults

from this study alsaliffered from that ofSeiller & Anctil, (2016), whereBaierRobertson
eguation was menti@a as suitable for PET calculation in Canada.

Even thoughH performed better than PT and; HS was proven to be a better substitute to

calculate PET imNL in previous sections of this study.
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Figure 2-5: Temporal variation of the potential evapotranspiration (PET) calculated using the
modified HargreaveSamani (HS) for the growing season (Magtober) of 2017 for eight
selected locations in Newfoundland. Upper and lowamids of error margins are given to
locations where modified HS cannot be applied directiCZa@mack b: Corner Brook ¢c: Cow
Head d: Deer Lake e: Gander f: Port Aux Basqueg: St J;d:hSteghenville
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2.5 Conclusion

It wasconcluded thabut of the tested equatiortbe temperaturbased HS equation could be
used as an adequate substitute for F&@mmendedM equation to calculate PET for the

NL. The selected modified H&juationcouldbe applied to calculate PET during the growing
season for study locations @formack Corner Brook Deer Lakeand Gander For other
locations Cow Head Port Aux Basqueand Stephenvillg the same modified HS equation
couldbe used with an error marginopided for each location.

When PET calculations are needed\ib for decisions on agricultural water management,
cropping systems, integrated watershed manageraadtyater balance and hydrological
modelling, this modified H&quationcan be used with reanable accuracy.

The method can be recommended for remote locations in the world where accurate PET data
are not available. It could provide lesost data for making adaptation decisions and to improve
agricultural water management, wetland and pond performances or even hydrologic modelling
aiming at sustainable production systems.

A comparative study of rediime measured PET data with remoemsingbased inputs and

water balance prediction is advised as a progressive next step.
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Chapter 3. Trend analysis of total precipitation, minimum and
maximum temperature, potential evapotranspiration, and total

water balance A case studyfrom Newfoundland

3.1 Abstract

Ability to observe trends of a hydrological parameésgsreciousin hydrological studies with
applications in agriculture, forestry, water resources managememany therapplications
A study was conductetb detect general trends of total precipitation (PPT),immim (min)
and maimum (max)temperatures, potential evapotranspira{leBT)andtotal water balance

for eight different agriculturallyssentialocations(i.e. Cormack,Corner Brook, Cow Head,

Deer Lake, Gander, Port Au xwitBnaNevwfaurelandSLl). Johno

Weather data of 36 to 72 years, downloaded from Environment Canada, were used in this

analysis. Innovative Trend Analysis (ITA) was applied to obtain such trafasy withthe
MannKendal trend (MK) testndSen6s sl ope est i mattode oft o
significant trendsMoreover,comparison of the results of ITA and MK tests were found to be
in par with each otheAccording to the MK and ITA tests, positive trends for min and max
temperatures werebservedmostly for August and Septemberfor dmost all locations
considered in this study with increments rangwithin 0.015-0.0& C°month/yearThe PPT
trendswith magnitudesf 0.375-2.210 mm/month/year weréound mostly within September
and October. Additionally, PET trends closdbllowed max and min temperaturewith
increments ranging up to 0.0thm/month/yearPositive trend®f total water balancganging
0.018-0.076 mm/month/year)were also focusednostly within Septemberand Octoberin

conclusion, positive trendsf PPT, PET, Min and Max temperatures and total water balance,
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are availablen the selected locations within the growing seag&uth trends would have an

impact on decisions making ogrécultural expansion and practices in NL.

3.2 Introduction

Components of the hydrologic cycle are subjected to change throughoutthé dlobe. v L | i e e
al., 2019) and it is no different to the boreal regions as \{lgfirnande®t al.,2007) Total
precipitation (PPT) anfotentialevgpotranspiration (PET), are two critical components of the
hydrological cycldMehan et al., 2016; Taylor et al., 20,1é3peciallyconcerningagricultural

or ecosystem hydrolog\evertheless, it remains as one of the most challenging aspects to
calculatePET due to changing environmental conditions and complex sugfamespheric
interactions(Zhanget al, 2011) Calculating PET and water balance and their trends have
become highly important due to several factsush as agricultural water management and
drought maitoring. These trendprovide a somewhat comprehensive understanadirtye

land to atmospheric water transfiatul & Novick, 2009) includingagricultural management

and estimating soil water supply recommendati@tark et al., 2018)Unexamined PET
measures or trends could give rise to potential drought or water s(@hlilisin, 2016; Senay

et al., 2015, both of which are negative extremes, for agricultural purposes and domestic water

supply in particular.

The PET trends or patterns differ from one another, spatially and temporally due to various
reasonsA shortscale PET study carried out in tropical South Asian rainforest ecosystems
showed fluctuating or seasonal variatighsn et al, 2009) Decreasing trendserefound in
China, involving the Yellow River; which hagemperate deciduous forest ecosys(éhmang

et al., 2011) Increamg trends ofPET were found throughout the worldas exemplified by
many researches includikgng et al.,(2018,Pr £ v £ | (2@19 antdTaydol et gl.(2016)
Sudden steep declining pattenimsPET were also noticeduch as found in Central Valley,
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California, which follovedair temperature, dew point temperature and relative humidity trends
(Szilagyi & Jozsa, 2018)As a response to the intensifying climate chamgejncreasing
temperaturen the pararctic region hd an overall PET increasing tre@dhang et al., 2009)
However, in Canada, themsas an increasing trend of the PET in western and eastern coasts
while having a mixed or decreasing PET trend for central and southern GReaakndes et

al., 2007;Zhang et al., 20091f the boreal feests are considergcharacterised by stdirctic
climate and approximately 500° latitude in the Northern hemisphgextending broadly
through North American and Asian continef@sandt, 2009; Larse2013; the PET increask

with time and the projected PET trendstil 2099also continud to rise(King et al., 2018)

To obtain an improvedwarenessf the PET trends, it is better to analygsselectedtudy area

at a time in order to accountrfthe spatiabnd temporavariation.Understandinguch trends
could be utilised for improved agricultural management practg@scifically inthe said
selected studgrea for more productive cultivation. In thesearchit was attemptetb study
trerds for selected locations, based on agricultural importanddéewfoundlandNL). These
study locations are namelgprmack, Corner Brook, Cow Head, Deer Lake, Gander, Port Aux
Basque, St Jo hnToeads aimirdandSmaxempesatars PAT, IPET. andotal
water balance were considered for this stiadyising on the hypothesis that the trends of these
parameters are increasing in NA modified HargreaveSamani (HS) equatiofEq 3-1) for

the growing season (MayOctober) wasised to calculate PET for study locations

PEFO0. 06-1'% Y & (Y +19.6605) Eq. 31
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3.3 Methodology

3.3.1 Study Locations and Data

Eight agriculturally essential locations from tN& wereselected as study locations for this
research(Figure3-1). The selection was made using croplands indications of land use maps
of NL created using satellite images and ArcGIS software. The selected study loaatiche

duration of the data used each locatioare given in Tabl&-1.

The PPT and temperates (nin and max) data were downloaded for the abewentioned

study locationsfrom the Environment Canada weather station netwarkvironment and
Climate Change Canada020. Missing data were filled using HEDSSVue (Hydrology
Engineering Center Data Storage System Visual Utility Engin&he total water balance was
calculated as the difference of the PPT and PET. All calculations were carried out on a daily

scale focusing on the growing seagbtay-October)in NL.
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Figure 3-1: Terrain representation dilewfoundlangCanada including the selected study
locations.

Table3-1: Availability and duration of théemperature and total precipitatiatata

Location Data Availability Duration (years)
Cormack 19812019 39
Corner Brook 1947- 2019 73
Cow Head 1983-2019 37
Deer Lake 19472019 73
Gander 19472019 73
Port AuxBasque 19562019 64
{0 W2KyQ 1947-2019 73
Stephenville 1947-2019 73

3.3.2 Study of existing trends

Time series of dily valuesof PPT, PET, max and miemperatures angater balancevere
plotted and the variability was observad an initial steDue to the high variability, onthly
averages of min and max temperatures, PET and total water batemeceonsidered fdurther

analysisfollowing the common practicéCaloiero, 2017; Kisi, 2015; Kumaat al, 2017;
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Mohoriji et al, 2017) ThePPT was considered as monthly totalsreedifferent statistical and
graphical techniques were employed for trend detection and clarificAtigntrends peaks

and troughs of the patterns of PPT, PET, max and min temperatures and water balance were
exploredusing Locally Weighted Scattgot Smodhing (LOWESS)Chandler & Scott, 2011)

As LOWESS analysis was based on graphically identifying trestefisticaltrends of the
monthly averaged min and max temperatures eaveragemonthly PET for the selected

study locations were studied using Makendal trend (MK) test and Innovative Trend
Analysis (ITA) (k e, 2012) When compared tthe MK test, ITA is a relatively new method

for trend analysi¢Kisi, 2015; Kisi & Ay, 2014K i et &l.,2018)

3.3.2.1 MannKendal(MK) Test

The MK test is a nojparametric, rardbased trend recognition method designed to detect
monotonous trends in a given time series data set. This method was used inithbyroy

(1945) and the test statistic was later developed by Kendall (1975). This method is well used,
more frequently than otherngnar amet ri ¢ tests suchd®itsSenods
simplicity and the broader scope of applicabi({ifabariet al, 2011; Tosunoglu & Kisi, 2017,

Wu & Qian, 2017) The S statistic of the MK test can tadaulatedas.
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Where in EquationX2), nis the length of the data set aadandx; denotes the data values at
timesi andj, respectively. Negativ8 value indicates a decrease in trend and vice versa for
positive S values (Tosunoglu & Kisi, 2017) The statistical significance of the trend is
calculatedwith no trend ashe null hypothesis (b). If n> 10, the statistiSis assumed to be
normally distributed with a mean of zero amdarianceas calculatedusingEquation (34). |

is the number of tied groups in the considered datasdtx is the number of data in thé&'

tied group(Cui et al., 2017; Kisi, 2015; Partal & Kahy2006) In the absence of tied groups,
the summation process of Equatiom3s neglectedand the standard statistic is computed,

as shown in Equatior8{5) (Kisi & Ay, 2014). The test was carried out for 95% and 90%

confidence levels (CL)usin t he R & o ¢épaakayeRPehdes 2020.

3322 Sends sl ope estimator
To estimate the slope of the trend lines observethéMK t est , Sends sl ope
used.According tothe method o5en(1968, the magnitude of the gle of the trenatan be

estimated agiven inEquation3-6.
© 50002 10 o
w 0] 63,&3—79 (3-6)

Wherew andw are data at time pointsandj, respectively. If there and values in the time
seriesthen one can get as manynas N(N-1)/2 slope estimates amol  is taken as the median
of thesen values(Khalig et al, 2009) The significance of the slope was accounted alongside

MK test results, whtedfoethoSeansténses whidhe pvaluevofthe ac c e

MK test was significant.
44



3.3.2.3 Innovative trend analysis (ITAK e, 2012)

Usually, the most common methods used for trend analysis include and are not lirkited to
test and Sp(€uaetmla @3 Duhdno& Pandey, 2013; Fu et al., 2013)
Neverthelesssome assumptions aessociated with this method, such as-nommality of
distribution, independent structure of the time series, length of the data set and absemnale of
correlation It is also not possible to calculate the trend magnitude using these m@snds

2015 k e, 8012. The foundation of the ITA is based on subsection time series plots retrieved
from a selected time series data of interest on a cartestadinate system. The ITA method

does not have restraining assumptionM&sor Spear manés rho test s,

reliable in trend analysis studi@Sztopal &k e, 8017;k e, 2012)

The ITA is carried out by dividing a tirgeries data into two halveand the data in each half
arerearranged in ascending order. The first half is then plattetthe Xaxis of a cartesian
coordinate system while the second half is plotted on thgi¥. The basis of this trend analysis
method is that twaime series are identical to each other, th&it against each other shows a
scatter of points on the 1:1 lifKisi & Ay, 2014; k e, 8012. A time-series data is said to be

with no trend if the plotted points fall on the 1:1 lifethe plots fall on the uppéralf on a
straight line, it is said to have a monotonic increasing trend and if within the halfeit is a
monotonic decreasing trend. The closer the plotted points get to the 1:1 line, the trend

magnitudes get weakét e, 017;k e, 2012)

Furthermore, ITA has thability to identify nonmonotonic trends embedded within the same
time serieswhereadrequently used methods liRdK ; these variating trends may be hidden

(k e, 8012) Itis also possible to detect low, mid and higindregions of the time seriggth

the ITA(Kisi & Ay, 2014). Even though the ITA is a qualitative measure, recent attempts have

been made to quantify the trend given by the ITA method as well (Cui et al., 2017; Wu & Qian,
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2017).A trend indicatoD is introducegwhich is calculated as shownHuguation3-7, nis the
number of observations of each sadries and is the average of the first half of the data set.
Multiplication of 10 is due to bring th@ value to the same scaletag MK test.

, P PTIW
0O - — 3-7
5 0 (3-7)
It is possible that ITA might give better trend analysis resultsMianSincethe ITA method
is relatively new, it was decided that ITA was to be carried out in conjunctionMittand

LOWESS analysis in this study to acquire detaitedd analysis
3.4 Results and Discussion

Monthly variations of each hydrometeorological parameter givenwithin the growing
season for each location (Figure2B The PPT showed a higher variation in October at
Cormack Corner Brook Port Aux BasquandSt  J,aindrtvdas high in July, August and
September for the remaining locations. The max temperature variation was higher in May for
all locations exceort Aux BasqueNhen the total énonth (MayOctober) max temperature
variation was considered, it was possible to fdgrthat Cow Head, Port Aux Basqaad
Stephenvillehad relatively lower variations compared to the other locatidnsotable min
temperature variation was detectedDater Lake Gander Port Aux Basquand S t Johnos
where the variation was higher inylthan the rest of the monthdigher variations of modified

HS were noted dbeer LakeandSt J tohMagp. A relatively lower variation within the

total 6months was also noted fGow Head, Port Aux BasquendSt  J ehhtwas similar

in pattern to the max temperatufe possible reason for these temperature and modified HS
variations might be the relative location and topography of the study &eastHead Port

Aux BasquendSt J aré codstl areas that are under higher influeheena currents

flowing over the ocearAdditionally, the effect of hurricanes &t J i mucldhsgher than
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otherselectedocations Being located closer to a large water body might ardaderatinghe
temperature in these areas, which in returefiected in modified HS. Whetoncerning total
water balanceal locations followed a similar pattervhere the range of the total water
balance shifted towards the positive from May to October. A possible reason foightbe

the graduallyincreasing PPT and decreasing modified HS from May to October.
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3.4.1 LOWESS trend analysis

Monthly time series analysef PPT, min and max temperaturesmdified HSand total water
balancebased on theOWESS analysis attabulated in Tabl8-2 andillustrated in Figure8-

3 to 310. Standard deviations were also incorporated within the graphs for temperatures, PET,

and total water balance, to observe the variation of each parameter from the LOWESS trend.

Table3-2: LOWESS trend indication results

LOWESS trend indication

Study Total . . Total

ont® Location Monthly Teml\gea?(ature Tem';)/lelz?ature Moljlged Water

PPT Balance
Cormack No No No No No
Corner Brook No Yes (+) No Yes (+) No
Cow Head No No No No No
Deer Lake No Yes (+) No Yes (+) No
May Gander Yes(+) No No No No
gg;tqﬁgx No Yes (+) Yes (+) Yes (+) No
St John No No No No No
Stephenville  No Yes (+) No Yes (+) No
Cormack No No No No No
Corner Brook Yes (+) Yes (+) Yes (+) No No
Cow Head No No No Yes (+) No
Deer Lake No No No Yes (+) No
June  Gander Yes(+) No No No No
gg;tq,ﬁtéx Yes (+) Yes (+) Yes (+) Yes (+) No
St John No No No No No
Stephenville  Yes (+) Yes (+) No Yes(+) No
Cormack No Yes (+) No Yes(+) No
Corner Brook No Yes (+) Yes (+) Yes (+) No
Cow Head No No No Yes (+) No
Deer Lake No Yes (+) No Yes (+) No
July Gander Yes (+) No No No No
gg;tq'ﬁzx No Yes (+) Yes (+) Yes (+) No
St John Yes(+) No Yes (+) Yes(+) No
Stephenville  No Yes (+) No Yes(+) No
August Cormack Yes (+) Yes (+) Yes (+) Yes(+) No

Corner Brook Yes (+) Yes (+) Yes (+) Yes (+)  Yes (+)
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Cow Head No Yes (+) Yes (+) Yes(+) No

Deer Lake Yes (+) Yes (+) No Yes (+) No
Gander No Yes (+) Yes (+) Yes (+) No
gggq’ﬁ:x Yes () Yes (+) Yes (+) Yes(+) No
St John No Yes (+) Yes (+) Yes(+) No
Stephenville  Yes (+) Yes (+) Yes (+) Yes(+) No
Cormack Yes (+) No Yes (+) No Yes (+)
Corner Brook Yes(+) Yes (+) Yes (+) Yes (+) Yes (+)
Cow Head Yes (+) Yes (+) Yes (+) Yes (+) Yes (+)
Deer Lake Yes (+) Yes (+) No Yes (+)  Yes (+)
September Gander Yes (+) No Yes (+) No No
gggq’ﬁ:x No Yes (+) Yes (+) Yes (+) No
St John No Yes (+) Yes (+) Yes(+) Yes (+)
Stephenville  Yes (+) Yes (+) Yes (+) Yes (+)  Yes (+)
Cormack Yes (+) No No Yes (+) Yes (+)
Corner Brook Yes (+) Yes (+) Yes (+) No Yes (+)
Cow Head Yes (+) Yes (+) Yes (+) Yes (+) No
Deer Lake Yes (+) Yes (+) No Yes (+)  Yes(+)
October  Gander Yes (+) Yes (+) No No No
gggq’ﬁgx Yes (+) Yes (+) Yes (+) Yes (+) No
St John Yes(+) Yes(+) Yes (+) No No
Stephenville  Yes (+) Yes (+) Yes (+) Yes (+) Yes (+)

Overall positive trend were observedin all assessegarameterghroughout all locations
within August, September, a@ttober The month of September had positRieT trendsvith
exceptions ofPort Aux BasquéFigure 38-e) andS t J (Flgured 39-e). Corner Brook
GanderPort AuxBasquest  J,artdSteplsenvilldad positive PPT trends for Jufkégures
3-4-b, 37-b, 38-b, 39-b, and 310-b). In all locations excegbanderandSt  J,¢hbrewére
no trend identified for all tested parametefer July. Positive trends of PPT in August were
only identified for locations excludinGow HeadGanderandSt  J @Figure8 35-d, 3-7-d

and 39-d), whereas there was no trend in PPT of all locations for May.
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Increasingmaxtemperature trends were identified throughout all locations for Augusty
location excepCormackdisplayed positive trends in max temperature for Oct{figure 3
3-1). Positive trends were also observed for September for all locations exc8pnder
(Figure 37-k) andCormack(Figure 33-k). Cow Head GanderandSt Jom Gskowed no trend
pattern for July, whereas other locations had positive trends. @orltyer Brook Port Aux
BasqueandStephenvillendicated positive trends for Jufieéigures 34-h, 3-8-h, and 310-h).
The locationghatshoweda trend for June also ged positive trend patterns for Mdyeer

Lakealso indicated increasing trends for M&ygure 36-g).

Trend patterns ahintemperatures also behaved similarlyrtaxtemperature for August. The
only positive trend identification for May was observedPatt Aux BasquéFigure 38-m),
where other locations showed no tren8loth Corner BrookandPort Aux Basquéndicated a
positive trend in min temperatur®r June (Figures 34-h, and 38-h). Trendsof min
temperaturdor July was similar tohat ofJuneSt  J aldo shéveed increasing trends of min
temperature for June as wéfligure 39-h). Min temperature trend®r Septembewasin all
locations exceptCormackand Deer Lake whereas October also indicated no dirfor

Cormack Deer LakeandGander

It was possible to notice that thredified HStrends mostlyollowedtemperature trengatterns

as expectedespecially max temperature. All locations indicated positive trends for August,
whereas for July and September oBlgnderdid not show a PET tren@igure 37-0 and 37-

g). For October,Ganderand St J @id nod show trendgFigures 37-r, and 34-r).
Additionally, Corner Brookalso indicated no trend for Octol{€igure 34-r). PET trends were
observed aCorner Brook Deer Lake Port Aux Basquand Stephenvilldor May and June

FurthermoreCow Headalso had a positive trend indication for J§Regure 35-n).
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Considering water balancthere was no trend indication in any location for June and July.
Stephenvillshowed a less prominent positive trend for Niigure 310-s), andCorner Brook
showed a positive trend in Augygigure 34-v). In contrastpther locations did not show any
trend for May and Augustespectively. All locations excludin@anderandPort Aux Basque
showed positivevater balance trendsr September. October showpdsitivetrends forall
locations except t J.o In geheral, Seemberand Ocbber showed increasing water

balance trend
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Figure 3-3: LOWESS trend analysis f@ormackwith trends of monthly total precipitation, monthly averaged min and max temperatures, monthly
averaged modified H&and monthly averaged total water balar{seandard deviations are givéar temperatures, PET and total water balance
No of Years = 39
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Figure 3-4: LOWESS trend analysis f@orner Brookwith trends of monthly total precipitation, monthly averaged min and max temperatures,

monthly averaged modified HS and monthly averaged total water balstacelard deviations are given for temperatures, PET and total water
balance No of Years = 78
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Figure 3-5: LOWESS trend analysis f@ow Headwith trends of monthly total precipitation, monthly averaged min and max temperatures,
monthly averaged modifigdS,and monthly averaged total water balar{seandard deviations are given for temperatures, PET and total water
balance No of Years = 3¢
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Figure 3-6: LOWESS trend analysis f@eer Lakewith trends of monthly total precipitation, monthly averaged min and max temperatures,

monthly averaged modified H&d monthly averaged total water balar{stéandard deviations are given for temperatures, PET and total water
balance No of Years = 78
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Figure 3-7: LOWESS trend analysis f@anderwith trends ofmonthly total precipitation, monthly averaged min and max temperatures, monthly
averaged modified H&and monthly averaged total water balar{seandard deviations are given for temperatures, PET and total water balance
No of Years = 78
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Figure 3-8: LOWESS trend analysis f&ort Aux Basqueiith trends of monthly total precipitation, monthly averaged min and max temperatures,

monthly averaged modified H&d monthly averaged total water balar{s@ndard deviations are given for temperatures, PET and total water
balance No of Years = 6/
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Figure3-9: LOWESS trend analysis f&rt  J with tnedids of monthly total precipitation, montlalyeraged min and max temperatures, monthly
averaged modified H&and monthly averaged total water balar{seandard deviations are given for temperatures, PET and total water balance
No of Years = 78
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Figure 3-10: LOWESS trend analysis f&tephenvillavith trends of monthly total precipitation, monthly averaged min and max temperatures,

monthly averaged modified H&d monthly averaged total water balar{seandard deviations argiven for temperatures, PET and total water
balance No of Years = 78
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3.4.2 ITA trend analysis

ITA analysis results are presented in both graplyi¢kigures3-11to 3-18) and statisticdy
(Table 3-3), where the D values for each parametere calculated by using the respective
plots. Controversial to the LOWESS analy$isA showed negative or decreasiR§T trends
for Port Aux BasquandSt J @riguned 316 and 317). In contrastthe rest of the locations
indicated increasing trends for May, August and Octdliex.month of Septembbkadpositive
PPT trends for all location except f6rt  J ,ontwhidh shere was a decreasing tréRjure
3-17-e). PPT trends forcCormackin July had the only negative trend compared to other
locations (Figure 311-c). WhereasCow Head Deer Lakeand Port Aux Basqueshowed
negative trends for JurfBigures 313-b, 3-14-b, and 316-b) while the remaining location had

positive trends.

All locationshad increasing trends for max temperature for all months except for June, where
GanderandS't J badreddang trendgFigures 315-h, and 317-h). July, September and
October months had positive trends for all locations in min tempemtaept forDeerLake

which had negative trends for the three months mentioned éboee 314-0, g, and r)In
addition toDeer Lake Cow Headalso showed decreasing trends in min temperature for May
and Juneg(Figures 313-m, and n) FurthermoreGanderalso had reducing trends in June

(Figure 315-n).

As shown by ITA analysis, modified HS mostly resembled the trend patterns of max
temperature, which was confirmed by LOWESS analysis p@tsmack Ganderand St

J o h had segative HS trends for all other morglsept June. The remaining locations had
positive PET trendscalculated withmodified HS for all other months. ITA agreed with the
LOWESS trend indications of the total water balance for September and O&iapdrenville

andDeer Lakewere the only stabns tohavepositive trends of total water balance for May.

61



Only Cormack Deer Lakeand Port Aux Basqudiad positive trends in June for total water
balance. ITA indicated positive trends foow Head Port Aux BasqueandStephenvilldor

July. Total watebalance trends for August were negative onig@atmack Deer Lakeand St

J o h.nltdvgas noted that when considering both graphical and statistical results, trend

identification appears to be more evident with the ITA analysis than in the LOWESS analysis.
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Figure 3-12: ITA analysis ofcorner Brook for total monthly precipitation, monthly averaged maximum temperature, monthly averaged minimum
temperature, monthly averaged modified HS, and monthly averaged total water balance.
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Figure 3-13: ITA analysis ofCow Head for total monthly precipitation, monthly averaged maximum temperature, monthly averaged minimum
temperature, monthly averaged modified HS, and monthly averaged toéalbaédnce.
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Figure 3-14: ITA analysis oDeer Lake for total monthly precipitation, monthly averaged maximum temperature, monthly averaged minimum
temperature, monthly averaged modified HS, maaahthly averaged total water balance.
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Figure 3-15: ITA analysis ofGander for total monthly precipitation, monthly averaged maximum temperature, monthly averaged minimum
temperature, monthly averaged maatif HS, and monthly averaged total water balance.
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