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ABSTRACT

Pollution from nonpoint souregpose a significant threat toaquaticecosystems. Best
managemenpractices BMPs) can bedevelopedio control soil erosion and reduce the
movement of nutrientsand sedimentsfrom agricultural lands tostreams Direct
assessmesf the impactof land usechange andBMPs on water quantity and quality
through field experimentsare timeconsuming and costly and, as a result, model
simulations of hydrological processes a8ldPs impactscanserve asa complementary
approacho field measurementdHowever model simulations requirgetailed inputs and
complex calibration procedures which may delaytheir acceptance amongdecision
makers Central to this thesis is development ofsimple decisionsupporttool for
decision makers and economisisevaluatemulti-year impacts ofand usechangeand
BMPs on water quantity and qualifypr large ungauged watershedshe ArcGlIS-based
tool (i.e., theland useandBMPs assessment tqolLBAT) usesstatistical models derived
from simulatiors generated with the Soil and Water Assessment Tool (SWA®)
provide reliable simulatiors for Atlantic Canada SWAT was modified toaddress
maritimewinter climate conditionsof high snow accumulation New physicallybased
soil-temperatureand snowmelimodules were developedand incorporatedn SWAT to
accountfor snowinsulation effectand rainon-snoweventson the seasonal evolution of
soil temperaturdt washypothesizedhat modificationof SWAT would providesuperior
predictions of water flow andutrientloadingsfor Atlantic Canada With appropriate
calibration, the modiéd version of SWAT wawalidaed against field data collected
from a small experimentalwatershedin northwestNew Brunswick, Canada.e., the

Black Brook watershed (BBW)Oncefinalized LBAT and SWAT were applied to a



large watershedconsistingof the BBW (i.e., Little Riverwatershe§l Results suggested
that LBAT anda calibrated version of SWAT performed equally well in simulating
annual stream flow and sediment anttateN loadings, with LBAT perfornmg slightly
better for annualduble-P loading. In addition, LBAT performed much better ttzam
uncalibrated version of SWATor sediment and nutrient loading§he LBAT has a
uniquerole inungaugedvatershed managemeantNew Brunswickfor its simplicity and

flexibility compared with procgsbased hydrological models

Keywords: bestmanagemenpractices decisionsupport togl hydrology, soil and water

assessment tgadoil temperaturesnowmelt water pollution
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CHAPTER 1

INTRODUCTION



1.1 Background

Nonpoint sources o$edimentand nutrients, primarily from agricultural lands, have
been identified as majaauses oWater qualitydegradatioraround the worldOngley et
al., 2010 Zhang et al., 2004 For example,soil loss caused by erosion processes can
reduce soil productivityand sedimentation decreases the recreational and aesthetic uses
of surface waters and mg@yomotelosses in water storadei et al., 2000. Detrimental
effects of agriculturabctivitieson ecosystems and plant and animal communite® h
been documented in many studi{€arpenter et al., 1998almieri et al., 2001Quan and
Yan, 2001 Sutherland et al., 201 &&marty et al., 2010. In addition eutrophication
caused by excessive inputs of nitrogen (N) and phosphorus (R)dhesseeffectson
aguatic ecosystems, ascandegrae water quality causeoxygen deficits, fish killsand
foul odors, andreduce aquatic biodiversity(Novotny, 1999 Smith et al., 1999
Vollenweider, 197Q Pollution-prevention farmingmethods such as strip cropping,
terraces, crop rotation, and nutrient managemardwn as best management practices
(BMPs), can beused to prevent soil erosion and reduce the movement of nutrients from
agricultural lands to aquatic ecosyste(@Arcy and Frost, 2001 These practices are
intended to minimize the negative environmental effectagoicultural activities, while
sustainingland productivity. Studie®ave shownthat implementation oBMPs have
positive effects on surface water and groundwater qu@ibaplot et al., 20Q4Cook et
al., 1996 Edwards et al., 1997Thomas et al., 2007Reliable information othe impact
of land use change arBMPs on water quantity and quality is critical to watershed

managementPanagopoulos et al., 2011



Many studieshave been anducted to evaluate the impauft land use change and
BMPs on water quality variables based on field experimghsvara et al.,, 2011
Pimentel and Krummel, 198Badeghi et al., 201X urkelboom et al., 1997Jrbonas,
1994 Veldkamp and Lambin, 2001 One advantage of fieldxperimenation is that
statistical modelgyenerated fronsuch datacan be used to establish cateedeffect
relations betweermand use andBMPs and water quality variablesat the field scale
Accordingly, management decisions and dmstefit analysis cabe madeHowever,it
is time-consuming and expensive to assess soil erosion and chemical loadings over large
areas by experimentation aloflostaghimi et al., 1997Renschler and Lee, 2005
Particularly,it is not practical to conduct field experiments for every combination of land
use andBMPsfor a variable landscap@s a result, it is unlikely that one could collect
sufficient field data to develop management plamdanalyzecost effectiveneskor large
watersheds

Physicallybased distributed hydrological modetan be usedo extrapolag¢ data
derived from field experiments in order to fdlatagaps(Blégchl and Grayson, 2001
Bléschl and Sivapalan, 1993orah and Bera, 20035ingh, 1995 Singh and Frevert,
2005 Singh and Woolhiser, 2002These modelscan provide quantitative information
that is difficult to obtain from field experimentBorah etal., 2003. Many these models
have been developed to aid in understanding surface runoff, soil erosiwignin
leaching, and pollutaniransport processg#\rnold et al., 1998 Beasley et al., 1980
Knisel, 1980 Leonard et al., 1987Sharpley and Williams, 1990/oung et al., 198p
Despite theseadvantages, these models require specialized expertise, wftmmn

prevents decisio makers and economists from using th@imvattene et al., 2008



Specifically, thesemodels requireletailed input data and complex calibratmocedures

and once a model is calibrategharametersbecome watershespecific. In addition,

watersheds with sufficient data to calibrate and validatelels are normally small,
resulting inlack of repesentationat larger scalegLiu et al., 201% What decision
makers and stakeholders need is a simpler tool whichda® ley information about the
impact of land use change anBMPs on water quantity and quality imngauged
watershedg¢Renschler and Harbor, 20020 policy can be made accordingly.

A decisionsupport tool can beevelogd based orstatisticalmodels derived from
field experimenton manycombinatios of land use an@MPs. Since it is notpractical
to conduct so many field experiments,hgygically-based hydrologicahodel can be used
to providethe requireddata. With the aidof a geographic information syste(®IS),
these statistical models can be integrated into a deespport tool b assess the impact
of land use change anBMPs on water quantityand quality in watersheds One
prerequisitefor this approachis that gysically-basedmodek must beable to provide
accuratesimulatiors. To realize this these modek need to beset up calibratel, and
validated withextensive field dataincluding, e.g.,field surveys and longerm water
quality measurementfom an experimental watershedBefore applyingan existing
model to a new environmental settingmodel suitability should be assesed Usually,
model modifications arenecessaryo accommodatéocal climate topographicandland
cover condition®f anarea The presenttudy useshe Soil and Water Assessment Tool
(SWAT) in providingdatafor thedevelopment of a decisiesupport tool Following is a
brief introduction toSWAT anda discussion of the modifications to SWAT fdimate

conditions ofAtlantic Canada



1.2 Soil and Water Assessment Tool

1.2.1 Introduction to SWAT

Soil and Water Assessment Tool is developedhsyUnited States Department of
Agriculture (USDA).As aprocesshasedsemidistributed watershed model, it is designed
to simulate hydrological processes and predict water quantity and quality as affected by
land use, land management practices, and climategelfamold et al., 1998Gassman
et al., 2007. It provides a flexible framework that allows file simulation of theffects
of a broad range odBMPs (Fig. 1.1) such as those associatedhnihe application of
fertilizer and manurecover crops, filter strips, conservation tillage, irrigation, and flood
prevention structuregBracmort et al., 20Q6Gassman et al., 200®llrich and Volk,
2009. It is currently one of the most widely used hydrological models for water resource
assessment drwatershed managemed@assman et al., 2003anthi et al., 20Q6Yang
et al., 2009aYang et al., 2009b Many studés have used SWAT as a decisgupport
tool to evaluate the impadf land use change arBMPs on water resouss in large
ungauged watersheds

Model inputs include the physical characteristicsaofvatershed defined by local
meteorology, soil type, and topography (Fig. 1.1). Either simulatedcordedweather
data (e.g., precipitation, temperature, and solar radiation) may be used by SWAT (Fig.
1.1). Measured stream flow, sediment loading, and other water quality variables can be
statistically compared with model predictiofideitsch et al., 2001 The model analyzes
small or large watersheds layscretizing them into subbasins, which are then further
subdivided into hydrological response unktdikUs) with homogeneous land use and soil

properties and slopéran et al., 2013Yang et al., 2009a The model calculatethe



water balance (i.e., surface and subsurface runoff, percolation and base flow, and
evapotraspiration and transmission losses), crop growth, nutrient cycling, and pesticide
movement at the HRcale Waterflow, sediment, and nutrient loadings from each HRU

in a subbasin are summed and the resulting loadings are then routed through channels,
pords, and reservoirs to the watershed ouN&del outputs include HRWubbasin, and
watershed values for surface flow, lateral flow, base flamd sediment and nutrient
loadings(Fig. 1.1) In addition, SWAT is a weltlocumented opesource model with

many modifications that have been made to the original source catdiéféoent research
purposegCools et al., 20L1Green and Van Griensven, 206®lvoet et &, 200§ Wu et

al., 2013 Wu and Liu, 201

[ SWAT Input ]

[ SWAT Output ]

|

Precipitation Runoft/Soil erosion/
» Planting Water quality
Temperature » Harvesting for HRU
» Grazing
Daily . » Rotation
weather Wind Speed > Fertilizer application
> Pesticide application o
Solar Radiation > Tillage Daily
% Terrace Runott/Soil erosion/
Relative Humidity » Grassed waterways Water quah?y Monthly
L > Trrigation for Subbasin
Yearly

—

Maps

—

Land Use

Soil

Topography

» Tile drainage
» Contouring

» Strip cropping
» Filter strips

> Fire operation
> Septic systems

\ Y

Runoft/Soil erosion/

Water quality
for Reach segment

Figure 1.1 Inputs outputs andmanagemenbptionsfor SWAT.




1.2.2 SWAT M odification in Atlantic Canada

The il and Water Assessment Tduhs been applied to model watershed processes
and evaluatdBMPs across Atlantic Canada with many positive resgtbmad et al.,
2011 Amon-Armah et al., 201,3Fowler, 2003 Yang et al., 2009a Forinstance SWAT
has beernusedto assesshe impactof application depth, time, and amounts of fertilizers
on nitratenitrogen (NQ-N) and solublgphosphorus (SeP) losses due to surface and
subsurface runoff, and percolatipviang, 1997. Furthermore, SWAT has been used to
studythe effectsof flow diversion terraceon streandischargeand sedimenioadingin
the Black Brook Watershed (BBW)n northwestern New Brunswick, Canafiéang et
al.,, 2009% The model has also been used in the comparison of simulations and
measurements in terms of water flow and sediment and chdpadahgsbetween forest
and agricultural lands in the Little River Watershed (LRWN&w Brunswick(Fowler,
2003. The Soil and Water Assessment Tdws been applied to simulate sediment and
nitrogen loading (Ahmad et al., 20))1andin the assesment ofthe impactof nutrient
management plaaiing on crop yield, nitrate leaching, and sediment loading in the
Thomas Brook Watershed (TBWj Nova Scotia, Canad@amon-Armah et al., 2013
1.2.2.1Soil Temperature Module

During thesestudies, SWAT wasfound to underestimate the base flow discharge and
nitrate loadingduring winter andthe snowmelt seasofAhmad et al., 201;1Yang et al.,
20093. Predictons of sediment an&olP loadings were generally biased(generally
overestimatedjluring thesetimes of the year(Yang et al., 2009aDiscrepancies between
simulations and measmentsare largelyattributed to thgroblems associated with the

way SWAThandEesthe soittemperature calculation in winter.



In the original modelsoils areassumed to freeze in wintexsulting in restricted water
infiltration and as a resultsurface runoffis predicted to be the main flow path of most
snowmelt eventflLevesque et al., 2008Theseresultscontradict the fact that in Atlantic
Canadasoils are seldom frozen on account of a substantial amount of snow cover in
winter. Over an unfrozen soll, it is likely water generated fesmawmelt infiltrates the
soil, eventually reaching groundwater. Associated with this downward flow of water is
the tranport of nitrates from the soil profile, as most nitrates are leached from the plant
rooting zone over the autumn and winter periods in Atlantic Ca(tddaet al., 201
Furthermore, studies indicatieat seasonal snow cover serves to insulate the soil surface
from cold temperatures and, in some instances, facilitates thawing of the soil in response
to the upward transfer of heat prior to the snowmelt se@@moks et al., 1998Cline,

1995 Sommerfeld et al., 1993Thus,a physicallybased soitemperature module which
can address the intermediary role of snow cover in the daily evolution of the soil
temperature profile is needed for the application of SWAT in Atlantic Canada.
1.2.2.2SnowmeltM odule

Variation in snow depth (or snow density) impsd¢he thermal properties of snow
cover, such a#fs heat capacity and conductivity, which in turn determitie frozen
frontin the soil. Thus,it is necessary to corrégtpredict the snow depth (or snow déx)
in order to accurately estimate soil temperatdiiee tothe insulation effects of snow
cover. The current version of SWAT uses tamperatureindex module to predict
snowmelt.However, the temperature index has the poterttalinderestimate snowmelt
in the presnowmelt and snowmelt seasphecause it takes into account temperature as

the only controllingfactor during snowmeltThis is especiallytrue whena combination



of warm temperature plus high humidity and high wind speed prevail; sensiblatemd
heat become substantial sources of energy ¢hatlead to a significant amount of
snowmeltduring winter. Rain-on-snow events occur frequently throughout winter in
Atlantic Canada, buSWAT is not able to addresiis fact On the contrarythe erergy
balance module, whictakes into account energy exchangethasnowatmosphere and
snowsoll interfacesand energy storage within the snowpastkouldperform better than
the temperatureindex approach in conditions where the temperature is notrtbst
importantfactor. Thus,a snowmeltmodulebased on aenergy balance could be a better

option forthe application oEWAT in Atlantic Canada.

1.3  SWAT Setup, Calibration, and Validation

In order to provide reliable simulations, SWAT needs to be initially set up with detailed
land use and management information, and then calibrated and validated against long
term water measurements collected from a small experimental watershed. In &m pres
study, BBW, which has been studied extensively for more than 20 yed#ng, $ite of
interest In BBW, field experiments in terms of crop rotations, conservation tillage,
terraces, grassed waterways, etc., have been conducted to evaluate theirampadts
erosion and water quality at both the field and subbasinvell as watershescales.
Monitoring stations were established for BBW in 1992 to capture the spatial and
temporal variation in soil, topographic, and climatic conditions. Water measuieate
the outlet of BBW can be used to calibrate and validate SWAT. In addition, a land use
surveyhadbeen conducted every year since 1992 to record information about land use

and management practices, such as crop types, tillage, and fertilizer aiuidgest



applications in each individual field. These land use surveys can be used to set up the
land use and management files of SWAT.

Although SWAT discretizes a watershed ilitRUsto account for spatial variation in
watershed parameters, it is not able to explicitly assoditRJs with specific
agricultural fields where lonterm land use an@MPs records were taken, because
SWAT implicitly partitionsHRUs based on combinations &nd use, soils, and slopes
within individual subbasins. As a result, parameterization of land useBMtes is
always considered at the subbasin level rather than at inditRids. This method of
HRU-delineation reduces spatial resolution with respeatddé inputs and outputs, and
undewuses detailed land use and management records from BBW. Furthermore, it poses
difficulties to spatially specify exact sources of pollutants, or vulnerable areas in
subbasins and, as a result, nonpoint pollution soureesrdy traceable at the subbasin
scale and not at the fielttvel. Thus, HRUs need to be delineated based on field
boundaries for SWAT to utilize loagrm records from BBW. By doing so, not only
resolution of inputs is increased, but also prediction raoguand output resolution

potentially increase

1.4  Decision Support Tool

A decisionsupport toolcan be developedb y combining Adeci si o
geographicinformation system(GIS) for water quality assessment iarge ungauged
watersheds Theide ci si on rul eso c o uderdved ffran fisld mp | e
experiments on many combinations of land use BdPs, or they could be defined as
simple as constants basen expert knowledgeAlternatively, simulatios of a well

calibrated hydrological wdel could be used to develogtatistical models or even
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artificial neural networks used asparto f fideci.sA denisiomsuppost 200l
devel oped based on de citosusedondecisioh reakeis ands f | e
economists, whereas issmulation accuracy needs to be tested. In addition, to provide
sufficient fAdecision ruleso wit hrequiredlos onab |
be calibrated and validateaoeforefill ing data gapf field experimentsA well-calibrated
SWAT modelcan be used to conduetultiple scenarioswith respecto land use change
and BMPs Specifically, input and output data frollRUs in thesesimulationscan be
used to correlate climate, topographic and soil variables, as well as land B&IRgd
with water quantity and quality variable8s aresult a series of statistical models
relevant to different combinations of land use @&MPs can be used toconstructa
decisionsupport tool. These statistical models are oarbasicsimulationunits, which
are based omdividual grid cells.In order to asseske impactof land use andBMPs it
is necessary tontegrae modelng results fromindividual grid cells to subbasin or
watershed scale3his can be realized through GIS, which digailitates the decision
supporttool with data preparation and output visualization.

The decisionsupport tool can be tested by comparitg) results against those of
SWAT for alargewatershed in New BrunswickVhen using SWAT, greater efferare
needed to prepare basic inputs, such as daily weather records, to conduct subsequent
calibration and validation, which involve tedious scenario setup and analysis. Most
importantly, different watersheds need separate sfforsetup SWAT, which reque
extensiveamount of work. The decisionsupport tool, in contrast, can be used for
multiple watersheds as long as they have similar environmental conditions. In addition,

scenario analysis can be directly conducted with different combinations of larahds
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BMPs using fewer inputs than what is required by SWAT. Also, once developed, the

decisionsupport tookdoes not require any calibration.

1.5 Objectives

The main objective of the present study is to develop a simple desigiort tool to
evaluate and use change arBMPs impacts on water quantity and quality for large
ungauged watershedn New Brunswick The decisionsupport tooldeveloped through
this research could baesedto help in economic analyses and decision making with
respect to watershedanagement. My specific objectives are to:

(1) develop a physicalipased soitemperature module to replace the existing
empirical formulation irthe originalversion ofSWAT;

(2) examine theperformance of thenhancedrersion of SWAT (incorporating the
new sol-temperaturanodulg in modeling water quantity and quality as affected
by seasonal snow cover;

(3) develop arenergy balance snowmelt modirethe originalversion of SWAT to
simulate snowmelt under raom-snow conditions in Atlantic Canada,;

(4) set up,calibrate, and validate the enhanacesision of SWAT (incorporatingthe
new soittemperature andhowmeltmodules) by integrating extensive monitoring
and field survey datiiom a smallexperimentalvatershedn New Brunswick;

(5) developa decisiorsupport toolbased orsimulatiors of the enhancedersion of
SWAT from the small watersheahd test the todh a large watershed to assess

the impacbf land use change aMPson water quantity and quality

12



1.6 Theses Structure

The flowchartin Fig. 12 illustrates the thesis structure. The thesis consists of seven
chapters.n Chapter 1backgound information and rationafer modification of SWAT
and development of a decisignpport toolare addressedin Chapter 2 a new soH
tempeature moduleis developedfor the original version of SWAT to accommodate
At | ant i sma@imevanteelidnate. In Chapter 3, the enhancasision of SWAT
(incorporatingthe new soitemperature moduldg$ usedto simulate water quantity and
guality asimpactedby seasonal snow cover in BBWh Chapter 4an energy balance
snowmelt modulés develoged for the originalersion of SWAT to address raHon-snow
events in Atlantic Canad&hapters 24 present the development and application of the
enhancedersion of SWAT .In Chapter 5the enhancedersion of SWAT (incorporating
the new soHtemperature and snowmelt mods)lés set up vith detailed land use and
managemennformation,andcalibrated and validated witlbng-term waterquantity and
guality measurements from BBWh Chapter 6a decisionsupport tool is developeahd
applied b assesshe impactof land use change arBMPsin a largewatershed in New
Brunswick Chapter 7summarizeshe major contributions of the thesis apobvides

recommend@ons for future work.
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CHAPTER 2

A NEW SOIL -TEMPERATURE MODULE FOR SWAT APPLICATION IN

REGIONS WITH SEASONAL SNOW COVER

Qi, J., Li, S., Li, Q., Xing, Z., Bourque, C.P.A., Meng, F.R., 2016. A new soil
temperature module for SWAApplication in regions with seasonal snow cover. Journal
of Hydrology, 538:863877.
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Abstract

Accurate estimatiorof soil temperatures important for quantifying hydrological and
biochemcal processem hydrological models. Seilemperature predictions in the widely
used Soil and Water Assessment Tool (SWA®Dhtainlarge errors wherapplied to
regionsinfluenced byseasonal snow covein this study, anew physicallybasedsoil-
temperaturemodule was developed as an alternative to #rapirically-basedmodule
currently used inSWAT. The new module simulatel soil temperatureas a result of
energy exchanges tite snowatmosphere and sneswoil interfacesThe original and new
soil-temperature modules were tested against fieldmeasurementsfrom a small
experimentailvatershegi.e.,the Black Brook Watershed, in Atlantic Canada. The results
indicatad that bothmodules wereable to provide acceptable predictions of temperature
for different soil layers during notwinter seasons. However, the originadodule
severely underestimatesbil temperatures in wintewhile the newmodule producel
results thatwere more consistent with field measuremenbs addition, unlike its
counterpartthe newmodulewas able to simulate freezbaw cycles inthe soil profile.
Variationin soil ice andwater contentvasreasonablysimulatedby the newmodulefor
different snow cover scenarids. general the modified version cSWAT improvel the
prediction accuracyf base flow éscharge comparetb the original version of SWAT,
due toimprovements inthe calculation ofsoil temperaturein winter. The new sail
temperaturanodule greatly improved the ability cBWAT to predict soil temperates
under seasonal snow cowssential to the application 8MWAT in regions like Atlantic

Canada.

Keywords: snow cover; freezthaw cycles; heat transfer; soil heat conduction; SWAT

25



2.1 Introduction

The il and Water Assessment Tool (SWAT) ispeocesshasedsemidistributed
watershed model designed to simulate hydrological processes and predict water quantity
and quality as affected byand use land management practices, and climate change
(Arnold et al., 1998 It provides a flexible framework that all@afor simulatingthe
impactof a broad range diestmanagement practiceBNIPS), such as those associated
with the application of fertilizeland manurecover crops filter strips, conservation
tillage, irrigation management, and flepdevention structure§Gassman et al., 2005
Ullrich and Volk, 2009. In recent yearsSWAT has been applietb model watershed
processes and evale®MPsacross Atlantic Canada, with many positive resi#tsmad
et al., 2011Amon-Armah et al., 201, 3Fowler, 2003 Yang et al., 2009aln these studies,
however, SWAT tended to underestimate balew discharge and nitrate loading in
winter (Ahmad et al., 201;1Yang et al., 2009aand pedictions of sediment and solebl
phosphorus loadingended to béiased(Yang et al., 2009aThese tcrepanciesvere
largely caused bthe problems associated with tleenpirical soil-temperature module in
SWAT, which predictedfrozen soilsin winter resuléd in restricted infiltrationand
biochemical reactiond_evesque et al., 2008

In Atlantic Canadasurfacesoils in many regionsare seldom frozen on account of
thick snow cover The low thermalconductivity of snow covehelps toprotect thesoil
from excessive heat loss in win{@ghang, 200k Studieshaveshownthat seasonal snow
cover serves toinsulae the soil surface from coladveatherand, n some instances,
facilitate thawing of the soil in response to the upward heat transfer prior to the snowmelt

seasor{Brooks et al., 1998Cline, 1995 Sommerfeld et al., 1993As a resultmeltwater
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caninfiltrate the soilduring winter eventually reachingquifers Associated with this
downwardwater flow is the transport of nitratesiue to the fact thamnost nitrates are
leached from the plant rooting zowkiring autumn ad winter (He et al., 201p In
addition, many biochemical processes are active in unfrozenasumlisegulated byhe
soil temperatur¢Brooks et al., 199@rooks et al., 1998 Theinsulatin effects of snow
reduce the damage of extrefogy temperatureandallow for soil respirationDu et al.,
2013. For exampleCoxson and Parkinson (198ieported that the microbial activity
occurred either at depths below the thaw linenosoils protected by snow cover in a
southwestern Alberta site. A considerable portion of carbon fixed during the growing
season can be lost winter due tosoil microbial activities in high latitude areédirano,
2005 Mikan et al., 2002 Furthermorethe soil microbial activity isalso responsible for
nitrogen(N) transformations and is strongly influencedthg soil temperature in winter
(Stanford et al., 1975Jrakawa et al., 2094 Thawing of the soil stimulates microbial
activities resulting in temporal increases in emissiai CO, (Herrmann and Witter,
2002 Nielsen et al., 2001and N,O (Christensen and Christensen, 199and N
mineralization(Brooks et al., 1998Schimel andClein, 1996. Insulation resulting from
thick snowcover prevents soils from freezing, whikae shallow snowcover induces
frequentfreezethaw cycles.The impact of freezethaw cycles on soil respiration and
nutrient cyclinghas beenstudiedin field experiments; however, few hydrological models
can provide reliable simulationg/armer climate over the last haéntury has caused
significant declines in the extent of snow cover in tbethern HemispheréSolomon,
2007). Thus the application ofSWAT to climate change studies wouldenefit from

improved characterizatigrof soil heat transfer processasdfreezethaw cycles.
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In SWAT, daily soil temperatures are determined empirically as a function of several
vari abl es, i ncl udi ng t he agpecicdepth,ule avdragg 6 s s O
annual airtem@r at ur e, t h e sucface tengerdturedaadypositionsndiod |
profile. Effects of snow andplantcanopy cover on soil temperatuaee incorporated
empirically as a weighting factor. In addition, a lag coefficient is introduced to address
the influence of the pegevumuesntdagd®piBd empmyp
empirical formulation does not simulate freghaw cycles becae phase changes of
water are not considered ihe current version oSWAT. This empiricalmoduleworks
well in many applications worldwide. However, in regions witlick snow cover,
predictions of soil temperatwseseldom agree with field measurements winter.
Béanger (2009 found that in the Canadian Boreal Plains, éngpirical soil-temperature
module was able to reproduce seasonal trends in soil temperature fairly well for the
spring, summer, and autumn periods with a slight increa$e lag coefficient. However,
it was foundout that themoduletended to underestimate soil temperatui@ing winter,
even with an adjusted lag coefficient.dmowcovered regionssoil temperature in winter
is usually mucthigher than air temperatyrdue to the insulain effects of snow(Smith
and Riseborough, 2002Smith, 197%. Although such effects have been partially
accounted forby incorporatingcorrection factorsSWAT does not fully address the
physical processes driving soil temperature changes and, as a result, may not ateend to th
complexprocesseassociadd withthe presence of snogoverin winter. Béanger (2009
recommended thdurther development to the sé@dmperature modulevas required to

introduce the important insulan effects of snow
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No studies have been found to explicitly address the modification of the soil
temperature module iIBWAT. Nevertheless, a number of attempts have been made to
improve the snowmeformulationof SWAT (Debele et al., 203@Vatson and Putz, 2014
Zhang et al., 2008aThe original sodtemperaturenoduleis insensitive to changes in
snowdepthand, therefore, could not benefit fralme enhancement in the description of
snow cover evolutiom SWAT. Soil temperaturés determined by many factors, such as
seasonal snoandvegetation cover, atmospheric radiation, surface moisture content, and
atmospheric temperatufeing and Zhang, 2004 These factors are highly variable and
interrelated andccannot befully addressedy an empirical formulation. In contrast, a
physicallybased formulation, which is able tarsilate relevant processes at the snow
and soil surfaces, as well as within soils, can account for these interactions and
potentially provide more accurate predictions of soil tempermat{iieg and Zhang,
20049). The ohectives of this study are tol) develop a physicallpased soitemperature
module to replace the empirical formulation in tuerent version oSWAT,; (2) testthe
newsoil-temperaturenoduleagainst field measurements achulationsof the empirical
formulationn and (3) assess the improvemantstream flow predictiorby the modified

version of SWAT.

2.2 Materials and Methods

2.2.1 Physically-Based SodTemperature Module

2.2.1.1General Structure

Soil temperature is a reflection of soil energy status and it varies as a result of energy

transfer processes between air, spawd soil surfaceand betweemdividual soil layers.
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In theory, energy can be transferred in the form of radiation, convection, conduction, and
latent heat exchange associated with phase changes of water. Heat transfer by radiation
and convection ahe soil and snow interface is gerally negligible(Hillel, 1980). The
present study assumiethat temperature changes in the snow and soil layenre
governed byheat conduction between these layers and latent heat exchange resulting
from the freeze¢haw cycles in the upper soil profile, as describedimand Arp (1993
- — -0 - (2-1)
whereT (e Lis the temperature represents théme step(in days),k (J cm* d* e @) is
the thermal conductivityC (J cm?® e ©) is the volumetric heat capacitys (cm) is the
vertical distance from the asoil or airsnow interface, and(J cm®d?) is the latent heat
source/sink term.

Eq. 2-1 was converted to a fullymplicit discretized form solved witla tridiagonat
matrix algorithmdescribed inPatanka (1980. The temperaturevas calculated at the
center & each layefrfor individual hydrologicalresponsaunit (HRU). Heat capacity and
thermal conductivitywere assumed to be uniform within individual lageas was the
calculated temperature. Conductivities at the interface of bordering lagezsalculated
as the harmonic mean of conductivities of adjacent layésstically, the simulation
domainwas definedas extenthg from the airsoil or airsnow interfaceypper boundary)
to the damping depth (lower boundary), where the impact démiperature diministse
(Fig. 2.1). Beyond the last soil layer definedIW/AT, five additional layersvereadded
above the lower boundaryhicknesses othese layersvere equaland theyshare the

same thermatransfer characteristicas those othe last soil layedefined by SWAT
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Whensnowaccumulated on the grourttie snowcoverwas treated as a single layer (Fig.

2.1).

[ R, +R,+LE+H ]

/ Qrface(To) /

o<t [, T

Showpack(Ts)

T<T, T>T

: - ON <T; & 0<i, ===
Soil layet" (T) [—= = I
ON XTIy & O<w,

T<T, T>T,

X [————
XX Je—2 x|

ON <T & O<ic,_j————,

Soil layer™ (T,) <—1 s |
ON T, & O<w, ————*

Tha<h Th>Th

Ta<Ty T, >Ty

/ Bottom (Ty) /

Figure 2.1 Schematidlowchartof heat conduction in snow and soil layers. The freeze

thaw processswith latent heat release and absorptosillustrated in Fig2.2

2.2.1.2Boundary Conditions

The upper boundary temperatureswaalculated based @m energybalance equation
(Hillel, 1980):
Y Y 000 Y n (2-2)
whereRg, is the net solar radiatioRR, is the net longwave radiatiobE is the latent heat
flux, H is the sensible heat flux, ai®&ls the ground conductive heat transfer (Table 2.1).

All energy terms in EcR-2 have the same uniof Jcm? d™>,
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Table 21 Definitions and sources for variables and parameters in the new soil

temperaturenodule(seeTable 2.2and the text).

Var. Name (unit) Value Source
Ay Annual amplitude of monthly mean air temperatgrd) o} SWAT
U Surface albedo ) SWAT
C Volumetric heat capacity (J ¢he ©) d Calculated
C Volumetric heat capacity of ice (J &g © 1.9 Hill, 1980
Cn Volumetric heat capacity of soil minerals (Jten € 2.0 Hill,1980
C, Volumetric heatapacity of organic matter (J ¢rg ©) 2.5 Hill, 1980
Cu Volumetric heat capacity of water (J ¢ra ©) 4.2 Hill, 1980
Csnow  Volumetric heat capacity of snow (J ¢ra @) o} Calculated
Csi  Volumetric heat capacity of soil (J ¢hg © d Calculated
D,  Soil bulk density (g i) 3 SWAT
d Thickness of a soil layer (cm) o} SWAT
dg Damping depth (cm) o} SWAT
ds Snow depth (cm) 0 Calculated
B Mean annual damping depth of snowpack (cm) 126.8 Yin and Arp,1993
E;  Potential energy fdireezing(J cn? d*?) ) Calculated
E; Energy needed to freeze all water in a soil lqyesm?® d™) o} Calculated
E: Potential energy for thawing cm? d*) o} Calculated
E. Energy needed to melt all ice a soil laygcny d™) d Calculated
eff.oe Effective air/ground conductance ratio coefficient o} For calibration
H Sensible heat (J cfrd™) d Calculated
he Effective suface heat transfer coefficie@ cm?d™ e ©) o} Calculated
hy Heat of fusion (J§) 334 Hill,1980
ic Volumetric icecontent in soil layers 0 Calculated
iq Ice depth in soil layer (cm) o} Calculated
- Ice depth in a soil layer (cm) in previous day o} Calculated
L Kersten number 0 Calculated
k Thermal conductivity (J cthd™ e @) d Calculated
Ky Thermal conductivity of the top layer (J ¢crd* e © d Calculated
keoe  Soil thermal conductivity coefficient 0 For calibration
kay  Soil thermal conductivity in dry statéd ¢m' d' e © K} Calculated
Ke Extinction coefficient of plant o} SWAT
ki Thermal conductivity of iceJ(cm' d* e ©) 1900.8 Hill, 1980
kn  Thermal conductivity of soil minera(d cmi* d* e ©) 2505.6 Hill, 1980
ks  Thermal conductivity of snod cm'd’e ©) K} Calculated
ks coe Snow thermal conductivity coefficient 0 For calibration
ke  Soil thermal conductivity isaturated state) cmi* d* e ©) d Calculated
ke  Thermal conductivity of watgd cm'd’ e ©) 492.48 Hill, 1980
LE  Latent heat (J cihd™) ) Calculated
me Volumetric fraction of soil minerals o] SWAT
0. Volumetric fraction of organic matter o} SWAT
p Porosity of the soil layers o} SWAT
Riay  Solar radiation of the day (MJ ™) d SWAT
R.  Netlongwave radiation (J chd™) d SWAT
Rsn  Net solar radiation (J cAd™) ) Calculated
S Ground conductive heat (J &™) d Calculated
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SNO Snow water equivalent (mm)

Degree of saturation

Internal heat contribution (J ¢hal™)
Coefficient for snow density

Coefficient for snow density

Temperatureg €

Daily air temperatures()

Mean annual air temperature

Soil temperatureg(

Soil temperature at damping dep¢hi{
Surface boundary temperatuge
Temperature at the center of the top laygei(
Time step (day)

Effective maximum vegetative surface area index of pl:
Vegetative surface area index of plant
Volumetric fraction of water

Water depth in soil laysi(cm)

Water depth in soil layers in previous day (cm)
Vertical displacement (cm)

Thickness of the top layer (cm)

Mean annual snowpack depth (cm)
Effective airto-ground conductance ratio
Ice density (g ciM)

Snow density (g cf)

Water densityg cm?)

Change of ice depth (cm)

Change of water depth (cm)

w o

SWAT

Calculated
Calculated
Jonas et al., 200
Jonas et al., 200
Calculated

SWAT

SWAT

Calculated
Calculated
Calculated
Calculated
SWAT
SWAT
SWAT
SWAT
Calculated
Calculated
SWAT
SWAT

120 Yin and Arp ,1993

ox

0.92
0

0
0

1

Calculated
Hill,1980
Calculated
Hill, 1980
Calculated
Calculated

Not e: ASWATO and fical cul atedbo

the source

different components @WAT and calculated within the new stéimperature module, respectively.
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Latent and sensible heaéeredefinedas inMeng et al. (199bandYin and Arp (1993
D00 "QOY Y (2-3)
whereT, (3 ) is the air temperaturdy (3 ) is the surface boundary temperature, ag(d
cm?d? 3 1) is the effective surface heat transfer coeffici@eble 2.1). In the absence
of vegetationh. wasdefined as the rate of heat transfer betwberair and soilor snow
surface, due to their temperature difference. In the presence of vegethtiomas
definad as a lumping coefficient that charactedzet only the aksurface heat transfer
rate, but also the heat transfer rate associated with the shadingalative properties of
the overlying vegetation.

The ground conductive heat fluvas defined as

v

—O"Y 'Y (2-4)

wherek; (J cm® d! 3 %) is the thermal conductivity of the top layes (cm) is the
thickness of the top layef; (3 ) is the temperature at the center of the top layer (Table
2.1). In the absence of snow coube first soil layemwasreferedto the top layer

Combining Eg. 2-2, 2-3, and2-4, the surface boundary temperatiiecane

Y — —OY

= 25)

I

where parameteb, = , Which is the effective aito-ground condctance ratio

(dimensionless)which denotedhe relative rate between surfas@l heat transfer and
air-surface heat transfer. Lof indicatal that the rate of heat conductance into the soil
through thetop layerwas low (; approaches Q)or the rate of aito-surface heat
exchangewas high feap pr oac heb.a ppt o d\étheiburfagce tBmperature

quickly equilibratel to air temperature (i.eJo converges tol,). Parametelb, was
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calibratedwith an empirical equatiofEq. 2-6; Table 2.2)developed byYin and Arp
(2993. It was found thathe was closely correlated with net solar radiatigg and
vegetative area indexe¥ (and V,; Table 2.1). Parametesff..c was a coefficient to
calibratebe (Eq. 2-6; Table 2.2) and the default value @ff,ewas 8.1 according tin
and Arp (1993 The amount of net solar radiation absorbed by the soil or snow surface
and converted to kinetic energyas calculated wh Eq. 2-7 (Table 2.2). The net
longwave radiatiofiR,, was calculated bsWAT (Table 2.1).

The lower boundary of the simulation domawas defined at the damping depdh
which was determined bySWAT (Table 2.1). Soil temperaturg, at this depthwas

determined followingsteppuhn (1981 using Eq2-8 (Table 2.2; Fig. 2.1)
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Table 22 List of equations in theewsoil-temper#ure moduleEquations are grouped

according to their rokein the calculation

Eq. Variable Equations

Upper boundary temperature
Effective airto- 3
2-6 ground conductance f QQY JOp Q h 8
ratio
Net solar 5

21 adiation Yoopma& Op | 0

Lower boundary temperature
Soil temperature at i

- MV A Q
2-8 damping depth Y oY o p Q
Thermal conductivity of soll
2.9 Soil thermal ’?’Q “-“Q 9 ’?’Q ’?‘Q o) “-“Q
conductivity
Soil thermal -
. o 00O
2-10 conductivity for dry Q IN0) ;"’P L
soils CXTWT O
. aEYQ p Ol £AODUEI
2-11 Kersten number v Y AOT OREI
. 0 Q
2-12 Degree of saturation Y T
Soil therméa . Q JQ o1 £0OD
. Q _ _ _ e
2-13 conductivity Q Jo  Jo 0T O

for saturated soils
Thermal conductivity of snow

.14 Thermal conductivity 0 TQ‘ I o Yp8t © o8 o0
of snow Q Omigomg 0P
Effective density of .. LYoo o,

2-15 Snow | € QHT[ T[l € €

2-16 Snow depth Q  YOW

Snow and soil volumetric heatapacity
Volumetric heat o v v v o
capacity of soil ° o X 06X 0 030
Volumetric heat 5
capacity of snow 0 P83~

2-17

2-18

Freezethaw process [nternal latent heat)

2-19 Potential energy for 0O 8 MY xEAVY T
freezing

Potential energy for . o , P
2-20 thawing O 6 203Y xEAlY =

2-21 Energy needed to O Q2 NI
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freeze all water in a
soil layer
Energy needed to mel O E Y03

222 Allicein a soil layer
5.p3 Internal latentheat i Eloho 710 x EAMEOAAUET C
release or absorption i EDMfO 710 xEAOEAXET C
: oy | X2
2-24 Change of ice depth YQ T
o, i N
2-25 Change of water deptl Yu o ¥e]
. yao 0 x EAEOAAUET C
2-26 Icedepth Q vo B xEAGEAXET C
. Yo 0" xEAOEAXET C
2-27 Water depth 0 Yo 0" < EAEOAAUET C
2-28 Ice content T QgQ
2-29 Water content 0 0]jQ

2.2.1.3Soil and Snow Thermal Conductivity

The method developed hlphansen (19j5vas adoptedor calculathg soil thermal
conductivity of both unfrozen and frozen soils. The thermal conductivity of an
unsaturated soivas a function ofts thermal conductivities in both its dry and saturated
states at the same dry densliity introducing a normalized thermal conductivity based on
the Kersten numbef. (Eg. 2-9; Table 2.2). Johansen (1975oted that dry density or
porosity was the major factor in determining the thermal conductivity in dry soils,
yielding Eq.2-10 (Table 2.2). The Kersten numbses determined by the degree of
saturationS (Eq. 2-11; Table 2.2), whictwas calculated from the amount of water or ice
in the soil (Eq.2-12; Table 2.2). In the case of saturated soils, soil mstrocture he
little impact on the thermal conductivity. A geometric mean equation based on the
thermal conductivities of the components and their respective volumetric frastésns
used in the caldation of thermal conductivity (Eq2-13; Table 2.2). The thermal
conductivity of snowks was calculatedas a function of snow densify (Eq. 2-14; Table

37



2.2), as inSturm et al. (1997 Snow densitywas linearly corredted to snow water
equivalentSNQ asdemonstrated throudhq. 2-15 (Jonas et al., 2009The si1ow depth
ds was a function ofsnow density andSNO (Eq. 2-16; Table 2.2) The SNO was
calculatedwith thesnow moduleof SWAT (Table 2.1).

There were two parameters for calibration of soil and snow thermal conductivities.
Parametek:,e accoungd for variationsin soil physical propertiesuch as soil texture,
bulk densityandporosity as well as ice, wateand organic contes{Eq. 2-9; Table 2.2)
The parameter alspartially accouned for the convectiveheat transfewith permeable
soils subject to high infiltration rai@®e Vries, 197%h The value ok..e might begreater
than thedefault (= 1) for a humid environmentParameteks ... calibrat@l the thermal
conductivity of snow (Eq2-14; Table 2.2). Snow thermal conductivityas determined
by snow textured.g.,grain size, shape, and bondirag)d density(Pomeroy and Brun,
2001). Snow metamorphism and density variation coptdentiallycausethis parameter
to bedifferent fromthedefault(i.e.,= 1).
2.2.1.4Soil and Snow Volumetric Heat Capacity

The volumetric heat capacity of (s, was alculated as the volumetngeighted
mean of specific heat capacity of soil constituenising Eq. 2-17 (Table 2.2) The
contribution of air to the specific heat of the se#s ignored in this study. Following

Verseghy (1991 CshowWas calculated based on Efy18 (Table 2.2).
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2.2.1.5Latent Heat Exchange

The new soHtemperaturanodule consideed latent heat transfer due to freebaw
cycles as an internal heat source or siitkin individual soil layer( i . e. , 2fs 0 i n
Fig. 2.1). Latent heatvas calculated according to the release of energy during the
freezing of liquid water (source term in E31, represented aspositive value) and the
absorption of energy during the melting of ice (sink temnEq. 2-1, represented a&
negative value; refer to E®-23, Table 2.2; Fig. 2.2). Each layerofte when its
temperature reacteor fell below @& Gndthawed whenits temperatureexceeeéd Og C
Variablei; was the volumetric soil ice content and updatethataily time stegbased on
the status of the sowith respect tdreezing or thawing (Ex| 2-19to 2-29; Table 2.2; Fig.

2.2).

j

Figure 2.2 Schematic flowhartof freezethaw processsfollowed bylatentheatrelease

and absorption in soil layerBefinition of the variables andelatedequationsare found

in Tables2.1 and 2.2
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Basic mechanisms of coupled haatnsferand water flow in soils areonsiderably
complex. In the present study, tbhaginal formulation of water flowin soil layerswas
not modified In fact, the icevater phase changes the nev soil-temperature module
couldalterthe moisture distribution and watexgimeof soilsin winter and,interactively,

affectingthe soil thermal properties (Table 2.2).

2.2.2 Study Site and Data Collection

The study was carried ounh the Black Brook Watershed (BBW)ocated in
northwestern w Brunswick (NB), CanadéFig. 2.3). The watershed has been studied
extensively for many decades to evalufeimpactof agricultural activitieson soil and
water quality(Chow and Rees, 2006i et al., 2014 The watershed covers an area of
14.5 knf, with 65% of the land apportioned to agriculture, 21% to forest, and 14% to
residential living The climate of the region is considered tonb@deratelycool boreal,
with approximately 120 frodtee days(Yang et al., 2009a The average annual
temperature is 3¢/ @nd precipitation is 10374m (Zhao et al., 2008 About onethird
of the precipitation is in the form of sno®nowmeltcan lead to significant surface
runoff and recharging of groundwater aquifers from March to Mayow and Rees,
2006. Elevaton in the watershed ranges from 170 to 260 m above mean sea level.
Slopes vary from 6% in the upper basin to@% in he central area of the watershed,
andin the lower watershed, slopes are more strongly rolling1#8%. Soil surveys (at
1:10000 scat) identified six mineral soils(Fig. 2.3) i.e., Grandélls, Holmesuville,
Interval, Muniac, Siegas, Undine, and one organic StilQuentin(Mellerowicz, 1993.
Potato and barley are the two major agricultural cagipyingmore than 50% of the

watershed area.
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Interval
Grad Falls

Figure 2.3 Locatiors of the BBW and weather stations #5, #8, and St. Leorfso.

typesare also showfor BBW.

A high-resolution(1-m) digital elevation model (DEMfor setup ofSWAT was based
on elevation data collected with airborne light detection and ranging (LIDAR) technology.
Soil datawere extracted from a detailed soil survey m@pellerowicz, 1993. At the
outlet of BBW, a Vnotch weirwas installedin 1992 and stage height of watevas
recordedwith a Campbell Scientific CR10X dakagger (Campbell Scientific Inc. Logan,
Utah, USA; hereafter CSlandthen converted tdlow rates Weather data including
daily precipitationair temperature, relative humidjtgnd wind speedverederived from

the St. Leonardenvironment Canada weather station (T&h®), located approximately
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5 km from BBW (Fig. 2.3). Daily average relative humidity and wind speede
calculated based on hourly valueBaily solar radiation collected from WS#8
(approximately 1&km from BBW) wasused(Fig. 2.3). Soil temperatures were acquired

at depths of 5, 20, 50, and 100 cm at W&#3he outlet of BBWjrom 1998 to 200and

2, 5, 10, 20, 30, 50, and 100 cm at WS#8&m 2001 to 2010with CS107 soH
temperature sensors (CS§now depth measurements, taken with SR50A sm@pth

sensor (CSIl), were available from 2001 to 204t0WS#8. Snowdepth and soil
temperature sensors were all wired to a CR10X (CSI) datalogger, set at a scan rate of 1
minute, and averaged hourly. Hourlytalavere subsequently transmitted by landline to a
server at the Soil and Hydrology Researchb of the Potato Research Gant

Fredericton, NEXing et al., 2013 Datasets used this study are listed in Table 2.3.

Table 23 Datasets used getupandcalibrationof SWAT andcalibration and validation

of thenew soittemperature module (NSTM)

Dataset Period Station Purpose
Precipitationtemperature, 19922010 St. Leonard SWAT initialization
relative humidity andwind speed

Solar radiation 19922010 WS#8 SWAT initialization
Discharge 19921994 Outlet SWAT calibration
Soil temperature 20012003 WSH#8 NSTM calibration
Soil temperature 20042010 WSH#8 NSTM validation
Soil temperature 19982002 WS#5 NSTM validation
Snow depth 20012010 WS#8 Snowimpacts
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2.2.3 Model Calibration and Validation

The SWAT modelwas modified by replacing the original steimperature formulation
with its physicallybased counterpart. Afterward, daily soil temperatatafrom WS#8
(2001-2003) were used testimatethe three paramete(®eoe Ks coe and effog of the new
module (Table 2.3) These parameters weremanually adjusted until simulated
temperaturesn atesting HRU converged tmeasurementsThe testing HRU (#20001)
wasselectedor site similarityto WS#8in terms of soil (Holmesville) topographic (flat)
and land cover (@ss) characteristics. Since the depth to the center of each soil layer was
fixed for SWAT, measurements #te depth closegiwithin #5.5 cm) were used in the
comparison The errors caused bydifferences betweersimulation and measurenten
depths wereassumedo be negligible The first validation of the newoil-temperature
module was conductedor the same HRU (#20001yvith measurementérom WS#8
(2004201Q Table 2.3. A second validation was conducted for another HRU (#70001)
with measurementsirom WS#5 (19982002 Table 2.3. The soil (Grandills),
topographic (flat)and land cover (@gss) characteristiosf HRU#70001 weresimilar to
those ofWS#5

Model performancean predictingmonthly base flow and total stream dischaage¢he
outlet of BBW withdifferent versions oSWAT were assesse(one version fitted with
the original soHtemperature moduldéo be referredo as originalSWAT, and another
with the new moduleto bereferredto asmodified SWAT). Soil conservation measures,
such as flow diversion terraces and grassed waterdeymatically increasedfter 1994
in BBW. To avoid theimplications associated with these measubegh versions of

SWAT were calibrated withmonthly water flow dataacquired between 1992 and 1994.
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Baseflow wasbased on previously reported values determined by recursive digital filter

(RDF) method(Li et al., 2014bZhang et al., 2013

2.2.4 Sensitivity Analysis

Senstivity of soil temperatures tahe three parametersf the new module was
analyzed witithe method outlined byricklin et al. (2012 andLenhart et al. (2002 The
depenénce of an output variableon an input parameteris defined asa normalized

dimensionless sensitivity index

0 —=— (2-30)

wherey is the model output with parameter valuexgt x ithe percent adjustment of
the parameteunderconsideation y; andy, arethe model outpwstpredicted withx; = Xo-
gx andx; = Xo + X, respectivelyAccording toFicklin et al. (2012, the sensitivity index
rangsfrom-b t o +cén ba cladsified into fougroups When ||< 0.05,the index
indicates lack of sensitivity 0 . I(<50.200me|di um s e n s illg 1.00jhighy ;
sensitivity; || O  lext@mely high sensitivityA negative value indicates that the
parameter haan inverseeffect on the predictioms compared to the original valua
this study, output variablg was specified by thenean and standard deviatiai
predictedsoil temperaturgefor the four soil layers in HRU#20001IT h ex ingkq. 2-30

was set at 10%hanges fronx, for three parametergith modified SWAT.

2.2.5 Snow Cover Impact

The impacts of snow coveon surface soil temperature and freézaw cycles were
evaluatedin three snow cover scenarioswith modified SWAT. The snow parameter

SFTMP, which determineghe thresholdtenperature for snowfaklio occur,was adjusted
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to -20, -10, and & , while otherparametergemainedunchangedA greater value of
SFTMP canaccumulatemore snowon the graund. In addition,simulated and measured
daily snow depths for HR#R0001and WS#8 respectivelywere comparedot examine

the influence of snowlepth on therediction of soil temperature from 2001 to 2010.

2.2.6 Model Performance Assessment

Performance of both versions of sotemperature modulen soil-temperature
predictionswas assessetiased orthree coefficients of accuracie., average bias (B
coefficient of determinatiofR?), andNashSutcliffe coefficient(NS; Nash and Suitcliffe,

1970, given as:

Y (2-31)

Y b 2 _ (2-32)
B B

6°Y p — (2-33)

whereQ; andP; are the observed and predicted values,@nglandP,yg are the average
of the observed and predicted valu€se modelperformancen predictingstreamflow
at the outlet oBBW with both versions oBWAT was assessed basem R?, NS, and

relative errorRe, i.e.,

YQ —pnnb (2-34)
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2.3 Results and Discussion

2.3.1 Parameter Estimation and Sensitivity Analysis

The soil and snowthermal conductivity coefficients (i.ekeoe andks coe respectively
were estimated to be 10 andy&aterthan defaultvalues In Atlantic Canada, rahon-
snow event®ccurfrequentlyduring winter, and melivater has the potential tanfiltrate
and cool deeper soilayersresulting ina large ke Value. In addition frequent winter
events of snomelt and ré&eezing of meltwater lead tgreatersnow density associated
with higher thermal conductivityThe coefficient foreffective airto-ground conductance
ratio eff.,oe was estimated to be 50, whigtes greaterthan the default value for forest
conditions(i.e., 8.1). According toYin and Arp (1993 the effective air-surface heat
exchange raté. should be lowefor open groundhan under forest cangpand eff;,e
shouldhavegreatewvalues

The normalized sensitivity indelxfor the threecalibrationparameterdased on winter
(Dec.- Apr.) and nonwinter seasons shown in Table 2.4. Using meanthsindicator,
Keoe@NdKs coeWere found to béaighly sensitivefor mostsoil layers in winterandeffeoe
was insensitive for mostoil layes exceptfor the third layer I = 0.15).In nonwinter
seasons, all three parameters were considered to be insemsitisalifferent soil layers.
As an exceptiofk..e sShowed nediumsensitivityfor thefourth soil layer (= 0.11) Using
standard deviation abe indicator, k.oewas withinthe medium sensitivity range forthe
top three soil layers artdgh sensitivity rangéor thefourth layer in winterandks coeand
eff.eewere in themediumto high sensitivity rangéor different soil layers. In nowinter
seasonghethree parameters were all insensitive ddferent soil layersexceptthatkoe

was in the range of mediusensitivityfor thefourth layer { = 0.18).
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Table 24 Normalizedsensitivity index value@) for three parametersf the new soit

temperature module for different soil depémperiods

Winter Non-winter

Indicator Soil depth (cm) Soil depth (cm)

05 105 50 875| 05 105 50 875

Mean Kewe |-0.54 -0.45 -0.83 -0.59|-0.02 -0.01 0.03 0.11
Ks coe | 0.80 0.92 -0.74 -0.13| 0.00 -0.01 -0.02 -0.03
effee | 0.02 -0.01 0.15 0.05| 0.00 0.00 0.00 0.00

SD Kewe |-0.16 0.04 -0.16 -0.56|-0.01 0.01 0.11 0.18
Ks coe | 0.19 0.26 0.26 0.07| 0.01 0.01 0.05 0.05
effwe | -0.27 -0.27 -0.04 0.08|-0.05 -0.04 -0.02 0.00

In general k.oe andks coswere more sensitive in winter than in reinter seasongor
both statistical indicatoysdue to the presence &reezethaw cyclesand snow cover
When mearwas used aghe statistical indicator, negativaluesof | for ke regardless
of soil depths indicated that increasing thermal conductivities could reducesoil
temperatures. When standard deviatieas usedasthe indicator, mostvaluesof | were
negative for ke indicating thatincreagng thermal conductivities could suppress
variatiors in soil temperaturedue tothe upvard heat transfeirom deeper soil layers
(Table 2.4) In addition,k..ewas more sensitivein deeper soil layers for both indicators
(Table 2.4), dueto relativdy high thermal conductivitiesWhen standard deviatiomwas
usal asthe indicator,values ofl for ks ccewere all positive indicating thatincreasing
snow thermal conductity could increasevariatiors of soil temperature$or different
layers.

Parameteeff.,,e was more sensitive using standard deviatiatherthan mean aghe
indicator for most soil layergTable 2.4). This is understandalgeen that eff..c mostly

controled the variationof surface temperature. Decreasgf§..resuledin higher day
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to-day variatios in soil temperaturgfor different soil layerswhile increasing its value
would suppress variatian(Table 2.4). This influence@iminishedwith soil deptls as
demonstrated bthe gradually decreasing absolutalues ofl from thefirst to the fourth

soil layers(Table 2.3.

2.3.2 Model Performance Assessment

Table 2.5 give statisticsof measured and simulated soil temperatbiaesed orwinter
(Deeemberthrough toApril) and nonwinter seasongluring calibration and validation.
Table 2.6gives B, R?, andNSvaluesfor the same conditions as aboiée results are

discussed separatdiyr thecalibration and validatioperiods

Table 25 Mean andstandard deviation (in bracket) of measured and simulated soil

temperatureg Cfor different depthsn winter (Dec-Apr.) and noAwinter seasons

Year Module Winter Non-winter
Soil depth (cm)A 0.5 10.5 50 0.5 10.5 50
01-03 Measured 0.1(1.9) 0.2(1.2) 1.1(1.0)| 149(6.7) 13.9(5.8) 13.2(4.9)
OSTM -11.0(6.1) -9.9(5.6) -6.1(4.0)| 11.2(7.4) 10.6 (6.8) 8.4 (4.8)
NSTM -0.6(1.3) -05(1.0) 0.4(0.4)| 11.2(6.4) 11.0(6.2) 10.2 (4.9)
04-10 Measured| 0.7(2.7) 0.7(2.1) 1.4(1.5)| 14.6(6.3) 13.9 (5.6) 12.9 (4.7)
OSTM -8.5(6.3) -7.7(5.8) -4.5(4.1)| 11.4(7.0) 10.8 (6.5) 8.6 (4.5)
NSTM -0.1(1.7) 0.0(1.3) 0.8(0.7)| 11.4(6.1) 11.3(5.8) 10.6 (4.5)
Soil depth (cm)A 0.5 14.5 0 0.5 14.5 0
98-02 Measured 0.3(1.2) 1.0 (1.0) o} 12.7 (5.3) 13.0(4.9) o)
OSTM -95(6.1) -8.1(5.5) o} 11.2(7.2) 10.3(6.4) o)
NSTM -05(1.7) -02(0.8) & 11.4 (6.3) 11.1 (5.8) d

Note: OSTM refers to the original s@émperature module; NSTM refers to the new-soil

temperature module.
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Table 26 Model assessments ofiginal andnew soittemperature moduse(OSTM and

NSTM, respectivelyfor differentdepthsn winter (De@mber through tépril) and non

winter seasons

Seasons Year Module Bi(9gC R NS
Winter  Soil depth (cm)A 0.5 105 50| 05 105 50 0.5 10.5 50
01-03 OSTM | 11.08 10.14 7.27| 0.44 0.48 0.26| -46.40 -90.84 -64.92
NSTM 0.71 0.68 0.71| 0.48 0.27 0.55 0.30 -0.17 0.04
04-10 OST™M 9.26 8.38 5.85|0.62 0.49 0.22| -13.83 -19.78 -20.88
NSTM 0.08 0.72 0.59| 0.58 0.55 0.71 0.45 0.41 0.40
Soil depth (cm)A 05 145 8 05 145 @ 0.5 14.5 3
98-02 OST™M 9.74 9.09 0o 0.35 0.30 o -58.19 -103.58 o}
NSTM 0.07 115 0 045 036 0 0.03 -0.88 0
Non Soil depth (cm)A 05 105 50| 05 105 50| 0.5 10.5 50
winter 01-03 OST™M 3.66 3.28 4.80| 0.96 0.95 0.85 0.66 0.61 -0.07
NSTM 3.70 2.87 3.05|0.94 0.96 0.95 0.64 0.71 0.58
04-10 OST™M 3.19 3.09 4.38|0.97 0.96 0.83 0.40 0.35 0.18
NSTM 3.16 254 2.33|0.96 0.97 0.97 0.41 0.38 0.31
Soil depth (cm)A 05 145 8 05 145 @ 0.5 14.5 3
98-02 OST™M 143 264 0o 093 088 0o 0.79 0.62 o}
NSTM 125 189 o 096 096 0 0.88 0.81 0
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2.3.2.1Model Performance during Calibration

Fig. 2.4 displayssimulateddaily soil temperaturesit three depthsn HRU#20001
compared with measurements from 2001 to 2@M&ing calibration, the originatoil-
temperaturenodule underestimated soil temperaturfes all soil depthsin winter (Fig.
2.4). Simulated temperatures were much lower tma@asurementsiith lowestvalues
approximately-2 0 do€the 0.5 and 10.5 cm déyg and-1 0 go€the 50 cm depth (Fig.
2.4). In contrast the newmodule greatly improved simulation accuracyFig. 2.4).
Simulated mean soil temperatures weomsistentwith measurements (Table 2.5nd
associated biasedr¢m 0.68 to 0.7 Lwere much smallethan those(from 7.27 to
11.0& of the originalmodule regardless of soil deghTable 2.6). Improvemest
werealsoobservedrom theincreass in R* andNS for different soil layers (Table 2.6)
and the improvementsended tobe greaterin deepersoil layers(Table 2.6).The low
valuesof R* and NSwere mainlydue tothe small variations inmeasurments mostly
within the rangeof -2  t ofor allesd@il depths (Table.3). Slight underestimatiosiwith
the newmodulein early winterwerethought to be the result of an inaccuragtimae of
the effective a-to-ground conductance ratip (Fig. 2.4) because E®-6 wasdeveloped
based ordata collected in summerdble 2.2 Yin and Arp, 1993). Oneossible reason
might bethatthe newmodule didnot considethe solar radiation absorbed by the ground
with shallowsnowcover.

In nonwinter seasons, botimodules were able to simulate soil temperatures
reasonablyvell (Fig. 2.4). There were not many difference$.&tcm depth with respect
to B (3.66vs 3.7e I R? (0.96vs 0.94), and\'S (0.66vs 0.64) while at 10.5 and 50 cm

depthsthe newmoduleperformed better than the origimabdule(Table 2.6). However,
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both modulestended to underestimate soil temperasat all three soil depths (Bangel
from 3.05 to 4.8& CTable 2.6). This was probably due to the fact that air temperatures

measured at th8t. Leonard station were lower thaintemperaturemeasurect WS#8.
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Figure 2.4 Simulateddaily soil temperatures with origihand new soitemperature

modules (OSTM andNSTM, respectivelyat different depthsn HRU#20001compared

with measurementduring calibration (2002003).
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2.3.2.2Model Performance during Validation

Fig. 2.5 displayssimulateddaily soil temperatures at three depthsHRU#20001
compared with measurements from 2004 to 20i0vinter, soil temperatures predicted
with the newmodulevaried mostly withinthe range of2t o frealCdepths, close to
measuremds (-2to4 e C; T aRrddietionBiasés ywith the newnodulewere all less
than 1leC, mu c bf thé oziginal modnle( g r telad = &, regatdlass of 5 ¢ C)
soil deptls (Table 2.6).Values ofR? and NS were greateffor the newmodule and
improvemens in R? andNS were greatein deepeisoil layers(Table 2.6). Imon-winter
seasons, both moduslevere able to predict soil temperatures with acceptable accuracy.
Although the mearpredictionswere slightly lower than measurementgTable 2.5)
prediction biases with the newnodule (2.33to 3. 1 6 e C) wer e offtkess t ha
origind module (3.09to 4 . 3 8fg @é three soil layers(Table 2.6).There were not
many differences in RandNSbetween twanodulesfor the 0.5 and 10.5 cm depths, but
for the 50 cm depth, RandNS were greatefor the newmodulethan theoriginal module
(0.97vs 0.83 and 0.3¥s 0.18, respectively; Table 2.@8iases tended tdecreasevith
soil deptts suggesting that the newoduleperformed bettefTable 2.6).

Fig. 2.6 displayssimulateddaily soil temperatures at two deptivs HRU#70001
compared with measurement®rh 1998 to 2002Similarly, the newmodule greatly
improved predictionaccuracyin winter, comparedwith the origind module (Fig. 2.6).

The lowestpredictionswith the originalmodulerangedfrom -15 to -2 0 eatwo soil
depthswhile theyvaried mostly withinthe range of2 t ofor the @wmodule close
tomeasurementél t o 2eC; Tabl éan@NSWdre greater foratteechéwt i o n ,

modulethan the originamoduleat two soil depths (Table 2.6). Akiring calibration and

52



validationin HRU#20001, both moduseslightly underestimated soil temperatuet$wo

soil depthdor nonwinter seasonglable 2.5).

(a) 2cm Measured ——0.5cm NSTM -oeeeee 0.5cm OSTM

Temperature/°C

(b) 10cm Measured —— 10.5cm NSTM  «oeeeeee 10.5cm OSTM

Temperature/°C

30 (¢) 50cm Measured —— 50cm NSTM  «eeeeeeee 50cm OSTM

Temperature/°C

2004 2005 2006 2007 2008 2009 2010

Figure 2.5 Simulateddaily soil temperatures witthe original and new soitemperature

modules (OSTM andNSTM, respectivelyat different depthsn HRU#20001compared

with measuremen@uringvalidation (20042010)
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Figure 2.6 Simulateddaily soil temperaturesith theoriginal and new soitemperature

modulesOSTM andNSTM, respectivelyat different depthgn HRU#70001compared

with measurementguringvalidation (19982002)
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2.3.3 SnowCover Impacts

2.3.3.1Snow Cover Impacts on Soil Temperature and Freez€haw Cycles
Predicteddaily soil temperaturg(at 0.5 cm depth soil iceandliquid water conterg,
and snow depthin HRU#20001from 2001 to 2003 for different snowcover scenarios
are shown in Fig. 2.7ig. 2.7d displays three snadepthcurves simulated b$WAT,
from little snowon the groundo thick snowcoverwith a maximum depth of nearly 50
cm. Thick snow covertended toelevatesurface temperature closer t8 Gand reduce
variationin soil temperatureluring winter(Fig. 2.73. The new so#temperaturenodule
prediced reasonable trersdn ice and water contemfor different snowcoverscenarios
(Figs. 2.7b and c)Thegreatest ice contemtas generateih thelittle snowcoverscenario
and leastn thethickestsnowcoverscenarioln contrastliquid water content was lowest
in the little snow cover scenario andyreatest in thehickest snow cover scenario In
addition,changesn ice contentsverenegatively correlated witbhhangesn liquid water
contens for the three scenarigsvith the maximumice conterd occuring in late winter,

i.e., before thenowmelt season.
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Figure 2.7 Predicteddaily soil surfacdemperatursg soil iceandliquid water conterg,

and snow depgin HRU#20001from 2001to 2003for different snowcoverscenarios
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2.3.3.2Snow Simulation Impacts on Soil Temperature Prediction

Predicted daily snow depths and soil temperatures from 2001 to 2010 are plotted
together withmeasurementas shownn Fig. 2.8. Thesoil temperatures wengredicted
for 0.5 cm depthn HRU#20001, while theneasurements wegquiredat 2 cm depth
from WS#8 It is apparent thaBWAT underestimatednow depthsn winters of 2001,
2008 and 2009. Accordinglypredictionswerelower thanmeasuredoil temperaturefor
theseperiods(Fig. 2.8). In contrasGWAT overestimatedgnow depths winters of 2004,
2005 and 2006 and, as a resudtedictions were highgéhanmeasuredoil temperatures
for these periods (Fig. 2.8Measured soil temperatures varied mdramaticallythan
their predictedcounterparts with the lowest values nelde Gin 2004). Discrepanes
between predicdnsandmeasurementsould be attributed téhe snow module oSWAT.
The results indicated that snow accumulation and melt progelssesia significantrole
in defining soil temperatureMore accurate predictisrof snowdepthscould potentially
improve the prediction accuracy il temperature with the newoil-temperature
module. Futuravork is recommendetdb improve SWAT with respect to its simulation of

snowcover evolution
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2.3.4 Improvement in Stream Flow Prediction

Observed and simulatedonthly water flowfrom 1992 to 1994s shown in Fig. 2.9.
Accuracyassessmesbf both versions cBWAT areshown in Table 2. 7Compared with
originakSWAT, modifiedSWAT improvedthe accuracyof simulating the base flow
discharge over three years?(Bhd NS increased from 0.75 and 0.71 to 0.84 and 0.80,
respectively) with a sgnificant increase in Re (fron25 to-3). As demonstratedh Fig.
2.9a modified SWAT generatedjreaterbase flow discharge (more consistent vittle
estimats) duringearly winter (December) artle snowmeltseasor{April), asaresultof
improvedestimaesof infiltration andpercolation However, there was little improvement
in simulatng the total stream discharge with modifie8WAT (Table 2.7). Annual total
water discharge simulatdry both modelsvasnearlyequaloverthree years (Fig. 2.9b).
However,the amount of watdtowing through different pathays (surface runoff, lateral
flow, and percolationyimulatedwith modified SWAT were clearly differentfrom those

of originaFSWAT.

Table 2.7 Model performancen simulatingbase flowand totalstreamdischarge with

originalk and modifiedSWAT (OSWAT and MSWATrespectively)

Model Index Base flow Discharge
OSWAT Re(%) -25 -5
R? 0.75 0.89
NS 0.71 0.89
MSWAT Re(%) -3 -5
R? 0.84 0.91
NS 0.80 0.90
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Figure 2.9 Observed and predicted monthly (a) base flow and (b) total stream discharge
with original and modifiedSWAT (OSWAT andMSWAT, respectively at the outlet of
BBW from 1992 to 1994Thefiobser ved o values for base
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2.4 Conclusion

In this study, anew physicallybased soitemperaturemodule was developedin
SWAT as a replacement for the origirfafmulation. The newnoduledoesnot require
any additional inputfor SWAT. Ten yearsof measured soil temperatsrérom one
weather statiomveresplit intotwo sulsets three yearef datawereused toestimatehree
calibraion parametersof the new module and seven yearsof data were used for
validation In addition five yearsof measured soil temperatgriegom a different weather
stationwereused forextravalidation. Resultindicated that the newnoduledramatically
improvel soil-temperature predictions during winter comhate the original module.
Results also indicatl that both so#temperature moduseslightly underestimate soil
temperature in nonwinter seasons, while the new modyerformedbetterthan the
original one especially fodeeper soil layers. The new st@mperaturenodulewas able
to simulate freez¢haw cycles an@valuatethe impact of snow cover ahe variationof
soil ice andwater contergtin soil profile. Scenario analysis also stemithat snow depth
had a significant impact on soil temperature.Discrepanciesin soiltemperature
predictionscould be attributed to error snow accumulation and medimulatedwith
SWAT. Thus future workis needed tamprove SWAT with respect téhe snow module
Themodifiedversion ofSWAT improvel the prediction accuracgf base flow discharge
compared withthe original version dueto correct estimaisof soil temperaturgin winter.
The new soitemperaturenodulehas greatly improved the ability &WAT to predict

soil temperaturefor regionsinfluenced byseasonal snow cover.
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Abstract

Winter soil temperature simulated with the Soil and Water Assessment TAGWAT)

are generally inaccurate inegionsinfluenced by seasonal snow covérecausethe
empirically-based soitemperature moduldoes not account for snemsulation effects.
This problem,in turn, leadsall subsequent projectionsf water flow and nutrient
loadingsto be biased.To address this issue, a physicdlgsed soitemperaturenodule
wasdeveloped and incorporateddrSWAT as an alternative to the empiricabdulein
Chapter2. It was tested against measurasdil temperatures, and results indicated
significant improvement inpredicting winter soil temperaturegompared with the
empirical module In this study, we continual to examine the performancef the
modified version of SWATincorporatingthe new modulein simulatng water quantity
and qualityas impacted by seasonal snow cofgra small experimentalatershed in
New Brunswick, Canad&imulations of the modified version of SWAT were compared
with those of the originalersion of SWAT and againstfield measurementsResults
showed thathe modified version of SWATGreatlyimproved the predictionaccurag of
base flow discharge and nitrdbading. Compared with the original version, thedified
versionof SWAT predicted overall lower surface runoff and soil moisture content, as
well as higher percolation and lateral flow in wintierading toclear differencesn the
fate of pollutants. Adding a physicalbased soitemperatureanoduleto SWAT is an
important modification makng SWAT more relevant tssnowcoveredregionsof the

world.

Keywords: SWAT; snow cover; soil temperature; water quality; infiltration; nitrate

leaching
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3.1 Introduction

With its high albedo, low thermalonductivity, large energy requirement for melting,
and significant soil water inputthe snow cover determine$e surfaceenergy balance
and soil temperaturein snowdominatedregions (Zhang et b, 2008. Since most
biological, chemical, and physical processes are controlled by tempet@atuegious
degreesn thesoil (Matthias, 19900Iness et al., 200Rahi and Jensen, 197B8hou et
al., 2007, correct description of the relation betwestow cover and soil tempéuae is
critical for climate change stigs and wateshed managemen$tudies hae shown that
soil temperatureinder thick snow covesanbe 203 greater tharair temperaturedue to
insulation effectsof snow (Smith and Riseborough, 2003mith, 197%, resulting in
unfrozen so# during winter(Brooks et al., 1998Levesque et al., 2008Thick snow
cover serves to insulate the soil surface from ceétherand as a resultpartially
frozen sdis can occasionally thaw due to the upward transfer of heat tihendeep
ground. Thus meltwater at the snoewoil interface can enter the soil complex and
percolaé to the groundwater, potentiallgontributing to stream flow at a later time
(Bochove et al., 2000_evesque et al., 2008 Sedimentand nitrates as well asother
agriculturalchemicals canmove either downslopeor downwardwithin the soil profile,
leadingto significant variations irsediment andutrientloadingsduring the year For
instance most nitrates are leached from the plant rooting zone over the autumn and
winter periods in Atlantic Canad@le et al., 201p sediment transpomnainly occurs
during the snowmelt perioieth the same regio(Chow and Rees, 20D6As a result, soil
thermal state(i.e., frozen or unfrozen) become the most intgoatr factor governing the

dynamics of water flow and consequent soil erosion rautdient losses (Hardy etal.,
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2001, Zuzel et al., 1982 When soil surface thawthetop soil can be easily detached by
runoff resulting in massive loss of soils and phosphorugPanuska et al., 2008
Rekolainen, 1989 These processesan beintensified by rainfdl (i.e., rainon-snow
events) leading to severe nonpoint source pollut&uhillinger, 2@1; Singh et al., 2009
With unfrozen soilsin contrast meltwatercaninfiltrate into deepsoil layers resulting in
reducedsedimentand phosphorus loadingBochove et al., 200(u et al., 201)1 Thus,
theaccurateredictionof soil temperaturés importantfor watershed modeling in regions
with seasonal snow covéMatthias, 19900Iness et al., 200IRahi and Jensen, 1975
Zhou et al., 200y

Among many watershed models, Soil and Water Assesstoaht(SWAT) has been
testedthe mostand used to solve complex watershed management prololemany
regions around thevorld (Ahmad et al., 201;1Cao et al., 2009Dakhlalla and Parajuli,
2015 Debele et al., 20%10Li et al., 2015 Li et al., 2016 Maier and Dietrich, 2016
Uniyal et al., 2015Yang etal., 2009. It is designed to simulate hydrological processes
and predict water quantity and quality as affected by land use, land management practices,
and clmate changéArnold et al., 1998 It provides a flexible framework that allows for
the simulation of watershed processes under a wide range of watershed management
practice§Gassman et al., 2000llrich and Volk, 2009. However, studiefrom regions
with seasonaknow coverhave showrthat SWAT tended to underestimdiase flow
discharge and nitrateitrogen (NQ-N) loading during winte(Li et al., 2014aYang et
al., 2012 Yang et al., 2009aand predictions of sediment and solupl®sphorus (SeP)
loading were also biasedYang et al., 2009a It was speculated that a major souofe

these discrepancies was likely associated with incogstiinaes of soil temperature
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with the empiricaly-basedsoil-temperature moduleithin the current version of SWAT
(Béanger, 2009. This empirical formulation, in general, works wéll summer and
winter for many applicationso warmregions of the worldHowever, SWAT-predictions
of soil temperaturerarely agree with field measurements regionswhere substantial
snow accumulateguringwinter, such asn Atlantic CanadgYang et al., 2009a

In SWAT, daily soil temperatures are determined empirically as a function of the
previous dayo0 s acerain tlepth, hergverageaanrnuatampeaature, the
cur r ent sufacy t@rsperatuwd, dnd position in the soil profileveighting factor
is incorporated accountintpr the impacts of snow and plaatanopy cover on soll
temperatures. 80, a lag coefficient isncludedto address the influence of the previous
dayos temperature on t hiisempiicd mednlédoed aoy 6 s
simulate freezg¢haw cyclesbecause phase chasgd waterin soilsarenot considered
in the current version of SWATStudies havdéound that the empiricahodulewas able
to reproduce seasonal trendk soil temperature fairly welfor the Canadian Boreal
Plains in spring, summer, and autumwith a slight increase irthe lag coefficient
(Béanger, 2009. However the moduletended to underestimaténter soil temperatures
even withan adjustment of thiag coefficient(Béanger, 2009. Snow has a high surface
albedo and high emissivityontributingto the low thermal conductivityprotectingthe
ground from excessive heat loss in win@&nang, 200k Althoughthe currentversionof
SWAT has consideredsuch effects thnagh incorporation ofcorrection factorsit fails to
address physical processestrolling soil temperatureThus, SWATcamotattend to the
comple hydrologicaland biochemicaprocessesssociated with the presence of snow

cover(Béanger, 2009.
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Soil temperature i€ontrolled by many factors, such as atmospheric radiadod
temperature, ssanal snow and vegetation covand soil texture and moisture content
(Ling and Zhang, 2004 These factorsannot beaddressedy an empirical formulation
because thegre highly variable anohterrelated In contrast, a physicalyasedapproach
can account for these interactions and potentially proioere accurat@rediction of
soil temperature(lLing and Zhang, 2004Qi et al., 2015 In Chapter 2 we have
developeda physicallybased soitemperaturemodule for SWAT to address the
insulation effects of snow (Chapter 2;Qi et al., 2016. Instead of considering soll
temperature as a function of air temperatune, riew sotemperature modulsimulates
temperature change in snow athe soil as a result oheat conduction and latent heat
exchangeCompared with the empirical moaulthe new module &ble toestimaé snow
or soil surface temperature based amenergy balance, updathermal properties of
snow and soil layers according to chasgn snow density and soil mdige and
simulatefreezethaw cycles in the soil profileThe newmodule was tested withfield
measurementBom a smallexperimentalvatershed irAtlantic Canada, demonstrating a
greatimprovemenin predictionof soil temperaturge(Chapter 2) Meanwhile,it remains
unknown if theimprovement impredictingsoil temperature can lead to better estenat
water flowandsedimen&andnutrientloadings. The objectiveof this study is tassess the
performance othe modified version of SWAT(incorporating the new seiemperature
module to be referred to as modifi€®WAT) in predictingwater quantity and qualitgs
affected by seasonal snow cov8pecifically, the modified version of SWAT was tested
against field measurements and simulations of the original Svkiédel (to be referred

to as originalSWAT) in the smallexperimentalvatershed irAtlantic Canada.
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3.2 Material sand Methods

3.2.1 Study Site and Data Collection

The study site,i.e., Black Brook Watershed (BBW)s located in northwestern New
Brunswick (NB), Canada (Fig. 3.1Jhe watersheds strongly influencedy martime
climateandconsidered as a typicakamplerepresentingitlantic Canadé& environment
(Chow et al., 2011 The watershed covers an area of 14.5°kmith 65% of the area
being agricultural lagh, 21% forest landand 14% residentiarea and wetlandé-ig. 3.1;
Chow et al., 201)1 The climate of the region is considered tont@deratelycoolboreal
with approximately 120 frodree days(Mellerowicz, 1993 Yang et al., 2009a The
average temperature and annual precipitation are Gnd 1037.4 mm, respectively
(Zhao et al., 2008 About onethird of the annal precipitation is in the form of snow.
Snowmelt is a major source of surface runoff and groundwater recharge from March to
May (Chow and Rees, 2006 Elevation in the watershed ranges from 170 to 260 m
above mean sea level. Slopes vary froBPA4 in the uper part to 9% in the centrgbart
of the watershed. In the lower part of the watershed, slopes are more strongly roHing at 5
16%. Soil surveys(1:10,000 scale identified six mineral soils,i.e., Grandfalls,
Holmesville, Interval, Muniac, Siegaand Uhdine, and one organic soibt. Quentin

(Mellerowicz, 1993.
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Figure 3.1 Locationof the BBW andvatermonitoring and weathetations in New

Brunswick General land usks alsoindicatedfor BBW.

A land use survey Bdeen conductedachyear since 1992, recording changes in land
use and management practices, including crop rotatiifage operatiog fertilizer
applicatiors andbestmanagemenpractices BMPs) implementatios in eachagricultural
field. Flow diversion terracesand grassed waterways have beerontinuously
implemented in BBW fromthe early 199@s. Until 2010, nore than half of the
agriculturallands havebeenprotectedby those measurd¥ang et al., 2010 A water
monitoring statiorwasestablishedn 1992 & the outlet of the watershed (MS#1; Fig. 3.1).
The stage height of watdras beenmonitored and converted to flow rategor the

calculation of dischargéChow et al., 201)1 Water samples were colted with an ISCO
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automatic samplefChow et al., 2011 Sampling frequency was set at one sample every
72 hours when runoff was absentDuring runoff events sampling frequency was
increased to one sample evergrd incrementn stage height. Samples were analyzed for
concentrations obuspendedsolids NOs-N, and SolP. Weather dataincluding daily
precipitation,air temperature, relative humidity, and wind speedre acquired from the
St. LeonardEnvironmentCanada weather statioapproximately 5 km from BBWEFig.

3.1). Daily average relative humidity and wind sp&eztecalculated from hourly values.
Solar radiationand ®il temperaturs at soil depths of 2, 5, 10, 20, 30, 50, and 100 cm
from 2001 to 201Qvere obtained fromWS#8 approximately 10 km from BBW (Fig.

3.1).

3.2.2 SWAT Setup,Calibration, and Validation

A high-resolution LIDAR (light and radar) based digital elevation model was used to
delineate the watershed and derive topographic features of the watershed. Soil, land use,
and management ddta SWAT were based on soil and land use surveys. During BW
initialization, HRUswere managed to be spatiadlgsociatedvith specific fields in BBW
by assigning unique land usedfb the individual fields. Thus, parameters relevant to
crop rotation and managememractices of each field were modifiedfor each
corresponding HRU.The present studyalso modified the terracing and grassed
waterways operation filewithin SWAT to addressmpacs of these soil conservation
measure®n waterquantityandquality. Parameterassociated witlthesemeasuresvere
madified according tovalues published in the scientific literaty@ronshey, 1986Haan
et al., 1994Wischmeier and Smith, 1978ang et al., 2010Yang et al., 2009h andare

givenin Table 3.1.
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Table 3.1 Parameter valuesdjusted for terracing and grassed waterwayboth

versions of SWAT

BMPs Parameter Meaning Value
Terracing TERR_P USLE practiceactor 0.1t0 0.15
TERR_CN Initial SCS curve number Il 50
TERR_SL Meanslope lengti{m) 25100
Grassed GWATN Mannings N value 0.35
waterways GWATSPCON Sedimentinear parameter 0.005
GWATD Depth of grassed waterway 3/64xGWATW
GWATW Meanwidth of grassed waterwayn) 5
GWATL Length ofgrassedvaterway HRU length
GWATS Meanslope of grassed waterways 0.75<HRU slope

Both versios of SWAT werecalibrated using monitored water data from 1992 to 2001
and validated using datiom 2002 to 2011.For originatSWAT, calibration was
conductedwith the SWAT Calibration Uncertainty ProgramSWAT-CUP) tool, ver.
5.1.6(Abbaspour et al., 200.7We initially calibrated monthly base flow and total stream
discharge. Basttow dischargevasbased on previously reported values calculatethe
recursivedigital filter (RDF) method(Li et al., 2014b Zhang et al 2013. Further
calibration was conducted by comparing modeled monthly sedimentNN@nd SolP
loadings with field measurementsFor modifiedSWAT, the new soitemperature
module wadirst calibratedwith measurediaily soil temperature§ hreeparaneters were
adjusted until modle-predicted temperaturas the testing HRU#20001 converged to
measurementBom WS#8for the period 200201Q Finally, the calibrated valuesvere
applied to allHRUSs for further simulation The HRU#20001was selectediue to its
similarity in site conditions tahose of WS#8 in terns of soil type (Holmesville),
topographic (flat), and land covegr@ss) characteristics. Sindepth to the center of each
soil layer was fixed in SWAT, soitemperature measuremeritem the depth closest

were used in the comparison. Although slight differences might exist between simulation
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and measurement depths, the error was expected to bg(@inetilal., 201% Afterward
modified SWAT was calibrated against monthisater quantity and quality datsimilar

to the calibration of originaBWAT (Yang et al., 2009a

3.2.3 Statistical Evaluation

Soil temperature estimatewith both versions of SWAT werecompared with
measurementbased on evaluatisrof two statisticalindexes,i.e., arithmetic mean and
bias (mearof simulatonsi meanof measurementsModel performancean simulatng
water quantity and quality at the outletBBW wasassessed based timeecoefficients
of accuracyi.e., relative errofRe), coefficient of determinatiofR?), and NaskSutcliffe

coefficient(NS; Nash and Sutcliffe, 19F0given as:

YQ — prunp (3-1)

Y 5 2 ; (3-2)
B B

6 p — (3-3)

whereQ; and P; are the observed and predicted values, vas@g,, and P4 are the
averages of the observed and predicted valtesspectively In addition, the average
monthly values of water flow through different paths (e.g., surface runoff, lateral flow
and percolation) and nutriembadings through different pathways (e.g., surfa@nd
subsurfaceunoff and sedimenrtanspor} for winter (De@mberFelruary), the snowmelt
season (Mah-May), and other parts of the year (&MNovembej from 1992 to 2011

were calculatedor thetwo versions of SWATo compare the relative difference.
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3.3 Results and Discussion

3.3.1 Soil Temperature Calibration

Simulateddaily soil temperaturegat 0.5cm depth against measuremengat 2 cm
depth are shown in Fig. 3.2. Statisticabsessmentsf soil-temperature moduldsased
on winter (Deemberthroughto April) and norwinter seasons are shown in Table 3.2. In
general,simulatedsoil temperaturesvere consistent with measurements during ion
winter seasons, averaging 14.7, 18d 12.4¢ Cfor measurementand estimatedrom
the original and new moduse respectively (Fig. 3.2; Table 3.2h winter, theoriginal
module severely underestiredtsoil temperaturesvhile the new module produceadore
accurateestimates (Fig. 3.2Meansoil temperaturgwere 0.5,-9.3 and 1.2 QGor the
field measurements anchodeledestimats from the two modules, regpectively (Table
3.2), withamagnitude obiasdecreamg dramatically from 9.8 to O¢f CTable 3.2) 1t is
worth noting thathe new so#temperature module predicted unfrozmils for most of
the days in winters froma®1 to 2010however, soils were actually frozen for mawfy
those days due to shallow snowcover (e.g., 2004 and 2005Fig. 3.2). These
discrepanciesvere partially dueto anoverestimation of snow deptiWe suspecthatthe
temperature indekasedsnowmelt modulas incapable taddresgain-on-snow events
which play a significant rolén the surface energy balance and snow cover evolution

Atlantic Canada
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Figure 3.2 Comparisons of daily soil temperatures simulatéti the original and new
soil-temperature modules (OSTM and NSTM, respectivedylield measurementisom

2001 to 20106n HRU#20001

Table 32 Statisticalassessments dieoriginal and new soitemperature modules
(OSTM and NSTM, respectively) fovinter (DeeemberApril) and norwinter seasons

from 2001 to 2010

Measured OSTM NSTM

Period Index 2cm 0.5cm 0.5cm

Nonwinter Mean(e L 14.7 11.3 12.4
Bias(e € ) 34 23

Winter Mean(e T 0.5 9.3 1.2
Bias(e L 3 9.8 0.7
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3.3.2 Performance of SWATIn Modeling Water Quality and Quantity

Simulated andobserved water flowand sediment and nutrient loadingduring
calibrationand validationare shown in Figs. 3.3 and 3.4. Bottrsions of SWATwere
able to capture the vations of total seam dischargandsediment and Sd? loadings
in both periods (Figs. 3.3b,,@and e and Figs. 3.4b,,cand e respectively. However,
peak base flonand NOs-N loading were consistentlydelayedwith originatSWAT
during the snowmelt season, whereas modiS8®dAT correctly captured thesmajor
events for both periods(Figs. 3.3a and ,dand Figs. 3.4a and, drespectively.
Improvements were realized as a resultaifrectestimaes of soil temperatureleading
to increasednfiltration and nitrate leachingvhich wereexported tostreamsthrough

base flow discharge (Figs. 3.3a ahdnd3.4aandd).
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Assessmentsf original and modifiedSWAT for bothperiodsare shown in Table 3.3.
During calibration, originalSWAT underestimated base flow discharge (Re24.6),
while modifiedSWAT provided more accurate estimmtRe = -5.3), resulting in
improvementin R* and NS (R and NS increasedrom 0.25 to 0.59 and from 0.14 to
0.57, respectively; Table 3.3As a result, mprovemerg in simulations of NOs-N
loadings were also realizedlable 3.3 shows that origin@WAT performed poorlyn the
simulation ofNOs-N loading with low R? and NS while modified- SWAT improvedthe
simulation accuracy(R* and NSincreased from 0.09 to 0.42and fom -0.31 to 0.36,
respectively. As for total stream dischargend sediment and S loadings, modified
SWAT performed slightly better than origirBWAT (increass in NS ranged from 0.05
to 0.07; Table 3.3); Realueswere all within an acceptable range for both models
(Moriasi et al., 200y It is worth noting that modifiecBWAT slightly underestimated
sediment loading (Re <16.6)due toincreasednfiltration andreducedsurface runoff.

During validation, originalSWAT underestimated base flow discharge (R&25),
while modified SWAT improved itsprediction(Re =-1.9; R?> and NS increasedrom
0.48 to 0.82 and from 0.42 to 0.82, respectively; Table Bx&ddition modified SWAT
alsoimprovedthe accuracyf simulatng NOs-N loading (R and NS increasedrom
0.18 to 0.36 and from0.33 to 0.30, respectively; Table 3.3). However, both models
overestimated total stream discharge (Re = 17.7 and 16.1 for origmdlmodified
SWAT, respectivelypndsediment (Re = 37.8 and 12.9) and NOloadings (Re = 18.
and 22.9), and underestimated -Boloadng (Re =-18.1 and-31.2),due to the lack of
detail associated withithe impact ofBMPs In the early 200, the usage of flow

diversion terraces and gradseaterways doubledAlthough wehave seterracing and
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grassed waterways modules for both versions of SWARR_CNand Pfactor values
from literature coulde inaccurate for thetudy site Also, the current terracing module
has been reported nab perform well in some studieslue to itsover simplification
(Shao et al.,, 20t3Yang et al.,2009h. For instance overestimation of total steam
dischargemay not be solved byn adjused TERR_CNalone and calibration of other
relevant parameterds requiredas well Despite all this, westill can conclude that
modifiedSWAT performed better than originaBWAT, especiallyin simulatng base

flow discharge and N&N loading

Table 33 Model performancén simulatngwater flow and sediment and nutrient
loadingsfor original and modifiedSWAT (OSWAT andMSWAT, respectivelyduring

thecalibration and validatiophase of the work

Period Model Index Base flow Discharge Sediment NOs-N SolP

Calibration OSWAT Re (%) -24.6 5.4 9.2 7.4 99
R? 0.25 0.58 0.49 0.09 030

NS 0.14 0.53 0.44 -031 0.24

MSWAT  Re (%) 5.3 3.9 -16.6 26 3.8

R? 0.59 0.61 049 042 031

NS 0.57 0.60 049 036 0.31

Validation OSWAT Re (%) -125 177 37.8 19.6 -181
R? 0.48 0.85 0.39 0.18 0.50

NS 0.42 0.71 -0.06 -033 0.44

MSWAT Re (%) -1.9 16.1 129 229 -31.2

R? 0.82 0.88 034 0.36 0.57

NS 0.82 0.82 0.01 0.30 0.54
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3.3.3 SWAT Parameterization

Calibrated parameterdor both modelsare provided in Table 3.4.Comparedwith
originakSWAT, modifiedSWAT generatedower peak flow during snowmeltdue to
increased infiltrationTo compensate for thisffect Smtmp (snowmelt base temperature)
and Sftmp (snowfall temperatur@)creased from T (for originakSWAT) to higher
valuesto accumulate more snow on the grouiod melting (Table 3.4) However,
increasing these twg@arametersshifted the peaks after the snowmelt period To
compensatéor this effect Timp (snow cover temperature lag factor) was adjusted from
0.01 to 0.15 indicaing that air temperture exereéd a greater influence on snow
temperature Meanwhile Smfmx (maximum melt factor) and Smfmn (minimum melt
factor) were adjusted to increase the melting frfatehigher peak flow during the
snowmelt periodTable 3.4)

As infiltration increasedwith modified SWAT, CDN (denitrification rate coefficient)
was adjusted from 0.1for originakSWAT) to 0.04 to reduce denitrificatiorates
leading to more nitrate leaching winter and the snowmelt seasdfarameter Slsoil
(slope length for lateral dw) was reducedo increase lateral flow corresponding to
increased infiltration.Sedimentrelated @arameter Slsubbsn (average slope length for
subbasinsand Rrelated paramete®_Updis (phosphorus uptake distribution coefficient)
and Phoskd (phosphorgsil partitioning coefficientwas increased to producgreater
sedimentand SolP loading, respectively,to compensate foa decrease in surface

runoff with modifiedSWAT.
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modified SWAT (parameters ).

Table 34 Parametesadjusted during calibration of origin8WAT (parameter ) and

Parameter Unit Default Parameterdl Parametersi

Smtmp e C 0 0 0.3
Sftmp e C 0 0 0.18
Smfmx mme Cday" 4.5 7.2 9.73
Smfmn mme Cday* 4.5 2.5 3.53
Timp o} 1 0.06 0.15
Surlag o} 4 0.75 0.75
Alpha_Bf day 0.048 0.04 0.04
Gw_Delay day 31 1 1
Revapmn mm 1 500 500
Rchrg_Dp 0o 0.05 0 0
Esco o} 0.95 0.17 0.17
Epco o} 1 0.97 097
Canmx mm 0 0.5/2 0.5/2
Sol Awc 0 default x1.1 x1.1
Slsoil m default x (1-0.1) x (1-0.5)
Slsubbsn  m default x (1-0.1) x (1-0.85)
CDN o} 14 0.17 0.04
SDNCO o} 1.1 1 1
N_Updis o 20 100 100
Phoskd o} 175 200 155
P _Updis 0 20 50 20
Not &: refers .to forest | and
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3.3.4 Impacts onWater Flow and Nutrient Transport

Table 3.5gives smulated aerage monthly water flow and nutrient loadings through
different pathwaydfor different periods of the yeaModified-SWAT generated less
surface runofandmore lateral flow and percolation thanginatSWAT for winter and
the snowmeltseason Meanwhile modified SWAT produced less nitrates in surface
runoff and more nitrates in lateral flow and percolation (Table XHNiously, the
changesn water flowwere consistent with changes in nitra@nsportthrough different
pathwaygqTable 3.5. More than 50% othetotal surface and lateral flgwas well as total
percolation were produced during the snowmedeasonand about Q% duringwinter
(Table 3.5).Meanwhile 40% of total nitrates werneachedduring the snowmelseason
and 7% during winter (Table 3.5). These results imply that nitrate leadhingnter,
especially during the snowmedeasonshould begiven more attention when managing
agricultural watersheds in Atlantic Canada.

In addition, soil moisture simulatdy modified SWAT was less than that of original
SWAT in winter and the snowmekeason(Table 3.5). OriginaBWAT tendedto
accumulateinfiltrated waterin upper layersof the frozen soillLevesque et al., 2008
while modified SWAT predictedower water retentiordue to unfrozen soildecreases
in organicN andorganicP loadingswith modified SWAT were directly relatedotthe
reduction in sediment loadinduring winter and the snowmedeasonIn other parts of
the year, not many differences were observed in average monthlyflwatend nutrient
loadings betweenthe two models except that modifie®WAT produced more lateral

flow and nitrate loadingthanoriginat SWAT (Table 3.5).
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Table 35 Averagemonthlywater flow anchutrientloadingsfor winter (DecemberFelruary), the snowmelt season (MirMay),

andother parts of the year (JethNovembej from 1992 to 201 kimulatedwith the two versions SWAT (OSWAT andMSWAT,

respectively. Valuesin bracketsareratios ofaveragewvater flow and nutrient loadings ftite current period to trennualtotal.

Water and nutrient

Other seasons (Jun: Nov.)

Snowmelt (Mar. - May)

Winter (Dec. - Feb.)

OSWAT MSWAT OSWAT MSWAT OSWAT MSWAT
Surface runof{mm) 15.97 (0.24) 13.55 (0.38) 83.54 (0.64) 37.54 (0.53) 15.04 (0.12) 6.00 (0.08)
Lateral flow(mm) 3.55 (0.57) 10.88 (0.41) 5.10 (0.41) 27.54 (0.52) 0.18 (0.01) 4.11 (0.08)
Percolation(mm) 20.46 (0.44) 18.26 (0.33) 52.73 (0.56) 65.73 (0.60) 0.02 (0.00) 7.26 (0.07)
Soil moisture(mm) 119.98 (0.43) 114.55 (0.49) 146.45 (0.26) 123.99 (0.26) 172.97 (0.31) 117.82 (0.25)
NO:-N in surface runoftkg ha') ~ 0.07 (0.26) 0.06 (0.44) 0.34 (0.65) 0.14 (0.49) 0.05 (0.09) 0.02 (0.07)
NOs-N in lateral flow(kg ha') 0.19 (0.82) 0.48 (0.70) 0.08 (0.17) 0.35 (0.26) 0.00 (0.01) 0.06 (0.04)
NOs-N in percolatior(kg ha?) 3.28 (0.61) 3.12 (0.52) 4.11 (0.38) 4.76 (0.40) 0.00 (0.00) 0.88 (0.07)
OrganiceN loading(kg ha?) 0.80 (0.17) 0.80 (0.21) 6.76 (0.72) 5.56 (0.73) 0.97 (0.10) 0.50 (0.07)
OrganicP loading(kg ha?) 0.11 (0.18) 0.11 (0.22) 0.84 (0.72) 0.69 (0.72) 0.12 (0.10) 0.06 (0.07)




34 Conclusion

In Chapter 2aphysicallybased soitemperature module@asdevelopedor SWAT to
address insulation effects of snolvwas tested using measured soil temperatinoes a
small experimentalwatershed in Atlantic Canadaesults showedthat the prediction
accuracywas improvedfor winter. The present study evaludtéhe performance ahe
modified version of SWATIn simulatng water quantity and qualitas impacted by
seasonal snow covéar the same watershefpecifically,the modified version of SWAT
was testedhgainstfield measurements amsanulations d the originaiSWAT. The results
indicatal that the modified version oBWAT dramaticallyimproved the prediction of
base flow discharge amditrite loading compared tthe original versionTaking into
accountthe impact of thick snow covemodified SWAT generatedower amounts of
surface runoffand more percolation resulting indecreasd amounts ofnitratesin the
surface runoff andncreagdleaching Thus,we suggest thatignificant losse®f nitrates
during winter andthe snowmeltseasonshould begiven more attention in Atlantic
Canada.The modified version oSWAT is potentially applicabléo regionsinfluenced
by seasonaknow cover, soil temperaturegpredictionscan be improvedin areas where
soil surface temperatumeay behigher than air temperature winter. Inwarm climate
regions such asouthern North Americawherethe original version 0SWAT has been
tested the mosthe modified version of SWATwould probably not performany better

More tests araeeakd.
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Abstract

Rainon-snowevents araypical in maritime climatesand they can causerious floods
and excessive losses of soils and nutridhtis assumed thagnergy balance snowmelt
modek (EBMs) perform bettein simulating these eventsan temperature index model
(TIM ), due totheir consderationof physicalconditions In this studyanenergy balance
snowmelt model was modified and integrated Wit Soil and Water Assessment Tool
(SWAT) to predict snowmelt for maritinregions The modified EBM was testedjainst
field measurements and simulations tbé currenty used TIM in SWAT for eight
watershedsacross Atlantic Canada Results indicateé that the EBM improved the
accurag of predictingsnowmeltcompared with the TIMespecially forwatersheds with
low forest cover, mainlgue toimprovedsimulationsof rain-on-snow eventsin addition,
the EBM was ableto provide reliableestimats of snow deptk important forsimulating
soil temperatureduring winterin Atlantic CanadaWe recommemled usingeBM in the
applicationof SWAT to maritime regionof the world especiallyfor ungauged snow

covered watersheds.

Keywords: rainron-snow; SWAT; snowmelt; flow rate; energy balance; maritieggon
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4.1 Introduction

Snowmelt plays an important role in hydrologic processes for snovwered basins
(Zeinivand and De Smedt, 200Meltwater is the most impamt component oftotal
water dischargeduring the snowmelt seasofOhmura, 2001 and has significant
influences on flooding, contaminant transport, water supply, smilderosion (Male,
1981). Knowledge of the timing of snowmelt and quantity of meltwater is crucial in
assessingnvironmentalmpacts ofsoil eroson, nutrient leachingand pollutantoading
(Burwell et al.,1975 Harr, 1981 Johnsson and Lundin, 199Bnowmelt occurs not only
duringthe early springsnowmeltseason as a result imicreasd solar radiationbut also
in the presnowmelt seasodue torain-on-snow event§USACE, 1998. Rainorn-snow is
a common feature in various maritimegions such aswestern United Statesyestern
Europe, and Atlantic Canadas well as manymountainous areas in the southern
hemispheredue to warm air from ocearbringing heavy rains on snewovered land
(Cohen et al., 2005 Significant rairon-snow events occur predominantly northern
maritime climatescovering 8.4 x 18 km? (Putkonen and Roe, 2003Jnder a standard
climate change scenaria global climate model predert a 40% increase in raion
snow influenced arecby 20802089 (Putkonen and Roe, 2003Rain-on-snow plays a
significant role in generating high stream flows and has greater potentignerag
serious floods thadoesa short period of radiatiemduced snowmeliKattelmann, 1985
Kattelmann, 1987Singh et al 1997. As a result, mangtudies have been conducted to
investigatethe mechanism and characteristicsaf-on-snowinducedrunoff (Brunengo,
199Q DeWalle and Rango, 200&attelmann, 1987Marshall et al., 1999Meng et al.,

1995 Smith, 1974 USACE, 1998.
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Physicalfactorscontrolling snowmelthave been intensively studied and documented
(Anderson, 1968Anderson, 1976DeWalle and Rango, 2008/ale, 1981 USACE,
1998. Two methods are commonly used to estimate snowmelt in hydrological models.
One approdt is based on simple temperature index m®@EM s) with the assumption
that temperature is the major driving formesnowmelt(Ohmura, 200} another isthe
energybalanceapproacttakinginto account energgxchangest the snowair andsnow
soil interfaces and energgtorage within the snowpack (Dingman, 201h It is
hypothesizedhat te energy balance model @) perfornms better thanthe TIM in
simulation of snowmeltwhen the temperature is not thenly influential factor. For
instance sensible and latent heat become substantial sources of deadng to a
significant amount ofsnowmelf when a combination of warm temperature plus high
humidity and wind speed prevéDebele et al., 20)0Studieshaveshownthatsnowmelt
generated during raian-snow events is most sensitive to turbulent energy exchanges
between the air and snow surfa¢esn Heeswijk et al., 1996As a result, th&IM tends
to underestimate snowmelt the presnowmelt and snowmelt seaspbgcause itloes
nottake into accounther factos, such as wind speed

Most watershegcale hydrological mas adopt the TIM approach because the EBM
is perceived to require additional meteorological and topographic ifpaeten et al.,
1995 Fontane et al., 2002Haith and Shoenaker, 198Young et al., 1989 However,
many studiehaveshownthat the EBM could perform equivalently or even better than
the TIM in snowmelt prediction without extra data requirem@malter et al., 2006 For
example,different forms of the EBM incorporatadto the Soil and Water Assessment

tool (SWAT) have been tested in several studi@sbele et al., 20310Fuka et al., 2012

104



Walter et al., 2005Zhang et al., 2008 Zhang et al. (2008comparedperformancen
simulatng monthly runoff between three snowmelt modéss a large mountainous
watersheda headwatewatershedof Yellow River in China). The performance of the
EBM was found bettethan ttat of TIM, especiallywhenthere was little observed data
available for model calibratiodebele et al. (2010in contrast found that the EBMilid
not performbetter than the TIMn simulatingdaily runofffor three different watersheds
(two small watershedsn Montana in the US, ahone large watersheaf the Yellow
River in China). Since the calibrated parameters of the EBM remained theatine
three study watersheds, the authors concluded that the EBM required calibration for
different environmental conditions. Nevertheléa&glter et al. (200bdemonstated that
the EBM performed equivalently or better than the TIMsimulatingthe snow water
equivalent in four study sites (in VT, NY, MNwnd ID, USA) without calibratiorior
individual sites. Althoughmanytests havdeenconducted, none of these hasusedon
the performance of the EBNh rain-on-snow conditionsor in maritimeclimates The
objectives of this study are:t@l) modify an EBM to integrate with SWAT 2] test the
performanceof the EBM in simulatng snowmeli induced byrainon-snow events
against field measurements and simulations of the iRIBWAT for eight watersheds
acrossAtlantic Canada and (3) test the performancef the EBM in simulatng snow

deptls against field measurements from two sites in Atlantic Canada.

4.2 Soil and Water Assessment Tool

Soil and Water Assessmenhtol is currently one of thenostwidely used hydrological
models for water resource assessment and watershed manaf@assman et al., 2007

Santhi et al. 2006 Yang et al., 2009aYang et al., 2009b It is designed to simulate
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hydrological processes and predict water quantity and quality as affected by land use,
land management practices, and climate chgAgeold et al., 1998 Gassman et al.,
2007). The modelprovides a flexible framework that alleior simulating the impaabf
a broad range ofdstmanagement practices, such assthassociated witthe application
of fertilizer and manure cover crops, filter strips, conservation tillage, irrigation
management, and flogarevention structure@Gassman et al., 200®llrich and Volk,
2009. It is a welldocumentedpensourcemodel with many modificationfor different
research purposg€ools et al., 201;,1Green and Van Griensven, 2Q008olvoet et al.,
2008 Wu etal., 2013 Wu and Liu, 2012

The SWAT model currently usesa TIM to predictsnowmelt(Fontaine et al., 2002
Specifically, snowmelt is estimed by a time related snowmédictor, which is a function
of two calibration parameters, maximum and minimum snowmelt; r@taimxassumed
to occur onDecember 219n the northernhemisphereand Smfmnassumed to occur on
June 21strespectively Although the TIM takes intoaccountthe impact of seasonal
variation in solar radiation it tends tounderestimate snowmelt duringin-on-snow
eventswhich areassociated witlsensible and latent heat. In addition, the TIM also takes
into account effects of cold content and meltwater percolation processes paskoy
introducing a calibration parametee., snow temperature lag factprimp). The dfects
of unevety distributed snow cover are accounted for by two parameters, the threshold
depth of snow at 100% coverad®@NOCOVMX and a fraction of this threshold depth
that provides 50%coverage (SNO50COY. To account for orographic effects on
snowmelt, SWAT allows up to ten elevation bands in each subbasin. The snow

accumulation, spatial depletioand snowmelt are calculated within each elevation band
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and weght-averagedn subbasins. However, the TIM of SWAT ignores other important
spatial fators, such as land use, aspacid slopgDebele et al., 201Mingman, 2015

Fuka et al., 2012

4.3 Modification of SWAT

In this study, source codeof SWAT2009 was modified usinghe Compaq Visual
FORTRAN Ver. 6.6 (Compag Computer Corporation, Houston, TX, USA) with respect
to the snowmelt module. Specifically, ttmomfile in the source code was replaced with
a new file namednowmelt which was coded with an energy balance snowmelt module.
Same asnom snowmeltwvas called by theurfacefile to predictsnowmeltfor individual
HRUs The pesent version o§nowmeltdid not considethe elevation band featurén
algorithm was developed to calculate the mean aspect valliRld based ora digital
elevationmodel (DEM) using ArcGIS 9.3 (Fig. 4.1). Specifically, an aspect raster was
created using thé\specttool based orthe DEM. The Zonal tool was then used to
calculate the mean aspect values based the HRU polygon generatedvith the
ArcSWAT interface. Thenthe mean aspect values were formatted texafile named
aspect.aspFinally, a newFORTRAN file namedreadaspwas added to thmainfile to
read the mean aspdobm theaspect.asfor each HRUas inputto the snowmelfile. The
theory of the energy balance module and integration with SWAT are illustratbe in

following section.
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Figure 4.1 Flowchartfor aspect determination féfRUsusing GIS spatial analysis tools
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4.3.1 Energy Balance SnowmeltModule

Sources of energgausingsnowmelt include both shortwav®«) andlongwave(Q,)
net radiation, convection from the air (sensible erne@yy, vapor condensation (latent
energy Qg), and conduction from the groun@Qg), as well as the energyontained in

rainfall (Qp). The total energy available for snowmelQg (MJ m?):
Qm=Q5n+QIn+Qh+Qe+Qg+Qp_ [Q (4-1)
where Qis the change in the internal energy stored in snogluding change of snow

temperaturandthefreeze and thaw atiater and ic€Fig. 4.2)

Qs_in Ql_in Qe Qn Qp

Figure 4.2 Snow energy balanc€)s inand Q yaretheincoming and outgoing
shortwave radiatianQ i» and Q oyaretheincoming ad outgoing longwave radiatipn

for other symbolsrefer to Eq. 41.
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The pesent study adopted an energy balance scheme develop&RAGE (1998 for
SWAT. Since the relative importancé @ach heat transfer process is highly variable for
specific meteorological and land cover conditioitsis more important to determine
which energycomponentsarethe main forcegontributingto the snowmeltThe major
advantage ofUSACE moduleis that it firstly classifies energy inputs to snowmelt
depending on rakwon-snow and raifree conditions, and then the major energy
contributing to the snowmelt is further classified based on land cover conditions.
Following USACE (1998, the amount of snowmelt at a point may be expressea by
general formula:

M, =Q./(0.33490 , (B) (4-2)
where Q (MJ m?) is the energy sourceM, (mm) is snowmelt produced by different
energy sources (denoted by subsdkipbrresponding to ternia theright of in Eq. 41),
}wis the density of water (1000 kg), andB is the thermal quality of the snow (ratio of
heat required to melt a unit weight of the snow to that of ice gfdssumed to be 0.97)
The constant 0.3340J kg') is the latent heat of fusion of icEhus the total snowmelt
M (mm) could be expresses:

M=My+M +M +M,+M +M - M, (4-3)

It is worth noting thaM; is defined as the cold contesftsnow.

4.3.2 USACE Module Integration with SWAT

The USACE modulés applied to a basin area by introducicaibrationparameters
such as basin wind exposure coefficient, basin shortwave melt coeffemeheffective
forest canopy cove(USACE, 1993. To adopt USACE module at the HRevel, the

effective forest canopy cover was replaced with the leaf area,iMi€%), based on
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which the energy for snowmelt was classified (Table 4'hg classification of leaf area

index waseffective for forest landsince agricultural landascovered by snow in winter

andthe leaf area index of plants in winter was assumed t0 b80%. In addition, we
introduced four calibration parameters to adjust influences of shortwave radiation and
turbulent heat exchangas well asthe cold content ofthe snowpack on snowmelt in
different weather and canopy cover conditions. The complete formulatiotistadan

Table 4.1. Parameters used in the development of the energy balance snowmelt module

are shown in Table 4.2.
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Table 41 Generalized snowmelt equations for raimsnow and raiffree conditions

with different leaf area inek.

Rain-on-snow

V. >80% V. [0-80%]
Mg, 0.762 0.508
M 1.3259T, 1.3259 T,
My 0.4572 T, 0.1841k, -v T,
Me 1.6002 T, 0.675-k, -v- T,
Mp 0.0126-P, - T, 0.0126-P, - T,
Mg 0.508 0.508
M; 0.00625 SNO T 0.00625 SNO T,
M 1.27+(3.3833+0.0126))- T, 1.016+(1.3259+0.01262,+0.8591 -k, v)- T,
+0.00625 SNO T, +0.00625 SNO T,

Rain-free

V. >80% V. (60-80%]
Mg 0 0
Min 1.3259-T, 1.3259 T,
M 0.5029 T, 0.1841k, v T,
Me 1.6002-Ty 0.675k, -v Ty
M, 0 0
Mg 0 0
M; 0.00625 SNO T 0.00625 SNO T
1.8288-T,+1.6002-T4 (1.3259+0.184Ly )- T +0.67% - v Ty
M +0.00625 SNO T, +0.00625 SNO T,

V. (10-60%] V. [0-10%)]
Msn 24287 1-V. -ks-Rs(1 -a) 3.084 ks Rs(1 -a)
Min 1.3259-V,- T, (1-C.)0.9694- T,-21.336)+1.3259-C. - T,
M 0.1841k, -v T, 0.1841k, v -T,
Me 0.675-k, v Ty 0.675k, -v-Ty
Mp 0 0
Mg 0 0
M; 0.00625 SNO T 0.00625 SNO T
2.4282(1-V,) ks -Rs(1 -a) 3.084-ks Ri(1 -a)
M +(1.3259:V+0.1841k, -v) T, +(1-C.)(0.9694- T,-21.336)

+0.675-k, -v Ty
+0.00625 SNO T;

+1.3259.C, - T,+0.1841k, -v - T,+0.675K, -v - Ty
+0.00625 SNO T;
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Table 42 Parameters used in the energy balance snowmelt module

Symbol

Parameter

ppww

o
@

Q
an

Qsn

Snow surface albedo

Thermal quality of the snow (0.97)
Cloud cover (fraction)

Specific heat of rain (0.0042 MJ kg ©)
Days after the previous snowfall (day)
Bulk transfer coefficient for sensible hébtd m*e ©)
Bulk transfer coefficient for latent he@ld m®e ©)
Snow depth (mm)

Vapor pressure of the air surface (pa)
Vapor pressure of snogurface (pa)
Cloud base height (m)

Shortwave melt coefficient
Calibration parameter fad

Wind coefficient

First calibration parameter fdg
Second calibration parameter fqr
Total snow melt(mm)

Latent heat melt (mm)

Ground heat melt (mm)

Sensible heat melt (mm)

Cold content (mm)
Longwaveradiation melt (mm)
Precipitation melt (mm)

Shortwave radiation melt (mm)
Rainfall (mm)

Latent heat (MJ if)

Ground heat (MJ i)

Sensibleneat (MJ rif)

Cold content (MJ rf)

Longwavenet radiation (MJ )

Heat for snowmelt (MJ i)
Precipitation heat (MJ 1K)

Short wave net radiation (MJ
Maximum solar radiation (MJ 1)

Solar radiation (MJ )

Relative humidity (%)

Snowfall boundary temperature C
Average slope foHRUs(m m™)

Snow water equivalent (mm)

Aspect forHRUs(degree)

Snowfall (mm)

Snow temperature lag factor

Air temperatured¢

Cloud baseéemperatureg T

Dew point temperatures (T

Rain temperatureg(C

Snow temperaturee(IC
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Ts pre Snow temperature in previous dayC

Tss Snow surface temperaturg £

V. Leaf area index%)

v Wind velocity(ms™)

Is Snow density (g cf)

I's pre Snow density in previous day (g €

bw Water density (1000 kg

i StefanBoltzmannconstant (5.73516 W m? K%
‘ Emissivity

4.3.2.1Shortwave Radiation

The shortwave net radiatio®s, (MJ m?) is the amount of energy available for
snowmelt, whichs determined by
0 p &Y, (4-4)
wherea is the albedo anBs (MJ mi?) is the dailyincident solar radiatiarFor fresh snow,
a is givena value of 0.8.Without snowfall, a is assumed talecrease with a decay
function after the last snowfall (in days):

Ty Yom
L mxopa & Y n

(4-5)
where,S is thesnowfall (water equivalent in mm). The basin shortwave melt coefficient
in USACE (1998 was replaced withhe shortwave melt coefficierd; (Table 4.1) to
reflect the differences in the incoming shortwave radiation on difféi&td aspect and
slope(Fuka et al., 2012

T 0 op OEIDY wnh OY (4-6)
whereS (m m™) is the average slop&, (degree)is the aspect foHRUSs andks; is a
calibration parameter that could be adjusted with different latitude and atmospheric
conditions. Fig. 4.3 shows hoky changed corresponding to differédtand S, with ks

remaining constani.é., = 1). Rarticularly, with increasingdRU slope ks increased as 90°

< aspect < 2705 whiledecreased as aspect < 90°r > 270°(Fig. 4.3).
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Figure 4.3 Shortwave melt coefficieri; as a function oHRU slope and aspect

Shortwave radiation mehlls, was calculated by equations in Table 4.1 under different
weather and canopy cover conditiofids worth noting thatn rainron-snow conditions,
melt from shortwave radiatiors assumed to be 0.762 and 0.508 naorresponding to
V> 80% and O 8 (QT#ble 4.1)dnsrairefreet conditiohsy calculation of
shortwave radiation metbok into accountthe loss oflongwaveradiation by including
impacts of canopy cover fd0 < V., O60% (Table 4.1). As foW, > 60%, shortwave
radiation meltwere relatively unimportant and they were assumed to be compensated for
by evapotranspiration. As fof. O10%, the shortwave radiationelt was determined by
combining Egs. 4, 45, and 46 with Eq. 42 (Table 4.1).
4.3.2.2Longwave Radiation

Longwaveradiation wasstimatedrom the StefarBoltzmannequation
0 Yot aMY (4-7)
wheref is the emissivityfl is the StefafBoltzmannconstant $.73510° W m? K*), and
T (K) is the temperaturéSnow is anearly perfect blackbody with respect tongwave

radiation lossEmissivity of snowis assumed to k0 and snow surface temperatijiigy
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is assumedd Cduring the melt phaséncominglongwaveradiation under cleaskiesis
estimated with a simpl&unction of air temperaturd, (e ¥ due toa restricted range of
vapor pressureluring these conditiongUSACE, 1998. When clouds and forest cover
are present, the incominpngwaveradiationis estimated by assuming that tharg
emitting radiation as blackbodieat air temperature(USACE, 1998. Finally, the
nonlinear relationship between air temperaturelangwavenet radiation melM;, (mm)

is simplified based on snow investigations by fitting linear approximaijoiss\CE,

1998:
0 e wiY ¢@aoe 0 ¢ QR ddRQQI 48
O p@c oo 6t QOE 1 QI £ B O (4-8)

It is worth noting that, in raifree conditios with 10 < V. O 60% the impact of
canopy covers consideregdfor V., 010%, cloud cover impads consideredTable 4.1).
The cloud covelC, was calculated through solar radiatiBa(MJ mi?) and maximum
solar radiatiorRys (MJ m?) asdescribed by uo et al(2010:

6 p Y'Y (4-9)

The cloud base temperatuiie (e Lis required to calculate snowmelt caused by
longwaveradiation with cloud cover (Table 4.1).i# estimated by lapse rates from air
temperature and cloud base heighfm) asdone inDingman (2015:

Y mingd® Y (4-10)

The cloud base heiglig estimated by air temperatuasd dew point temperatuig

(¢ Yoy
Q on&@OY Yjgd (4-11)
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The dew point temperatyreavhich relates tovapor pressure(also critical for
calculation of latent heat transf@rable 4.1)is estimated by air temperatuaed relative
humidity RH (%) asdescribed by.awrence(2005:

Y 'Y M@OpmmY'O (4-12)
4.3.2.3Turbulent Heat Exchange

The temperature gradient tdfe atmosphere above the snow surface and wind speed
determine sensible heat transfer
0 O WOY Y (4-13)
whereD, (MJ m®e C) is the bulk transfer coefficiefior sensible heat transfemdv (m
s%) is the wind speed at a chosen height above the snow suvfaeawhile the vapor
pressure of the atmosphere and snow susface wind speedietermine latent heat
transfer
0 0O WIQ 0Q (4-14)
whereD (MJ m® e @) is the bulk transfer coefficient for latent heat transéede, and
e (Pa) are vapor pressure of the air and snow susfaespectively.The bulk transfer
coefficientfor sensible heat transfex estimated by assuming a constant value of 0.8 for
the atmospheric pressure ratio, measurement heights of 3 and 15.2 m for air and wind
speed respectively and snow surface temperature of @USACE, 1998. The bulk
transfer coefficientor latent heat transfes determined based on field measurements and
similar assmptions for sensible heat mglUSACE, 1998. Furthermore,the vapor
pressurds replaced with a more practically measured variable, dew point temperature,
due to their close linear relation. The sensible and latent heat melts (mm) under different

canopy cover conditiorse determinedrespectivelyby
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0 MYPT® LY w Ymp
O T8 vxw G Ymh (4-15)
0 m™YxvQ v Y w Yymp
0  p® mmeyY O Yk (4-16)

It is worth noting thain rainron-snow conditios, dew point temperatuiie equal to air
temperature assuming a saturated atmosphere (Table 4.1). dinemiconditios, the
sensble heat melt equatiois based on experimentsith V; > 80% slightly different
from that in Eq. 415 (used for rairon-snow conditions; Table 4.1) The basin wind
exposure coefficient iINJSACE (1998 is replaced with a wind coefficierik, for
individual HRUs Thewind coefficientis a function oftheleaf area indeX/.:

N QI (4-17)
where V; is determinedby the plant growth algorithm of SWAT, ang; and k,, are
calibration parameters (Fig. 4.4). The first paramktecontrok the general magnitude

of k,, whereasthe second parametky, relatesvegetation surface area areal dynamic
heat transfer fronthe atmosphere téhe snow surfaceln general with increasing leaf
area indexk, decreasedepending on differerit,; andk,, values. Keepingd,, and leaf
area index constaniarge k,; would generate greatéy, while keepingk,; and leaf area
index constantlargek,, would generatéower k, (Fig. 4.4). Alargevalue ofk, indicates
intense turbulent heat exchangehetsnow surface. Since the measurement heights of air
temperature and wind speerk different from the assumed heightsUSACE (1998,

calibration ofk, compensatefor thesedifferences
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Figure 4.4 Wind coefficientk, as a function of leaf area index and two calibration

parameterg,; andk,.

4.3.2.4Heat from Ground and Rainfall

The heat entering the snpackfrom the ground is a very small component compared
with the radiation and turbulemixchange at thetmospheresnow interfaceFollowing
USACE (1998, the present study assusr@econstant value of 0.508 mm for ground heat
melt Qq in rain-on-snow conditios and Omm for rain-free conditiors (Table 4.1).

Heat transfefrom rainfall to snows determined by

C

6 3 DOY Y Tprumnn (4-18)
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whereC,is the specific heat of rain (0.0042 MJ]kg ©), Jwis the density of water (1000
kg m?), P, (mm)is the rainfall andT; (e I is the rain temperatuf@ssumed to be equal
to air temperature). By assuming the snow surface temperatdgeCandcombining Eq.
4-18 with 4-2, melt from rainfall heat was calculated by
0 18tp D (4-19)
4.3.2.5Cold Content

Cold content defines the amountofenegg e ded t o r ai se @Cfdcol d
Following USACE (1999, the cold content (mm) was calculated by
0 mimeul0 Y (4-20)
wherey}s (g cm?) is the snow density, Ds (mm) the snow depthand Ts (e Lthe snow
temperature. Inhis study,} sdecreaseas a function othe number oflays after the k&t
snowfall ds (in days) for no-snowfall conditiors; when snowfall occ J s is updated by
weighted previous snow density pre(9 cmi®) and new snowdensity (0.1 gcm®); when

snowmelts } sincreass as a function of snowmelll (mm), as follows:

™w " XD £ £ £ 0 Q0 A
» ®OYjYO G ® DG G Y |UYO O [ £¢0Qbaa (421
™A@ 0 [ £ £06Qda0

whereSNO(mm) is the snow water equivalent arf§l the snowfall (water equivalent in

mm). Snow depthis updaed by snow densitgnd snow water equivalent:

O YO W (4-22)
The SWAT modelclassifies precipitation as rain or snow by daily air temperdfgre

andthe boundary temperatugétmp(e I If T, < Sftmp then the precipitation is classified

as snow and the water equivalent of the snow precipitation is added to the total snow
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water equivalenSNQ This study adogtthis approactifor snow accumulationSnow
temperaturdsis determined by

Y OY  Op YQA[TYIYQAn (4-23)

where Ts pre (€ L£is the siow temperature irthe previous dayand Timp the snow
temperature lag factor. Cold contésitalibrated byTimp Largevalues ofTimpindicate
low energy used to increase snow temperatureh&ripening phasesmall values
indicate that snow cover consusn@ore heat and yieltbwer amounts ofmeltwater.
Change in the internal energy thie snowpacks relatively small and usuallynimportant
duringthesnowmeltperiodwhenother energy componerasedominatng. However, the
internal energy is an important energy sink dutingsnow accumulation periodNote

that the inputgo the energy balanc@cluding v, T,, RH, Rs, andRs are availablefrom

SWAT.
4.4  Case Study

4.4.1 Study Sites and Data Collection

The modifiedversion of SWAT was tested in eightatersheds, ranging from 2.98 to
377.05 kni in sizewith 10 to 95%of forest cover (Fig. 4.5 and Table 4.3%even
watersheds are located in thipper Saint John Rive¥alley of northwestern New
Brunswick (NB), Canada (Fig. 4.5). The largest watershed Little River Watershed
(LRW), is dominatedby forestry inthe northern pation; potato and barley cropare
grownin the southern part of the watershed. Elevation in the watershed ranges from 127
to 432 m above mean sea level. The climate of the region is considerethtul&eately

cool boreal, with approximately 120 freisee days(Yang et al., 2009a The average
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temperature is 3¢/ @nd annual precipitation is 1037.4 n{#ghao et al., 2008 About
onethird of the precipitation is in the form of sno®nowmelt can lead to significant
surface runoff and recharging of groundwater aquifers from March to (Magw and
Rees, 2006 The soit areclassifed as mineraand derived from various parent materials.
The major associations are Caribou, Carleton, Glassville, Grandfalls, Holmesville,
McGee, Muniac, Siegas, Thibault, Undine, Victoria, Waaasm one organic soillhe
LRW has two subbasinthat actively monitored the Upper Little River Watershed
(ULRW) and Black Book Watershed (BBW). Two watenonitoring stations were
established in 2001 at the outlets of LRWJdaJLRW. Another five watermonitoring
stationswereestablishedn 1992in the BBW (Fig. 4.5).The modified version c8WAT
was set ugor LRW, ULRW, and BBW, as well as four small watersheds within BBW,
i.e, BBW2, BBW3, BBW4 and BBWS, corresponding thar water-monitoring stations
i.e., MS#12, MS#14, MS#01, MS#02, MS#03, MS#@hd MS#08, respectively (Fig.
4.5).

Anotherstudywatershedthe Thomas Brook Watershgd BW), is located in western
Nova Scotia (NS), covering an area of 7.28*Kfig. 4.5) Agricultural land occuies
approximately60% of the watershed area with costrawberriesand grains athe main
crops (Ahmad et al., 2011 The reddish brown sandy loam soils are dominant in the
watershed(Amon-Armah et al., 2013 Average annual precipitation is approximately
1100 mm and average daily minimum, maximand mean temperatures are 1.3, 12.2
and & (respectivelf{Ahmad et al., 2011

Weather datafor SWAT, including daily precipitation,air temperature, relative

humidity, and wind speedwere derived fromEnvironment Canada weather stati@ts
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the St. Leonardand Greenwood iport for the seven watersheds in NB and TBW in NS,
respectively(Table 4.3andFig. 4.5) The daily averageelative humidity and wind speed
werecalculated based on corresponding hourly valDedy snow depthk for testingthe
snowmelt model were collected from St. Leonaréind Greenwood iport weather
statiors. Since tleseweather stationidid not monitor daily solar radiatiothis study used
relateddata collected from W®8, another agriculture experimahstationin northwest
NB (Fig. 4.5).For TBW, daily solaradiationwas derived from NASAFLASH Flux 1/2

x 1/2 degreedaily average At these watemonitoring stations (Fig. 4.5), stage height
valuesof waterwerecollected with a Campbell Scientific CR1@&ata loggeXCampbell
Sdentific Inc. Logan, Utah, USA) and then converteddaly flow rates. Watershed
characteristicge.g., forest coverand dataets for model calibration and validationthe
eight watersheds amgrovidedin Table 4.3. Note that daily flow ratdor ULRW and

LRW from January to Marctvere missing due tthe streans being frozen

Table 43 Watershed characteristics and datsused inmodel calibration and validation

for the eight watersheds

Area Forestcover Flow rate data
Watershed 12 (%) Weather data - oiion Validation
BBWS8 2.98 10 St. Leonard 95-00 04-11
BBW4 3.53 45 & WS#08 94-01 05-08
BBW3 4.84 34 92-01 02-11
BBW?2 7.10 34 92-01 02-11
BBW 13.13 22 92-01 02-11
ULRW 187.30 95 01-05 06-10
LRW 377.05 81 01-07 08-13
TBW 7.28 34 Greenwood Aport 04-05 06-08

& NASA
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Figure 45 Locations oftheLRW, BBW, and TBW, as well as weather stations and
watermonitoring stations. In BBW, subbasins 4 and 5 constitute BBAMdbasins 3,,4
and 5 BBW3subbasins 2, 3,,4nd 5 BBW2 subbasins 8 and 9 BBW&eneral landise
is alsoindicated
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4.4.2 Model Calibration and Validation

The modified version of SWATvas first calibrated using daily flow ratefor non

winter seasons to generate reasonable hydrologgsponss for the eight watersheds

Then, tvo scenarios were consideredth respect tasnowmeltmodel parameterization

in scenario |, thel'lM and EBM were calibratedyhile not in scenario I{using default

parameters)By comparingperformanceof EBM and TIMin scenario || the advantage

of EBM could be revealedfor applicatiors of SWAT to ungauged snhowovered

watershedsThe parameters calibrated for the EBM inclddg, k1, k.2, Sftmp andTimp

for the TIM they included Smfmyx Smfmn Smtmp Sftmp and Timp (Table 4.4).

Calibration wasconductedusing the sequentialuncertaintyfitting algorithm (SUFI2)

facilitatedwith the SWAT-CUP progran{Abbaspour et al., 200#Abbaspour et al., 2007

Rouholahnejad et al., 201 2Zr'he differentcalibration and validation periodg scenario |

for the eight watersheds anedicatedin Table 4.3Model assessmestn scenario Iwere

based on two periods, i.e., peribdndll, corresponding tohe calibration and validation

periods of scenariq tespectivelyTable 4.3.

Table 44 Default andselectedraluesfor thecalibration parameteia EBM and TIM

EBM TIM

Sftmp  Timp Ky1 Kyo ks1 | Stmp Smtmp Smfmx Smfmn Timp
Range [-5,5] [0,1] [0,2] [1,5] [0,2]| [-5,5] [-5,5] [0,10] [0,10] [0,1]
Default 0 1 1 3 1 0 0 45 4.5 1
BBW8 -1.915 0.0175 1.885 1.046 0.885| 3.675 0.765 7.115 6.345 0.0105
BBW4 -0.895 0.4835 1.563 4.058 0.411| -2.495 1.655 4.405 0.515 0.9365
BBW3 -1.225 0.9935 1.325 2.902 0.795| -4.275 3.685 4.155 3.105 0.7385
BBW?2 0.855 0.8895 1.811 1.138 0.341| -1.765 2.865 4.015 2.745 0.8045
BBW -0.975 0.0505 1.231 2.162 1.095| -2.095 0.475 6.155 4.025 0.0505
ULRW -3.425 0.1255 1.635 4.886 1.741| -2.935 3.245 3.945 3.795 0.3365
LRW -1.355 0.9935 1.483 4.030 0.861| 1.795 -1.835 1.615 0.735 0.6855
TBW 0.805 0.2785 1.891 1.066 1.907| 0.605 1.335 5.995 4925 0.4785

Note:fi Smt mp o

i s

t h e(e Pahoveewhithesmow melt & allowee SWAT.
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4.4.3 Sensitivity Analysis

Parameter sensitivitiesvere determined using the following multiple regression
equation, based on resulisnning SWAT-CUP 1000 timesfor both snowmelt models
given as
C 4 B 1 QD (4-24)
whereg is the objective function valydJ and b; are regression coefficients; is the
calibration parameterandm is the number of parameters considerset (o5, for both
EMB and TIM). NashSutcliffe coefficient(NS; Nash and Sutcliffe, 19F@vas used as
the objective function valuand student t-tess were used toidentify the statistical

significance of each parameter

4.4.4 Rain-on-SnowEvents

Rain-onsnow events were selected based on precipitation and snow depbtslata
derived fromSt. Leonardand Greenwood\irport weather statins as illustrated in Fig.
4.6. Whenever a precipitatiamauseda decreasé snow depth, the corresponding flow
rate was determined asduced by rainron-snow (McCabe et al., 2007 Model
performanceof TIM and EBM based on scenarib was comparedfor the eight

watersheds
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Precipitation

Snowfall

Rain on snow

Figure 4.6 Flowchartof rain-on-snow eventletermination based on precipitation and

snow depth from Environmeftanada weathestations

4.45 Snow Depth

Variationin snow depthat a pointis a good indicatoof rain-on-snow events due to
the rapid change in snow densjtyas a result of raindrop impact amdetamorphism
caused bywvarm air Simulated daily snow deptbased on scenaribin representative
HRUs were compared witimeasurement3dRU#20001and HRU#280002vere chosen
from BBW and TBW, respectively, becauseey had topographical and land cover
conditions similar to those ofSt. Leonardand Greenwood port weather statios

respectively
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4.4.6 Statistical Evaluation

Performance of the TIM and EBM ag assessed according toreée coefficients of

accuracy, i.e percent biagPyiad, coefficient of determinatiofR?), andNS, given as

0 L (4-25)

Y b 2 _ (4-26)
B B

- B

0" p (4-27)

whereO; andP; are the observed and predicted vali@gsgy and P,y are the average of

the observed and predicted values.
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45 Results and Discussion

45.1 Model Performance Assessment

The basic hydrological parameters calibratedthe eight watersheds are shown in
Table 4.5.In general most calibrated parameterswere equal between the five
subwatershedof BBW (including BBW), except forCN,, Surlag (surface runoff lag
coefficient) andAlpha_Bf(base flow recession constanthich were the most sensitive
for the eight watershedéTable 4.5) It is worth noting thaSurlagwasrelatively small
for the six small watershedsompared tahe valuefor the twolarge watersheds.€.,
ULRW and LRW),as expectedParameteAlpha_Bfwasrelatively smallfor the seven
watershedsin northwestNB, indicating a slower responseof base flow discharge

compared to thdbr TBW in NS.

Table 45 Basic hydrological parameters calibrafedthe eight watersheds

Parameter BBW8 BBW4 BBW3 BBW2 BBW ULRW LRW TBW

CN, .97 0.82  x.18 x.01 08 048 0.8 x.08
Surlag 0.1835 0.00725 0.05  0.07625 0.075 0.59725 0.4089 0.075
Esco 0.17 0.17 017 017 017 0775 095 0.17
Epco 0.93 0.93 093 093 093 0675 1 0.93
Gw_Delay 1 1 1 1 1 1.3 1.493 0.135
Alpha_Bf 0.00075 0.00085 0.002 0.00325 0.04 0.061325 0.0382 0.28225
Gwgmn 0 0 0 0 0 0 534.5 4555
Revapmn 500 500 500 500 500 0 138.75 190.75
Gw_Revap 0.02 0.02 002 002 002 002 0.0723 0.05087
Rchrg Dp 0 0 0 0 0 0 0.2495 0.44075

Note:Al dmeans the default valuensultiplied by thenumberonits right.
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4.5.1.1Scenariol Results

Accuracy assessmerfor EBM and TIM during calibration and validatioare shown
in Table 4.6 Values ofR* andNS of the EBM were greater than those tbfe TIM in
BBWS, BBW4, BBW2, BBW, and_RW, while slightly less than those of the TIM in
BBW3 and ULRWduring calibration(Table 4.6) In TBW, the EBM had equaR? and
NS with the TIM (Table 4.6. During validation, values ofR* andNS of the EBM were
all greater than those of the T|Mxcept for LRW which is the largest watershed with
high forest covelTables 4.3and 4.6). The results indicated that the EBM performed
better than the TIM, especialfgr small watershedwith relativelylow forest coverdue
to the fact that th&BM could provide betteestimaesof snowmelt induced by raian-

snow events.

Table 46 Model performancen daily flow ratesfor theeightwatersheds in scenario |

. Phias R NS

Watershed Period
EBM TIM EBM TIM EBM TIM
BBWS 9500 96 -85 031 024 031 0.24
0411 -22.0 -23.6 0.23 0.17 0.20 0.08
BBW4 9401 -11.1 -82 055 052 055 051
05-08 -43 -436 054 051 037 0.21
BBW3 9201 11.6 13.1 045 047 0.44 0.46
0211 106 119 052 051 051 0.50
BBW?2 92-01 20.0 19.8 049 043 047 041
02-11 236 239 058 056 054 0.52
BBW 9201 -12 -11 055 046 055 0.45
02-11 -10.5 -10.3 0.61 054 0.60 0.52
ULRW 01-05 114 99 068 070 0.67 0.6
06-10 43 37 067 066 060 0.5
LRW 01-07 77 89 056 053 056 053
0913 -12 -30 057 060 054 0.57
TBW 04-05 30 19 056 056 05 056

0608 -9.2 -82 048 046 047 0.46
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4.5.1.2Scenarioll Results

Accuracyassessmestfor EBM and TIMin scenario llare shown inTable 4.7.In
general the EBM performed much better than the TIM in both perifedsthe eight
watershedgTable 4.7) Values ofR? andNS of the EBMwereall greater than those of
the TIM with only one exception for BBWS8, whei®’ and NS were slightly less than
those of the TIM irperiodl, while much greatein periodll. On averagelR? of the EBM
wasgreaer thanthatof the TIM by 024 and 0.24NS by 0.31 and 0.3 periodl andll,
respectivelyfor the eight watershed#n addition, compared with modaksessmestin
scenariol (Table 4.6),R? andNS generated by the EBMith defaultparametes were
only less than those of the calibrated EBM, on average, by 0.05 and @©5odl, and
by 0.03 and 0.08 iperiodll, respectivelyfor the eight watersheds. Howevef &dNS
generatedwith the TIM with default parameterswere much less than those of the
calibrated TIM, on average, by 0.23 and O29eriodl, and by 0.25 and 0.3f period
I, respectively The result suggesthat the EBMis a better option for SWAThan TIM,

whenit is appliedto ungauged snowovered watersheds of maritimegions
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Table 47 Model Performancen daily flow ratesfor theeight watersheds in scenatio

. Pojas R NS

Watershed Period
EBM TIM EBM TIM EBM TIM
BBWS8 95-00 -89 -9.1 0.20 0.22 0.19 0.22
0411 -23.2 -21.5 0.19 0.10 0.09 -0.09
BBW4 94-01 -89 -49 053 027 052 0.21
0508 -47.7 -47.8 0.46 0.19 0.07 -0.55
BBW3 92-01 114 148 045 020 0.44 005
02-11 102 135 051 034 05 0.30
BBW?2 92-01 204 220 043 0.16 041 0.09
02-11 243 256 054 025 050 0.16
BBW 92-01 -0.8 1.3 041 014 041 0.03
02-11 -10.0 -8.0 0.52 0.24 0.50 0.10
ULRW 01-05 101 214 066 0.25 063 0.12
06-10 1.0 12 0.67 0.23 054 -0.21
LRW 01-07 7.7 204 056 035 0% 031
0913 -37 106 058 028 054 0.13
TBW 04-05 34 10 0% 051 0% 05

06-08 92 59 047 042 047 042

4.5.1.3Sensitivity Analysis

The range and values the calibration parametsfor TIM and EBM in scenarid are
given in Table 4.4, Sensitivity analysis results are shown in Table 4.8, including
parameter sensitivity rankings anev@lues.For TIM, the most sensitive parameter
the small watershedsf BBW (including BBW), as well as ULRW was Smtmp and
Sftmpfor LRW and TBW. Snowmelt generally was not sensitiveTtmp for most
watersheds (walue > 0.001; Table 4.8For EBM, he most sensitive parameters were
ks1, Timp, and Sftmpacross the eight watershe@mowmeltwas sensitive té,; for most
watersheds except for BBW3, ULRVENnd LRW, which wagonsistent with the EBM
assessmestgivenin Table 4.6, where the EBM did not surpass the Tékithe three

watershedsduring either calibration or validatiophasesThis result confirmed that the
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EBM performed better than the TIM mainly due to its capahititgaptue rainr-on-snow
events which were sensitive tok,;. Note that the calibrated paramekgr was greater
than the defaulwvalue (i.e., 1.0) for all eight watershed¢Table 4.4),indicating that
sensible and latent heat exergestronger influence on snowméftan other heat sourges
which was expectetbr Atlantic CanadaThecalibrated values gfarameteks; wereless
than the defaultvalue (i.e., 1.0) for most watersheds (Table 4.dindicating that
shortwave radiation tended poovide fewerimpact on snowmeltwhichwas typicalfor
hightlatitude maritimeregionswith significant turbulentheattransfer(USACE, 1998.
Sensitivity analyss also showed that snowmelt was not as sensitikg for watersheds
dominatedby agricultural lands a$or watersheds witthigh forest cover. This was
consistent with the results in Table Avherevalues ofk,, for BBW4, ULRW, and LRW
were greater tha4, while thosdor other watersheds were much smaller (<G)mpaed
with TIM, the EBM hadfewer sensitive parameters (only two fBBW8, BBW3, BBW,
ULRW, and LRW, and three for BBW4), which partially explained theominal

difference in Band NS between scenasioband Il forEBM.
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Table 48 Paramete(Para.)sensitivity analyss of TIM and EBMfor the eight watersheds

Ranking Para. p-value Para. p-value Para. p-value Para. p-value
BBWS BBWA4 BBW3 BBW2

1 Smtmp <0.001 Smtmp <0.001 Smtmp <0.001 Smtmp <0.001

2 Smfmx <0.001 Smfmn <0.001 Smfmx <0.001 Smfmx <0.001

3 Sftmp <0.001 Smfmx <0.001 Sftmp <0.001 Smfmn <0.001

4 Smfmn <0.001 Sftmp <0.001 Smfmn <0.001 Timp  <0.001

TIM 5 Timp  <0.001 Timp 0.087 Timp 0.611 Sftmp <0.001
BBW ULRW LRW TBW

1 Smtmp <0.001 Smtmp <0.001 Sftmp <0.001 Sftmp <0.001

2 Sftmp <0.001 Smfmx <0.001 Smfmx <0.001 Smfmn <0.001

3 Smfmn <0.001 Sftmp <0.001 Smfmn 0.02 Timp  <0.001

4 Smfmx <0.001 Timp <0.001 Smtmp 0.124 Smfmx <0.001

5 Timp 0.110 Smfmn 0.004 Timp 0.515 Smtmp 0.028
BBWS BBWA4 BBW3 BBW2

1 Ks1 <0.001 Timp <0.001 Timp <0.001 kg <0.001

2 Ky1 <0.001 k1 <0.001 Sftmp <0.001 Kk <0.001

3 Timp 0.309 ke <0.001 kg 0.348 Sftmp <0.001

4 Ky2 0.416 Sftmp  0.019 |k, 0.476 Timp  <0.001

EBM 5 Sftmp  0.655 Kk, 0.291 ky 0.589 ki, <0.001
BBW ULRW LRW TBW

1 Ks1 <0.001 Timp <0.001 Sftmp <0.001 Sftmp <0.001

2 Ky1 <0.001 Sftmp <0.001 Timp  <0.001 Kk <0.001

3 Timp 0.288 ki 0.074 kg 0.109 kg <0.001

4 Ky2 0.470 ky 0.080 ki 0.183 Timp  <0.001

5 Sftmp  0.877 kg 0.344 kg 0.980 ki, <0.001




4.5.2 Rain-on-Snow Events

Model performanceof EBM and TIM is comparedfor rainron-snow eventsn the
calibrationandvalidation periodof scenarid (Figs. 4.7, 4.8, 4,.9nd 4.10. In genera)l
both models tended to underestimate -@wsnow induced flow rates in both periods
(regression slopes < Eigs. 4.74.10). During calibration the EBM performed better
than the TIMin simulatingrain-on-snow events in terms of’Rand regression slopes,
except for BBV3 and ULRW (Figs. 4.7 and 4.8); this resulas consistent with the
model assessmergsultsin scenariol (Table 4.6).Smallestandlargest R for the EBM
were 0.23 and 0.66, and 0.18 and 0.73HefTIM, respectivelyfor the eight watersheds
(Figs. 4.7 and 4.8). On averagée, fir the EBM were greater than those of the TIM by
about 0.13 and ggession slopes by about 0.1 (not accounting for BBW3 and ULRW).
During validation the EBM performed better than the TIM in terms &f &cept for
BBW4 and LRW (Figs. 4.9 and 4.1@yhich had relatively high forest cover (Table 4.3).
SmallestandlargestR? for the EBM were 0.14 and 0.76, and 0.08 and 0.69 for the TIM,
respectivelyfor the eight watersheds (Figs. 4.9 and 4.10). On averdgef fRe EBM
were greater than those of the TIM by about 0.07 (not accounting for BBW4 and LRW).
Regression slaggs of the EBMfor BBW8, BBW2, BBW, and TBW were greater than
those of the TIM by about 0.05. For BBW3 and ULRW, regression slopes of the EBM
were less than those of the TIM, whilé & the EBM were grater (Figs. 4.9 and 4.10).
We conclude that the EBM iprovedthe predictionaccuracyof rain-on-snow induced
runoff for watersheds with relatively low forest cover (e.g., BBW8, BBW2, BEBWd
TBW) and no pronouncedimprovementfor watersheds with high forest cover (e.g.,

BBW4, ULRW, and LRW).
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Figure 4.7 Scatter plots of observed.\wmulated rairon-snow induced daily flow rates
with the TIM and EBMduring calibratiorfor four smallsubvatershedsf BBW. Note

that the regression equation on the topdé#ach plotrefers to the regression line having
alarger slope, and the regression equation below refers to the regression lineshaving

smallerslope
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Figure 4.8 Scatter plots of observed.\@wmulated rairon-snow inducedlaily flow rates

with the TIM and EBMduring calibratiorfor BBW, ULRW, LRW, and TBW. Note that

the regression equation on the top téfeach plotefers to the regression line haviag

larger slope, and the regression equation below refers to the regréssibavinga

smallerslope
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Figure 4.9 Scatter plots of observed vs simulated 4@irsnow induced daily flow rates
with the TIM and EBMduring validatiorfor the foursmallsubwvatershedsf BBW. Note
that the regression equation on the topdé#ach plotrefers to the regression line having
alarger slope, and the regression equation below refers to the regression lineshaving

smallerslope
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Figure 4.10 Scatter plots of observed vs simulated f@rsnow inducediaily flow rates
with the TIM and EBMduring validatiorfor BBW, ULRW, LRW, and TBW. Note that
the regression equation on the top téfeach plotefers to the regression line haviag

larger sbpe, and the regression equation below refers to the regression linedaving

smallerslope
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4.5.3 Snow Depth

Two evaluation periods (1992001 and 20022011) for BBW and another 1§ear
period (20042013) for TBW were chosen to assess tBBM in simulations ofdaily
snow depthsAccuracy assessmerdse shown in Table 4.9Simulatedsnow depths and
measurements are compaasishowrin Fig. 4.11.For BBW, RPand NS were 0.80 and
0.78, and 0.81 and 0.76r thefirst andsecondperiods, respectively, while for TBWR?
and NS were 0.48 and 0.4 general,simulated snow depthaere consistentwith
measurementor BBW and TBW (Fig. 4.11). The results indicated that the EBM was
able to simulate snow deptihsasonablywell for Atlantic Canada The EBM correctly
characterizedhevariation of snow depth partially because it could accurately depiet rain
onsnow events. For example, duetbhe warm winter of 1996n BBW, several major
snowmelt events occurred from January to February, whesle simulated by the EBM
more accuratelyhanthe TIM (Fig. 4.12a). As a result, the EBM correctly modeled the
variation of snow depth throughoutetwinter (Fig. 4.12b). Correct estinestof snow
deptls areimportant becaustheyimpact thermal properties of snow cover, such as heat
capacity and conductivity, which in tuaffect the soil temperatur¢Putkonen and Roe,
2003. Since TIM in SWAT cannot simulate snow depths (or snow dins we

recommendising EBMin theapplication ofSWAT to Atlantic Canada

Table 49 Performancen simulatingsnow depth for BBW and TBWwith EBM for

scenario |

Watershed Period P,.. R?> NS

BBW 92-01 16.0 0.80 0.78
0211 17.2 0.81 0.79
TBW 0413 25.8 0.48 0.44
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4.6 Conclusion

In this study an energy balance snowmettodule was incorporatedin SWAT to
addresgain-on-snow events in maritimelimates The aiginal version of SWAT uses a
temperature indexmodule relating snowmelt with air temperature, which is not
appropriate forall climatic and geographic settingBor Atlantic Canada, wind speed
during rairon-snow events plays an important role in inducing snownmdie new
module takes into accountmain souces of heat for snowmeltbased ondifferent
meteorological and land cover conditio®everal parameterareintroduced to calibrate
air temperature and wind spee$ well as cold content of snpand o extra inputis
required for the modifiedrersion of SWAT. The energy balance mualé was tested
against fiel measurements and simulations of the original snowmelt maaludégght
watersheds across Atlantic Canada. The resodlisated an overall improvementwith
the new snowmelinodulein simulatng waterflow induced by rairon-snow events for
small watersheds with low forest covérhe results alssuggestedthat the energy
balancemodulewas able to provideeliable estimatesf snowmeltfor ungauged snow
covered watershed# addition,the new modulavas able tosimulatethe snow depth
reasonably weltor Atlantic CanadaThe unique contribution of this study is to provale
reliable snowmelt moduldor applications ofSWAT to maritime regionsof the world.
However, the energy balance module requmnedativdy accurate wind speedelative

humidity, andsolarradiationas input More tests are needed.
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CHAPTER 5

A STUDY ON THE IMPACT OF DETAILED L AND USE AND MANAGEMENT

INPUTS ON ACCURACY AND RESOLUTION OF SWAT PREDICTIONS IN A

SMALL AGRICULTURAL WATERSHED

Qi, J., Li, S., Yang, Q., Xing, Z., Meng, F.R., A studytba impacbf detailed land use
and management inputs on accuracy and resolution of SWAT predictiarssnall
agricultural watershefunder reviewwith Water Resources Management)
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Abstract

Land use and management practice inputght Soil and Water Assessment Tool
(SWAT) arecritical for evaluaing the impactof land use change and best management
practices on soil erosion and water quality in watershBus.pesent studylevelopeda
simple methodto maximizethe usage of land use andanagement records duritige
setup of SWAT for asmall experimentalwatershed in New Brunswick, Canada. In the
method hydrological respondunits HRUs) were delineated based on field boundaries
and associated with lortgrm field records.The SWAT model was calibrated and
validated with respect tevater flowand sedimenand nutrienfoadings at thevatershed
outlet. Meanwhile, anothefersion of SWAT was also set up usirnige conventional way

of HRU-delineationandlimited information onland use ad managemergractices Two
versions of SWAT (SWAT1 saip with thenew methodand SWAT2 seup with the
conventionalmethod were compared with respect itoput and output resolutioand
prediction accurac Results showed thatSWAT1 had much higher accuracies
generating areas of crgfertilizer application, tillage operation, flow diversion terraces
(FDT), and grassed waterways the watershedCompared with SWAT2SWAT1 did

not improve the accurag of predictng nutrient loadings, whereas it improved the
predictionin sediment loading due to a better representation of FDfRe watershed
Also, SWAT1successfullyestimatedhe spatial impact of FDT on soil erosion across the
watershed.Using highresolutioninputs through fieldbased HRULdelineation SWAT

canfacilitate decision makingt the field scale

Keywords: distributed hydrological model; best managementpractices; hydrological

responsenits; waterquality; soil erosion
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51 Introduction

Distributed hydrological models are important toolsdsesessinghe impact of climate
change and human interventions on hydrological processes, water resairdes
nonpoint source pollutiofSingh and Frevert, 20Q5These types omodels havéoeen
used to assess the impaftiand use change armst managemenpractices BMPS) on
soil erosion and agrochemical loadirfgs agricultural watershed®easley et al., 1980
Graham and Butts, 200kaflen et al., 1991Sharpley and Williams, 199%oung et al.,
1989. How to spatially parameterize land use @MPs acrossa study watershed is
addressed differentlamong these model($iundecha and Badossy, 200Manguerra
and Engel, 1998 Many distributed models discretize a watershed irttgdrological
responsainits HRUS) based ortigital elevationmodek (DEMs) to account for spatial
variation in watershed parametéBeven, 1989 Goulden et al., 2034 Although these
models are run at the HR&ktale lumpeal algorithms are often used smmmarize the
input and output data at the subbasicale (Kalcic et al., 201k As a result,
parameterization of land use aBdIPs is alwaysconsideredat subbasinsather than
individual HRUs The advantage of this configuration is to facilitate input data
preparation andeducecomputational efforts, especialtgr large watershedglha et al.,
2004). However, it reduces spatial resolution with respect to model inputs and outputs
and underuses land use and manageneeotds

As aprocesshasedsemidistributal hydrologich model, Soil and Water Assessment
Tool (SWAT) is designed to simulate hydrological processes and predict water quantity
and quality as affected by land use, management practices, and climate(éranlgeet

al., 1998. It provides aflexible framework that allow for evaluatng the impactof a
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broad range oBMPs such as fertilizer and manure applications, cover crops, filter strips,
conservation tillage, irrigation management, and terréGassman et al., 200%lIrich
and Volk, 200%. It has been used to solve complex watershed management pratlems
mary regions around the worl(Ahmad et al., 201;1Cao et al., 2009Dakhlalla and
Parajuli, 2015 Debele et al., 2010 et al., 2015 Li et al., 205; Maier and Dietrich,
2016 Uniyal et al., 2015Yang et al., 2009aln SWAT, a watershed is partitioned into a
number of subbasins. Hydrological processes (i.e., surface and subsurface runoff,
percolation and base flow, and evapotranspiration and transmissg&s)pcrop growth,
nutrient cycling, and pesticide movement arawated within each HRU. Water flow
andsediment and nutrient loadings from each HRU in a subbasin are summarized and the
resulting loadings are routed through channels, pondsyesmiivoirs to the watershed
outlet. Management practices such as crop rotation, tillage ope&raptamting and
harvesting, irrigation, fertilizer usage, and pesticide applicatame associated with
HRUs to evaluatethe impact ofland use change arBMPs on water quality in the
streans.

In SWAT, a reference period with negligible land use change B8hPs
implementation is preferred to estimate basic hydrological parametevgever, there
are always changes in an operating farmland and, thereforeljffiaslt to find a period
without the intervention of agriculturaictivities Thus, SWAT isconventionallyset up
with typical crop rotation scenarios in subbasiasd BMPs are also assigned to
subbasingvhere the management practi@guallytake plae More specifically, since
most studies have limited land use maps (sometimes only ones @ngalable), areas of

different crops during rotations are weighted and randomly assigned to diffidRergtin
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subbasins. Areas @MPs are also averaged over a long period of time and allocated
proportionally across the watersh@dang et al., 2009a The assumption behind this
conventionalmethod is that SWAT isble to estimaé basic hydrological parameters
based onimited land use and management information dumagbration parameters
estimated can reasonablydescribe the generatharacteristicsof subbasis. This
conventionalway of SWAT setup has beensedby most studies and proved to be
effective especiallyfor largewatershed¢Gassman et al., 200&assman et al., 20p7
However, when SWAT isapplied to small watersheds, model setup is more
challenging. Spatial variations topographical features, soil characteristarsd land use
for small watershedare not as distinct dhosein large watersheds. As a result, dividing
a small watershed into several subbasins may not be sufficient for parameter estimation.
Besides, SWAT is nadble toexplicitly associatéiRUswith agriculturalfields where the
longterm land use andBMPs recordswere maintainegd because SWATImplicitly
patitions a subbasin intelRUs based oncombinations of land use, sqiland slopes.
This configuration poses diffulties tospecify exact sources of pollutardsidvulnerable
areaswithin subbasingKalcic et &, 2019. Also, long-term land use and management
data arealsounderusedNing et al., 201p Thus, improverant in HRUdelineation is
required The objectives of this study are @) develop a newnethodfor field-based
land use mageneratiorand HRUdelineation (2) setup a SWATmodelwith long-term
detailed land use and managemesdords fora small experimentalWwatershed in New
Brunswick Canadaand (3) comparewo versions of SWAT dne setup with thenew
methodandanothersetup with the conventionahethod with respect tanput andoutput

resolutionandprediction accurac
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5.2 Material sand Methods

5.2.1 Study Site and Data Collection

The study wacarried out inte Black Brook Watershed (BBWjcated innorthwest
New Brunswick (NB), Canada (Fig. 5.1). The watershed has bieelied extensively
more than 20years for evaluating the impact africultureon soil erosion and water
guality (Chow and Rees, 200&i et al., 2014a Thewatershed covers an area of 14.5
km?, with 65% agriculture land, 21% forest larahd 14% residential areas and wetlands
(Fig. 5.2). Slopes vary from-8% in the upper basin to-9%6 in the central area. In the
lower portion, slopes are more strongly rajliat 516%. The climate of the region is
considered to bemoderatelycool boreal with approximately 120 frefsee daygYang et
al., 20093 The average temperature is 8.@nd anmnal precipitation is 1037.4 mm
(Zhao et al., 2008 About onethird of the precipitation is in the form of snow. Snowmelt
leads to major surface runoff and groundwater recharge events frawh a May
(Chow and Rees, 20Dn6Soil surveys(1:10000 scale)identified six mineral soilsi.e.,
Grandfalls, Holmesville, Interval, Muniac, Siegasd Undineand one organic sQibt.

Quentin(Mellerowicz, 1993. The soilmapfor BBW is shown in Fig. 5.2.
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Figure 5.1 Locations of the BBW andiatermonitoring station #01as well as weather

stations #08 andt St. LeonardElevatiors and subbasinareindicatedfor BBW.
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Figure 5.2 Slopeclassexreated using-m LIDAR DEM andsoil andland usemapsfor

BBW.
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A land use survey has been conduatedry year since 199® record informatioron
land use and management practicgh as crop types, tillaggperationsand fertilizer
and pesticide applications in each fieRbtatobarleyrotationswere dominant in BBW
Flow diversion terraces (FDTgnd associatedrassed waterways haveedneonstruced
sincethe late1930s. Until 2011, morethan half of theagriculturalareawas protected by
FDT and grassed waterway& series ofland use mapsvere generated annualfyom
1992 to 201Dbased on land use surgeyhe attribute table of the map includes field ID,
land transaction information, crop rotation, and detailed management information (e.g.,
names of fertilizers, compositionandapplication amoustand dats). At the outlet of the
watershedMS#01; Fig. 5.1)aV-notch weirwasinstalledin 1992 andstage height fo
water has beemecordedusing a Campbelbcientific CR10X data logger. Stage height
values were converted total flow ratesusinga calibration curve functio(Chow et al.,
2011). Water samples were collected with an ISCO automatic sampler. Sampling
frequency was set at one samplvery 72 hours when runoff wabsent During runof
events, sampling frequency increased with one sample examnychange in stage height.
Samples were analyzed for concentrations of suspesalel$ nitratenitrogen (NQ-N),
and solublephosphors (SolP). Detailed descriptionf data collectionproceduresand
sample analyses can be found @mow et al. (2011l Weather datancluding daily
precipitation air temperature, relativeumidity, and windspeedwere obtainedfrom the
St Leonard EnvironmentCanada weather statiotocated approximately5 km from
BBW (Fig. 5.1). The daily average relative humidity and wind speeere calculated

based on hourly valueSince this weathestationdid not monitor daily solar radiation,
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the study usedolarradiaton collectedfrom a weather station located approximatedy 1

km from BBW (WS#08;Fig. 5.1).

5.2.2 SWAT Setup

In Atlantic Canada where substantial snow accumulatekiring winter, SWAT-
prediced soil temperaturghave been found to disagree with field measuremg@itet
al., 2016aQi et al., 2016pYang et al., 2008). New physicallybased soitemperature
and snowmelt modules wedevelopedandincorporatedn SWAT to accountfor snow
insulationeffects(Chapters 2 and 3ndrain-on-snow event§Chapter 4), respectively
This enhancedSWAT-model (incorporating the two new modulesan provideaccurate
predictions of water flow andutrientloadingand, as a result, was used in this study
Two versions otthe enhance@WAT-modelwere set ugor BBW, using detailed and
coarseinputs of land use and management practidesbe referredto as SWAT1land
SWAT?2, hereafterThe data usdto setup the two versions o EWAT areillustratedin
Table 5.1.A high resolution(1-m) digital elevation modelIEM) obtainedusing the
light detection andanging (LIDAR) technique was used to delineate the watershed and
derive topographical characteristiftg both models The entire watershedwas divided
into eight subbasins (Fig. 5.1)The characteristicoof generated subbasins andeam
attributesof subbasins are shown in Table 5.2. Blapesin BBW were classified irio

five groupsas shown in Fig. 2.
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Table 51 Datasetsisedin modelsetup, calibrationand validatiorof SWAT1 and SWAT2

Dataset SWAT1 SWAT2 Location Purposes
1-m resolution iDAR DEM 2010 o} BBW SWAT setup
Soil map 1993 0 BBW SWAT setup
Land use maps 19922011 2001 BBW SWAT setup
Precipitationtemperature, 19922011 o} St. Leonard SWAT setup
relative humidityand wind speed

Solar radiation 19922011 o} WS#08 SWAT setup
Tillage operation(spring and fall) 19922011 2001 BBW SWAT setup
Fertilizer application 19922011 2001 BBW SWAT setup
Crop rotation 199-2011 2001 BBW SWAT setup
Terraces and grassed waterways 19922011 2001 BBW SWAT setup

Discharge, sediment, NN and SolP 19922011 o) MS#01 SWAT calibration& validation

[9T

Table 52 Physical characteristics of subbasins and stream attributes of BBW

Subbasin  Area Fraction HRUs HRUs Main Avg. Main Main
number (ha) oftotal SWAT1 SWAT2 channel channel channel channel
area width slope length depth
(%) (m) (mm?’)  (km) (m)
1 227 17.31 154 49 6.05 0.018 1.53 0.36
2 226 17.22 180 57 4.18 0.009 2.80 0.28
3 131 9.95 108 50 3.32 0.008 1.32 0.24
4 245 18.69 95 45 2.75 0.007 2.21 0.22
5 108 8.21 46 25 1.35 0.005 0.02 0.13
6 78 5.93 37 17 1.11 0.018 0.68 0.12
8 234 17.82 189 41 2.48 0.017 0.96 0.20
9 64 4.87 78 26 0.99 0.029 0.46 0.11




5.2.2.1New Land Use Map

The @nventional way otetting upSWAT uses one land use map wilkie crop name
as land use ID. WheHRUs are created with specifietbmbinations of land use, soils,
and slopes in a subbasin, one HR&h represent many fieldsThis study assignec
unique land uséD (based on field ICfrom record$ to each field identifiedn the land
use map If two fields had the same crgwesent e.g., potato, theyere assigned
different land uséDs. Land usanap of 200 waschos& as the baseline map delineate
HRUsfor SWAT1 and SWAT2. The lahuse map used for SWAT2 is shown in Fig, 5.3
with 18 land uselDs. In contrast198 land uselDs were identified in the newand use
map for SWATL1 (Fig. 5.4). After combining thdand use soil, slopemaps(with area
threshold of 0, 10, and 20%, respectivellgljough ArcSWAT interface, 887and 310

HRUswerecreatedor SWAT1 and SWAT2, respectively (Table 5.2)

Landuse ID
B AGRL
B BARL
I CANA
Il CLVR
B CORN
B FRSD
B FRSE
I FRST
B HAY
I PAST
B POTA
B RNGB
I RNGE
N RYE
B URMD
I UTRN
B WATR
B WETF

Figure 5.3 Land use ID B aland use magenerated i2001
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5.2.2.2Management Data Configuration

After HRU-delineation information on crop rotation, fertilizer applicationgontour
tillage, FDT, and grassed waterwayss used to initializeboth versions oSWAT. An
algorithm was developed to link recorded data to SWATanagementiles (Fig. 5.5).
Land usemapsfrom 1992 to 2011except for 2001jvere spatially joired with the new
land use map based dield IDs through ArcGIS As a resultthe attributetable had 20
yeas of land use and managemeinformation associated witheach field. Finally,
parametersof SWAT1 managemenfiles (based onHRUs) were manuallymodified
according to recordA moldboard plowwith 150mm depth of mixing and 0.95 mixing
efficiency was set for the conventional tillage, anchisel plow with 15émm depth of
mixing and 0.30 mixing efficiency was set for conservation till&gyésting terracing and
grassed waterways modaleveremodified correspondingo recordsincluding the year
of implementation slope length of FDT, and widtls of grassed waterwaysThe
parameters of #se BMPs were initially modified according tosaluespublishedin the
scientificliterature(e.g.,Cronshey, 1986Haan et al., 1994VNischmeier and Smith, 1978

Yang et al., 2010vang et al., 2009b
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We assumd thatonly one land use map (2001) wasilablefor SWAT2 andlimited
land use and management informatwas used to adjusBWAT2 management files
(Table 5.1). As a result, assumptions based on informataifablewere required, i.e.,

(1) Potatebarleyand barleypotato rotations were assigned to land use H¥TA and
BARL, respectively for other land use IDs, it was assumed that no crop rotation took
place(Fig. 5.3)

(2) Fertilizers were appliednly to potato and barley, and fertilizer amounts and N/P
ratios wereaveraged for potato and barleyer theentire watershedbased on2001
surveydatafrom BBW;

(3) Contour tillage was applieshly to potato and barlefyelds, and tillage areas were
propationally assigned to potato and barléglds over theentire watershedbased on
2001surveydatafrom BBW; and

(4) FDT and grassed waterways were appliely to potato and barlefyelds, and their
areas were proportionally assigned to potato lzamteyfields over individual subbasins

basedon 2001surveydatafrom BBW.

5.2.3 SWAT Calibration and Validation

Calibration was conductedith the SWAT calibration uncertaintyprograms S§WAT-
CUP), ver. 5.1.6(Abbaspour et al., 200.7At first, SWAT1 wascalibratedusingmonthly
base flow and total stream dischafgem 1992 to 2001Baseflow dischargewasbased
on previously reported values calculated viltle recursivedigital filter (RDF) method
(Li et al., 2014b Zhang et al., 2003 Further calibration was conducted by comparing
modeled monthly sediment, NI, and SolP loadings wittmeasurementisom 1992 to

2001. Then, SWAT1 was validated using monthly water dateom 2002 to 2011
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Parameterd ERR_P and TERR_CHf theterracing modulaverealso calibrateqdTable

5.3). The impact of contour tillage on sediment loading was calibrated with the parameter
USLE_P(Table 5.3) As for SWAT2,calibration parametemsere set equal tthose for
SWAT1, with respect towater flow and sediment and nutrient loadings, as well as
management practices (i.e., contour tillage, FDT, and grassed waterwéysg!|
performancein simulating water quantity and quality at the watershed ouwtkes
compared betweeBWAT1 and SWAT2based on two periogdse.,periodt(19922001)

and periodt £20022001).

Table 53 Parametesof contour tillage FDT, and grassed waterwagsdjustedor

SWAT1 and SWAT2

BMPs Parameter Meaning Initial value Calibrated
Contour USLE P USLE practicdactor 0.5 0.6
Tillage
FDT TERR_P USLE practicdactor 0.12, slope<3 X1-0.2)
0.10, 3 <slope <
9
0.15, 9 <slope
TERR_CN Initial SCS curve 50 72
number |
TERR_SL Average slope length 25-100 50 for SWAT2
(m)
Grassed GWATN Mannings N value 0.35 0.35
waterways GWATSPCON Sediment linear 0.005 0.005
parameter
GWATD Depth of grassed 3/64xGWATW 3/64xGWATW
waterway(m)
GWATW Meanwidth of 5 5
grassed waterwam)
GWATL Length ofgrassed HRU length HRU length
waterway(km)
GWATS Meanslope of grasse( 0.75<HRU 0.75xHRU
waterwayqm) slope slope

Not e: rBferd tothesslope ¢iRUsin the unit of %.
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5.2.4 Statistical Evaluation
Three coefficientsof accuracywere usedto assess model performance., relative
error (Re), coefficient of determinatiofR?), and NashSutcliffe coefficient(NS; Nash

and Sutcliffe, 197)) givenas:

YQ — prunp (5-1)

Y 5 2 ; (5-2)
B B

6 p — (5-3)

whereO; andP; are the observed and predicted valuespectivelyandOayg andPayg are

the averageof theobserved and predicted valuesspectively
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5.3 Results and Discussion

5.3.1 Input Resolutionsof Land Use andManagement Practices

5.3.1.1Crop Rotation, Fertilizer Application, and Contour Tillage

Modeled percenaige area of potatand barley with both modelsare comparedavith
records from 1992 to 201XFig. 5.63. Modeledannualapplicationrates of N and For
BBW and potato andbarley fields are comparedvith record (Figs. 5.6b, ¢, and d,
respectively. For SWAT1, modeled area$or two crops wee consistentvith records
with potatooccupying30 to 40% of the total watersheatea (Fig. 5.6a)Barley area
varied from 10to 25% of thetotal watershedareawith high percenages in the early
200G (Fig. 5.6a) The modeled N and P application rates were consistent with secord
for BBW and potato and barleyields. Application rate of N for potatofields were
almostconstantafter 1995at about200 kgha*, while for barleyfields, theydecreased
from about 60kg ha’in the 199@s to less than 50 k¢a® in the late 2008 (Figs. 5.6¢
and d) Application rates of P for potato andarley fields were relatively constantat
about70 kg ha' and 5 kgha®, respectively(Figs. 5.6¢c and d)For SWAT2, modeled
areas of potato and barley and N and P application rates were not consistent with records
(Fig. 5.6). The modeled areas of potato and barley in 2001 ceesastentvith records,
while in other yearsthey varied up and dowdue topotatebarleyrotatiors. Fertilizer
application rates in potato and barlégids in 2001 wereconsistentwith records and
remained constarfor other yearsFor theentire watershed, N and P application rates

variedwith potatebarley rotatios (Fig. 5.6).
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Figure 5.6 Modeledpercenagearea of potatandbarleyandannualapplicationrates of
N and P fotheentirewatershed and potato and barfieyds compared withrecord from

1992t0 2011from BBW.

170



Modeled percenage area ofvarious tillage operationsm BBW are comparedvith
records from 1992 to 201XFig. 5.7. For SWAT1,area of moldboard and chisel plow
were consistent with recasah both spring and fall(Figs. 5.7c, d, € and f),aswerethe
total spring and fall tillage areas (Big.7a and b). Compared with moldbogptbw,
chisel plow area were slightly higher thanthe records(about 5%differenf), leadingto
overestimatiorof total tillage area in fall (Fig 5.7aand ¢. The small bias wasausedy
the crop rotatiorscenariosin which we modifiedhe contourtillage operationfor several
crops. In general, spring tillage asa#ecreasedince the early 1998, while falltillage
increasedlt is worth moting that fall tillageareas werenuch greater than diseof spring
tillage throughout the simulation period (Bi¢p.7a and b).Meanwhile fall moldboard
plow area increasedn the 199@ and remainedonstanin the 200@ occupyingabout
25% of the totalwatershedarea(Fig. 5.7c).Fall chisel plow are& varied remaining
under 25% of the total watershateawith several peaks in the early 2@@Fig. 5.7e).
Spring moldboard plow arsalecreasedince the early199(%s and spring chisel plow
aread decreasedo 0% after 1995 (Fig. 5.7d and f). For SWAT2, modeledireas for
moldboard and chisgdlow were not consistent with records (Fig. 5H@rcentagareas
for contour tillage were equal tihe records only in 2001while in other yearsthey

varied with potatebarley rotatios.
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Figure 5.7 Modeledpercenagearea of moldboard and chisel plow in spring and fall and
spring and fall tillage (moldboard + chisempared wittrecords from 1992to 2011

from BBW.
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5.3.1.2Terraces andGrassedWaterways

Modeledpercenagearea ofFDT andgrassed waterwaysre comparedvith recorcs
from 1992 to 2011(Fig. 5.8. For SWAT1, modeledDT areaswere consistentwith
records (Fig. 5.8) while modeledgrassed waterwayasreaswere slightly greaer due to
missing datan several fieldJFig. 5.8) Most grassed waterways were constructed with
FDT, as demonstratday parallekd variation (Fig. 5.8).Total area ofFDT and grassed
waterways increased from less than 10%ltoost 40%of the totalwatershedareafrom
1992 t02011 By comparing SWATImodeledFDT area withrecords in 1992, 1995,
2004 and 2011(Fig. 5.9) we can concludethat SWAT1 successfully modeled the
changes ofFDT from 1992 to 2011For SWAT2, the modeled FDT and grassed
waterways area werdose to recordsnly in 2001,while remainingconstantafter 2001
(Fig. 5.8).Although SWAT?2 could generate equal aresigh records formost subbasins,

it could not generate the same FDiBtribution pattern as did SWATEi@. 5.10Q.
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Figure 5.8 Modeledpercenagearea ofFDT andgrassed waterwayompared with

recorcds from 1992to 2011
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v.T

Figure 59 Recorded vsmodeledFDT areasn BBW (with SWAT1)for 1992 (a vse), 1995 (b vsf), 2004 (c vsg), and 2011(d vs
h).
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Figure 5.10 Recorded and modeled Fafeaswith thetwo versions of SWAT for 2001
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5.3.2 SWAT Calibration

Parametes calibratedfor SWAT1are shown in Table 5.4n total, 20 parametersere
adjusted.ParameterCNOP (i.e., CN,) was initially adjusted to reflecinfluences of
managemenpracticesbased on land use groups and hydrological propestissils, and
remainng unchangedduring calibration Baseflow discharge had a slow resporise
recharge (Alpha_Bf = 0.04and surface runoff tended to converge to the oqtietkly
(Surlag = 0.075Table 5.4. Meanwhile lateral flow increased due to unfrozen soils in
winter (reduced $oil; Qi et al., 2016p ParameteAnion_Excl was reduced in order to
improve nitrate retention capacity of soils (Table 5.4). Parameterscalibrated for
management practicese shown in Table 5.&alibrated values of ULSE_P faontour
tilage and FDTwere within the range of recommended valug$aan et al.,, 1994
Wischmeier and Smith, 1978 ang et al., 2009b As expectedTERR_CN value ¥ 72)
wasless than theneanCN; of cropands without FDTIt is worth noting thatTERR_SL
for SWAT2 was assumed to be 50 m, while for SWAT4, valuevariedin different

HRUs (25-100 m).
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Table 54 Parameteradjustedduring calibratiorof SWATL1.

Relevant process Parameter Unit Default Used
Snowmelt Smtmp e C 0 0.375
Sftmp eC 0 0.175
Smfmx mme Cday* 4.5 9.725
Smfmn mme Cday* 4.5 3.525
Timp 0 1 0.15
Baseflow Alpha_Bf  day 0.048 0.04
Gw_Delay day 31 1
Revapmn mm 1 500
Rchrg Dp 0 0.05 0
Surface Surlag o} 4 0.075
& lateral flow Esco o} 0.95 0.17
Epco o} 1 0.93
Slsoll m default x (1-0.5)
NOs-N Anion_Excl o default x (1-0.7)
CDN 0 1.4 0.15
SDNCO 0 1.1 1
N_Updis 0 20 100
SotP Phoskd 0 175 110
P_Updis 0 20 25
PSP 0 0.7 0.7

5.3.3 Impacts on Water Flowand Sedimentand Nutrient Loadings

Simulated andbservedmonthly water flow and sediment and nutrient loadirigs
periodtandt &re shown in Figs. 5.11 and 5.12, respectivdiydel assessments for both
models are shown in Table 5.5.

Table 55 Model assessmenfsr SWAT1 and SWAT2 in two periods.

Period Model Index Base flow Discharge Sediment NOz-N SolP

E SWAT1 Re(%) -5.0 -6.4 -20.3  -11.8 2.8
R? 0.65 0.62 0.40 0.50 0.23

NS 0.63 0.61 0.39 043 0.14

SWAT2 Re(%) -4.8 -5.9 -16.1 -16.4 6.4

R? 0.67 058 0.39 051 0.16

NS 0.65 058 0.39 0.46  0.09

E £ SWATL Re(%) 2.5 9.2 5.6 6.1 -87
R? 0.82 0.89 0.30 0.40 0.65

NS 0.82 0.86 0.04 034 053

SWAT2 Re(%) -4.8 9.2 35.9 -8.2 4.3

R? 0.80 0.88 0.29 0.45 0.67

NS 0.80 0.85 -0.62 0.44 0.56
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Baseflow and total stream discharge simulateith both modelsvere consistentith
observationsdr estimates) inboth periods (Fig. 5.11a and b, and Fs&g5.12a and b
respectively. Comparedwith SWAT2, SWAT1 performedslightly betterin simulatng
total stream dischardger both periods and base flofor periodt fgreater R and NS)
while in periodt SWAT2 performedslightly better(Table 5.5). In both periods, R
SWAT1 wasclose tothatof SWAT?2 for base flow and total stream dischaffable5.5),
indicatingthat discrepanciesf crop areasbetween these two models hditde impact
onthegeneral water balance in BBW

Comparedwith SWAT2, SWATL1 performedslightly betterin simulatng sediment
loadingin periodt (greater R, Table 5.5)andit accurately depicted several major peaks
of sediment loadings during the snowmelt season (e.g., 1992 and w884asSWAT?2
severely underestimatedhem (Fig. 5.11¢. In general both modelsunderestimated
sediment loadingdn period £ (Re = -20.3 and -16.1 for SWAT1 and SWAT2,
regectively) due tothe failure ofcaptuing major erosion eventsaused bynowmelt in
humidwarm winters(e.g., 198 to 2000; Fig. 5.1d). In periodt ,tSWAT1 performed
much bettethan SWAT2(greater Rand NS; Table5.5), with the latterconsistently
overestimahg peak sediment loadings durintbe snowmeltseason(Re = 35.9 Fig.
5.129. This is becausé¢hat SWAT1 was able to accuratehccountfor gradually
increagd areas of FDT after 2001 (FHg5.8 and5.9). Meanwhile the low NS (0.04) of
SWATL1 in periodt tas partiallydue toinsufficient calibration of FDT. The modified
universal soil loss equatidMUSLE) of SWAT could not address soil erosion caused by

freez-thaw cycles Thus, the FDT module couldot be calibratedto compensate for
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incorrectestimaesof sediment loadingsAn accurate soil erosion modukerequiredfor
a betterassessmemf FDT duringwinter and the snowmelt season in Atlantic Canada.

Compared withSWAT2, SWAT1 performed poolly in simulathng NOz-N loadingfor
both periodslower R? and NS; Table 5.5%or SotP loading, SWAT1 performed better
than SWAT2in periodt while not as welin periodt flower R* and NS; Table 5)5
Since parameterglevantto NOs-N andSol-P loading were calibratedor SWAT1, it is
possible that SWAT performed betterwith a differentset d land use and management
inputdue toparameteequifinality. These result;dicatethat SWAT, thoughset up with
limited land use and management informatioralie to provide comparable simulatson
of water quantity and qualityat thewatershedutlet, as long athe estimatedand use
and managememiracticedatacan represent thgeneralcharacteristis of the watershed
reasonably

Since SWAT1could modelgraduallyincreasng FDT area (Fig. 5.8), it was expected
that more nitratewould be leached due tocreasednfiltration. This wasconfirmedby
larger Re with SWATL1 in both periodscompared with SWATZ(Table 5.5).Also,
SWAT1 generatedess SolP loadngs for both periods i(e., smallerRe; Table 5.5),
indicatingthat the usage of FDT could potentially red&m#-P loadingdue toincreased

infiltration.
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5.3.4 Spatial Impact of FDT on Soil Erosion

Simulatedannualsediment loadingffom HRUs were averaged overeriodst andt t
for bothmodels and the derived erosion intensity mape shown in Fig. 5.1%ediment
loadings were classified into five groups based on aeslgannualsediment loadings
for both models and soil loss rate classificationLabb et al. (201p Soil loss rates
greater than 11 ha*were considered moderate to high erosion intensibjlevless was
considered low erosion intensity. Obvioysdimulated moderate to hightensity erosion
areas decreasefiom period t to £ #for both models(Fig. 5.13) corresponding to
increased usage of FDT periodt £Fig. 5.8). For SWAT1, modbw erosion intensity
areas werassociated witfFDT-occupiedareasin BBW for bothperiods (Fig. 5.9 and
5.13, exceptfor forestland (Fig. 5.2).In contrast, low erosion intensity areas modeled
with SWAT2 were notonsistent withactualFDT-distribution inBBW for both periods
(Figs. 5.9 and 5.1B As a result, SWAT?2 failed to spatially represent the impact of FDT
on soil erosion, while SWAT$ucceededThe result indicate that sing highresolution
inputs with respect to land use and managemeattmresthrough fieldbased HRU
delineation SWAT is able toprovide high resolutionoutputs such as soil erosion
vulnerableareasin the watershedAs a resultSWAT canfacilitate decision makingot

only at the subbasin scale but also at the field scale
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54 Conclusion

The current study presentsa new method to incorporate detailedand useand
managemeninputsin SWAT. The methoddelineatesHRUs based on field boundaries
and associates each HRU wahpatrticularfield. As a result,detailedrecordscan be
incorporated intdhe SWAT managemeriiles. After model setup, SWAT (SWATMas
calibratedand validatedn a small experimentawatershedBBW). Meanwhile, another
version of SWAT (SWAT2)was set upwith the original HRU-delineationmethod and
limited information on land use and managem@umpared witlSWAT2, SWAT1 was
able togenerateaccurateareas of crag fertilizer application, tillage operation, FDand
grassed waterwaysn BBW. Both versions of SWATwere usedto simulate water
guantity and quality at the watershed etitlTheresultsindicated that SWATL did not
perform better than SWAT2n simulating baseflow discharge andNOs;-N and SolP
loadings; howeverSWATL1 improved the simulation of sediment loadingdue to an
improvedrepresentation oFDT. In addition SWAT1 was able toestimatethe spatial
impact of FDT on soil erosion across thetire watershedwhile SWAT?2 failed Based
on the results, conclusions can be made as foillows

(1) SWAT is able to provide comparable results everlimited land use and
management informatiois available as long ashe estimatedand use and management
inputscan represent thgeneral characteristics tife watershed.

(2) Setting up SWAT witldetailed land use and management informatgrvirtue of
the field-basedHRU-delineationmethod is able tospecify sources of pollutantsnd
vulnerable areas in subbasins and, as a rdagititate decision makingn watershed

management.
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(3) The modified universal soil loss equatiemployed bySWAT camot address soil
erosion caused biyeez-thaw cyclesa more accurateoil erosion modulés requiredfor

correctassessmeabdf BMPsin Atlantic Canada
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CHAPTER 6

A DECISION SUPPORT TOOL TO ASSESS THEIMPACT OF LAND USE
CHANGE AND BEST MANAGEMENT PRACTICES ON WATER

QUANTITY AND QUALITY IN LARGE UNGAUGED WATERSHEDS

Qi, J., Li, S.Bourque, C.P.A.Xing, Z., Meng, F.R., A decision support tool to assess the
impactof land use change and best management practices on water quantity and quality
in largeungaugedvatersheds (tbesubmitedto Water Resources Reseatrch)
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Abstract

Assessments dhe impactof land use change afmest management practic&WPs) on
water quantity and quality are important for decision makidge to the difficulties in
obtaining field data, hydrological models are oftesedfor making such assessments.
Processhasedhydrologicalmodelsare generally preferred for their high acey at the
watershed scaleHowever, model simulations require detailed inputs and complex
calibration procedures, which may delay their acceptance among decision matt@ss. In
study, a simpledecisionsupport toal theland use anMPs assessmentiool (LBAT),

was developed to evaluate timepactof land usechangeand BMPs on water resources
for large ungauged watersheds in New Brunswick, Can#idaas developed based on
statistical models derived frorsimulatiors of the Soil and Water Assessment Tool
(SWAT) applied to a smakxperimentaivatershed, i.e., Black Brook Watershed (BBW).
The LBAT was testecgainst field measurements and SWAT simulationghe Little
River Watershed containing BBVResults fromLBAT reproduced both field data and
model simulatiors of annual stream discharge and sediment and nutrient loadings fairly
well. Compared with SWAT, LBAThasfewer inputrequirement@and can be applied to
multiple watersheds withowtdditionalcalibration Also, scenario analysesith LBAT

can bedirectly conducted for different combinations of land use BMPs without
complex setup peeduresas requiredby SWAT. On this basiswe recommend that
LBAT be used in economic analysis and management decision nfakingtersheds

with similar environmetal conditionsto thoseof BBW.

Keywords: multiple regression;hydrological model erosion; nitrate leaching soll

temperature
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6.1 Introduction

Pollution from nonpoint sources posesignificant threat to ecosystems and plant and
animal communitiegVa@marty et al., 2010. Nonpoint sources of sedimemiutrients,
and pesticides, primarily from agricultural lands, have been identified as major
contributors tovater quality degradatiofOngley et al., 201,(Zhang et al., 2004 These
pollutants are difficult to control because they come from many so(@ees and Yan,
2001). Practices such as strip cropping, terracing, crop rotation, and nutrient management
can bedevelogd to prevent soil erosion and reduce the movement of nutrients and
pegicides from agricultural lands to aquatic ecosystéiarcy and Frost, 2001 These
pollution-prevention methodsknown as best managementpractices BMPs), are
intended to minimize the negatiemvironmentaimpactof agricultural activities, while
retainingland productivity.Reliable informatioron the impacts ofland usechangeand
BMPson waterquantityand qualityis critical towatershed managemefRanagopoulos
etal., 2011

Many studieshave been conducted to evaluate the impact of land use change and
BMPs on water quality based on field experime(itovara et al., 2011Pimentel and
Krummel, 1987 Sadeghi et al., 2012Turkelboom et al., 1997Urbonas, 1994
Monitoring system$ave beerestablished to assess the impactaoid use change and
BMPs on water resourcei® order to capturehe spatial and temporalariation insoil,
climate, and topographic conditions in watersh€dsldkamp and Lambin, 2001
Althoughit is not difficult to quantify soilerosionand chemical loadings experimental
plots it is time-consuming and expensiy®lostaghimi et al., 19971t is not practical to

conduct feld experimentdor every combination ofand use andBMPs underdifferent
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biophysical conditionsAs a resultjt is unlikely that one coulabtainsufficient datato
develop management plans and conduct-lesefit analysesin addition statistical
models could be derived from experiments; however, it is difficult to establish-aadse
effect relations betweeBMPs and waterquality variables undevaried biophysical
conditions, or to quantify the impact of combirladd use an@MPson water quality at
the watershed sca{®enschler and Lee, 2005

Processbasedhydrological models can be used to extrapofalel datato fill data
gaps(Borah and Bera, 20038orah and Bera, 2004&ingh, 1995 Singh and Frevert,
2005 Singh and Woolhiser, 2002 Statistical nodels developedrom field datafrom
small watershedare assumed to apply large watershed (Bloschl and Grayson, 2001
Blschl and Sivapalan, 1995 These processhased hydrological models provide
quantitative information that is usually difficult to obtain from field experiméBtsah
et al., 2002 For example, ANSWER®Beasley et al., 19§0CREAMS (Knisel, 1980,
GLEAMS (Leonard et al., 1987 AGNPS (Young et al., 1989 EPIC (Sharpley and
Williams, 1990, and SWAT(Arnold etal., 1998 have been used to understand surface
runoff, soil erosion, nutrient leaching, and polluttransport processeslowever, these
processhasedmodels require extensive input data amanplex calibration procedurs
(Liu et al., 201% watersheds with sufficient data ¢alibrate and validatthese models
are normally small resulting in a lack of representation atarge spatial scales
Furthermore, once a model is calibrated, parameters become watgpsicdt and
cannot be easily extended to other watershedsaddition, these models regair
specializedexpertise which preventsionexpertdecision makerand economists from

using them(Viavattene et al., 2008
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A decisionsupport tool could be devmedby combi ni ng Adeci si o
geographicinformation system(GIS) for water quality assessment iarge ungauged
watersheds T h e Afdeci si on rul es o0 dedvedi froch fididde s i m
experiments on many combinations of land useBii&s (Renschler and Harbor, 2002
or they could be defined as simple as constantsllmasexpert knwledge.Alternatively,
simulatiors of a wellcalibrated hydrological modedan be used to developtatistical
modelsor even artificial neural netwoskused asa parto f A d e c i .sAidecisionr ul e s 0
support tool devel oped ibeasdedsyoeuse foii de@smmn s i o n
makers and economist&hereas its simulation accuracy needs to be telsteatidition,
to provide sufficient #fdec,ilhydraogicalrmodels aré@ wi t
required tdbecalibrated and validatdakforefill ing data gap of field experiments

The presenstudyusedthe il and Water Assessmernitool (SWAT) to providedata
for the development othe decisionsupport toal As a processhasedsemidistributed
watershed modgelSWAT is designed tosimulate hydrological processes and predict
water quantity and quality as affected by land use, land management practices, and
climate chang&Arnold et al., 1998 It provides a flexible framework that allovisr
simulatiors of the impact of a broad range BMPs such as cover crops, filter strips,
conservation tillage, irrigation, and flogmevention structuregGassnan et al., 2005
Ullrich and Volk, 2009. The SWAT modelis currently one of the mostused
hydrological modeldo study nonpoint source pollution problertBehera and Panda,

2006, andit has been used to evaluate the impa@&MPson water quantity and quality
at various spatial scald§&assman et al., 20p5Many studies have used SWATF a

decisionsupport tool to evaluate water resources in large ungauged waterkhisds
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believedthat SNVAT is able to provide reliable evaluations even without calibrafitwe
SWAT modelanalyze small or large watersheds by discretizing them into subbasins,
which are then further subdivided into hydrological response uRRUE with
homogeneous land ussgil propertiesand slopgYan et al., 2013Yang et al., 200Q
The model calculates the water balance (i.e., surface and subsurface runoff, percolation
and base flow, and evapotranspiration and transmission losses), crop growth, nutrient
cycling, and pesticide movemesitthe HRUIevel. Waterflow and sediment and nutrient
loadings from each HRU in a subbasin are summed and the resulting loadings are then
routed through channels, ponds, and reservoirs to the watershed Mattieti outputs
includeHRU, subbasin, and watershed values for surface flow, lateral flow, groundwater,
as well as sediment and nutrient loadings Atlantic Canadawhere substantial snow
accumulatesduring winter, SWAT-prediced soil temperature have been found to
disagree with field measuremer{@i et al., 2016aQi et al., 2016pYang et al., 2000
New physicallybased soitemperatureand snowmelt modules werdeveloped for
SWAT toaccountfor snowinsulationeffects(Chapters 2 and 3ndrain-on-snow events
(Chapter 4), respectivelAs a resultthe enhancedrersion ofSWAT (incorporating the
two new malules) can providemore accuratepredictions of water flow andutrient
loading

The main objective ahe present studg to develop a simple decisi@upport toofor
evaluaing the impact of land use change aBdIPs on waterresourcesin a large
ungauged watershedin New Brunswick Canada In particular, we presenthe
development ofa decisiorsupport tooland testit against data from two watersheds

situatedin the potato belt oNew Brunswick one small watershed, with extensive
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monitoring andfield survey data, and another large watershed, contathegmaller

watershed.

6.2 Materials and Methods

The general framework of the studyillastratedin Fig. 6.1. Specifically, this involves
the following steps: (1) setting up, calibrating, and validating the enhamssin of
SWAT at a smalexperimentalwatershed (Chapter 5); (2) developing statistical models
based on simulatienof SWAT for different combinations of land use aB#Ps (3)
integrating the statistical models into a decissopport tool with the aid of ArcGIS; (4)
testingthe decisionsupport tool against field measurements and model simulations of

water quantity and qualitfpr a lage watershed.

198



fLanduse; f Soil ; f DEM ; Climate dat;

BBW

/

Setup
Calibration
&Validation

Enhanced SWAT

Extensive
monitoring

-FDT+Contourtillage
-Contour illage
-No-BMP

Water flow,sediment and
nutrient loadings from
HRUs based on landuse

groups

Statisticai\

& field
surveys
data

PCP, TMP
SOL_K
LUGP
USLE_LS
N_APP
P APP

LRW

Setup
Calibration&
Uncalibration

Comparison:
-Discharge
-Sediment
-NOs-N
-SolP

models

LBAT

FDT assessment
in LRW

Figure 6.1 Information flow in development of the decisisapport toal
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6.2.1 Study Sites and Data Collection

The large watershed used to test the decisigporttool is the Little River Watershed
(LRW), which islocated in the Upper Saint John River Valley of northwestern New
Brunswick, Canadé&Fig. 6.2).It covers an area approximately 380%knmith a mixtureof
agricultural (16.2% forest (77%), and residential (863 land usegFig. 6.3 Xing et al.,

2013. Elevation in the watershed ranges from 127 to 432 m above mean sea level (Fig.
6.2). The soil in the studyites is classified as mineral derived from various parent
materials. The major associations are Caribou, Carleton, Glassville, Grandfalls,
Holmesville, McGee, Muniac, Siegas, Thibault, Undine, Victoria, Waasis, and one
organic soil (Fig. 6.3)The study site belongs to the Upper Saint John River Valley
Ecoregion in the AtlantidMaritime Ecozone(Marshall et al., 1999 The climate of the
region is considered to moderatelycool boreal with approximately 120 frefsee days
annually(Yang et al., 2000 Theaverage temperature is 8.7and annual precipitation is
1037.4mm (Zhao et al., 2008 About onethird of the precipitation is in the form of
snow. Snowmelt leads to major surface runoff gnoundwater recharge events from
March to May(Chow and Rees, 20D6l'heland useand soil map the setup oEWAT

for LRW werederivedfrom publicly available dat§Energy and Resource Development

(ERD), New Brunswick; Fig. 6.3]
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The small experimental watershed of the present study iBldek Brook Watershed
(BBW), which is asubbasimf LRW (Fig. 6.2) TheBBW has been studied extensively
for more than 20 years to evaluate the impact of agriculture on soil erosion and water
quality (Chow and Rees, 2006i et al., 2014. The watershed covers an area of 14.5 km
with 65% agriculture land, 21% forest land, and 14% residential areas and wetlands.
Slopes vary from 6% in the upper basin to%% in the central area. In the lower portion,
slopes are more strongly rolling at16%. Soil survey (1:10000 scale) identified six
mineral soils namelyGrandfalls, Holmesville, Interval, Muniac, Siegas, and Undine, and
one organic sailSt. Quentin ellerowicz, 1993.

A watermonitoring statiorwasestablished at the outlet of BB\W 1992 (MS#1; Fig.
6.2) and another (MS#12) at the outlet of LRW2001 At these stations, ¥otch weirs
were installed, and the stage height of the watas recordedusing a Campbell
Scientific CR10X data logger. Stage height values were converteataioflow rates
usinga calibration curve functio(Chow et al., 201)1 Water samples were collected with
an ISCO automatic sampler. Sampling frequency was set at one sample every 72 hours
when runoff was absent. During ruh@vents, sampling frequency increased with one
sample every&£m change in stage height. Samples were analyzed for concentrations of
suspendedsolids nitratenitrogen (NQ-N), and solublephosphorus (SeP). Detailed
descriptionof data collection proceduresd sample analyses can be foun@how et al.
(2011). Weather datancludingdaily precipitation air temperature, relativeumidity, and
wind speedwere derived fromthe St Leonad Environment Canada weather station
located approximately5 km northwest ofBBW (Fig. 6.2). The daily average relative

humidity and wind speewvere calculatedbased on hourly valuesince this weather
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stationdid not monitor daily solar radiation, theudy usedsolarradiation collectedrom

a weather station located approximatedykin southeast of BBWWS#08; Fig. 6.2).

6.2.2 SWAT Setup, Calibration, and Validation in BBW and LRW

The enhancedersion of SWAThas been set up, calibrated, and validated in BBW
reportedin Chapter 5The datasetaised in SWAT setypcalibration, and validatiofor
BBW and LRW areprovidedin Table 6.1.Both models (SWAT for BBW and another
for LRW) usedthe same set of weathéata(Table 6.1) As for LRW, a 10m resolution
digital elevation model (DEM) based on thight detection and ranging (LIDAR)
technique was used to delineate subbasins (32 subbasins) and derive their topographic
characteristics (Fig. 6.2). The soil typaad slopes, which were classified into five
separatgroups are shown in Fig. 6.3 for LRWAfter combining the soil, slopand land

use mapshroughthe ArcSWAT interface362 HRUswerecreatedor LRW.

Table 6.1 Datasets used in SWAT setup, calibratiand validatiorfor BBW andLRW.

Dataset BBW LRW

LiDAR DEM Im 10m

Soil map Survey (1993) ERD

Land use maps Survey (9211) ERD (one map)

Precipitationtemperature, St.Leonard(92-11) St. Leonard01-10)

relative humidityand wnd speed

Solar radiation WS#08 (92-11) WS#08 (01-10)

Contour tllage operation Survey (9211) Only for potato and

(spring and fall) barley(01-10)

Fertilizer application Survey(9211) Estimated from
BBW (2001)

Croprotation Survey (9211) Potatcbarley(0110)

Terraces and grassed waterways Survey(92-11) Negligible

Discharge, sediment, NON and SolP MS#01 (9211) MS#12 (0110)
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Sincewe hal only one land use major LRW, very limited land use and management
information was available (Table 6.1). As a result, assumptions were made based on
information available on land use and management redord8BW to adjust SWAT
management filer LRW as follows:

(1) Potatebarley radations were assigned to the land use ID POfBA other land use
IDs, it was assumed that no cnagtationtook place (Fig. 6.3)

(2) Fertilizers were applied only to potato and barley, and fertilizer amounts and N/P
ratios were averaged for potatadabarleyover the whole watershed based 2001
survey datdrom BBW;

(3) Contouttillage was applied only to potato and barlieyds;

(4) Flow diversion terraces (FDT) and grassed waterwayfRkW wereassumed o
present

These assumptionserved as a baseline scenario for FE¥Bessment in LRWIwo
versions of SWAT, uncalibrated and calibrated, were considerddRW. The land use
and management file were modified in thecalibratedversion of SWAT, while no
further calibration waperformed For the calibratedersion ofSWAT, the land use and
management files were modified as in the uncalibratexsion of SWAT, and the
calibration parameters were setqual to those for BBW (Chapter 5). This
parameterization approadk widely acceptedin applying SWAT to large ungauged

watersheds (Panagopoulos et al., 2011)
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6.2.3 Development of Statistical Models

A decisionsupport tool was developed based on statistical models derived from
simulatiors of the calibratedrersion of theenhanced SWA-Tmodelfor BBW (with field-
based HRU delineation methodjirstly, land use an@MPs were categorized inta
number of groups. These groups were selected together with major factors as explanatory
variables(independent variablespnd regression analysegere conducted to estimate

water quantity and quality variablédependent variables)

6.2.3.1Land Use Groups and BMP Scenarios
Land use in BBW(in total 24) wasfirst classifiedinto five land use groupaccording
to their influences on hydrological procesg@sble 6.2. Note that WATRwas not
included in the development tife decisionrsupport toodue to itssmalloverallarea(Fig.
6.3). As for watershed management, we congdéiree BMP scenarios
(1) FDT + contour tillage;
(2) Contour tillageand

(3) No-BMP (without FDT andcontour tillage).
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Table 62 Land use anthnd usegroups (LUGPfor BBW and LRW.

LUGP Land use code in SWAT Land use type
AGRL AGRL Agricultural LandGeneric
(Generakrops) CANA Canola

CRON Corn

FPEA Field peas

POTA Potato
GRAN BARL Barley
(Grairs) OATS Oats

PMIL Millet

RYE Rye

SWHT Spring wheat

WWHT Winter wheat
GRAS BERM Bermuda grass
(Grases CLVR Clover

HAY Hay

PAST Past

RYEG Ryegrass

TIMO Timothy
FORT FRSD ForestDeciduous
(Forestry) FRSE ForestEvergreen

FRST ForestMixed

RNGB RangeBush

WETF WetlandsForested

WETN* WetlandsNo-Forest
NOCR URMD Residential
(Non-vegetated UTRN Transportation
landg UIDU* Industrial

Note: fi*0indicates the unique land use present in LRW ttestnet presenin BBW

and therefore notaccounted in the development of the decisiapport tool.

The calibrated version of thenhancedSWAT-modelfor BBW was used to generate
annual outputs ls@d onHRUsfrom 1992 to 2011. Since the fieldentainingFDT were
normally tilled parallel tothe contoursof the land the outputs fronHRUSs setup with
FDT and contour tillage constituted a databasetfer FDT + contour tillage BMP
scenario. Then, SWAWas run without FDT, and the outputsofn these runs constituted
a database fothe contour tillage scenario. Finall6WAT was run without FDT and
contour tillage, and the outputs from these runs constitatddtabase fothe ro-BMP

scenario
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6.2.3.2Explanatory Variables Selection

Multiple linearregression analyses were used to correateialtotal dischargémm)
and sedimentt ha'), NOs-N (kg ha'), and SolP (kg ha') loadingswith explanatory
variables in the three BMP scenariosExplanatory candidatevariables must be
physicallymeaningfulin hydrological and biochemical processes. It is worth noting that
both continuous and categorical variables were included iretiressiorequation.The
land usegroup (LUGP) was the only categorical variable, and teenainingwere all
continuous variables. To detect significaptedictors the analysis of covariance
(ANCOVA) was sed It requires ateastone continuous and one categorical explanatory
variable and is used to identify the major and interagtieffects of predictors. By
including continuous varialde the method can reduce the variance of the error to
increase the statistical power and precisioastimatingcategorical variabk(Keselman
et al., 1998 Li et al., 2014. Inclusion of interaction terms in thesegressiormodels
dramatically increased model perfance. In the present study, we only considered
interactiors between two explanatory variablasa time Student tess were conducted
to examine thestatisticalsignificance of each level dfUGP andtheir interaction with
the variouscontinuous variables. When one levelldfGP (e.g., GRAN Table 6.2 did
not significanty correlate with water quality or quantity, or there were nominal
interactions between a given level and other explanatory variables, this particular level of
LUGP would be combinal with other levelsof LUGP until all new levels of LUGP were
statisticallysignificant. Statistical analgs were conductedn R (Ihaka and Gentleman,
1996. As a result,only six continuous explanatory variables weleterminedfor the

specification of the statistical models. Annual precipitation (PCP), annual mean air
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temperature (TMP), and mean saturated hydraulic conductivity of soil (SOL_K) were
commonto total discharge and sediment, NN, and SolP loading models. The LS
factor USLE_LS and annual N and P application rates (N_APP and P_APP,

respectively) were ugue to sediment, NEN, and SolP loading models, respectively.

6.2.4 Decision Support Tool Assessment

The statistical models wegpplied base on grid cells generated with ArcGIStier
study watershedsinputs to thedecisionsupport toolincluded the sk continuous
explanatoryariablesand LUGPas well asnformation on management practices, e.g.,
contour tillage and FDT implementations Simulations from each grid cells were
summarized at the outlet of the study watersh@édsfirst tested thempactof cell size
on simulatiols of water quantity and qualitst the outlet of BBWThe cell size range
was determined bgonsideringdifferent farmlandsizesobserved in the studgrea We
assumed that farmladshsed simulation units (grid cells) could sciffntly represent
basic hydrological processes, land use change, and management practice implementations
for watershed modelingimulated annual water flow and sediment and nuttimadings
with decisionsupport toolwere compared with thosproducedwith the calibrated
version of theenhancedSWAT-model Furthermore, He decisionsupport toolwas
applied to LRW, and the simulatismere compared with those of the uncalibrated and
calibratedversions ofSWAT at the watershed outléthe purpose is ttest if the LBAT
performs better or at least equivalently well as the calibrated version of SWAT, and test if
it performs better than the uncalibrated version of SWHAie decisionrsupport toolis

called theLand use anBMPsAssessmeritool (LBAT).
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The LSfactor of theuniversal soil loss equatiotJELE) was determined by slope
gradient ¢lp) and slope length_] of individual HRUs
53,8 — OJ¢ad@dQH 18 @OED m8roeu (6-1)
wherem is the equationexponent, ana is the angle of the slop&he exponentn is
calculated by
4 T®Op A@bo@od an (6-2)
whereslp is in units of m m™. For the LBAT, slope length equals to the length of the
grid side, and slope gradient was determined bysthpetool in ArcGIS. The sediment
delivery ratio was not considered in the LBApplication to BBW. We assumed that
annual sediment loadings from grid cells of the LABT walieexported to the outlet of
BBW. However, wherthe LBAT was applied to LRW, the sedimedelivery ratio was
neede to provide the correct estimaté sediment loading ahe watershed outletThe
sediment loadings at the outlet of LR®&d weredetermined by
i QQYOd QQ (6-3)
where sed is the sediment loadings calculated by the sediment loading regression
models , an@DRis the setmentdelivery ratio determined by
“YOY & Y 8 (6-4)
(Vanoni, 1975, where A (km?) is the drainage aredodel performancein terms of
water quantity and quality at the outlet of the study watersivadassessed based the

coefficient of determinatio(R?) and relative error (Reyiven as

Y : (6-5)

YQ ———Dpnnb (6-6)
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whereO; andP; are the observed and predicted valuespectivelyandOagandPygare

the averageof theobserved angredicted valuegespectively

6.2.5 FDT Assessment ilLRW

A series of FDTimplementation scenarios were set up for LBAT based on six slope
classes to assess the impact of FDWwaiter quantity and qualityn agricultural lands of
LRW (Fig. 6.3; Table 6.3). From scenarios one (S1) to six (S6), total area protected by
FDT gradually increased until all agricultural lands were protected (Table 6.3). Mean
annual simulatios of total discharge and sediment, N®, and SolP loadingsfrom
LRW from 2001 to 2010 were compared with thos¢hefbaseline scenario (%FDT = 0)
for each scenario using two indicatdrs,, mean difference (MD) and percentage relative
difference (PRD)given as:

(1) MD = output with FDTi output without FDT, and

(2) PRD (%) = MD/output without FDT x100.

Table 63 Slope classes and corresponding areéiseiagricultural landf LRW.

Scenario Slope Area protected by FDT Agricultural lands

(ha) (%)
S1 O5 624 10
S2 04 v 1328 22
S3 03 v 2224 37
sS4 02 v 3680 61
S5 01 5360 89
S6 g o 6048 100
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6.3 Results and Discussion

6.3.1 Statistical Models

6.3.1.1Models Structure and Coefficient Estimation

Structure of linear regressiormodek and their explanatory variables for annual
discharge and sediment, M@, and SolP loadings under different combinations of land
use groups and BMP scenarios are shown in Tablesng.45. In total, three discharge
models (Disl, Disand Dis3)andfive sediment(Sedl 1, Sedl 2, Sedl 3, Seald
Sed3) NOs-N (N1_1, N1 2, N1_3, N2and N3) and SolP (P1_1, P1_2, P1 3, Pand
P3) loading models were developeddata transformationsvere applied tosediment,
NOs-N, and SolP loadingsto meetthe assumptiomf normality in multiple regression
analysis (Table @). The contourtillage andFDT were applied only to agricultural lands,
including land use gro®AGRL, GRAN, and GRAS (Table 8). For the neBMP
scenarig threeseparatesedimentNOs-N, and SolP loading nodelswere developed for
agriculturallands (AGRL, GRAN and GRAS), notvegetated lands (NOCRand forest
lands (FORT) andonedischargemodel (Disl)for all land usegroups(Table 64). It is
worth noting thathe sediment loading model, Sed8asa modified version of Sed1_1
(multiplied by TERR_P) for the FDF contour tillage scenariolT&ble 64), andthe
values ofTERR_P used for SedBere the same abe calibrated valuesn SWAT for
BBW (Chapter 5)Also, NOs-N and SolP loading (N1_2 and P1_Zpr nonvegetated
lands (NOCR) wereletermined asonstantswhich were equal to thecalculatedmears
of NOs-N and SolP loading determined bySWAT, respectively(i.e., 24 and 0.61kg Ha

respectively; Table 8).
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As for LUGP (ncluding AGRL, GRAN, GRAS, FORT and NOCR,; Table 6.2), three
new land use groups (i.e., LUGP1, LUGP2, and LUGP3) were formulated by combining
agricultural lands AGRL, GRAN, and GRAS during model development (Tables 6.4 and
6.5). For example, LUGP2 was derived by combining AGERAN, and GRAS on total
discharge (i.e., Dis1 model). Individual model structures are shown in Tableh@reas
the explanatory variables for theseodelsappear in Tables 6.%.7, 6.8 and6.9. The
coefficients estimatetbr the explanatory variableend their interactions, and theiteist
results are also shown. Most of th&gdues for these explanatory variables were < 0.001,

except for severdhat were betweef.001and0.08, whichwere alsdaken as acceptable.
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Table 64 Statistical models based on land use groups (LUGP Baids

BMP Scenario LUGP Model Structure
No-BMP CRGP2,NOCR,FORT Disl Discharge= f (PCP,TMP, SOL_K,LUGP2
Contour tillage AGRL,GRAN,GRAS  Dis2 =f(PCP, TMPSOL_K)
FDT+Contour tillage AGRL,GRAN,GRAS  Dis3 =f(PCP,TMP, SOL_K)
No-BMP CRGP1,GRAS Sedl_1 Sedimert™=f(USLE_LS PCP TMP, SOL_K, LUGPY)
NOCR Sedl 2 =f (USLE_LS,PCP
FORT Sedl 3 =f(USLE_LS,PCP. SOL_K)
Contour tillage CRGP1,GRAS Sed2  Sedimert™=f(USLE, LS, PCP TMP, SOL_K,LUGP))
FDT+Contour tillage AGRL,GRAN,GRAS Sed3 Sediment =Sed1l Ix TERR_P
No-BMP AGRL,GRAN,GRAS N1.1  Log(NO:-N)=f(N_APP, PCP, TMP, SOL_KLUGP)
NOCR N1 2  NOs-N= 24 kgha'
FORT N1 3  Log(NOs-N)=f(PCR TMP, SOL K)
Contour tillage AGRL,GRAN,GRAS N2 Log(NOs-N) = f (N_APP, PCP, TMP, SOL_K,UGP)
FDT+Contour tillage CRGP3,GRAN N3 =f(N_APP,PCR, TMP, SOL_K, LUGPJ
No-BMP CRGP1,GRAS P11  Log(SotP) =f (P_APPPCR TMP, SOL_K,LUGPI)
NOCR P12 SolP=0.61kg ha'
FORT P1 3  Log(SolP) =f (PCP TMP, SOL_K)
Contour tillage CRGP1,GRAS P2 Log(SotP) =f (P_APP PCP, TMP,SOL_K, LUGPY)
FDT+Contour tillage AGRL,GRAN,GRAS  P3 =f(P_APP PCP TMP, SOL_K,LUGP)

Note: AGRL and GRANare combinednto one groupnamelyCRGP1 in LUGP1 AGRL, GRAN and GRASrecombinal into one group
namely CRGP2in LUGP2 AGRL and GRASarecombinednto one groupnamely CRGP3in LUGP3 0 indicatesspeciallytreated modls.





















































































































