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Abstract

Hydrological models are simplified representations ofrtéieiial surface water dynamic system. This
thesis focuses on improving these representations to make them more realistic and thus more
appropriate tools to simulate past and future hydrological behaVibestwo specific hydrological

model structural improvementsn this thesisfocus on the explicit representation of 1) lake
representationn complex lake networks and #rest growthdisturbancerepresentation iforest
headwater catchments

The firstand primaryfocus of this researchs on lake (and reservoigelineation and subsequent
simulation in hydrological modeld_akes and reservoirs have critical impacts on hydrological,
biogeochemical, and ecological processes, and they should be an essential component of hydrological
and ecehydrological watershed modélg. Past largecalehydrological modeling efforts tend to
either ignore the impacts of all lakes or explicitly simulate the behavior of only the largest lakes in a
watershed. This is practically due tawo reasons. First, thdifficulties inherent in representing
thousands of lakes in various hydrological mod8kcondthe model without representing lakes can
typically provide reasonable streamflow simulatianthe watershed outlddowever, he potential
impacts of ignorindakes on the simulated runoff components (i.e., quick runoff, baseflow, infiltration,

eta) and streamflow at internal gauges have not dgeguatelstudied.

A suite of ParCanadian subwatershéadsed lake and river routing GIS products at multiple spatial
resolutionshas been developedrhese are the firgsbuting network available that explicitly and in a
hydrologically consistent way represent lakes fordtmain of Canada. Theuting network provide
the necessary routing network topology and network attributes to enable-hastohydrological
routing anywhere in Canada. A case study using the Raven hydrological modelling framework to
simulate routingriom the Hudson Bay watershedows thaeliminatinglakes can have a significant
detrimental impact on hydrograph quality for some gauge locations and thatiegtdices from large
scale simulations degrades hydrograph quality in-thlmainated watershedResults demonstrated the
need for a flexible and generigatershed delineation toolbox capable of flexible levels of lake

delineation.

An opensource GIS toolbox (BasinMakewas developedhat can automatically and efficiently
build vectorbasedhydrological lake-river routing networksincluding flexible discretizatiorchoices

to represenan arbitrarynumber of lakesvithin a watershedBasinMakerwas usedo delineatehe
v



North America Lake-River Routing Product v2.1 (available at
http://hydrology.uwaterloo.ca/basinmaker/index.Ntamd theOntarioLake-River Routing Produotl

(available ahttps://lakeriver-routing-productsuwaterloo.hub.arcgis.cgnirwo novel posjprocessing

functions inBasinMakerareideal customization tools that can simplify the higlsolutionlarge-scale

routing network already delineated Basin Maker in the above twouting products

The impacts of ignoring lakes on the simulated runoff components and model performance at internal
watershed gaugesasinvestigatedby comparing theemidistributed hydrological model simulation
results from two model structures (witind without lakesjor two lake-dominatedNorthern Ontario
watershedsThe larger 420 km? case study watershed model with lakes simulaféiakes while the
smaller 10 km? case study watershadodel with lakes simulate8 lakes.Because of the model
compensation behavioignoring lakes in the moddlas significant impacts on the simulated runoff
components, whiclwill reduce the quick runoffincrease the infiltration, anidicrease the baseflow
from the soil storageall relativeto the equivalent model that explicitly simulate lakggoring lakes
in a hydrological modelill alsod e cr eas e t he /umoedantyidthesimulagedkrunbfi | i t y
componentsn each flow pathway.

The second focuareaof the thesisd on foreg growth/disturbance modelling. Understandthg
impact of disturbance on the ehgdrological processes imrestheadwaters is essential for forest
managementEco-hydrological models are a powerful toolten usedto quantify the response of
forestdcatchmers to aforest disturbancdHowever the forest growth moduseén commonly applied
ecchydrological modelsuch alRHESSysand SWATdo not support simulating the forest density,
diameter at breast heigfiDBH), and basal area change&eichis critical for forestdescribing and
assessingnanagemeructivities such as forest harvesting and reforestatitoreover,the vegetation
growth moduls of ecahydrological modelsare typically not modular Thus, it isdifficult for
researchers to impinent these vegetatignowthmodules into a differertydrologicalmodel most of

which treat vegetation growth in a varydimentary and indirect fashion

A vegetation growth library framework (Robiwgs developedwvhich can be easily coupled to any
hydrologicalor landsurface model to add the functionality of crop and vegetation growth functionality
Moreover,a new daily version of the popular 3PG (Physical Processes Predicting Growth) forest
growth model which has been widely used in mdde forest dynamics, was emulated in the Robin

vegetation growth library (RobiBPG) Robin 3PGhas been successfully compiled with the Raven

Vi


http://hydrology.uwaterloo.ca/basinmaker/index.html
https://lake-river-routing-products-uwaterloo.hub.arcgis.com/

Hydrological Modelling FrameworkCraig et al. 2020and then used to build coupled forgsbwth
andhydrological moeéls(Raven_Robin3PG)

The coupled mode(Raven_Robin3PG) was applied to a pairedatchment forest harvesting

experiment conducted at the extensivelgnitored Turkey Lakes Watershed located north of Sault Ste.

Marie, Ontario, Canaddahe model reasonablsimulates the hydrological processes' response to the
forest harvest management and the forestds grov
catchments.Moreover the coupled model couldimulate the response dfie two hydrological

signaturs (annual runoff ratio and Byt#to frameworl to forest harvest managemelrt comparison,

the model without coupling the Robin_3RGinable tsimulate tieseobservedesponseslhe climate

inputsand the evapotranspiration procsgmificantly impact the response of the runoff components

to the forest disturbance.
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function (minimum lake area thresholds of 62diar both CL and NCL). E) and F) are the
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Connected Lakes (CL) and N@onnected Lakes (NCL) are as defined in previous figures.

Figure 37. An example of the final routing network in the developed North American-Raker
Routing Product v2.1 and multiple simplifieats of the routing networks produced with
BasinMaker v3.0 for the 4000 KnPetawawa river watershed in Ontario, Canada. (A) full
resolution North American lakever routing network with 557 subbasins and 369 lakes. (B)
Final postprocessed routing networ obt ai ned from using O6Remove
(thresholds = 5 k). Further posprocessed final routing network obtained from using the
6Decrease_River Net wor k_ Re s o?usingiroatinghnetforkn c t i o n

in (B) as the input netark. Note the network in (C) now has only 58 subbasins and 13 lakes.

Figure 38. Screenshot of the North American LaRé/er Routing Product download website. The
popup menu appearing after clicking on a-sedjion shows details about the identifier of the
product, a download link for the rougimetwork itself as well as a link to download the outline
of the region (in shapefile and geoJSON fOrMaL)-.........cceeeriiiiiiimmmniiiiiee e 62

Figure 39 Screenshot of the Ontario Lakver Routing Product download website (main page). The
Export option in the left is linked to a routing product download site. Google Colab (picture
of colab text) in tk right is linked to a Google Colab notebook, which enables users to easily
simplify the OLRRP via BasinMaker without having to install anything on their local
=T 1 1P 64

Figure 41. A schematic overview of the hydrological model without lakes (A) and with lakes B). T
RQ is the runoff generated from the land HRUs, andR@gis the runoff generated from the
water HRU. TheQ,p is the total streamflow from upstream subbasin(s). ©hds the
streamflow released from the lake outlet. Thés the amount of runoff generatédm land
HRUs within a lake subbasin that reaches the lake after-tatéhment routing procesg2

Figure 42. The delineated watersheds and observation station locations for the hydrological model
without lakes (A) and with lakes (B) for the Petawawa watershed. The water level observation
gauges and climate statioasist in A and B despite not being shown in both. CL represents
connected lakes, and NCL represents-comected lakes..............cccoceiiiiccceniinnnnn.. 74

Figure 43. The delineated watersheds and streamflow observation station locations for the hydrological

model without lakes (A) and with lakes (B) for the Turkey Lake watershed. The observation
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stations exist in both A and B despite not being shown in both. CL repesmnected lakes,
and NCL represents naonnected lakes.......... ..o 75

Figure 44. The model performance at watershed outlet (calibration) streamflow gauge (02KB001) and
internal (validation) channel water level gauges (Crow, LM, and NC) from the hydrological
model explicitly simulating lakes (scenarielll) and the model ignorinlakes (scenario-1)
in the Petawawa watershed. See Taklefdr scenario descriptions. For each model scenario,
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Chapter 1

l ntroducti on

1.1 Overview of surface hydrological modelling

The surface water hydrological moliedy process can be viewed as an attempt to mathematically
describe the dynamics tfe surface water system in the region of interest based on the observations
and processknowledge we have. However, developing a model that can correctly deadlribe
hydrdogical processes in the watershed is impossible with current measurement teclaraogy
knowledggClark et al., 2016)One of the main reasons is that the dynamitsasiurfacewater system
areinvisible to us.For example, it is impossible to measwither fluxes, state variables or physical
properties at every location of the watershed. Generally, we only haversgtemology measurements
such as precipitation and air temperature at several poiatwatershed, the streamflow at the outlet
of awatershed, andsoil type map which can only providepriori estimation of the spatially averaged
physical properties. Thus, the hydrological model we haildsimplified representation of the system
and different simplification strategies aa®ailable,which causes us tdydrological models with
different structures and errofGlark et al., 2008; Gupta et al., 2012)

Generally, four steps are needed to build a hydrological mddetlopingthe conceptual model,
specifyingthe correspondinmathematial model, specifyinghecomputational model, and developing
model calibration and validation strategi€upta et al., 2012J-irst, different conceptuatrategies are
available For example, w may choose to conceptualize the soil profite two layers or three layers
and may choose to include or neglect the exchange between water bodies and gro(@biluatsky
et al., 2021, Clark et al., 2008; Craig et al., 2088cond, different process description equations are
available for eachydrological process. For example, the channel routing process can be simulated by
diffusive wave mode({Cappelaere, 1990r Muskingum mode{Khan, 1993) Thirdly, in the stage of
building a computational model, different spatial and temporal aggyatrategies and numerical
methods for solving ODE/PDE equations are avail@énicia et al., 2016; Kavetski et al., 2002; H.
Liu et al., 2016) Finally, different strategies are available even in the model calibration and validation
stage. For exant@, we need to makedecision on what kind of dataneeded for training our model
(Baroni et al., 2019; Woéhling et al., 2018nd how to separate calibration and validation dataset
(Razavi & Tolson, 2013; Shen et al., 202&hich metrics shouldédused fomodel evaluatiofClark
et al., 2021; Fowler et al., 2018; Pechlivanidis et al., 20kd)v to select parameters thaill be



optimized(Cuntz et al., 2015; Gohler et al., 20E8)d which algorithm will be used tptimize the
model we buil{Kuczera, 1997; Tolson & Shoemaker, 2007)

The weltknown quote by statistician George Box is key to remenii#drmodels are wrong, but
some are useful 0. To Idpmentofitheaodel shedldatcountfodtleeimodelt h e d
purpose. For example, if the mogglurpose is for flood forecasting, a statisticeddel (e.g.Shahzad
and Plat€2014) or asimple conceptual model such as GR4J mighappropriatéGibbs et al., 208).

In contrast, if the model purpose is for watershed agricultilrceight evaluation and nutrient
management, a sefdistributed or distributed surface hydrologiocaddel is preferred because besides
streamflow, the spatial distribution bf/drologicalfluxes and states such as evapotranspiration, soil
moisture and flow partitioningalso produced by the modés important for thesepurposes
(lampooranan et al., 2019; Narasimhan & Srinivasan, 2005; Shafii et al.,. ZB4&) with an
appropriately chan model, the utility of the hydrological model depends on the resutimdgl
prediction uncertainties/errors, which can come from measurement noise in botvanigioies such

as precipitatiorfKavetski et al., 2006; Lu et al., 2013; Vrugt et 2008)and outputvariables such as
streamflow (Ocio et al.,, 2017)and imperfect model structures induced dpatial and temporal
aggregationgKavetski & Clark, 2010; H. Liu et al., 201,6)onceptualizinghe real dynamic systems
(Foglia et al., 203; Gunther et al.,, 2019; Gupta et al., 2Qlidcorrectmathematical equations
(Bulygina et al., 2011; Clark et al., 2008)d compensating modparametergThyer et al., 2009)
Efforts to try to reduce hydrological model prediction uncertainties&mclude using 1) hydrological
signaturegM. Hrachowitz et al., 2014; Shafii et al., 20BAd other related measurements in the model
training procedurdlLerat et al., 2012; McMillan et al., 2012; Nijzink et al., 2018; Son & Sivapalan,
2007; Zink ¢ al., 2018) 2) the multimodelapproach to have an ensemble result instead of using single
model predictior{Clark et al., 2011; Moges et al., 2018) data assimilation approaches to reduce the

impact of the imperfect modstructure(Khaki et al.,2018; Pathiraja et al., 2016)

This hydrological model development process can be more challenging when the nonstationary
nature of the hydrological system is considered, which may be caused by the rapid changing of the
landuse in the watershédlluma etal., 2011; Zhou et al., 201,3nodel structural deficienci¢slwang
et al., 2018; Westra et al., 2018H)d other factor@Nesterberg et al., 201Ihenonstationary behavior
of the hydrological system can be accounted in different ways. For examwpigetation growth model
(additional processes) can be included to account for dynaegietation impacts due to changes in

temperature and precipitatigdwang et al., 2018)and a@ime-varying parameter strategy can also be
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used to account for inappropriate representatiohyafrological processe@athiraja et al., 2016;
Westra et al., 2014)

Overall, hydrological modéhg is a process of learning. Our understanding of the hydrallogic
dynamic system increases when we attempt to build and apply a hydrologicalanatjgle and rectify

prediction errors and then quantify and potentially reduce model predicto@ntainties.
1.2 Hydrological impacts of lakes

1.2.1 Function of lakes on routing

Lakes and reservoirs play a critical role in routing proce@$gay & Sushama, 2017The function

of lakes orhydrologicalresponse has been evaluated by many researcherdifferant perspectives.

First, the lake routing process has been studiedieiailed observationand modding in several

headwater catchmentiseach & Laudon, 2019; Mielko & Woo, 2006; Christopher Spence, 2000; Woo

& Mielko, 2007) Observations from headwater catchments in a ty@ealadian subarctic region

shows thatakes are major storage components in these water@lezlko & Woo, 2006) The level

of lakes will be increased with the runoff generatethénspring snowmelt period and the lake outflow

will be generated when snowmelt meetsithe k e 6 s st or whpectdefmeans t hat th
hi gher t han t he (Chrktalbes Spencet 20@6f Woe K éielkot 2008h the

continued subarctic dry summer period, lakeg/ disconnect to the downstream routing netwehien

the lake leveldropp e | ow tdhet l atk edlsevati on due to the | aket
low precipitation rat¢Bowling & Lettenmaier, 2010)In a semiarid environment, Woand Mielko

(2007)report that summenainfall wassometims insufficient to overome the storage deficit to-re

establish flow connectivity amoradl lakes.

In theaforementioned processes, the function of lakes on routing limgdedn be summarized into
three aspects: 1) the headwater lake storage deficits are very important mirnigeaitndvolume of
runoff that is transmitted to downstreafBowling & Lettenmaier, 2010; Mielko & Woo, 2006;
Christopher Spence, 200@pence (2000) show that in Skeeter Lake Basin, the majostyoaimelt,
52+ 9 mm or 45 64%, went to lakstorage. This only left 59% of the snowmelf7 £ 2 mm) available
for transport downstream (Spence, 2000). In the Shadow Lake catclootéinty constitutes 40% of
total melt and rainfall ithesnowmelt season (Mielko and Woo, 2008)The active coniiouting area

or the flow connectivity of the watershed is controlled bylakes(C. Spence, 2007; C. Spence et al.,
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2010, 2019; Woo & Mielko, 2007, 2008Jhe active contributing area is the region that not only
generated runofbut also hydrologicallgonnected to the downstream of the watershed. For example,
Spenceet al. (2010) show the active contribution area for the Lower Martin Lake watershed can reach
100% of the watershed area in the beginning of May because of the snow melting, artd seach
minimum 10% of the watershed area at the end of July. 3)The effect of flow attenwddicim will

retain water in the lake, smooth the hydrograph at the lake outlet and increaspitration lost (Woo

and Mielko, 2007).

Several studies include only ¢gr lakes (for example > 100 Rninto the routing modéhg for global
and regional studie@Guinaldo et al., 2021; Huziy & Sushama, 2017; Zajac et al., 20hgy found
that lakes/reservoirs significantly impact simulated flow duration curves, anddingl them can
improve peak flow simulations (Huziy and Sushama, 2017; Zajac et al., 2017). Researchsllewrhas
that 12% of the seasonal variations in terrestrial water storage could be attributed mamaigement
reservoirs(Tang et al., 2010)But the size of lakes represented in these studies sudgjectively
determined (Huziy and Sushama, 2017; Zajac et al., 2017). Considering the atusiieall lakes in
headwater catchments, small lakes may also play an important routing laigeinscée modeling
applications. Thus, a strategy to objectively select lakes that are imgorthatrouting processes for
any given watershed is needed.

The function of lakes on routing is impacted by lake and watershed characteristicBtsiThe
characterisc is the relative ratio between lake area and lake drainagelargahiake) (Fitzgibbon &
Dunne, 1981; Kusumastuti et al., 2008; Christopher Spence,,2@0@) is a factor thatescribes the
| akebs storage capacietnye rradleat ii me tarea Fitzdggokoat@wt alr ari u
Dunne (1981) found that t he | aukhea$ssnoothinpaaddaggingn hyd
was increasing with the increasing Gfakemaaks and the impacof a lake on a hydrograph was
significant only wherhakepaake Was larger than 5%. Similaesults are reported by Leach and Laudon
(2019). However, results in Woo and Mielko (208@pw that Lois Lake with a |0Whjake/palake Of 2%
was able to impact the lake outflow, whislnggests that tHehiake/aiake ratio alone is not a satisfactory
indicator of flow attenuation (Woand Mielko, 2007). The second factor is the relationship between
quick runoff and slow runoffin he | akeds drainage ar egacatmad t he |
2017; Mielko andNoo, 2006)In the case of Skeeter Lake, presented by Mielko and Woo (2006), the
lake level seldom riseabove its outflow thresholdhis is kecause the rate of the lake inflow does not

match the rate of lakevaporation, whie is attribute to the low ratio between quick runoff and slow
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runoff (Mielko andwoo, 2006). Zajac et al. (2017) also found that the watershed with high runoff ratio
was moresensitive to lakes in routing modial. The third factor is the downstream drste between

the lake outlet and the point of interest for streamflow estimation and this is measured by the ratio
bet ween | akeds drainage area relative inteestt he wa
(Ubaiakepaw) (Leach and Laudon, 201Blielko and Woo, 2006). The observation stunyylLeach and
Laudon (2019) show that in a headwater catchment, streamflow contributionth&sesmall lakes
can persist (e.g., are a noagligible part of the observed hydrograph) at ldaskm downstreaniThe
result from Leach and Laudon (2019) indicate that the impact of aolak®uting decreases as

Ubaiakepaw decreases.

1.2.2 Lake and channel routing models

A routing model is a mathematical procedutg@ch determines the hydrograph at a locatioariver

or immediately downstream of a lake/reservoir using the input hydrograph knosmn wgistream
location of the river or lake/reservdgiChow, 1959) Depending on the physicgystem through which
the input hydrograph is routed, the routing model loarclassified aseservoir/lake routing or river

channel routing.

In most practical situations the dynamic characteristics of an incoming flood wave are significantly
damped while passing through a reservoir/lake. The outflow of the reservoir/ledependent of
inflow and uniquely determined by reservoir/lake storage or level and infludrycdte outlet and
topographical characteristics of the reservoir/lake zone. For these reasmwetlieir/lake routing in
hydrological modelgypically uses a lumped form of the continuity equation atite storage/level
discharge relationship of the reservoir/lake outlets. The relationship belskeestorage/level and
discharge could either be measured or modéeavling & Lettenmaier, 2010; Craig et al., 2020;
Kouwen, 1988; Neitsch et al., 201Hor example, the broaxtestedweir equation can be used to
simulate the outflow of natural lak@Bowling & Lettenmaier, 2010; Craig et al., 2020)

Unlike the reservoir/lake routing, the dynamic nature of a rived fwave is difficult to belamped.
The routed hydrograph estimated at a location of the river is not only influendled blyaracteristics
of the river reach but also on the inflow hydrograph such as the rate ofi@igeitude of peak and time
to peak as well as the magnitude of lateral flow in the river ré@tlow, 1959) Channel routing
methods can be essentially grouped into three categories: storagey methods, Sourde-Sink

routing methods, and Saint Venant equabiaeed methodd.i et al., 2013; Shaad, 2018)he storage
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routing method utilize the lumped form of the conting@tuation and another storage equation, which
expresses the storage as a function of infmw/or outflow in a channel rea¢@how, 1959) The
variable stoage routing methods as well g Muskingummethod are two storagsased routing
methods which have been widely usedunoff simulations because they are easy to be implemented
and computationally efficierfDavid et al., 2011; Miller et al., 1994; Ngen et al., 2018; Shaad, 2018)

The Saint Venant equatidrased methods (also known as hydraulic routing) are rooted in the classic
Saint Venant equationsith simplifications at different levels, such as kinematic wave method and
linear diffusive wavenethod, etc(Chow, 1959)Both the storagkased routing methods and the Saint
Venant equatiobased methods require to discretize the river system into several segments. The storage
and outflow of each river segments are modeled. However, to improveffioency of the routing
model, the Souret-Sink routing method do not spend resources in flow and storage calcuktions
these interior river segments, which is not the interest of the mo@®@larsra et al., 2000)The grids

in which runoff is poduced are called source grids while watershed outlet girédealled sink grids.

The runoff from each source is convolved with a lumped sespeeificresponse function to determine

the contribution of each source to streamflow at the sink. $tnflow at the sink at any time is the
sum of the contribution from all sources in the waterdi@d/era et al., 2000). The application of
routing methods in several hydrological models@oyided in Tablel-1.

Table 1-1. List of channel routing methods in several hydrological medel

Model Name Channel routing methods

SWAT (Neitsch et al., 2011) Storage routing methods

Raven(Craig et al., 2020) Storage routing methods; Linediffusive wave
HYPE (Lindstréom et al., 2010) Storage routing methods
WatFlood(Kouwen, 1988) Storage routing methods
CaMaFlood(Yamazaki et al.,

2011) Diffusive wave equation
Mizu-Route(Mizukami et al., 2016] Kinematic waveracking; Storage routing methc
RAPID (David et al., 2011) Storage routing methods

MOSART (H. Li et al., 2013) Storage routing methods

VIC (Lohmann et al., 1996) Linear diffusive wave

NLDAS-2 (Xia et al., 2012) Sourceto-Sink Routing




1.3 Vegetation growth simulation and monitoring for hydrological modelling

1.3.1 Function of vegetation growth on hydrological modelling

Vegetation plays a critical role in surface hydrological cycle via altering above groundnatrergy
fluxes andbelow ground rooting characteristi@selly et al., 2016; Zhang et al., 201&ecent studies
showed that largecale vegetation changes, caused by both climate claadgeuman interventions,
have occurred in many regions and are greatiyencing the terrestriavater cyclfHampton & Basu,
2022; Murray et al., 2012; Woodward et al., 20049re specifically, the hydrology cydeinfluenced

by vegetation in following ways: 1) The Leaf Area Index (LAI) or canopy fradias signifiant
impact on the hydrological partitioning by influence the canopy interceptidnevapotranspiration
processeéK. E. Bennett et al., 2018; Zhang et al., 2018; Zhao et al., 2048)vegetation phenology

or growing season length, which will influertbe temporal dynamiasf LAl and then further influence

the hydrological processes (Hwang et al., 2018). Vegetatienology is not a steadyate process,
and might be influenced by the temperat{@enderson et al., 2012nd water stresséBisetteet al.,
2013) For the upper Yadkin basin, Hwang et @018) report that vegetation water use, closely
mediated by lengthened growing seasonacmbmpanying vegetation growth, has been a key source
of hydrologicalnonstationarity at botldecadal andeasonal time scales. Therefore, the changes in
vegetation density and growing seasemgth have been the key drivers of the relationships between
precipitation and runoff, whictietermine freshwater availability in this region (Hwang et al., 2(R)8)
The root distribution ofhe vegetation ialsoan important factor to determine the maximum available
water for vegetatioand to determine actual evapotranspiration and vegetation wate(Saegsos et

al., 2016)

Understanding and quantifying thearaction between vegetation and the hydrological aymlgd
contribute to benefit the hydrological model in terms of improving predictability and decreéasing
level of uncertainty{Clark et al., 2017; Kelly et al., 2018Jaseem et a(2015)showin a modding
study, performed across 27 catchments in the MuBayling Basin in Australiathat the merged
ecohydrological models (combining vegetation growth and traditional hydrologmaélling) were
capable of improvig streamflow prediction compared to hydrologicabdels alone, while also
providing as good estimates of LAl as dynamic vegetation maaelse. Campos et al. (2016)
developed a procedure to estimate the maximum total availableiw#terroot zone andemonstrate

that the simulated evapotranspiration and the water $toessa water balance model were improved
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with this estimated value (Campos et al., 2018)vang et al. (2018) shows that their model
performance was improved by including a dynamegeation scheme to account for the consistent
increases in LAl and annual ET with longgowing seasons. Jaskierniak et(2016)show that their

model under predicts streamflow durimyjought periods as it lacks representation of dynamic
ecohydrological(vegetation) processehat reduced growth rates or rainfall interception during

drought.

Despite the importance of vegetation dynamics, many hydrological models like H¥fREEtrom
et al., 2010)and Raven(Craig et al., 2020§lo not have a vegetatiqgrowth procedure analssume
steadystate vegetation conditions. This is not reasonable, as warmer temperatures have led to earlier
greenup, delayed senescence, and longer growing sed&mslerson et al., 2012)n addition,
coupling vegetation groWwtand hydrological models are needed to understarsptitél distribution
of state variables and fluxes for developing watershed management stréRsjaggopalan et al.,
2018) A flexible vegetation growth library, that contains multiple vegetatgianvth procedures and
can be easily coupled with any hydrological model, would benefit a saigeofhydrologicalmodels.

1.3.2 Conditioning the hydrological model with remote sensing products

Given the magnitude of errors and uncertainties in tmydtological modeing applications, a model
producing a reasonable streamflow simulation result does not mean that we have an accurate simulation
of the whole dynamic surface water system, especially for spatial and temporal representation of state
varialles and fluxes such as actual evapotranspirgifamdiguren et al., 2017; Rajib, Merwade, et al.,

2018; Stisen et al., 201I)hus, efforts are required to reduce the uncertainties and improve the spatial
and temporal representation of hydrological nie@€lark et al., 2017). Hydrological model parameter
estimation is being increasingly based on remote sensing products with the increasing availability of
these products (e.g., Nijzink et €018; Hrachowitz and Clark;2017).

The remotely sensed gumucts that have been used for conditioning hiydrological model
parameters include: soil moistuf¥. Li et al., 2018; Xie et al., 20185now Cover(Finger et al.,
2015kvaporation produci$ierman et al., 2018)and surface temperatug@ink etal., 2018) the total
water storage from Gravity Recovery and Climate Experir{lsmtet al., 2010)and leafarea index
(Naseem et al., 2015; Parr et al., 201Ggnerally, these remote sensing prodwetse used in
hydrological modéing in three diferent ways: 1) The products have been usaghdate and improve

the simulated hydrological model state variables with data assimileamiques(e.g., Alvarez
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Garreton et al., 2016; Ines et al., 2013; Y. Liu et al., 2012; Moradkhani et al., 2008t Zlqu2017)

Data assimilation is a pr woconditonrtee statds afta dganpchli e s
systems model on observatiof@. Nearing et al., 2018p) Alternatively, data from remote sensing
product can be directly usedasalibration targeto constrain the parameters in the hydrological model
(e.g., Zink et al., 2018; Nijzink et aR018; Tang et al., 2019); 3) Data from remote sensing product
could be directly inserted into timydrological mode(e.g., Mendiguren et al2017; Roy et al., 2010)

Before applying any approaches to incorporate remote sensing data into a hydrological model,
several assumptions need to be made, due to spatial and temporal mismatches between hydrological
model 6s st at e/ vanotélyasbnsed dataoFirst, plluhtes appraachesmeggdtegate
outputs from hydrological models and observations from remote sensing to thespsatiaé and
temporal resolutiofG. Nearing et al., 2018; Nijzink et al., 2018; Xu et al., 20Edy exanple, data
from remote sensing are usually averaged to each grid cell or each sulbbdwidsological model
(Naseem et al., 2015; Zink et al., 2018). During these spatial aggregatmasses, information about
the spatial variations within each gridsub basin contained in battmote sensed product and model
simulation result are neglected. Secoadl, three approaches neetb make assumptions about
hydrological processes in a specific watershed and build a hydrologm#¢| to describe these
proceses (Naseem et al.,, 2015). By examining the improvemefivefconceptual hydrological
models in 27 watersheds due to utilization of the multiple resetsed products, Naseem et al. (2015)
show that the improvement of hydrological model predictiaith certain remote sensed products
varied with different model structures at differematersheds, which means that the efficiency of
utilizing the information in remote sensing produtsdifferent among different model structures.
Thirdly, a metric that esluates the similarithetween a remote sensed product and a model simulation
result needs to be selected. The metn squared error can be used if there is high confidence in the
remote sensed product, Alternativetlyp spatial patterns can be compaired relative way if we do

not trust the absolutealue of the remote sensed prody&tauwels et al., 2001; Zink et al., 2018)

Because of these approximations and assumptions, the information contained in angeasiote
product might not be fullytilized ina hydrological mode(Nearing & Gupta, 2018And the quality
or efficiency of incorporating remote sensing products atwydrological modehre influenced by
aforementioned three assumptions. Previous studies have assessed thaladdagdlifferent remote
sensing products, either for data assimilation or model calibrationdtrads 2013; Zou et al., 2017,

Liu et al., 2012; Alvarefzarreton et al., 2016; Moradkhani et 2005). However, little attention has
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been paid to evaltiag the impact of these assumptionsediitciency of incorporating remote sensing
products. The studies presented by Naseem Qdl5) applied the remotely sensed products as well
as models all in a lumped, catchmenteraged manner. The potential lgldgical model improvement

from remote sensing produdiy improving the spatial aggregation resolution is still not clear. This is
especially true giverthat recently developed remote sensed yearly high resolution landuse maps
(Boryan et al., 2011provide the potential to aggregate remote sensing product and model simulation
results into even finer resolution. Furthermore, the improvement of hydrological perfl@imance

has been observed after adding vegetation growth model to account for thearedgtamic of the
system(Campos et al., 2016; Hwang et al., n.d.; Kelly et al., 2016; Naseem et al., 26\¢&%l remote
sensing products are closely related to the vegetation growth processhs as actual
evapotranspiration, LAl and soil moisturéhus, the inclusion ofntegrating vegetationgrowth
modeling potentially could show an even greater benkfitifologicalmodel improvementyf remote

sensing products.

The pending NASA SWOT satellite mission (see https://swot.jpl.nasa.gov/) promisesasure
lake levels at resolutions (temporal, spatial, and vertical) that have the potebéalged t@alibrate
the hydrological model in gauged/ungauged watershedowever, how valuable these lalevel
observations are in gauged/ungauged watessiset well quantified

1.4 Model evaluation metrics in hydrological modelling

Model evaluation metrics are important in hydrological miadglas they can be used to quantify our
beliefs in the model, to characterize relevant aspects of model performance and to evaluate the different
hypothesis in the modéClark et al., 2016; Gupta et al., 2012)yhen evaluatinglternative models,
modelperformance metrics form the basis for our assessment of relative model perfoGearezally,

the model evaluation metrics can be divided into four categories described in the following paragraphs.

First, model performance can be evaluated in the measutespace and can be measured in terms
of the degree of fit, which are functions of the residuals between the modeled and observed quantities,
such as Naslsutcliffe model efficiency coefficient (NSE), Root Mean Square Error (RMSE), Mean
absolute area (MB), coefficient of determination (R2) and KlinGupta efficiency (KGE(Gupta et
al., 2009; Pechlivanidis et al., 20)14Metrics in this group can be easily calculated and applied when
we have multidimensional observatidif&jib, Evenson, et al., 2018Jor example, the NSE of each
observation type can be either treated as different objectives in a full maliiglea optimization
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problem, or grouped together to a related shogilerion optimization problem (Gupta et al., 2009).
The KGE metric psposed by Gupta et al. (2009), ova@ne problems in using NSE in model
optimization such as overestimation of model dkitl highly seasonal variables and underestimation
of the runoff peak flows.

Besidesthe aforementioned metrics, model performance alao be evaluated by model selection
criteria such as AIC, BIC, and KIC (Akaike Information Criterion, Bayesian Inform@tidarion, and
Kashyap Information Criterion, respectively), which have been widely usddtéomine the model
weight in the Bayeain model averaging framewao{ddge et al., 2018; Lu et al., 2013; Ye et al., 2008)
These model selection criteria not only evaluate the goodnessimffitgasurement space, but also
include penalty terms that account for model parameter dimensiomadith is referred as the Occam
factor(MacKay, 1992) The Occam factor reflectsther i nci pl e of parsi mony or
number of competing models shows the sauality of fit, the least complex one should be used to
explain the observed fetts (MacKay, 1992; Wohling et al., 2015Both KIC and BIC are an
approximation of the likelihood of observddta given a prior distribution of parameters, while AIC is
the approximation of thelossiofn f or mat i on when using an alternat:.i
(Poeter & Anderson, 2005; Schoniger et al., 2014; Ye et al., 2088%, AIC require the (true) model
that generated the observational data is included in the set of candidats. Mbdehnk as well dke
weight of candidate models determined from the AIC, BIC, and KIC, could contradictodaah
(Schéniger et al., 2014; Wohling et al., 20E8)d these are can be impacted by the model error
covariance structure (Lu et al., 20136ge et al., 2018 observation data set size, and numerical
methods to estimate likelihood of observed d&thfniger et al2014).

Second, model performance can be evaluated by using mutual information from infortimaaiyn
which quantifies how nmeh of the uncertainty about a random variable Y can be rediyckdowing
variable X and a specific model structure(AMmorocho & Espildora, 1973; Gong et al., 2013; G. S.
Nearing & Gupta, 2015; Ruddell et al., 201®Bhe uncertainty of a variable is comanly measured by
entropy, proposed biphannon, 1997 Calculating the mutual informatioaquire large computational
resources to analyze the distribution and joint/conditional distribwtfowmariables, even in a one
dimensional problem. In additiothe mathematical frameworor multidimensional hydrological
problems has yet to be introduced to the hydrology commufgguming mutual information is
computationally tractable, the benefit of applying mutudbrmation is that we can quantify the

information contained in data and model structure in tdrprediction of Y (Gong et al., 2013; Nearing
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and Gupta, 2015) and quantify the efficiencydata assimilation technologies (Nearing and Gupta,
2015).

Third, model performance can be evaluated witbrblpgical signatures, which has besidely
used in hydrological modéhg such as improving the model consiste(idartinez & Gupta, 2011,
Nijzink et al., 2018; Shafii et al., 2017; Shafii & Tolson, 20a50 model structureomparison and
hypothesisdsting(Coxon et al., 2013; Fenicia et al., 2016; S. Gharari et al., 281<iynaturebased
calibration approach does not aim to calibrate the model directipgerved streamflow. Instead, it
seeks to identify hydrologically meaningfatterns of systefmehavior in the data, and to calibrate the
model to these signatures (Pechlivanidis et al., Z0idng et al., 2018b). The literature shows a variety
of signatures, which measures differagpects of watershed function or system beatayhave proven
to be useful for hydrologicahodeling including: the rising and declining limb dengi§hamir et al.,
2005) flow durationcurves (Westerberg et al., 2011b), baseflow and runoff coefficient (Shafii and
Tolson, 2015) andthers(Nijzink et al., 2018; Yilmaz et al., 2008; Y. Zhang et al., 20R&cently,
Shafiietal( 2017) showed that inclusion of flow part:.i
(1979) was able to increase model consistency and parameter identifiabilityacespith using
traditional hydrological signatures.

Fourth, model performance can be evaluated at each hydrological process level by using the transfer
entropy from information theorA. Bennett et al., 2019; Goodwell & Kumar, 2017; Ruddell et al.,
2019) The hydrological system will be first conceptualized into an information flow process networks,
which includes state variables of a hydrological system and corresponding linkage between state
variables(Goodwell & Kumar, 2017; Ruddell et al., 2019hen the amount of directed transfer of
information between state variables is measured by the transfer entropy or mutual information, which
is a measure of the strength of functional interactions between state vaf@bbesvell & Kumar,

2017; Ruddell etal., 2019) Information flow process networks have been used to investigate
information processing in neural systems in teohiformation transfer, storage and modification
(Wollstadt et al., 2014pnd to explain the complerature of forcing andekedback within an
ecohydrological system (Goodwell and Kum2@17). To reasonably estimate the transfer entropy
between state variables in an informatitow process network, detailed measurements of the state
variables are required, which is ngpicaly available for rainfallrunoff watershed modéhg. The
application of this approachlimited to specific site where detailed observations are available (Ruddell

et al., 2019; Goodwell and Kumar, 2017).
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1.5 Research gaps

Past largescalehydrologicalmodeling efforts tend to either ignore the impacts of all lakes or explicitly
simulate the behavior of only the largest lakes in a watershed. This is practically due to difficulties
inherent in representing thousands of lakegainous hydrological modelslowever,an opensource

GIS toolboxthat can automatically and efficiently build vectmsedhydrologicalrouting networks

with an arbitrarynumber of lakesloesnot exist inthe literature.Moreover, the existingectorbased
routing network in the literaturedo not explicitly and properlyepresentakes

Another reason whygsthydrologicalmodeling efforts tend to ignore the impactslakesis that
the model without lakes can provide reasonable streamflow simulatidhe watershed outlet.
However, the potential impacts of ignoring lakes on the simulated runoff components (i.e., quick runoff,

baseflow, infiltration, at.) and streamflow at internghuges have not been quantitatively studied.

Lastly, understanding the impact of disturbance on thehgtivological processes in therést
headwaters is essential for forest managenieothydrological models ar@powerful tool to quantify
the resporss of the forest headwater catchment to forest disturbahoeever,the forest growth
module invariousecohydrological models (i.eRHESSyqTague & Band, 2004 5WAT (Arnold et
al., 2012)andMESH (Pietroniro et al., 2007)do not support simulating the forest densibjameter
at breast heightDbHB), and basal area changes, whachcritical for simulatingforest management,
such as forest harvesting and reforestation. Moreover, the vegetation growth module- of eco
hydrologicd models isoften not modular Thus, it is tough for researchers to implement these

vegetation modules into a different hydralzaj model.

1.6 Thesis Contributions

This thesis hafive corecontributionsas follows.

1. A proof of concept study showinthat it was a) feasible todevelop a largscale (Pan
Canadian) vectebased lak&iver routing product that incorporatbandreds of thousands
of lakes in routing networks and t®asible to simulate hydrologic routing across a massive
region (Hudson Bay drainadmsin totaling-3,88),000 km?) and c) beneficial in terms of
improving uncalibrated simulated hydrograptosexplicitly represent numerous, including

modestsized, lakes
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2. An opensource GIS toolbox (BasinMaker) was developed that can automatically and
efficiently build vectorbased hydrological lakever routing networks, including flexible
discretization choices to represent any number of lakes. BasinMaker was usede@atelel
the  North  American Lak®iver Routing Product v2  (available at
http://hydrology.uwaterloo.ca/basinmaker/index.Ntarid the Ontario LakRiver Routing

Product v1 (available dttps://lakeriver-routing-productsuwaterloo.hub.arcgis.comTwo

novel postprocessing functions in BasinMaker are ideal customization tools that can
simplify the highresolution lage-scale routing networks already delineated by Basin Maker

in the above two routing products.

3. The compensation behaviaf the hydrological model whethe lakesare ignoredn the
modelwasidentified Theimpact of thagnoring lakes orthe simulated runoff at each flow

pathwayand thestreamflowat the internal gauges was demonstrated

4. The relationship between calibrated lake crest width parameter in the-dvesed weir
equation ofifteengaugedlakea nd t he | ak evdasasessedahowiragtiaethea r e a
calibrated | ake crest width parameter has
in log-log space. This result validates the assumption ugéeliterature to parametrize the

outflow structure of lakes.

5. Calibratingonly to internallake level measuremergsbstantiallyimproves the streamflow

simulationquality at both internal locations as wellthe watershed outlet

6. A vegetation growth library framework (Robin) was developed, which can be easily coupled
to any lydrological or langsurface model to add the functionality of crop and vegetation
growth functionality. Moreover, a new daily version of the popular 3PG (Physical Processes
Predicting Growth) forest growth model, which has been widely used in modellies} for
dynamics, was emulated in the Robin vegetation growth library (Robin_3m)thesis
reports primarily on thdevelopment and application of tferest growth module of Rohin
The testing of the crop growth component of Robime®mplete and nateported in this

thesis.
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Chapter 2
Subwatebabed | aker amdi ng vse eftomo r k

hydr ol aguidcdland surface models appli

This chapter is a mirror of the following published article with mictzanges to increase its
consistency with the body of the thesis. Changes were only made in the Summary (abstract)
References are unified at the end of the thesis.

Han, M., J. Mai, B. A. Tolson, J. R. Craig, E. Gaborit, H. Liu, K. Lee (2020), Subwatebsised
lake and river routing products for hydrologic and land surface models applied over Canada,
Canadian Water Resources Journdb(3), doi.org/10.1080/07011784.2020.1772116.

2.1 Summary

Lakes and reservoirs have critical impacts on hydrological, babgeoical, and ecological processes,
and they should be an essential component of regsmade hydrological and edtoydrological models.

This is particularly important in Canada with its tens of thousands of lakes. Pastdalge/drological
modellingefforts tend to either ignore the impacts of all lakes or explicitly simulate the behaviour of
only the largest lakes in a watershed.

This research derives a suite of R2emadian subwatershéadsed lake and river routing GIS
products at multiple spatial resolutions. These publicly available data products supply all the necessary
hydrological routing model inputs, including network topgl, subwatershed geometry, channel
characteristics (slope, length, roughness, and geometry), and lake characteristics (area, volume, and
outlet description), and were derived primarily from the HydroLAKES, HydroBASINS and
HydroSHEDS databases. All Wateur8ey of Canada streamflow gauging stations are used to define

subwatershed outlets in the products.

The routing networkis used to inform dydrologicalrouting model in the Ravehydrological
modelling framework. This is the first demonstration of Rawerouting-only mode. As a case study,
the Hudson Bay drainage basin (~40% of Canada) is simulated usingSBEN&Nnd surface model
gridded runoff and recharge as inputs and includes more than 20,000 river reaches and more than 10,000
lakes explicitly repesented at an hourly timestep. Uncalibrated streamflows compare reasonably well

to measured streamflows at select locations. The sensitivity of the routing model prediction quality to
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the discretization level for represented lakes is evaluated and sho@sample, that ignoring multiple
smaller lakes can have a significant impact on predictions.

2.2 Introduction

Lakes and reservoirs are a key component in hydrological modelling. In routing processes, for example,
lakes and reservoirs can retain parts ofasn@elt and precipitation in spring and summer, and supply
water to rivers in winter and autur(Bowling & Lettenmaier, 2010; Huziy & Sushama, 201B¢cause

of this effect, up to 80% of snow meltwater can go into storage each year and may not cdotribute
streamflow (Bowling and Lettenmaier 2010; Huziy and Sushama 2017). Moreover, lakes and reservoirs
significantly impact simulated flow duration curves. Accounting for them explicitlyytirological

models can improve peak flow simulations (Hughes e2@l4; Huziy and Sushama 2017; Spence
2006; Zajac et al. 2017). Lalggoundwater interactions are likewise important in hydrological and geo
chemical modelling (Karan et al. 2014; Shaw, White, and Gammons 2013). As inferred from the
HydroLAKES database (Mssager et al. 2016), Canadian lakes represent 39% of the total global lake
area and approximately 10% of Canada is covered by lakes. Lakes are therefore a critical component

of varioushydrologicaland ecehydrologicalstudies in Canada.

The lakeriver routing structure, which here refers to both the topology of the stream network and
the contributing areas to individual lakes and stream reaches, is a fundamental input to hydrological
models. The lakeiver routing structure in hydrological model will trgoust vertical fluxes generated
by land surface model or hydrological models haorizontally through drainage networks (Li et al. 2013;
Lehner and Grill 2013). The inclusion of lakes in a hydrological routing network usually requires
manual processing. For sthand localscale studies, the domain of interest might only contain one or
two lakes which can easily be added into the-faker routing structurefLin et al., 2015; Christopher
Spence, 2006)-or regional or global studies, however, only largedake usually incorporated into
the lakeriver routing structure. For example, only lakes with an area larger than 2@¢ekenincluded
in a global study by Zajac et al. (2017). This is due to the large number of smaller lakes and the
significant processig time typically required to manually insert all lakes in the 4aker routing
structure (Lehner and Grill 2013). The HydroLAKES database (Messager et al. 2016), however,
indicates that lakes with an area smaller than 100t&ke more than ~37% of tdtglobal lake area.

The function of these neglected small lakes can become importémydimogicalmodelling (Spence
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2006). Thus, a geospatial product that explicitly represents theilaeouting structures is required
to enhance the quality of regional and gldibadrologicalstudies.

Besides the HydroBASINS product with inserted lakes (Lehner and Grill 2013)efiened to as
HydroBASINS -L, no further lakeriver routing networkis available over the domain of Canada.
However, HydroBASINSL. was produced by clipping sthimsin polygons with lake polygons and
bisecting the remaining subbasin catchment using thestneam reach polyline. When a lake
contained the outlet of a siiasin, the subasin was split into a left and a right part along its main
stream reach (Lehner and Grill 2013). The water released from the right part of a spéissubas to
flow first into its corresponding left part before it flows into the lake (Lehner and Grill 2013). This
leads to three problems when this product is usetiyfdrologicalmodelling: 1) it is not possible to
calculate a representative river length for the left agiut Subbasin since the sdiasin was split along
the main river; 2) the lakaver routing structure is not hydrologically or topologically correct; and 3)
the local contributing area to the lake and the portions of the adjacehasuis which are upsam
or downstream of the lake are all indeterminate. Thus, the HydroBABIpi®duct has limitations
when used fohydrologicalmodelling applications.

In this work we will develop a pa@anadian lakeiver routing networkthat 1) includes all lakes
conneted by the river network, 2) represents kaiker routing structures in a hydrologically consistent
way, and 3) includes all derived routing attributes/parameters required to hydrologically route
distributed fluxes of streamflow though a ladeer routirg network. The proposed product combines
catchment polygons from the HydroBASINS product (Lehner and Grill 2013), hydrologically
conditioned raster datasets with15ssecond resolution from HydroSHEDS product (Lehner, Verdin,
and Jarvis 2008) and lake®m the HydroLAKES product (Messager et al. 2016). In total twelve
routing network are developed within this work using watershed delineations at six different spatial
resolutions and two lakestention strategies (with either all lakes represented gilakds with an area
larger than 1 krhrepresented). Once a lakelection strategy is chosen, one can still define if a lake is
explicitly represented within thieydrologicalmodel or not (without changing the routing structure).

We refer to this methodsahe activdake definition strategy.

The developed lakaver routing networkis here coupled with the routing capabilities of the open
source Ravemydrologicalmodelling framework (Craig et al. 2020). Raven is a robust and flexible

hydrological modellng framework that can be setup such that it serves only as a-bestx
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hydrological routing model, which can route runoff generated by a land surface scheme (LSS) in
conventional gridded format. This study is the first time Raven is applied in rautipgnode and
demonstrated for continertstale routing simulation.

Existing standalone routing models include mizuRoute (Mizukami et al. 2016), RAPID (David et al.
2011), CaMéFlood (Yamazaki et al. 2011) and HydroROUT (Lehner and Grill 2013). mizuRoate i
standalone opersource routing tool for gridor vectorbased routing of runoff generated by a land
surface scheme or other regiosablehydrologicalmodel. It has been deployed at the scale of the

continental United States but does not currentppstt lake, reservoir, or wetland routing.

Compared with existing staralone routing models such as RAPID (David et al. 2011), mizuRoute
(Mizukami et al. 2016) or the WatRoute algoritfliouwen, 1988)the Raven model has the following
advantages: 1) Ran supports several different routing algorithms feratchment routing, kechannel
routing, and lake/ reservoir routing processes, whereas most other routing models support only one
option for these processes. Of the above mdkdpendent routing té® only WatRoute supports lake
simulation, but only on a gridded network; 2) Raven can simulate botbased and subbasin/reach
representation of the stream network; 3) Raven supports spatially variable reach and lake
characteristics; 4) Raven has rebwsupport for reservoir management and irrigation demand
representation. 5) Lastly, since we develop a@anadianrouting networkand hence enable pan
Canadian studies, we have to handle large datasets. RAVEN supports multiple input trohess
ASCII and NetCDF. The latter format is known to be efficient for large gridded datasets.

In this study, we will apply and evaluate the developmting networkover the domain of the
Hudson Bay (3.98 million kA, demonstrating the utility and efficiency of Raven as a routing model
for systems with many lakes and showing that the explicit representation of lakes in the routing network

leads to improved hydrogrhg relative to observations, even without model calibration.

2.3 Methods

In this section, we will first briefly introduce how we derived this taker routing network The
hydrologicalmodeling framework Raven fohydrologicalrouting will be introduced inthe second
section. The Raven routing motletj framework will then use the lakéver routing networkin a

routing case study application of the Hudson Bay watershed, which is described in the third section.
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2.3.1 Pan-Canadian routing networks

The lakeriver routing networkhas three components: 1) the routing topology, 2) the geometry of
contributing areas, and 3) the routing related attributes for lakes and stream reaches. In this section we
first introduce the methods that were used to develop theriladeerouting topology and then the
methods employed to generate routing attributes for each catchment in the newly developed product
will be described.

2.3.1.1 Lake-river routing topology and catchment areas

The lakeriver routing topology is developed based oroabination of the HydroBASINSS (Lehner

and Grill 2013), HydroSHEDS (Lehner, Verdin, and Jarvis 2008) and HydroLAKES (Messager et al.
2016) geospatial databases. HydroBASINS is a series of polygon layers that depict watershed
boundaries and stiasin delieations various scales (Lehner and Grill 2013). HydroSHEDS is a
hydrologically consistent geospatial dataset including gridded flow accumulation, gridded flow
directions, and a hydrologically conditioned digital elevation model (Lehner, Verdin, and2i8)s

All gridded datasets are at 15 -@@cond resolution. Twelve stlasin layers from Level 1 to Level 12

were published in the HydroBASINS database, where Level 1 is a very coarse resolution delineation
(i.e., the Mackenzie river basin is a singleibbpand Level 12 is the finest resolution. HydroLAKES is

a database that includes shoreline polygons of all global lakes with a surface area of at least 10 ha
(Messager et al. 2016). In total, 21 lake attributes are included in the HydroLAKES database such
lake area, lake averaged depth, and lake volume.

Twelve lakeriver routing topologies are developed by combining six HydroBASINS products (level
7 to 12) and two lakselection strategies (lakes with an area larger than 0 of ihkhe HydroLAKES
datlbase), additionally seeded with the locations of 6372 Water Survey of Canada (WSC) stream gauge.
All developed lakeriver routing topologies are generated with the same procedure. The development
of lakeriver routing topology for combination of HydroBASE Level 8 and HydroLAKES with lake

area larger than 0 Kiflabeled L8Lake0) is used as an example and described in following section.

Two steps are required to generate a-flaker routing topology: (1) generate the local river network
and pour pointsdr each catchment polygon in the HydroBASINS Level 8 product, and (2) insert lakes
and local lake catchment areas into the HydroBASINS Level 8 product. Pour points refer to the drainage

outlet location for individual subasins.
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In step (1), the rivemetwork of each catchment is generated by tracking the flow paths from upstream
catchment inlet to the downstream catchment outlet (pour point) based on the HydroSHEDS gridded
flow direction map. The highest flow accumulation point within the catchmedensified as the pour
point of the catchment.

In step (2), first, pour points of each catchment from step (1) need to be modified and updated to
insert lakes into the routing topology, where the lake extents are represented by polygons. The modified
pour points include: (a) the original pour points in step (1) except for those within a lake polygon, (b)
|l ake outlet, which is the point having the high
and (c) lake inflow pour points, which are identifi@sl the intersection between a lake boundary and
its surrounding rivers. Only one lake outlet was identified for each lake iodiieg network. The
number of the lake inflow pour points can be 0 or any number lager than 0. An example of lake insertion

and the identified pour points is shown in FigBreA.

(A) Before changing flow direction (B) After changing flow direction
NOTHEIEERE SN e
______ | NN S } NV

NEIapararari —~ N
SNV } e rarars
SN NS
-\ e « NNl
-+~ N y - NN e
gy = ) v il

Figure 2-1. An example of watershed delineation results before (A) and after (B) modifying flow
directions of lake boundary cells. The two grid celith black dot are pour points of catchments. The

grid cell with red diamond is the pourpoint ide
di amond is the pourpoint identified as eahe | ake:¢
grid cell. The red arrows indicate the initial flow directions that do not converge to the lake outlet. The

blue arrows in (B) indicate corrected flow directions. The different cell colors represent five different
delineated catchments. The semaingarent blue polygon represents a lake and the blue lines mark

rivers.
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Second, the fAWatershedo function of the Hydrol

generate an updated routing topology using the set of updated pour points and the origilnadtmm

map from HydroSHEDS. A lake catchment (a catchment which drains directly to the lake) will be
generated for all lakes (light yellow in Figu?elA). After obtaining the lakeiver routing topology,

each lake catchment will be-ewvaluated with @éspect to lake polygons. If a lake catchment polygon
(yellow grid cells in Figur&-1A) completely contains the lake polygon (light blue polygon), the lake

catchment will be accepted.

However, if a lake polygon is not fully contained by the generatedciatiobment polygon (Figure
2-1A; lake is not covered completely by light yellow grid cells), then the grid cells at the boundary of
the lake polygon will be identified and the flow direction of these grid cells will be corrected to ensure
that all water reeived by these grid cells flows to the lake outlet (Figid3; flow direction (blue
arrows) adjusted). This is justified in part because flow direction within flat regions such as lakes is
typically indeterminate and therefore local gridded flow dimecttwithin lakes is often only a by
product of DEM processing which enforces hydrological consistency. Afterwards, the modified flow
direction map as well as the updated pour points is usedgenerate the final lakever routing
topology (see Figurg-1B, where lightyellow domain got extended to cover the lake completely). In
this way it is ensured that: a) each lake polygon is fully covered by a lake catchment; b) each lake outlet
is the outlet of the lake catchment; c) every lake inlet is represbptadoour point of an upstream

catchment and hence enables explicit lake inflow representation and simulation.

2.3.1.2 Estimation of routing attributes

The routing attributes that are derived from information beyond the DEM will be described in this

section.

Bankull width, depth, and discharge for lakiger routing structure. A global bankfull width w,
depth d, and discharge Q for each channel reach of the HydroBASINS default (finest scale) river system
was developed by Andreadis et al. (2013). This informasidvere used to estimate the bankfull width
w, depth d, and discharge Q for each catchment in theilaeouting network The original product
by Andreadis et al. (2013), however, is only available for drainage regions below the latitude of 60°N
(notably, the same is true for the publicly available HydroBASINS product). We hence use the
methodology applied in Andreadis et al. (2013) to derive the bankfull width, depth and discharge for
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channel reaches of the HydroBASINS default river system in theadyairegions above latitudes of
60°N.

The drainage regions above the 60 °N in the domain of Canada including the Pacific Coastal, Yukon,
Lower Mackenzie, Arctic Coadislands, KeewatinSouthern Baffin Island, and Northern Quebec
(Figure 2-2). The bankfull éscharge Q in [m¥s]) and the drainage areBA in [km?]) relationship
(Q=kxDA") for each drainage region (Figu2e?) is derived using data from streamflow gauges with
more than ten years of annual mean flow observations (2ableThe stream gauges observations are
obtained from the National Water Data Archive HYDAT (HYDAT 2018). Thef each river reach
in HydroBASINS river system were estimated based on the developed relationship betamdDA.

Finally, the bankfull width w (in [m]) and depth d (in [m]) for HydroBASINS river system are derived
by the following relationship introduced by Andreadis et al. (2013):

w=7.2Q"% d=0.27Q* (2-1)

60°0°0"N

Legend
Used WSC streamflow gauges

[ Drainage basins using data from Andreadis et al. (2013)

[__]Drainage basins using data derived from this study

Figure 2-2. Drainage basins in Canada (polygon number) with the identifier code from Water Survey
of Canada (WSC) and WSC streamflow gauges (black dots) used to estimai#i aditkf (Bkf\Width;

w) and depth (BkfDeptld) for the drainage basins Pacific Coastal (01), Yukon (05), Lower Mackenzie
(07), Arctic Coadtlslands (08), KeewatirSouthern Baffin Island (16), and Northern Quebec (18)
which is colored in yellow. Thbankfull width and depth for the other drainage regions in Canada are

obtained from Andreadis et al. (2013), which is colored in blue.
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Table 2-1. Estimated relationship between drainage abe§ @nd bankfuldischarge Q) (Q=kxDA")
in six drainage regions. The bankfull widttand depttd are subsequently derived using the estimated
bankfull discharg® (Equation(2-1)).

Drainage BasiitCode Drainage BasilName k c
01 Pacific Coastal 0.165 0.790
05 Yukon 0.018 0.935
07 Lower Mackenzie 0.048 0.837
08 Arctic CoastIslands 0.004 1.013
16 Keewatiri Southern Baffin Island 0.040 0.814
18 Northern Quebec 0.016 1.011

Estimated bankfull width, depth, and discharge for each channel reachHpdieBASINS default
(finest scale) river system are first derived across the whole domain of Canada. Two steps are then
needed to estimate the representative bankfull width, depth, and discharge for each catchment in the
developed lakeiver routing topolgy. First, river channel reaches in the HydroBASINS default river
system belonging to the primary flow path of each catchment in the developedvéakeuting
topology are identified. A GIS spatial overlay operation between the HydroBASINS default river
system and the river system for each of the 12tadez routing topologies is applied for this purpose.
Then, the bankfull width w, depth d, and discharge Q for each delineated catchment are calculated by

taking the reactength weighteehverage of thesproperties along the single main reach.

Main channel Manningbés coefficient. nGnd-)) mai n ¢
for each catchment of the developed routing to]
equation and solving fan as shown in Begtion(2-1):

&0 YYD (2-2)

whereAc is the channel bankfull crosection area (in [A), Ris the hydraulic radius (in [M]&nnis
the main channel slope (in fm?), andQ is the bankfull discharge (in fis]) as above.

The channel crossectionAc, and the hydraulic radiuR are generated using bankfull widthand
depthd of each catchment following the approach applied in the Soil and Water Assessment Tool
(SWAT), whichcan be found in section A7.1.1 Channel Ch

al. 2011). The slope of the main chanfgh of each catchment of the developedting networkis
calculated by:

"y 0 OO0 QE 0T QD dWE QO (2-3)
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whereMaxDEMandMinDEM are the maximum and minimum DEM elevations along the river channel

(in [m]), andrivlengthis the river channel length in the catchment (in [m]). The first two are derived

from the DEM, theivlengthi s cal cul auéadtley Geloemefi €Cyloc functi on i
2001).

FIl ood plain manningds coefficient. The flood pl
catchment in the lakaver routing topology is estimated from the land cover grids along the river
channel of eeh catchment. The 500m resolved MODIS Land Cover Type product MCD12Q1
(Myneni , R. , Knyazi khin, Y., Park 2015) i s used
First, a flood plain Manningbs coef(2007cis ent basec
assigned to each land cover type. Then, land cover grid cells that are intersected by river network of
each catchment are identified. Finally, each catchment is assigned with the average value of the flood

pl ain Manni ng6s entbed¢driticedsi ent over all i d

Estimation of lake routing attribute. The relationships between lake area, lake depth, lake storage,
and lake outflow are essential for simulation of lake routing. The simplest assumption is that lakes are
prismatic, which means thald lake area does not change with lake depth. Lake outflow can be
simulated with the broadrested weir equation (e.g., Bowling and Lettenmaier 2010) or empirical
functions of lake storage (e.g., Kouwen 2018). Under this simplest assumption, the reajéred |
routing characteristics are the lake area, lake volume, lake averaged depth, lake outflow, weir width

and (optionally) weir elevation.

The lake area (LakeArea), lake averaged depth (LakeDepth), lake volume (LakeVol) and lake type
(Laketype) are includkin the lakeriver routing topology by using the values from the HydroLAKES
database (Messager et al. 2016). The lake outlet weir width is assumed the same as the estimated
bankfull widthBkfWidthof the lake catchment. Thus, the lake routing charadterigtat can support
lake routing with these simplest assumptions are all included in the developeivéakeuting
topology. An additional attributdésLake is included to indicate whether each catchment imahtng

networkis a lake catchment.

Additional product attributes. Around 6372 streamflow observation gauges from the HYDAT
database (HYDAT 2018) are included into the routing topology. Streamflow observation gauges are
first automatically snapped to the closest river reach of HydroBASINSaystem and then treated as

catchment outlets. A flag callésiObsis used to indicate whether streamflow observations are available
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for the catchment. Further, the Water Survey of Canada station number of eaclS@dioge Nus
also included in the delaped lakeriver routing network

2.3.2 Hydrologic routing with RAVEN

The Raverhydrologicalmodelling framework (Craig et al. 2020), as consistent with its flexible design
philosophy, can be configured for-oatchment, irchannel, and iiake routing using a variety of
different algorithms, and run at multiple spatial and temporal resolutinissdésigned to run both as

a stanealonehydrologicalmodel and as a routing model, which can be coupled to land surface schemes
or otherhydrologicalmodels. As a routing model, Raven requires as forcing input at the very least
spatiallydistributed runoff data, which is typically provided as a gridded data product of water fluxes
released from the land surface (as may be generated by a land surface scheme). Runoff contributions
to individual catchments are estimated from the -areightedaverage of runoff from any grid cells
overlapping the basin. For simulation of reservoir/lake mass balance, it also requires spatially
distributed temperature, precipitation, and/or evaporation rates. Lastly, it can support spatially
distributed (griddedjecharge data, which can be used to estimate groundwater baseflow, which can
likewise be stored and released to the routing network. This option is used in this study and groundwater

baseflow is simulated using a linear groundwater reservoir approach.

Nedecting the simulation of routing in wetlands, which is not addressed here, there are three primary
components of the Raven runoff algorithm. First, runoff shed from the landscape or released as
groundwater baseflow is routed to the local basin outlegusicatchment routing, treated using a
transfer function/unit hydrograph approach. Multiple transfer functions are available (e.g., triangular,
gamma distribution, Nash unit hydrographs, or an instantaneous release); here, the instantaneous
release appra is used and thus all of the water released from the catchment to surface water over a
time step appears in the channel at the catchment outlet at the end of the time step. Second, routing
within channels of the stream network may be simulated using-emannelhydrologicalrouting
algorithm (e.g., MuskingurCunge, lag and route, storage coefficient, level pool routing, diffusive
wave, or kinematic wave routing). In all cases, the routing characteristics are impacted by the channel
geometry, slope andughness; stagel ow r el ati onships are informed
local calculation of representative reach diffusivity and celerity. The diffusive wave approach is used
here where an analytical solution to the diffusive wave equationdstoselate inflow and outflow in

each reach. The stream network is assumed to be a unidirectional branching network such that flows
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move solely from upstream to downstream. Backwater effects and cyclical networks are not supported.
Lastly, a single NewtoiRaphson algorithm with additional support for operational reservoir constraints

is used to simulate routing of water through lakes and reservoirs. The lake routing algorithm supports
simulation of groundwater seepage and open water evaporation, usiofjroaee than a dozen PET

estimation algorithms.

Raven supports a range of methods for determining the outflow from a reservoir or lake using either
stage discharge relationships or operational constraints such as flow and stage targetspeaeifiser
time series of outflows. Each reservoir may have two siigmharge curves to represent, for example,
combined tunnel underflow and spillway overflow. In addition, known inflows or outflows from the
reservoir (e.g., irrigation diversions) can be simulatadhis study, all water bodies are treated as

natural lakes.

In this study, natural lake outflows are assumed to be governed by thecheetatl weir equation:
0Q -60Q Q T 0 (2-4)

where g is the gravitational constant (in [ff)/sC is the weir coefficient-] with constant value 0.8,

is the weir crest width (in [m]), and h is the lake surface level (in [m]),haBdis the weir crest
elevation. By default, the absolute elevations are not used in simulations; the crestfredghtlake

is assigned an elevation of zero and this zero reference level is only used for lake level simulation
purposes. Here, we further assume that lakes are prismatic which means that the lake area does not
change with lake depth (although Raven atlize a stagereavolume curve). Under this assumption,

the lake surface level relative to the bottom of ldkean be estimated as the ratio between volume of
water in the lake storage and the lake area. For each lake simulated in Raven, thaitekattobutes

in the developed lake riveouting network (section 2.1.2) are used to assign lake routing inputs and
parameters as follows. The crest height and crest width are set equal to the lake averaged depth
(LakeDepth and the lake catchment tdmll width (Bkfwidth, respectively. The lake area input is set

equal to thd.akeArearouting networkattribute. In addition, the initidi for each lake is set equal to

the crest height, which assumes that each lake has no outflow at the beginning of the simulation.

A unique feature of Raven is that it can directly read gridded forcing inputs (forcing inputs of any
shape) and then it intedhaconverts the inputs to catchment specific fluxes. The following equation

shows this conversion for each catchment in the routing network:
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whereF;is the forcing (surface runoff or groundwater recharge)evalicatchmentat each time step,
Fiis the forcing value for cell gridobtained from the SVS land surface schefjes the overlap area

between the catchment (polygon) and the gridicathdN is the total number of grid cells.

2.3.3 Routing case study

The Hudson Bay watershed, with an area of 3.5 millioA (k#0% of Canada), is selected to evaluate

the developed pa@anadian lakeiver routing networkand the Ravehydrologicalrouting model for

large scale routing modgig. This section firstelscribes the SVS larglrface scheme used to produce
surface runoff, lateral flow, and drainage estimates over the study domain, the Raven routing model set
up for the Hudson Bay watershed is described in second part of this section, and the casdismdy rou

experiments is described in the third part of this section.

2.3.3.1 The SVS (Sail, Vegetation, Snow) land-surface scheme

The SVS (Soil, Vegetation, Snow) lasdrface schem@lavi et al., 2016; Husain et al., 201&as
developed by Environment and Clim&bange Canada (ECCC). The purpose of SVS is to overcome
the limitations of the old land surface scheme (ISBA) used by the Meteorological Service of Canada.

SVS is generally used at ECCC as part of the &&iM model(Bernier et al., 2011\ GEM-Surf is
the surface prediction system used at ECCC to run the surface component of the GEM atmaospheric
model. GEMSurf represents five types of surfaces, including land (represented by ISBA or SVS),

water, glaciers, ice over water, and urban areas.

In this study, GE-Surf outputs (surface runoff, lateral flow, and drainage) were used as input for
the RAVEN routing model over the entire Hudson Bay watershed. -SENIresolution was 0.09°
(~10 km), but its outputs were aggregated to a 0.5° resolution (~50 km), wehragrid cell size of
1594 ki, because the resolution of ECCCb6bs internal
0.5°. GEMSurf was run with a-Bninute time step and produced hourly outputs. The model was run
from Jan 1, 2007 to October 7, 2010.
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2.3.3.2 The Raven routing model set up for the Hudson Bay watershed

The developed HydroBASINS level 8 with all lakesiting network(L8-Lake0) is used to setup the
Raven routing model and tested over the domain of the Hudson Bay watershed. There are 26,419
catchmets in the L8LakeO product over the watershed (compared to the 90,45% aq@edian
catchments in total for this product). The average catchment area is 13Bhkentotal number of lake
catchments in the L-BakeO product over the watershed is 14,975 (costhao the 40,674 pan
Canadian catchments in total for this product) with a median lake area of 4.TUHerRaven model

routing simulation uses an hourly time step simulating the time period January 1, 2007 to October 7,
2010. Lake evaporation &ccounted in the land surface model thusas simulatedby the routing

model Raven is run in routingnly mode, thus disabling all runoff generation procedures; only linear

baseflow and routing are simulated.

2.3.3.3 Case study routing experiments with various lake resolutions

Several lake representation scenarios are developed by deactivating lakes in the routing model based
upon different area thresholds. If a lake is deactivated, the lake is replaced by the channel of the longest
river channel within the lake catchment and thater from the upper catchment will be transferred via
in-channel routing instead of lake routing. A total of seven lake representation scenarios are tested
(Table2-2). Six of them are defined by using different lake area thresholds defining the misizaum

for lakes to be explicitly simulated (lake area >0, >1, >4.24, >10, >50, and >#)OTkra seventh
scenario (NoLake) deactivates the lakes of all lake catchments and is hence entirely ignoring the

presence of lakes.

Table 2-2. Seven lake scenarios used in this study. In the base scenario all lakes are included. The

number of included lakes is decreasing with each scenario.

Scenarios Description

LakeO (Base scenario)  Including all connected lakes

Lakel Disable lakes with area smaller than 12kmbase scenario
Lake4.24 Disable lakes with area smaller than 4.2# kmbase scenario
Lakel0 Disable lakes with area smaller than 1(?kmbase scenario
Lake50 Disable lakes with area smaller than 5¢%kmbase scenario
Lakel00 Disable lakes with area smaller than 10¢ kmbase scenario
NolLake Disable all lakes in base scenario
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The impact of lakes on the routing results is evaluated by thei Nasttiffe efficiency (NSE) at
multiple streamflow observation gauges. In total, fifteen streamflow gauges that are not influenced by
upstream reservoirs in the Hudson Bay watershed are selected for the analysis-GrabteRigure
Al-1). Neither SVS nor Raven is calibrated. THSEfor daily flows for each gauge and all lake

scenarios is computed by:

6°YO p 2 (2-6)

whereé @ is the flow observation at dayéi, wis the observed daily mean floiv,"Qds the simulated
avaaged daily discharge at dayThe¢ o iis calculated by average the simulated hourly value into

daily.

Table 2-3. The 15 streamflow gauges without reservoir impact used for the case studgLigleename
is the streamflow station name of the Water Survey of Canada. The Gauge ID is the identifier of each
gauge used in this worRppendix A maps the location of all these gauges.

Gauge ID Gauge Name Drainage Area (kr)

1 05UG001 3273
2 05UHO001 1584
3 050J005 263223
4 06FDO002 1942
5 04HAO001 118496
6 03KC004 40597
7 0O3LF002 88519
8 04LG004 61565
9 04MEO003 26809
10 04ABO001 103162
11 04DCO001 47903
12 06GDO001 48176
13 03MB002 29822
14 06SB001 7535
15 060A007 5138

2.4 Result and discussion

In this section, we will first introduce our developed {izanadian lakeiver routing network. The

evaluation of the developeduting network and effect of lake retention in Hudson Bay watershed will
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be introduced in second part of this satt Finally, routing networkavailability and limitation is
provided in the third part of this section.

2.4.1 The lake-river routing networks

In total, twelve lakeiver routing network were created (Tab4). An example of the lakdver
routing networkis shown in Figur@-3. There are 20,5376 catchments and 86,991 lake catchments in
the L12LakeO product. From L1PakeO to L7LakeO, both the number of catchments and lakes
decrease (Tab24).

Table 2-4. The ParCanadiarrouting network and their general attributes. For example, the product
AL-CakeOO s pe ciivériroatmg structere developed by using HydroBASINS Level 7
products and all lakes in [dyoLAKES with lake area larger than 0 knThe table summarizes the
number of catchments and lake catchments as well as their average/median area for thewtmipus
networlks derived.

Product  Numberof - JIER MO O s
area (krd) catchments (km?)
L7-LakeO 53,219 230 20,708 0.79
L8-LakeO 90,455 135 40,674 0.74
L9-LakeO 149,419 82 68,490 0.69
L10-LakeO 198,481 62 85,362 0.67
L11-LakeO 205,309 60 86,982 0.66
L12-LakeO 205,376 60 86,991 0.66
L7-Lakel 40,387 303 11,416 3.00
L8-Lakel 62,626 195 19,956 3.10
L9-Lakel 100,684 121 31,277 2.90
L10-Lakel 137,415 89 37,493 2.80
L11-Lakel 142,608 86 37,856 2.80
L12-Lakel 143,372 85 38,088 2.80
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Figure 2-3. Developed PaCanadian routing network L7-Lakel, which is combining the
HydroBASINS level 7 product and all lakes with lake area larger thar? inkidydroLAKES that are
connected by the river network. The green polygodgcate the delineated lake catchments in this
routing networkwhile the shallow green polygons indicate the delineatedai@catchments. Blue
polygons indicate the lakes and blue lines indicate the rivers.

The lake area distribution for lakes includedeach developed product and original HydroLAKES
database is shown in Figu2e4 (blue bars). The number of lakes is reduced from the HydroLAKES
database to L-LakeO (Figure2-4: compare blue and yellow bars). When we simplify the routing
structure from L2-LakeO to LZLake0, mainly small lakes are lost (lake area smaller than 20 km

31



8 l4x10”
8.13x10°
8.12x10°
8.11x10°

8.10x10°
7.60x10"

o 5.70x10*
2 ag0x10°
S A, X

,
= 190x10
< 6.97x10°
2

£ 6.90x10’

Z 6.83x10°
6.75x10°
4.00x10" =~
3.00x10° =
2.00x10° =
1.00x10° =
0.00

B r1ydrol AKES

[ L12-Lake0

iR L09-Lake0
L07-Lake0

[0-]  (1-10] (10-20] (20-30] (30-40] (40-50] (50-60] (60-70] (70-80] (80-50] (90-100] (100-]
Lake area (km’)

Figure 2-4. Number of lakes included at different lake area bands in the HydroLAKES (blue) and
developed producté pur pl e, dar k yLealkleddwd, meealnlsow)h e fAdervel op
HydroBASINS level 7 catchments polygons and lakes with a lake area larger thaid i km

Hydr oLAKES. AHydr oLAKESO means al l |l akes in Hydr
number of lakes is 907,599 for HydroLAKES, 86,991 for {L5ke0, 68,490 for L9 akeO, and 20,708

for L7-LakeO (see Tablga-4).

The ratio between cumulated lake area and total lake are in12LakeO producis shown in
Figure 2-5. The lakes with an aresmaller than 100 kfare 50% of the total lake area (Figz®).
And this ratio can larger than 0.7 in watershed controlled by streamflow gauge 06GD001 and 03MB002
(Figure2-5). However, most studies focus on the impact of large lakes on routing. Fgplexamly
lakes with lake area larger than 100%kmere evaluated in a global routing model (Zajac et al. 2017).
The impact of the remaining lakes on the routing mouglis neglected and the impact of this

simplification is unknown. The developed prodantbles the support of such studies.

All routing related attributes included in the lake riventing networkare shown in the Tabl&5.
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Figure 2-5. Percentage of total lake area correspondumulated lake area in different drainage
regionkakdél@d2means the plotted relationship is
Canadian product, which is a combination of HydroBASINS level 12 catchments polygons and lakes
with a lake area lagsgthanOkmAii n Hy dr oLAKES. A06GD0O00106, i03MBOO?Z
the plotted relationship is developed using lakes in the drainage region controlled by stream flow gauge
Af06GD001O0, Af03MB0O00206 and AOG6LFO0020 r stregméowt i vely
gauge can be found in Table32
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Table 2-5. Routing related attributes included in the developed-Camadian lak&iver routing
network The name indicates the attribute name used in the proredddg networkfiles. Besides a
description and unit of the attributes, it is specified which methosioarce is used to derive the

attribute.
Name Description Method Unit
Subld Subbasin ID ArcGIS -
DowSubld Downstream subbasin ID ArcGIS -
Area Area of the catchment ArcGIS m?
Rivlen The length of the river channel within catchment See 23.1.2 m
RivSlope  The slope of the river channel segment See2.3.1.2 -
BasinSlope The averaged slope of the catchment ArcGIS m/m
Ch_n The manningb6s coefficient of See.3.12 -
FloodP n The fl ood plain manningds co See23.1.2 -
Bkfwidth  The bankfull widthw of the river channel segment See2.3.1.2 m
BkfDepth ~ The bankfull depthd of the river channel segment See2.3.1.2 m
Q_Mean The annual mean discharge (also bankfull disgh) of the river See2 3.1.2 méls
channel segment
IsLake 0 catchment is not a lake catchment otherwise, 1 HydroLAKES -
HyLakeld The HydroLAKES ID of the lake HydroLAKES -
LakeVol The lake volume HydroLAKES  km?
LakeDepth The lake depth HydroLAKES m
LakeArea The lake area HydroLAKES  kn?
Laketype The lake type (1 for natural lakes, 2 for reservoir and 3 for natu HydroLAKES -
with regulation structure)
1sObs o?ggfwrir;i?ris no streamflow observations at subbasin outlet, HYDAT i
Station_Nu The Water Survey of Canada station number HYDAT -
MeanElev The mean elevation of the catchment ArcGIS m
INSIDE_X The longitude of the centroid of the catchment ArcGIS degree
INSIDE_Y The latitude of the centroid of the catchment ArcGIS degree

2.4.2 Impact of lake retention

The simulated NSEs at each gauge for eachralteng networkfor the period from Jan 1, 2007 to
October 7, 2010 are shown in Fig@®. Overall the mean NSE for the base scenario at all gauge is
0.52 while 53% of them are larger than 0.5. Since the routing model is not calibrated, this result is
deemed acceptablat the same time, the base scenario provides the best simulation result for 10 of the

15 gauges, where the performance at 2 gauges is only nominally impacted by the discretization level.
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The impact of lakes on predicted streamflow is different acroskstiseream gauges (Figu2ebA).
For some stream gauges, the NSE is not significantly impacted when the number of lakes that are active
in the routing model is reduced (e.g., gauge 06SB001 and 060A007 in Ei§Aje In contrast, the
NSE significantly degrdes in some sdhasins when we deactivate lakes in the routing model (e.g.,
gauge 050J005 and 04ABO001 in FigareA). The lake size thresholds that influence the routing result
differ across the 15 gauges. For gauge 050J005, the most drastic chande perfii8mance is
observed when lakes with a lake area smaller than (@iendeactivated, while the steepest change in
NSE for subbasins 04AB001 and 06GDO00L1 is observed when lakes with a lake area smaller than 100
km? are deactivated. The relative impaétincluding lakes upon model performance is illustrated in
Figure 2-6B, where performance improvement between the all lakes atakes cases is plotted
against percent lake coverage. There is clearly a trend in performance improvement, whereby basins
with higher lake coverage receiving greater benefit from the presence of lakes in the model. It is
concluded from the results shown in Figgt@that (1) despite the lack of model calibration, the Raven
GEM-Surf product adequately represents most of treeed basin hydrographs and (2) there is a
general degradation of model performance with removal of lakes, and this degradation is more salient

in basins where lakes cover more of the basin.
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Figure 2-6. A) Uncalibrated routing model performance (N&&ltcliffe Efficiency NSE) at 15 gauging
stations (Table-3) using various lake scenarios (TaBl¢). Gauges in A are sorting of results by lake
area coverage. The lake coverage is the ratio betweentot@l lakea i n each gaugeds

and the total drainage area of each gauge. The NSE is computed using daily average flows for the
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simulation period from Jan 1, 2007 to Oct 7, 2010. For all simulations we used tlagé® as a setup

and deactivatedkee s bel ow certain areas as indicated in t
thelaker i ver routing structure were active; fiLakelo
were inactive compared to t heesinths lzasesaceranoavere o . )

inactive and hence the simulation was performed without any lake. B) the impact of the lake coverage

on the NSE differences between base scenario (All lake) and no lake scenario.

The function of lakes on routing is impacted lake and watershed characteristics. The first
characteristic is the rel ati ve afkedaad (Bitzdibbonanden | ak
Dunne, 1981; Kusumastuti et al ., 200 8; Spence, 2
capacity relative to the total runoff generated
found that tt lore hydrogrépb @haractermticsa such as smoothing and lagging was
increasing with the increasing Ofiake/aiake and the impact of a lake on a hydrograph was significant
only whenUnakemaiake Was larger than 5%. Similar results are reported by Leath.andon (2019).

However, results in Woo and Mielko (2007) show that Lois Lake with al@wpaiake Of 2% was able

to impact the lake outflow, which suggests thatlkigenaake ratio alone is not a satisfactory indicator

of flow attenuation (Woo ahMielko, 2007). The second factor is the relationship between quick runoff
and slow runoff in the | akebs drainage area and
Woo, 2006). In the case of Skeeter Lake, presented by Mielko and Wog,([@@Rke level seldom

rises above its outflow threshold. Because the rate of the lake inflow does not match the rate of lake
evaporation, which is attribute to the low ratio between quick runoff and slow runoff (Mielko and Woo
2006). Zajac et al. (2013Iso found that the watershed with high runoff ratio was more sensitive to

lakes in routing modghg. The third factor is the downstream distance between the lake outlet and the
point of interest for streamflow estimation and this is measured by tbe rdtiet ween | akeds
area relative to the watershed dpambak)Lgachandr ea up
Laudon, 2019; Mielko and Woo, 2006). The observation study by Leach and Laudon (2019) show that

in a headwater catchment, stngflow contributions from these small lakes can persist (e.g., are a non
negligible part of the observed hydrograph) at least 4.2 km downstream. The result from Leach and

Laudon (2019) indicate that the impact of a lake on routing decreaSeg.amaw decreases.

The hydrographs of gauge 12 simulated by the base scenario and the NoLake scenario are shown in
Figure2-7. The base scenario gives better performance than the NoLake scenario, since the peak flow

is significantly reduced and delayed by inclugilakes. Thus, the developeduting networkcan
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provide reasonable stream flow simulation and the impact of lakes was reasonably simulated by the

routing network

The serial runtime of Raven in routing mode, using the model setup in previous sectians)for
day simulation run at an hourly computational time step for the Hudson Bay watershed (3.53 million
km?, 26419 catchments including 14975 lake catchments) is 3.2 minutes. The runtime is an average of

multiple runs performed on a compute cluster (Graammpute Canada cluster).
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Figure 2-7. Hydrograph simulated at gauge 12 (06GDO001) by the base scenario (i:ak€IB blue
line) and the no lake scenario (i.e.-N®8Lake; green line) compared with the observed hydrograph

(dashed Iline). The MfABase s c eoutng metorkwene axtives thea | | | a
ANoLaked means al l l akes in the base scenario w
Oct 7, 2010.

2.4.3 Routing network availability and limitation

The publicly available developatuting network cansupport hydrological modéhg at different

scales and are accessible online (Han et al. 2020) in the form of ESRI shapefiles and corresponding
database tables. For example, toeiting networktopologies can form the basis for watershed
discretization irdistributedhydrologicalmodelling studies and such an approach would eliminate or
minimize DEM processing. Once users selectrthiting networkof interest and extract the region of
interest using appropriate GIS tools, they can directly use the watedshiseations in a number of

catchmendelineated hydrological models.
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Limitations of the proposed lakéver routing networkare following: First, we assume that each
lake in therouting networkcan only have one outlet. This assumption is not apprepsiaén lake
have two or more outlets. Second, not all lakes in HydroLAKE database are included in-tinvelake
routing network Only lakes that are connected by the HydroBASINS river system are selected and
included in the lakeiver routing network Third, only two lake selection strategies are provided in
this lake riverrouting network Therouting networkcannot support user to customize their own lake

selection strategies.

2.5 Conclusion

This research presents the development of twelve publicly availabl€gaadian lakeiver routing
networls. These are the firsbuting network available that explicitty and in a hydrologically
consistent way represent lakes for the domain of Cana@aotting network provide the necessary
routing network topology and network attributes to enable wdxasechydrologicalrouting anywhere

in Canada. A case study using the Raven hydrological modelling framework to simulate routing from
the Hudson Bay atershed, the first application of this tool in routingy mode, shows that the effect

of lakes on routing can be adequately simulated by using the default routing attributes from this product.
In addition, the case study simulation results demonstnatetiie elimination of lakes can have a
significant detrimental impact on hydrograph quality for some gauge locations, and that exclusion of

lakes from largescale simulations degrades hydrograph quality in-thkainated watersheds.

The derived routing neorks provide a useful starting point for subwatershased spatially
distributed modelling applications in Canada as any of the example networks could be directly adopted
as the subwatershed discretization in the case study area of interest. Beyobhdn#fis as
demonstrated, the derived routing networks can be used to build a ronlyngnodel for routing any
hydrologicalor land surface model fluxes with these fluxes being supplied to Raven in rouating
mode as gridded, subwatershed, or anyrathaped model outputs.
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Chapter 3
Basin Makea &GI.2 tool box for di stri

delineation ofriocemplreoxutliankyje net wor

This chapter is a mirror @completedraft manuscript to be submittedttee journalEnvironmental
Modelling and Softwee. Contributing authors on this work at this time areHdn,H. Shen B. A.
Tolson, J. R. Craig]. Mai, S. Lin, F. Awol, and N. BasGontents in this chapter have been drafted
primarily by M. Han and secondly by H. Shen and B. A. Tolson.

3.1 Summary

Lakesand reservoirs have critical impacts on hydrological, biogeochemical, and ecological processes,
and they should be an essential component of hydrological aAdydomogical watershethodels.

Past largescalehydrologicalmodeling efforts tend to eitheégnore the impacts of all lakes or explicitly
simulate the behavior of only the largest lakes in a watershed. This is guectical difficulties
inherent in representing thousands of lakes in various hydrological models. We introduce-an open
source GIS toolbox (BasinMaker) that can automatically and efficiently build veased
hydrologicalrouting networks, includingubbasin extestfor systems with an arbitrary number of
lakes.The toolbox ishydrologicalmodetindependent in that, by default, it outputs a ctetelake

river routing network in shapefile formeéBasinMaker also generates estimateslbthe necessary
hydrologicalrouting model inputs, including network topology, subbasin/catchment geometry, channel
characteristics (slope, length, roughness, and geometry), and lake characteristics (area, volume, and
outlet description)A lake-river routing network from BasinMakenarefore includes both the network
topology/connectedness plus the aforementioned routing model inputs as shapefile affhieunes.
mainBasinMaker software operatiomodesare 1) Networkdelineatiormodeusing any DEM and any

lake polygon datasesinputsto delineate a lakdver routing networland2) Networkpostprocessing

mode providing a set of useful functions to pgstocess any existing lakever routing network
already generated by BasinMakBasinMaker is applied hete build twohighresolutionvectorbased
lake-river routing productseach defining a collection abuting networksacross large regionshe

North AmericanLake-River Routing Product2.1 usingthe Multi-Error-Removed Improvederrain

DEM (90x90 m) and the Ontarlaake-River Routing Productl using Ontario Integrated Hydrology
(OIH) Datasets (30x30 m). Bottouting producs include all lakes over 10 haentified in the
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HydroLAKES datasetBasinMaker is unique compared with other routing netwletineatiortools in
terms of lake representation and is especially helpful for modelers who need to represent numerous
lakes in their watershed simulation models explicitly.

3.2 Software and data availability

BasinMaker 3.0 software is freely availabBasinMaker is &IS toolbox written in the Python
programming languagd-he installation of BasinMaker and examples of using BasinMaker can be
found athttp://hydrology.uwaterloo.ca/basinmaker/index.htdders can install the BasinMaker Light

version of the software (network pgstocessing mode only) or a full version of the softwaedwork
delineation mode as well as network ppsicessing mode). Note that installation procedures for the
full version of the software is more complex. Detailed developer documentation for all BasinMaker

functions can be found athttps://basinmaker.readthedocs.io/en/latest/basinmaker tools.html

BasinMaker in network pogirocessing mode (light version of the software) can also be used online
on Google Colab. A Google Colab example notebtmmiated hereenables users to easily simplify the
existing lakeriver routing networks via BasinMaketithout installing anything on their local machine.

The source code of BasinMaker is available via Github (https://github.com/dustming/basinmaker)
under the GNU Gener al Public License v3.0. Basin
via Reathedocs (https://basinmaker.readthedocs.io/en/latest/overview.html) where BasinMaker Light
includes only the network processing maagabilitiesof the software and BasinMaker Full includes
both the delineation mode and the posicessing mode. The Bablaker main webpage
(http://hydrology.uwaterloo.ca/basinmaker/examples_overview.html) provides three application
examplesLinks to the large scale, high resolution routing products also developed and described in
this paper are:

9 The North AmericanLake-River Routing Product2.1 developed using BasinMaker is

available ahttp://hydrology.uwaterloo.ca/basinmaker/index.html

1 BasinMakergeneratedntario Lake-River Routing Productl is available ahttps://lake

river-routing-productsuwaterloo.hub.arcgis.cam
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3.3 Introduction

Lakes and reservoirs play a critical rolehe regional scale water balan&@st, they can retain runoff
from the upstream catchment and release water later to the downstream rivers, which gthence
timing and volume of runoff that is transmitted to the downstr@aowling & Lettenmaier, 2010;
Huziy & Sushama, 2017; Christopher Spence, 2000; Woo & Mielko, 2007; Zajac et al.,20iq@r,

the active contributing area or the flow connectioityhe watershed wftencontrolled by lake§Costa

et al.,, 2020; Woo & Mielko, 2007)Moreover, the interactions between lakes/reservoirs and
groundwater are key components in both hydrological anetlgemical processes that can affect both
water quatity and quality(Hughes et al., 2014; Spence, 2006herefore, considering lakes and
reservoirs as eomponenin hydrological moded canincrease the models capacity to simulate critical
processesnd potentially improve model performan¢olden et b, 2016; Karan et al., 2014; Shaw
et al., 2013)

Lakes, reservoirs and wetlands also play a crucial role in biogeochemical proCessgsand Basu
(2017)analyzel data across 600 sites to show the importance of small water bodies (lakes, reservoirs,
and wetlands) for retaining nitrogen (N) and phosphorus (P), thus regulating their movement to
downstream waterslarrison et al(2009)reports that small lakes aaott for 65% of the N removal
in all lakes Downing(2010)reports that organic carbon burial rates in small lakes and reservoirs exceed

those of larger lakes by more than an order of magnitude.

To build an environmental simulation modsélany watershethat explicitly represents both small
and large water bodies such as lakes, resepad wetlandsmodellersneed to definghe lake
characteristics and build the lakiger routing structuréEvenson et al., 2016, 2015; Han et al., 2020)
Necessarydke characteristics typically include the location and extent of the lake, the crest height of
the lake outlet, and a relationship that defines the lake surface area and volume as a function of lake
depth. A detailed lake characterization may reqglsike bathymetry which is unavailable for most
lakes in a lakelominated watershe&everal global lake databasssch as HydroLAKESMessager
et al., 2016)and GLOBathy(Khazaei et al., 2022provide the estimated location and extent of the
lake, lake aga, lake volume, and lake averaged depth for lakes with lake area larger than 10 ha. With
information from these databases, the lake characteristics may be estimated with some assumptions.

For exampleHan et al(2020)assume thdakes are prismatjevhich means that the lake area does not
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change with lake deptland the lake crest elevation relative to the lake bottom, is the same as the lake
averaged depth

In hydrological models, lakes and/or reservoirs are represented as a part of the rawttogestr
(Lehner & Girill, 2013) The routing structure is generally usedféomally representvater flow
pathways from land to streams, lakeservoirs, and eventually converging to the watershed outlet. It
is a topologicallyconsistensystem of streametworks and local contributing areas of lakes and stream
reaches (e.g., subbasinand the connections between them, typically in the form of a hierarchical
network Here, a watershetbuting structureonly defines how the subbasins, stream reaches and
lakes/reservoirs in the watershed are connettgdrological routing simulatiorusingsucha routing
structure also requires routinglevant parameters and attributes (e.g., lake area and river channel
slope). Throughout this papeave consider dydrologcal routing networkto be the combination of
routing structure/topology plus the corresponding routing attributes of the lakes, channels and subbasins
necessary fohydrologicalrouting. We also define a collection of routing networks covering a large

gearaphic region and delineated from the same source DEM and lake polygasitisgaproduct

A routing structurg and hence a hydrological routing netwockn be represented agridded
approacl(see, e.g., Gaborit et al., 2017; Miller et al., 1994yectorbased approadiin et al., 2018;
Yamazaki et al., 2013Compared wittthe gridded approach, the vectbased routing structure can
more accurately represent the drainage boesdariesand location ohydrologicalfeatures and can
representhe watershed with fewer computational objects and ihasmputationally more efficient
(Lin et al., 2018; Yamazaki et al., 201&haari et al.(2020)also call for land surface modiels to
adopt flexible vectebased spatial configurations to better model at the scale of intdyestlogical
compartments in a vectddased routing structure can be well represented byb@4t8d feature classes
such as polygons and polylinesd thedpology relationships between these GIS features. GIS features
for a vectorbased routing structure without lakes canreadily generated frona digital elevation
model (DEM) using various GIS tools, such as ArcSWfWinchell et al., 2007) ArcHydro
(Maidment, 2002) TATOO (Mitterer, 2022) TauDEM (Tarboton, 2015pr other hydrology toolsets
within GIS platformgESRI, 2012; Neteler et al., 2012) the resultant streaimnly routing structures,
water is transmitted from one subbasin to anothdrthe flow pathways are simulated as converging

from land to streams, and then flowing to the outlet.
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However, it is more complicated to produce a vebgsed routing structure including lakes (a lake
river routing structure). Generally, the approachesyénerate a lakever vectorbased routing
structure can be classified into two categories. First, arlake vectorbased routing structure can be
generated by collectively overlaying the lake shoreline polygon onto the subbasin polygons of a vector
based routing structure without lakes, and then updating the properties of thedeewdyd polygons
and the new network topologiolina-Navarro et al., 2018)This approach has been used to produce
the HydroSHEDS routing network with inserted lakgéghner & Grill, 2013) And, arecently
developed GIS toolkit called SWAT2laK&olina-Navarro et al., 20183an automaticallynsert a
singlelake intoa vectorbased routing structure without lakes with this proced@isenoted by the
author, he limitation of this approach includes: 1) many small polygons around the lakes would be
generated after the overlay operation and these small polygons are data redundancies rather than true
subbasingMolina-Navarro et al., 2018Q) the drainage area of thééais not accurately represented
(Lehner & Grill, 2013) In addition to generating excessive numbers of small subbasins, SWAT2lake
is not built to handle watersheds with humerous lakes and does not providebasétSdefault lake
outlet characterizatioa required hydrological routing input).

Second, a lakever vectorbased routing structure can ladternatively generated by directly
modifying the flow direction dataset. The flow direction dataset is a raster dataset derivadifgdal
elevationmodel DEM), indicating the flow direction of each DEM grid cell. In this approach, the flow
direction datasds manipulated to ensure that water in gréalsthat are covered by the lake wdllain
to the lake outletThe lake outlet and inletwe alsadentified and treated as additional subbasin pour
points. This approachan be implementedith ArcHydro tools(Maidment, 2002) However, the
ArcHydro tools(Maidment, 2002jnanipulate the flow direction dataseichthatthe gridcellscovered
by lake will flow to the closest derived river reaches under the lake rathetottienlake outlet. The
result of this manipulation can dividdake into multiple separate subbasins on the basis of unreliable
DEM elevationsunder the lakgpotentiallyleading tomore than one lake outflow river reach. Han et
al. (2020)avoided the problem itme ArcHydro tools by modifying flow direction grids such that water
flows to the designated HydroLakes lake outlet point. Howdherapproachin Han et al. (2020)
cannot be applied to the highsolution DEM due to thexcessive computational burdem addition,

the implementationf Han et al. (2020)elied onproprietaryGIS software.

This paper proposes a new ogssurce GIS toolboiBasinMaker version 3.0), which can efficiently

and correctly delineate (and conveniently simplify via faystessing) a vectdrasedhydrological
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routing network (topology plus the corresponding routing attributes) indakenated watersheds
from anyhydrologically consistent DEMBasinMaker version 1.0 was an unreleased tool developed
based on ArcGIS functionalities and was used to derive a suite é€@&@dian subwatershéased

lake and river routing GIS products at multiple spatial resolutions @laal. 2020) BasinMaker
version 2.0 was a distributed but unpublished toolbox githanced features amn@sdevelopedising

the opersource QGIS and GRASS GIS platforrBasinMaker versior3.0 haseven moreenhanced
features andttributesand also reles onusingthe opemrsource QGIS and GRASS GIS platforms.
Unless otherwise noted, BasinMaker throughout the rest op#misrwill refer to version3.0 of the

tool.

The main improvements of BasinMaker version&.8.0 over version 1.0 are the following:it)s
based on open source GIS platformsa 2¢w much more efficient flow direction manipulation method
is applied for merging lakes into the drainage network; 3) additional discretitiom each subbasin
into Hydrologic Response Uni(slRUS) based omp to threauser input GIS layers is now possitié
routing networks can alternatively be delineated directly from apresided flow direction grid, one
for example that has been manually corrected, instea®EM,; 5) a more robust approach to including
userdefined points of interest (e.g., streamflow gauge locations) as subbasin outletsyé&jttire
based routing structure generated from DEM analysis can now be efficiently simplified and customized
by BasinMaker posprocessing toolswithout further terrain analysis). Key BasinMaker post
processing operations on an existing hydrological routing network include: a) Extract a subregion of
interest b) Simplify the lakever routing network (by decreasitige resolution of the stream network
and thus increasing the size of subbasins or by removing the lakes from it) ¢) DefinéoréRbidivide
each subbasiand generate model setup files for the Raven hydrological modelling framework based
on usetprovidedlanduseand soil layer polygon3.hese posprocessing tools aresefulfor users keen
to utilize a routing network of interesalready delineated bRBasinMaker such aghose networks
included in the North American Lake-River Routing Product v2.1 (availeble at

http://hydrology.uwaterloo.ca/basinmaker/index.Ntamd theOntarioLake-River Routing Produotl

(available athttps://lakeriver-routing-productsuwaterloo.hub.arcgis.cgm Both of these routing

products are also introduced for the first time in this payéth a baseline hydrological routing
network, these tools save BasinMaker from Diekfainprocessingand make it feasible and efficient

to produce a weltlelineated routing structure tailoredporpose To our knowledge, such a collection
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of efficient postprocessing tools for generating and simplifying laiker routing networks have not
been reportedisewhere

The remainder of thipaperis structured afollows: Section 3.4 overviews the lakeiver routing
networkproduced by BasinMaker. Secti8rbdetails the delineation functions available in BasinMaker
and describes the technical implementation of some of the core functions. Sditiescribes the use
of BasinMaker to create the North Americhake-River Routing Productvhich is a set of highly
resolvedhydrologicalrouting networks covering Canada and the USA, including all lakes over 10 ha
in areaSection 3.7 describes the use of BasinMaker to ctiea@ntarioLake-River Routing Product
which is a set ovenhigher resolutionhydrologicalrouting networks covering thel million km?
Province ofOntario, Canad&Section3.8 describes limitations of BasinMaker and developed routing

products Section3.9 contains the study conclusions.

3.4 Overview of the lake-river routing networks produced by BasinMaker

Before introducing the methodology and application of BasinMaker, the differences between a routing
network without considering lakes and a routimgtwork with lakes defined by BasinMakes
introduced in this sectiomifferences in routing networks are reflected in the routing structure defining

how subbasins, river channels and lakes are connected.

An example vectebased routing structure without considering lakes is shown in FRydrte
Subbasins irsucha routing structure are only determined by river reaches. An examalmofing
structure with lakes is shown in Figu3elB for the same watershed as Fig@+A. A lake subbasin
is defined as in Han et al. (2020) by the followingerull) The extent of a lake subbasin will fully
cover the Il ake; 2) a | ake outlet def isigndicantt he
inlets(i.e., those associated with streams above a specified flow accumulation thrisstiefojedby
an upstream subbasin outlet. In this way, both inflow and outflow of each lake can be explicitly

simulated byhydrologicalrouting models.

Lakes are divided into two categories by BasinMaker:Qdnnected lakes (CL), which are lakes
with a lake outlethat is explicitly connected to a downstream 4zeno length river channel in the
routing structure; and (Non-connected lakes (NCL), which denotes lakes that are defined to drain to
the downstream routing network but do not flow through any expli@t channel (see small yellow
subbasin in Figur&-1B). By default, both CL and NCL within a watershed are considered to be

contributing areas of the watershethough this assumption can be reversed for NCLs when
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appropriate The only difference between Gind NCL is that CL always drais into an explicitly
represented river channel that is connected to the lake outletavi®t doesnot. NCLs can exist
becausehe userdefinedminimum drainage areflgw accumulation thresho)dor defining/starting a

new river reachcan sometimes be larger than the drainage area of smaller lakes, particularly
headwater lakes. In this way, BasinMaker separately identifies NCL and enables tissastteem
separately from the CL lakeBhe control points shown inigure 3-1 define the location of a subbasin
outlet, and for any nelake subbasin, the BasinMaker delineation strategy described later determines

the control point locations in a way that favours the creation of fewer subbasins.

p————

. 71 Subbasin with CL lake

ER—

{_ """ Subbasin with NCL lake

Control points

- e

~ — =  Subbasin boundary

s~ River

Figure 3-1. Vectorbased routing structure without considering lakes (A) and with lakes (B). The CL
represents connected lakes (CL), which are lakes with a lake outlet that is explicitly connected to a
downstream n-zero length river channel in the routing structure. The NCL representsonoected

lakes (NCL), which denotes lakes that are defined to drain to the downstream routing network but do

notdirectly flow into anexplicit river channel.

The proposed routq structure generated with BasinMakedescribes the network topology
(connectednesand flow directionsof the component subbasins, river channels and lakes. In order to

simulate hydrological routing through such atructure additional component attriteg (physical
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characteristics and parameters) are also requard these arestimated and thewoutput by
BasinMaker.The additional component attributes produced by BasinMaker can be categorized into
four groups: the attributes of the lake, attributethefriver channel, the attributes of subbasins and the
attributes of points of interest (POllakes(including reservoirsih BasinMaker arassumedby default

to be prismatic with a broactested weir as the outlet structua@d as such BasinMakegpats the

lake area, lake deptland crest width for the lake outlet. BasinMakdso includesan attribute
indicatingwhether the subbasin hase CL lake, one NCL lak®r no lake With a maximum of one

river channel per subbasin, BasinMaker derives ther khannel length, crosection profile, slope

and botht he main channel and f | oFoodrpl tahen Mamma mig&s
BasinMakerincludesthe subbasin aresnd theaverage subbasin slopehe nethodology to calculate

each of these attributes is described in se&ibr?.

3.5 Technical implementations

This section introduces techniques implemented in BasinMaker. S&8&3idrsummarizes the main
functions of BasinMaker in its two working modé$delineaing ahydrologicalrouting network from

a DEM (delineation modg 2) postprocessingan existing routing network previously produced by
BasinMaker to generate a new simplified/customizgdrologicalrouting network jpostprocessing
modg. Secion 35.2 and 3.3 introduce the methodology appliedriatwork delineation modand

network postprocessing modeespectively.

3.5.1 Overview of BasinMaker Functions

BasinMaker is &IS toolbox written inthe Pythonprogramming languag®asinMaker functions all
rely on geoprocessing functions from the GIS environment it is configuragetoUsersan apply
BasinMakempostprocessing modiinctions in either QGISArcGIS Pro, or Google Colal{which uses
GeopandaGIS environment createdyllordahl et al., 2030environmentsBasinMakerdelineation
modefunctionsrely onthe bothQGIS and GRASS GIS environmeAithough not precisely the same

in each GIS environment, BasinMaker Light (ppsicessing mode) uses equivalent geoprocessing
fundtions from Geopand@ordahl et al., 20200GIS or ArcGIS pro.

3.5.1.1 Overview of BasinMaker Functions in network delineation mode

Figure 3-2 describes the workflow associated with the five key network delineation functions in

BasinMaker, applied sequentially generate a routing network from a hydrologically conditioned
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DEM and optionalnputsincludeslake polygons, flow direction raster dataset, landuse raster dataset,
bankfull width and depth of channel polyline dataset, and a fahtinterest datasetThe
dDefine_Project_Spatial_Extéftinction generates the spatial processing extent of the current project.
BasinMaker will clip all input data with this spatial extent and delineateriake routing network(s)

within this spatialextent. Thedefine_ Project_Spatial Exténfunction includes several options,

which allow the user to directly specify the spatial extent of the input DEM as the spatial extent of the
project or alternatively determine the spatial extent of the projeat & watershed outlet latitude and
longitude.The O6Delineation_I| ni t ifanttion§enbritesan initesroutvigt hout _
structure without considering lakes (Fig&&A). The GO0 Add_New_ Sub b tusciion Outl e
canadd lake inleg, lakeoutles or othepoints of interest as hew subbasin outlets into the initial routing

structure ¢ee Figure 3-3 for an example reslilt. The O6Generate_ Hydrologic
function updats geometry attributes and estimates hydrological paramitetbe subbasins, lakes,

and rivers generatqateviouslyfromthe6 Ad d _ Ne w_ Su b b a s ifunctio@ AgpéndixA2 Poi nt
lists all attributes added lthe6 Gener at e _Hy dr ol o gfunctiorRThedutpubajhe At t r i
60Gener at e_Hydr al o dpfuttieoBsdanintérmediateAydrologicalrouting network

o n

because it represents some lakes with multiple subbasins (FiguBe The function
6Combi ne_Subbasi ns _ Co v geneetbsthe yinalizédédydi®lagma roltiagk e 6
network (Figure 3-1B). Note that depending on the usgecified option for the first
define_Project_Spatial_Extdiftinction, the resulting routing network may not be a single watershed
and instead may include a number of subbasins that drain external to the DEM extents. -The post
processing mode function #3 in Tal3d below can be applied to focus the delineated otwn a

single watershed and/or strip away small watersheds along the boundary of the original spatial extent.
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( Outletleillong. ) (‘ = )

1. Define_Project_Spatial_Extent

(Extent , ( Flow diretions @ ,

2. Delineation_Initial_Subbasins_Without_Lake

Lake area Lakes Points of -, Routing structureof only
thresholds . interest  * subbasins channelqFigure3-1

Intermediaterouting network
3. Add_New_Subbasin_Outlet_Points including lakegFigure 33)

Landus’ FloodplainMl- v y any 3 ( Channel profil
map for each land use type coeff.map’

L 2 4 ¥

4.Generate_Hydrologic_Routing_Attributes

Flow acc.
thresholds

Routing
attributes

5. Combine_Subbasins_Covered_By The_Same_Lake

Finalrouting Finalrouting network
attributes (Figure3-1B) ,
BasinMaker function C) Geospatialinput/output

Otherinput o0 Attribute/feature Join

Figure 3-2 Workflow, including inputs and outputsf the BasinMakernetwork delineation mode
functions forgenerating a hydrological routing network with lakes and rigarsn a DEM and a lake
polygon layerNotes:a) Flow direction raster dataset is optional user input lrEhe channel profile
coefficient map to define bankfull channel wisiand depth across the extewan alternatively be

replaced by coefficients that azenstant across the project extent.
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Control points

- e

~ -~ =~ Subbasin boundary

"~ River

Figure 3-3. An example BasinMaker intermediate routing network output from
6Generate_Hydr ol ogiFanctiBo# tniFiguge 3R), in rwhith uthe essbbasing
covered by the same lake did not get merged into one lake subbagiigkinctionupdategeometry
attributes and estimates hydrological parameters for theasins, lakes, and riversthe intermediate
hydrological routing network outpudtom Function #3in Figure 32. Note the methodology for
delineating control points of headwater subbasins is discussed in Sebtibn

Thefinalizedhydrologicalrouting retworkoutput of BasinMakenetwork delineation modeacludes
the following GIS shapefiles: a) Lake polygons (Fig@r&B), b) poins of interest, ¢) subbasin
polygors and river polylins for intermediatehydrologicalrouting network ¢utput of the function
6Generate_ Hydr ol o gshavedr Bigute3-2), gnd &) subbasintpolyigsaisddiver
polylines for the finalizedhydrologicalrouting network (Figur&-1B). We will refer to GIS files from
a) to d) asBasinMaker delingéon mode outputsin the following section.The intermediate
hydrologicalrouting networkoutputs of the functio® Gener at e _Hydr ol ogare _ Rout i
included in BasinMaker delineation mode outpgsause they are the required inputs of BasinMake
postprocessing functions that simplify a BasinMaker delineated hydrological routing network (section
3.5.1.2). Any BasinMaker produced hydrological routing network (in either network delineation mode

or network posprocessing mode) is defined by theved four GIS shapefiles. Note that the attributes
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of all four attribute groups are all assigned to subbasin polygon shapefile of the hydrological routing

network.

3.5.1.2 Overview of BasinMaker Functions in network post-processing mode

Given a preexistinghydrolagical routing networklelineatedby BasinMakeruserscanapply network
postprocessingunctions #1, #2, and #3 in Taldel independently to customize and simplify (i.e.,
remove detail from an existing hydrological routing netwékhough the core BasMaker routing
network data are model agnostisgrscanapplyfunctions #4 and #5 in TabB1 sequentially to export
routing relevant input files for th®aven hydrological modéding framework (Craig et al. 2020).
Functions #1 and #2are described here in detaill while thBasinMaker website
(http://hydrology.uwaterloo.ca/basinmaker/index.html) describes functions #3, #4 and #5.

Table 3-1. Description of théBasinMaker routing network peprocessing mode functions.

Function  Function Function name in BasinMaker User-defined Resultant
# description parameters outputs
Lake area thresholds
Sl 2 Selow 85 simpgeq
1 g Remove_Small_Lakes : ! hydrological
network by and an optional list .
) routing network
removing lakes of lakes to be
retained
Simplify a A subbasin drainage
drainage area threshold below Simplified
2 network by Decrease_River_Network_Resolution which subbasins are hydrological
increasing to be merged into routing network
subbasin areas adjacent ones
Extract a given
subregiongby . . . Local .
3 subbasin Select_Subregion_Of_Routing_Structu A subbasin outlet ID hydrological
routing network
topology
Create HRUS A minimum HRU HRU map and
. area threshold and  associated
4 and update theit Generate_HRUs .
. up to 3 other GIS attributes for
attributes
layers enduse
Export routing Model rame for
5 r_nodt_el input Generate_Raven_Model_Inputs emulation in Raven, Raven input
files in Raven and subbasin group files for enduse
format (ASCII) information

The input forfunctions #1 and #2 in Tabl1 is the intermediatehydrologicalrouting network
(Figure 34A) in BasinMakerdelineation mode outputdlote theintermediaterouting network GIS
files, not the finalized network GIS files, atfee requiredinputs herethey include the information

requiredto properly simplify and thus recalculate attributesaflmwer resolutiorrouting networkThe
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output ofsimplifying function#1 (Figures 3-4C and D)andfunction#2 (Figures 3-4E and F)for the
simplified (postprocessedhetworkareequivalent tdasinMakerdelineation mode outputkefined in

section3.5.1.1

Final hydrological
routing network

Intermediate hydrological
routing network

Input

Output of
I Remove small lakes

Output of
Decrease river network

wn

c

2

el

=

o

v

v

E=
Lakes E Subbasin without lake I:l Subbasin with NCL
—— River [ ] Subbasin with CL

Figure 3-4. Example BasinMakeoutputf r om &é Remove_Smal |l _Lakesd f un

0Decrease_River _Net wor k _ Re s ifermediatehgddolodical moatng on ( E
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network (A) asinput. C) and D) are theintermediatehydrological routing network and the final

hydr ol ogi cal routing net wor k, respectivel vy, ou

(minimum lake area thresholds of 6 kifior both CL and NCL).E) and F) are théntermediate
hydrological routing network and the final hydrological routing network, respectively, from the
6Decrease_River _Net wmmmnikurRsabbasih arda itheshdd of 28?rrB)tisi o0 n
the final hydrological routing network corresponding to the inptgrmediatehydrological routing
network (A).

The fARemove $Sintdohilemoles lakes foom the inpaetwork based on lake area
thresholds for connected lakand norconnected lake Figures 34C andD demonstrate the outputs
from the functiond Re mo v e _ S masingl thelrauting setvork shown in Figurel8 as input.
Thei Decr ease_Ri ver _NundtionimareasedResizedbubbasins size and reduces
the river n et wo thekidpatwhenessibjettadttd aolargerbinagemarea threshold
Subbasins with their drainage area smaller than this threshold are merged with their downstream
subbasins. Figures -4 and F demonstrate the outputs from the function
MDecrease_River_Network_Bautiorbusing the routing network shown in Figuré& as input.

3.5.2 Methodology in BasinMaker network delineation mode

Once the project spatial extent is definBdsinMakemetwork delineation modequires four steps to
produce ahydrological routing netvark from a hydrologically consistentligital elevation model
(DEM). These steps are functions #2 through #5 in Figtite

Given a user defined DENYynction #2 in Figure3-2 will create an initial stream network and routing
structure without consideringkes usingsRASS.GIS terrain analysis functionss{ream.basins and
r.watershejl Thed.watershedfunctionwi | | det er mi ne each DEBSAYel | 6s
and flow accumulatiorOptionally, instead of processing the DEM, users can inputdivedirection
grid directly. Then functiond.stream.basir@awill identify streams and subbasins (Fig@&A) from
the flow accumulation mapased upor usesprovided flow accumulation thresholdote that function
#2 leaves headwatelrainageareaqa subbasin with a headwater river segment)e delineated into
subbasins only after lakes are considéndtie next stepGenerally, function 2will generate a coarser
stream network anigwersubbasis when using rger flow accumulation thsbold value. The outlet

of each subbasin in FiguBe5A is identified ascontrol points to be used in later steps
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Given a set of lake polygons and an optional set of points of interestion #8 in Figure3-2 will
further process the outputs from fuct #2 (Figure3-5A shows such an example output as well as a
lake relative to that output layer) &mld lake inlets, outletshe initiation points of select headwater
river segmentsnd poins of interest asiew control pointsri{iew subbasin outlétgto theintermediate
routingnetwork A point of interest iglocation where the user waritsdefinea subbasin outleThis
function will ensure the delineated routing structofréhe networkmeets the following criteria: a) the
water withina lake will move to the lake outlet; @nylake outles are subbasin outlet 3) anylake
inlets are subbasin outtetBasinMaker only adds a new control point to the initiation point of a
headwater river segment if the headwater river segment is not at all coyeréakb (see Figur@5A
which shows two such headwater river segments partially covered by a lake and one that is not). The
lake-covered headwater river segment initiation points in Fi§tBB are not new control points since
each of these would creata extra tiny subbasin between the headwater river segment initiation point
and the lake (Figurg-5B). Such tiny subbasins are unnecessary for hydrological modeling and would

increase the computational burden.

Function #3will first add lake inlets and outleinto the initial routing structure. dlistinguishesiser
provided lake polygonasconnected lakesr nonconnected lakes arahly retainslakes witha lake
area larger than the usgrovided lake area threshoBasinMaker uses thetainedake polygons to
identify lake outlet and inlets and regards them as additional pour pdinlizke outlet isdetermined
asthe cell having the highest flow accuratibn value within each lakpolygon Lake inlets are
determined fromthe intersection points among the lake boundary cells and river network cells.
BasinMaker identifies one lake outlet only for each lake, while the number of lake inlets may vary.
BasinM&er will directly use the poistof interest inpu{e.g., a map of point locations of streamflow
gauges)as pour pointsNote that only points of interest within a usgrecified snapping distance
threshold of the delineated stream network are automatigedluded as a pour point using the
Gstreamsnap f uncti on AfterwdaedRak Stlated Fo&ting structure, including subbasin
polygons, is generated based on the updated pour points and the flow direction map from step 1, as

shown in Figure3-5B.

Second,function #3will identify lakes for which part of the lake area did not belong to the
intermediate lake outlet contributing af&&gure3-5B). In Figure3-5B, the left part of the lake belongs
to a subbasin that does not drain to the lake oulle¢ right part of the lake is covered by three

subbasins (green filled subbasins in Fig8&B) flowing to the lake outlet. We define these three
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subbasins that partially cover the lake and flow to the lake outlet as the partial lake subbasins of this
lake.

Third, function #3will correct the flow direction of cells within the identified lakés shown in
Figure3-5B, the correction needed is to ensure the water in the left part of the lake flows to the lake
outlet. The correction is achieved with animium of processing time byodifying the flow direction
of only the bke boundary celld-or example, any of these cefted boundary cell in Figure 3-5C)
with their flow directions not pointing toward théree right partialake subbasins, referred &g the
unrconverged boundary cells BCs), are correctedrheflow directiors of UBCs are corrected itwo
steps: a) the flow directions tfe two UBC cells that are at the three lake subbasin boundaries (cells
shown in Figure3-5C with the yellowcolor) are manipulatetb make the water at eactBQ flow to
one of theadjacenthree partialake subbasins (thre@ht lakesubbasins in Figurd-5B). b) change
the flow direction of theemainingUBCs (grid cellwith thegreen coloin Figure3-5C) to make water
in these cells move to the closgstiow cells in Figure3-5C. With this modified flow direction dataset,
all lake cells now drain tthe lake outlet andn updated routing structure will be generated (Figure
5C).

Next, function # in Figure3-2 estimategphysicalattributes for each subbasin, river reach, lake, and
point of interesshown in Figure3-5C. AppendixA2 lists all attribies added by this functioMost of
these attributes are estimated using the methods descriHed &t al. (2020for developing the Pan
Canadian routing network. Except foainkfull width (vin [m]), bankfulldepth ¢lin [m]), andbankfull
discharge @ in [m%¥s]), the resbf the attributesare estimated as describedHan et al. (2020are
calculatedhereusing the same methadAndreadis et al(2013) use the following two equations to
calculate thev andd of each subbasiny=7.2Q%° and d=0.27Q°%, respectivelyThey estimated)
usinga power lawrelationship betwee® and the drainage areRA in [km?)), Q=kxDA’. Thus, to
calculate thew and d of each subbasin, we need to asgigand c for each subbasjnwhich will
bereferred to as thehannel profile coefficientsTwo options are availaklgéhe user can provide
constantchannel profile coefficientsor all subbasinsor the user can provide ehannel profile
coefficients polygon GIS layer. Eaclthannel profile coefficientzone in thechannel profile
coefficients layehas a uniqueair ofk andc values. This function will use th& andc values from the

channel profile coefficientsonewith the largest intersection area with each subbasin
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p—_————

o Controlpoints (D Loke ~ _ -~ Subbasin boundary H

! Lake subbasins

=

B Un-converged lake boundary cells (UBC) O UBC corrected to flow to the adjacent partial lake subbasin

[ UBC corrected to flow towards ~_—~ River
the closest yellow cell

Figure 3-5. An example ofBasinMakerintermediateand final delineationresults for the four
processing stepietailedin section 3.2 (functions #2 through #5 in FiguBe2). (A) The initial stream
network and routing structure without considering lakes from funcion Bigure3-2, overlayed with
a lake polygorfor reference(B) Theintermediateouting networkafter addinghel a kieldissand
outlet as new subbasin cet$ into the initial routing structura,part offunction #8 in Figure 32. (C)
The intermediaterouting network after corredhg the flow direction of somelake boundary cells
(UBCs), which is theaggregat®utput from function 3in Figure 32. Note thatfunction # in Figure
3-2 will calculate hydrological attributes for subbasins, lakes and rivers imtienediaterouting
networkof (C). (D) The finalrouting networkdelineation results after mergipgrtial lake subbasins

from function 5 in Figure 32.
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Thenfunction #6 in Figure 32 merges the thregartiallake subbasinm Figure 35C and generates
one lake subbasicompletely containing the laK&igure3-5D). When merging partial lake subbasins
into one lake subbasin, note that the Itas lake subbasin has no river channels. Subbasin attributes
of the partial lake subbasins are carefully merged into a single attribute value for the lake subbasin. For
example, lake subbasin properties like average slope and aspect are computedrgittivaighted
average of the corresponding partial lake subbasins while lake subbasin area is computed as the sum of

the corresponding partial | ake subbasinsdéd area.

These four steps ensure that: (1) Each lake polygon is fully contained bysalhdlesin@presenting
itds | ocal ;¢pHacthilakemutletis theoutketroktre lakdbasin(3) Each lake inlet is
represented by a pour point of an upstreabbasinthus enabling lake inflow processedeexplicitly

represented

3.5.3 Methodology in BasinMaker network post-processing mode

Although BasinMaker providefsve postprocessing GIS tools (Tab81), this section introduces the
methodologiedbehind the two functions used for network simplificatitny 6 Re move Smal | _ 1
and 2) o6Decr ease_Ri We focuiNan these furktior® becaude these areuhique

of the software. Bth postprocessingfunctionsare used to modify the interediate hydrological

routing networkgyenerated by BasinMaker in delineation m¢igigure3-4A).

Comparingthe intermediate networkputs (Figure3-4A) and outputs (Figur8-4C) of function
60 Re mo v e _ S matis tlealtrmtheerised network igeneally same, but the outputstainonly

one lake. Ths function usethe following steps to merge/simplify subbasins:

1) Identify lakes in the input routing network with lake area smaller than themeaded lake area
thresholds;

2) Change the lake @kd attributes (Appendik?2) to zero forlakes being removed

3) From upstream to downstream, merge subbasiheintermediatdydrological routing networks
(Figure 3-4A) when the subbasins meet all of tfidlowing conditions a) subbasins are dirdgt
connectedb) they have the same lake attributes (they are eitherslaideasin®verlapping the same
lake or noAlake subbasins); alternatethe most downstream subbasin in the groaptainsa non

connected lake, and c) subbasifigirain to the sae river reach;
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4) Update the attribute values of merged subbaSinslar to the step 4 in previous section, attributes
of merged subbasins are carefully merged into a single attribute value for the various attribute groups.
For example, select river ahnel properties are merged using channel lewgighted averaging and
select subbasins attributes are merged using subbasiweigiged averaging.

Lastly, the 6 Remov e _ Snundtion_ Wil k enterdally call the function
6Combine_Subbays iTrhse CSoaveer _elLda kbe 6 t o gener at e t he
networks (Figure3-4D).

Comparingthe input (Figure 3-4A) and output (Figure 3-4E) routing networks from function
6Decrease_Ri ver _ Ntid sean rthiat tHe esariekesuareietaimedbut the outputs

include only three river reaches. This function uses the following steps to merge/simplify subbasins:

1) Identify input subbagis (Figure3-4A) with a drainage area smaller than the yseavided

minimum drainage area threshold;
2) Remove river reached theidentified subbasins;
3) Changall lakes upstrearaf the removed subbasin outlet to rammnected

4) From upstream tdownstreammerge subbasin polygoiis the intermediaterouting networks
(Figure 3-4A) when the subbasins meall of the following conditions a) subbasins are directly
connectedb) they have the same lake attributglsey are either lakeubbasin®verlapping the same
lake or noAlake subbasins); alternateljye most downstream subbasin in the grooptainsa non
connected lake, c) subbasih®into the same river reach andugstream subbassdo not includea
point of interest;

5) Update the attribute table of merged subbashisibutes are updatedsing channel length
weighted averaging and subbasin angdghted averagings described above.

Lastly,he6 Decr eas e _Ri v er _ NectiomdllreknovRriver cedchies from théinput
intermediatehydrological routing networks by these steps (Figd#) and thennternally call the
functi on 6Combine_Subbasins_Covered_by_ The_Same

routing network(Figure 3-4F).
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3.6 BasinMaker Application 1: Development of the North American Lake-River

Routing Product v2.1

3.6.1 Development of the North American Lake-River Routing Product v2.1

We use BasinMaker2.0 to develop version.2 of theNorth American Lake-River Routing Product
(referred to as the NA Routing Produdthe input data includes MERIT DEM (Yamazaki et al. 2017),
HydroLAKES (Messager et al. 2016) databdsetake polygonspoint of interesicomprising of7791
streamflow gauges froater Survey of @nada (WSC) an@8164streamflow gauge fronunited
States Geological Survey (USGS), and the global bankfull width, depttischargesstimatdor each
channel reach of the finest schlgdroSHEDSriver system (Andreadis et al. 2013).

The MERIT DEM is a lgh accuracy global DEM at-&rcsecond resolution (~90 m at the equator)
developed by eliminating major error components fexisting spaceborne DEMs (Yamazaki et al.
2017). HydroLAKES is a database that includes shoreline polygons of all global lakes suitface
area of at least 10 lilessager et al., 201L8Fompared with datasets ugedevelop the Pa€anadian
lake-river routing network(Han et al. 2020), DEM resolutida substantiallyfiner, now 3arcseconds

instead of 1&mrcseconds.

The NA rouding product was generated usidg a constant flow accumulation threshold (2000n
x 90 m cells, corresponding td6 km?) to define the initial stream network and subbasing Zro
lake area threshold iacludeall lakes from the HydroLAKES database. With this setup, the average
subbasin size in thdA Routing Producis roughly 10 kn?. In comparison, the average subbasin size
in the ParCandian lakeiver routing networkis 60 knt (Han et al. 2020)The channelprofile
coefficientsmap for the drainage region above the N60° from Han et al. (202@ed herg~or the
drainage region below the NGO&e inversely calculated thepatial distribution of channel profile
coefficientsusing the global bankfull widtliepth, discharge product from Andreadis et al. (200t3.
MODIS Land Cover Type product MCD12QEriedl and SulléMenashe, 2015)anduse maps
utilized for flooplain roughness estimation along wittod plainMa nni ng 6 s sfom@hiovw i ci ent

(1959)corresponding teach landuse type.

The resultingNA Routing Producincludes650,971lakes in total, with areas ranging from 0.1%km
to 117,326km?. TheNA Routing Product2.1does not include coadtvatersheds witadrainage area
smaller thar8500 kn?. Attribute values werehecked to ensure physigdhusibility and the allowable
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ranges fowvarious attributeare provided imable A2-1. Attribute values that could be measured in the
field (such as river reach length and slopere not evalued against field data and hence should be
taken as an initial starting poimtany analysis or modelling of the delineated netwlorkotal, theNA
Routing Producsuccessfullyncludes19391points of interest, which i$3% of the specified point®f
interest.The 47% that could not be included in ti¢A Routing Producinclude 4648 streamflow
gauges from WSCand 11916 streamflow gauges frodfSGS The input streamflow gaugare not
included in theNA Routing Producbecause of two reasons: 1) the gaigya a smaller coastal
watershed and thust covered by thBlA Routing Producbr 2) the distance betwedhe gauge and

the closest river segment delineated inNWeRouting Products larger thar2 km.

The NA Rouing Product generated by BasinMaker v2.0 doesnehide additional subbasin control
points at the beginning of the headwater river reaches (defined by the flow accumulation threshold) if
it is not overlaid by a lakeThis key difference between v2.0 an8.0 of BasinMaker is depicted in
Figure 36. Also, the NA Routing Product generated by BasinMaker v2.0 does not include the following
attributes that are produced by v3.0: 1) the longest flow path of the subbasin's entire upstream drainage
area 2) the avage slope of the subbasin's entire upstream drainage ateasdype of river channel
along the longest flow pat@md 4) the gbbasin outlet longitudand latitude.

Control points

G :ke """ Subbasin with NCL lake

~ - Subbasin boundary

~——~ River

Figure 3-6. Examplevectorbased routing networks from (A)BasinMaker v3.0 and (B) BasinMaker

v2.0. The hydrological routing networks from BasinMaker v2.0 do not include additional subbasin
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control points at the beginning of any of the headwater river reaches (defined lowthedumulation
threshold) while v3.0 does include some of these as described previously. Connected Lakes (CL) and
Non-Connected Lakes (NCL) are as defined in previous figures.

Figure3-7 demonstratesreexample routing networfkom theNA Routing Product2.1and multiple
postprocessed simplified routing networks produced with BasinMaké&for the 4000 kriPetawawa

river watershed in Ontario, Canada.

—— River [ ] subbasin with CL

B Lakes [ ] subbasin with NCL

|:| Subbasin without lake

Figure 3-7. An example of the final routingetwork in the developed North AmencaakeRiver

Routing Productv2.1 and multiplesimplifications of theouting networkgproduced with BasinMaker

v3.0 for the 4000 kn? Petawawa river watershed in Ontario, Canada. f(l) resolution North

American lakeriver routing networkwith 557 subbasins an@69 lakes. (B) Final postprocessed

routing network obtained fromsingdRemove_SmallL a k &usction (thresholds = 5 kfp Further
postprocessedinal routing networkobtainedfrom usingthed Decr eas e _Ri ver Net wor k
function (threshold= 200 kn?) usingrouting network in (B) as the it network Note the network in

(C) now has onlp8 subbasins anti3 lakes.

3.6.2 Distribution of the North American Lake-River Routing Product v2.1

The Basin Maker generated NA Routing Product v2.1 is freely available for download using a map

based online tool ahttp://hydrology.uwaterloo.ca/basinmaker/download_cemtial.ntm! Custom
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download options include continental, regional or local scale downldemidocate a specific
streanflow gauge station within thA Routing Produgti.e.to identify which package to download,
t he AGauge | ookupo website

(http://hydrology.uwaterloo.ca/basinmakemddoad_gauges.htmlFigure 3-8 is a <reenshot of the

routing productdownload website

Figure 3-8. Screenshot of thdlorth American LakeRiver RoutingProductdownload websiteThe
popup menu appearing after clicking on a-seffion shows details about the identifier of the product,
a download link for theouting networkitself as well as a link to download the outline of the region

shapefile and geoJSCOidrmat).
3.7 BasinMaker Application 2: Ontario Lake and River Routing Product v1

3.7.1 Development of the Ontario Lake and River Routing Product v1

We use BasinMakeB.0 to develop versiorl.0 of the Ontario Lake and RiveRouting Product
(OLRRP) This Province of Ontario Canada praticovers an area ofmillion km?, at a finer spatial
resolution than in the NA Routing Product. The inputs of this application includentrencedEM

and the Enhanced flow direction (FDR) raster lay@&3 iy x 30 rp from the Ontario Integrated
Hydrology (OIH)DatasetsHydroLAKES (Messager et al. 2016) databases, poinhterest including
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11000ntarioobservation gauges from the National Water Data Archive HYDAT databasaec#3®
water quality monitoring gaugesom the Ontario Provincial Water Quality Monitoring Network
(PWQMN), and 1981 subbasin outlets extracted from the Quaternary Ontario Watershed Boundaries

Parameters provided to BasinMak®sludethe following: 1)a constant flow accumulation threshold
(5000 30 nmx 30 mcells, corresponding to 4.5 Kinto define the initial stream network and subbasins;
2) zero aghelake area threshold tocludeall lakes from the HydroLAKES databa&ankfull width
anddepthattribute estimation procedures for the OLRRP are the sati®se used in the NA Routing
Product (see sectidh7.1).

The resultingrouting producthas anaverage subbasin siZe5 km?. The productincludes82,001
lakes intotal, with areas ranging from 0.1 Kito 4506.0 km. The OLRRPdoes not include coastal
watersheds with a drainage area smaller #ixkm?. Attribute values were checked to ensure physical
plausibility and the allowable ranges for various attributes are provided in T2ldleAdtribute values
were not evaluated amstfield data and hence should be taken as an initial starting point in any
analysis or modelling of the delineated netwdnkiotal, The OLLRPsuccessfullyncludes 3326 point
of interestwhich is94% ofthe input poing of interest.The snap distarcthreshold in this application
was2 km. The 6% that could not be included in the OLRRP were mostly HYDAT gauges (109) and
OIH Quaternary watershed outlets (10@any of the points not included were sites on large lakes that
could not be reliably movea tan inlet or outlet location of the lake.

3.7.2 Distribution of the Ontario Lake and River Routing Product

A convenient distribution websiténtps://lakeriver-routing-productsuwaterloo.hub.arcgis.coinfor

the OLRRP enables users tdynamically viewand downloadOntario Lake-River Routing Product
Besides that, the website also provides a link to an example Googleviatiaibewhich enablesisers
to easily simplify therouting network via BasinMaker3.0 softwarewithout installinganything on
their local machineFigure 39 is a £reenshot of th®ntario LakeRiver Routing Produadownload

website
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Post processing

e\ uIseq
a|dwex3

Ontario Lake-River Routing Product . .

Lake river routing product
A post-processing example via google colab, which is an
online python notebook does not require installation. This

This lake-river routing product covers the drainage regions over
Ontario. It explicitly and correctly represents 82,001 lakes. Several post-

processing tools are provided to extract and simplify the routing...

example will show you how to discretize, simplify, and
revise the provided routing product for your purposes

Figure 3-9 Screenshot of th@ntario LakeRiver Routing Produaownload websitenjain pagg The
Exportoption in the leftis linked to a routing product download si@oogle Colab (picture of colab
text) in the rightis linked to a Google Colab notebook, whiehables users to easily simplify the
OLRRP via BasinMaker without having to install anything on their local machine.

3.8 Limitations

Currently,BasinMakercannotcorrectly handd the noncontributingareaspresent irthe source DEM
unless the source DEM is specially preprocessed. Sucttardributing areas are prevalefur
examplein the praire pothole region of North America. In realitye trunoffgenerated ira non
contributingareadoes not drain to the downstaen river network. Howevetthe default delineated
routing network fromBasinMaker will connect subbasins inthe norrcontributing areato the
downstreantriver network.Because of this limitatiomon-contributingareas araot represented in
eithertheOntario LakeRiver Routing Product dhe NARouting ProductA special version of thHA

Routing product is available for the Nelson River drainage basin (covering a large part of the prarie
pothole region}hat correctlyddineates norcontributing areas (e.g., the sink subbasin for each non
contributing area is simply assigned a downstream subbasin HD).oT his particular versionis

available upon request.

The attributesof lakes/reservoirén the delineated lakeiver routing product include the volume,
area, averaged depemnd lake typdrom the HydroLake databasEhe lake'reservoirbathymetry the

lake ouflow structure andthe resergir management datrenot included in the lakever routing
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product Thus, modedrsmustmake several assumptiowken building hydrologicainodek using the
theselakeriver routing product For natural lakeswo key assumptionsirethe following First, a
modeler musassumehe lakes areprismatic, which means that the lake area does not change with lake
depth. Under this assumption, the lake surface level (relative to the bottom of a lake) can be estimated
as the ratio between the volume of water in the lake storage and the lalszwad. amodelermust
makesome assumptiaaboutthe lake outflow structureg:or exampleusingthe broad crest weir
equation to simulate the outflow of the lakéksesimulationerrors fromany of thes@assumptionshat

turn out to be erroneowse impated by thdake shoreline length, the slope of the lakereling and

the magnitude of thennualwaterlevd changesModeles likey need to obtaimeserwir operating

rules and reseopir stageareavolume relationkips to model the reservoirs in tHake-river routing

network correctly

3.9 Conclusions

An opensource GIS toolboxalled BasinMaker that can automatically and efficiently build vector
basechydrologicalrouting networks including aarbitrarynumber of lakess introduced heréMultiple
versons are reported on (v2.0 and v3.BasinMaker has two main functions: 1) delineate the-lake
river routing network from a DEM and 2) pestocessing thexisting lakeriver routing network
generated bBasinMaker in order to simplify network resoluti@xtract a watershed or generate HRUs

. The routing network from BasinMaker includasthe necessaryydrologicalrouting model inputs
and can be used to build sedistributed hydrological models. Discretizing Rav@@raig et al.,
2020kemtidistributedhydrological models (or routing only models) is particularly efficient now given
BasinMaker also has a pgstocessing function to write Raven model specific input files describing

the watershed discretization.

Two novel posprocessing functions iBasinMakerarea) Simplify the lakeriver routing network
by decreasinghe resolution of the stream network and thus increasing the size of subbaadihg
Simplify the lakeriver routing networkoy removing the lads from it

These posprocessing tools are handy for users keen to utilize4secgkerouting networls already
delineated by BasinMaker, such as the North Amatlieéke and RiveRouting network/2.1 (available
at http://hydrology.uwaterloo.ca/basinmaker/index.ptmhd theOntario Lake and RiveRouting

networkvl (available ahttps://lakeriver-routing-productsuwaterloo.hub.arcgis.com
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Chapter 4
The mpact of i1 gndrhiengilmuld mdfedncomponen
and the value ofsilmkga wdged ravmad i vomg a u

watershed

4.1 Summary

Past hydrologicalmodeling efforts tend to ignore the impacts lakes becausdahe model without
representing lakes can provide reasonagdémates oftreamflow simulatiorat the watershed outlet
However the potential impacts @jnoring lakes on the simulateagnhoff component§.e., quick runoff,
baseflow, infiltration, at.) and streamflow at inteah gaugefiavenot beerguantitatively studiedrhis
studyinvestigats these impactby comparing thesimulated results fronwo model structures (with

and without lake) at two Canadian watersheds (Turkey Lake and PetajvaB@ath moded are
calibratedto the streamflow measurement thie watershed outletwith forty independent calibration

trials. Moreover, we evaluatkthe value of the lake level measurenséntthe ungauged and gauged
watershed using measurements from fifteen lake level gauges in the Petawawa watershed.
Furthermorewe evaluate the assumptionthat hare beenused toparameterizéhe outflow structure

of lakesin the hydrological model

Compared toa model which ignores lakes a model representing lakesncrease the model
performance at internatreamflow/channel watdevel gauges andlightly decreasgthe performance
at the watershed outlet streamflow gawggcause of the model compensation étraignoring lakes
in the modehas significant impacts on the simulateghoff componentswhichwill reduce the quick
runoff, increase the infiltratiorandincrease the baseflow frothe soil storage The ignoring of lakes
willalsod e c r e as e t Xibiity/mmoedagny idthe sifulaed runoff componentst each flow

pathway.

In a gauged watershedalibrating to the additional lake level measurements in the Petawawa
watersheatan improve the streamflow simulatidn an ungauged watershedhe hydrdogical model
calibratingto fifteenlake level gaugecan provideareasmalde streamflow simulation at the Retawa
watershed outleHowever whencalibrating taonly one lake level gauge, the hydrological mddééd

to provide reasonable streamflow simulations.
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The calibrated lake crest width parametefifteen gauged lakes has a significant linear relationship
with the | a k @rd@insge area in lelpg space suggestingthe assumption used in literature to
parameterizeéhe outflow structure of lakes is reasonable.

Resultsprovide novel insigts into the moded sompensation behavidor ignoring lakes utilizing

lakelevel measwsments andparameterizing the lake outflow structures.
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4.2 Introduction

Lakes wetlands and reservoirs play a critical role in hydrological proceskesan attenuate the
streamflow(Bowling & Lettenmaier, 2010; Huziy & Sushama, 2017; Christopher Spence, 2000; Zajac
et al., 2017)control the watershed's flosonnectivity(C. Spence et al., 2019; Woo & Mielko, 2008)
andinteractwith groundwatestorage(Hughes et al., 2014; C. Spence, 200 Herefore, considering
lakes and reservoirs as a part of modules in hydrological hmugletan enhance thmo del 6 s
validity/appropriatenes&olden et al., 2016b; Karan et al., 2014; Shaw et al., 2013)

To build an environmental simulation model that explicitly repredekéswetlands modelersieed
to definethe lake characteristicel e | i n e at e strehnedraihagekaged, Duildithe topology
between lakes and river reaches, pathmeterigt he | ak e 6 s o(BEverdsdnetwal., 2005 uct ur
2016; Han et al., 2020)t requires considerable worin a lake/wetlanddlominated watershed.
Moreover explidgtly representing lakewill significantly increase the computational burdiema lake
dominated watershe&or examplethe modekexplicitly representing lakes/wetlandsknenson et al.
(2016)increassthenumber ofcomputational ungor the hydrological response {HRUs)by more
thanfifty times Thus, pasthydrological modking practicestend to eitheignore lakes/wetlands or
include them with someonceptuakimplifications.Only a fewstudiestried to explicitly represent
lakes/wetlands isurface water models tie lakedominated watershedEvenson et al., 2015, 2016;
Han et al., 2020)

Repesenting lakes withconceptualsimplifications requiresmakng assumptionsabout lakes'
characteristics, the topology between lakes and rivers, and lake outflow struEtares. t he | ake
characteristics and topologihe simplest way to represent lakes/wetlands is to aggregate them within
one subbasin/grid into one lumped Igk&aig et al. 2020; Guinaldo et al., 2021; Huziy & Sushama,
2017; Lindstrém et al., 2010yhe lumped lakeloes noteceive input from the upstream subbasin/grid
and only receivea fraction of runoff from the nelake part of this gritbubbasir(Arnold et al., 2012
Craig et al., 2020; Lindstrom et al., 2010he lake characteristicsuch as the relationship between
lake level, area, and volume of the lumped Jakte defined using the total open water area of this
grid/subbasin and an empirical function betwteriake area and deptfArnold et al., 2012; Craig et
al., 2020; Lindstrom et al., 2010jhis lake representation approactshaen widely deployed in grid
based and vectdrased hydrological modetsich aRaven(Craig et al., 2020 SWAT (Arnold et al.,
2012, HYPE(Lindstroém et al., 2010 andISBA-CTRIP (Guinaldo et al., 2021Building on this lake
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representation approach, several more complex lake representation approacheshexitgriature.
For example, most hydrological modelbw the user to define a reservdype lake at the outlet of
subbasin/grid¢Arnold et al., 2012; Craig et al., 2020he reservoitype lakecan receive the inflow
from upstream subbasin/grids and the characteristics of which can be defined fraremeassThis
way, modelers cadefinesomebig instream lake/wetland as a resengipe lake Moreover modelers
can also estimate the area and volume of the lumped lake in each subbasin/grid uskngsmhitn

digital elevation modahstead of peameteizing them witha predefined functioriRajib et al., 2020)

Different assumptions have been developed for the lake outflow strusiumgdrological model
For example, soms&tudieshaveused the broad crest weir equation to model the outflow from each lake
(Bowling & Lettenmaier, 2010; Grimson et al., 2013; Han et al., 2020; Huziy & Sushama, \R01iIe)
some studies assumed that all water above the lake crest height would move ttredowns
immediately(Evenson et al., 2016; Rajib et al., 2020he sensitivity experiment in four different
watersheds from Guinaldo et al. (2021) found that the crest wwidte broad crest weir equation

parameter significantly impacts the simulateeamflow.

The uncalibrated models shothe importance of lake representation in some watersteedake
sensitivity analyseéEvenson et al., 2016; Han et al., 2020; Guinaldo et al., 2U2ii)e modeling
applications with these simplifications or igimg lakes can successfully provideasonable
streamflow simulation results some case@ajac et al., 2017; Rajib et al., 202Bpr exampleZajac
et al. (2017)found that the routing model with lakes did not significantly improve the streamflow
simulation compared to the model without lakgscomparing two routing modét 171 catchments
worldwide. After calibrating the routing model with lakes and without laklesy found thathe
introduction of lakes improved the NSE for 67% of the catchments wigan improvement of 0.09,
while the NSE worsened for 22% of the catchments with a median deteriorato®doRajib et al.
(2020)suggestshat using wetlandrea and volume from a highsolution DEM to parameterize the
characteristic of the lumped wetland in each subbasin did not improve the streamflow simulation at the

watershed outlet.

However, wecannotconclude thaexplicitly represenihg lakes/wetlandé our hydrological model
iS unnecessarlgecause we mayegthe right answer for the wrong reaséor examplepther model
parameters may compensateitproring lakes, or for simplified conceptual lumping of multiple lakes,

during the model calibration procesthe model parameter compensation behawy change the
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simulated runoff componentsfrom the calibrated modelThese potential impacts from lake
simplification hae not been widied intheliterature.

At the samdime, when we uséhe broad crest weir equation to model the outflow from each lake
calibrating the crest width of each lake could be very challenging because there may be hundreds of
crest width parameters (each lake requires one crest width parameherinadel. Researchers have
linked the crest width parameter with different measurable lake characteristics to reduce the number of
parameters that need to be calibrated. For exampieliigy et al. (2010) assume that the crest width
parameter is a function of lake circumference. Bowling et al. (2010) could adjust the crest width
parameter of all lakes bgharging the coefficientparameters in this function. Guinaldo et al. (2021)
assume that the crest width parameter is a function of the mean annual discharge. Han &) al. (202
assume that the crest width is a function of tF
evaluated these relationshispecially the potenti@rrorsfrom such assumptionslue to a lack of

lake-related observations.

Moreover, he pending NASA SWOT satellite mission (see https://swot.jpl.nasa.gov/) promises to
measure lake levels at resolutions (temporal, spatial, and vertical) that haveetitepmbe usedo
calibrate thehydrologicalmodel in gauged/ungauged watershddowever, how valuable these lake
level observationarein gauged/ungauged watersbésinot well quantified

This study will investigate these research gapediygseveralrecent developmesin definingthe
| ak e 6 s stichand tapiogyeForiexample, several global lake databases have been developed,
such as HydroLAKES (Messager et al., 2016) and GLOBathy (Khazaei et al., 2022). These lake
databases providelakeh or el i ne pol ygons and characteristics
all global lakes with a surface area of at least 1(Mmaeover, liilding on the HydroLake database,
Han et al. (20Q) developedan initial vectorbased lakeiver routing product coveringmajor
watershedin North America, which describes the topology between lakes and rivers. Thisilake
routing product, and theubsequent products described in Chapter&pr esent s tnde | ake
the outlet as subbasin outtetThe hydrological model developed widtrouting networkfrom these

routing productgan explicitly simulateachh akeds i nfl ow and outfl ow.

More specifically,we will compae the simulated results from two model structures (with and
without lakes) at two Canadian watersheds (Turkey Lake and Petateagusgntitatively investigate

the impact=f ignoring lakeson the simulated runoff components (i.e., quick runoff, basefmual,
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infiltration, eta).In addition we evaluate the value of the lake level measurements in the ungauged and
gauged watersheds using measurements from fifteen lake level gauges in the Petawawa watershed.
Furthermore, wewilu s e t he <cal i br aodf gadged lakésdobexk the massumptionsi dt h
made by Han, et a(2020, in parameteriing the outflow structure of lakes

4.3 Material and Methods

Sectiord.3.lintroduceghedifferencesetweerthe hydrological modethat explicitly represestakes

andthe equivalent model thggnoreslakes Section4.3.2introduces thevatershedsind data used in
this study. Sectiod.3.3introduces the &ven hydrological modiehg frameworkand the hydrological
modelsused for this studySectiom.3.4introduces thecenariosleveloped for each resgh question.

4.3.1 The hydrological model with lakes and without lakes.

This study evaluates the potential impacts of ignoring lakes on the simudateti componentand
streamflow at internal gauges by compariesuls from thehydrological model with andithoutlakes.
This section will describe the differerddgetweerthe hydrological model with lakes and without lakes
The modés are built in the Raven hydrological modelling framework.

Figure 41 shows aschematic overview of thieydrological modeWithout (Figure 41A) andwith
lakes (Figure 4-1B). The watershed discretizatiom Figure4-1A ignores all lakes and defingise
subbasin based on the river netwankly. Using this watershed discretization (FigurdA), the
hydrological modetloesnot explicitly simulatethe lake processedt will aggregate alivater surface
area within one subbasinto anonlakewater HRU The runoffgeneratedrom the water HRU'YD )
and land HRU"Y0 ) will move to the subbasin dat via incatchment routing processes and ttien

outflow will be hydrologicallyrouted through the downstream channel network to the watershed outlet.

The nonlake water HRU in each subbasin only receaiypeecipitation andrunoff generatedrom
this HRU is calculated by:

YO 4ad® O (4-1)
where theéY( is the runoff generated fronthe water HRU of each subbasin [L/T], 0 is the
precipitation over thevater HRU in [/T] and theO is the open watevapotranspiratiorate in[L/T].

Yo in units of depth across the wastubbasinddtRtand s t he

converted to units of [IT] using the water HRU area
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Figure 4-1. A schematic overview of the hydrological model without lakes (A) and with lakes(B). T
RQ is the runoff generated from the land HRUs, andRRx is the runoff generated from the water
HRU. TheQy is the total streamflow from upstream subbasin(s). @hes the streamflow released
from the lakeoutlet TheQ is the amount of runoff generated from land HRuhin a lakesubbasin

thatreaclesthelake after theén-catchment routingprocess
The watershedliscretizationin Figure 41B represents each lake as a IakeU within alake
subbasindefined by the following rules: 1) The extent of the lake subbasin will fully cover the lake;
2)theoutlebf t he | ake subbasin is the same as t he
as a subbasin outldtlsing this watershed discretization (FigurdB), the hydrological modetan
explicitly simulate the lake process@&sée inflow of the lakéncludes three part$hestreamflow from
theupstream subbasi ( ), the precipitatiorover the lake), and herunoff from the land part of the
subbasinRQ). TheP is directly added to the lake storage. TR@ will reach to the lakafterthein-

catchment routing processhich is represented [y in Figure 41.
The mass balance of eagxplicitly simulatedake is the following:
(4-2)

06 0 O 0% U Q

72

out



where the— is thelake storagedynamic in a given dajt¥T], 0 is the sum ofake inflows from all

upstream subbasiin [L3/T], 0 is thein-catchment routedmount of théYd thatmoves into théake

in [L¥T], Ais the lake arem [L?, O "¥ theopen wateevaporation rate over the lake In/'T], U is

is the precipitation receiveaoh the lake surfade [L/T],0 "Q is the lake outflown [L¥T] atagiven
lake level elevatiorh in [L]. This study doeshot model the interaction between the lake and
groundwater storagand always assumes lala® prismatic (constant area)

The outflow of each lakes simulated using thieroad crest weir equation:

b - o0 ¢ Q Q1 -~ (4-3)
where thabis the weir coefficient-], with a constanwalueof 0.6."Qis the gravitational constartis
the lake level relative to the crest heightis the crest widthl]]. The parametemration of the0d and

A(h) of each lake ithemodelareintroduced in section.3.3

The lake's outflowis directly moved to the downstream chanrasisl routed tftouch the channel
system vidn-channel routing processésigure4-1B). The small lake that is not directly connected by
the delineated river network is definedea®n-connected lakerheoutflow of the norconnected lake

will be directlymoved to thehead of theiver channel ofhedownstream subbas({figure 41B).

In summary, the difference betwettietwo model structures thatthe model representing lakes has
additional lake storage to attenuate and evaptratmulated runoff fronthelake's drainage areA

moredetailed decription of thefull hydrological model is in sectich3.3

4.3.2 Watersheds and model input data

This section willintroduce twastudy watershexjthe Petawawa and the Teyklake watershed.

The Petawawa watershed is located in northeastern Ontario, Caiguit@&4-2). It drains towards
a Water Survey Canada (WSC) streamflow gauge 02KB001. The drainage area of the watershed is
4,120 knt. The primary landover type includes lakes and forests. Furthermore, the primary soil type
based on Soil Landscapes of Canada is bedrock. The lakethibtydroLAKE databas¢Messager
et al. 2016and the 30 m Digital Elevation Model (DEM) from Ontario Integrated Hydroltaggset
are used as inpof BasinMaker to delineate tmeuting network with lakesHigure4-2B) and without

lakes Figure4-2A). BasinMaker is a Gl$ool box developeth Chapter 3o delineate the lakever
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routing structuresThere are 369 lakes in this watershed, and the total lake area in®18\ll lakes
are simulatedior the model representing lakes.
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Figure 4-2. The delineatedvatersheds andbservation station locatiorier the hydrological model
without lakes (A) and with lakes (BYr the Petawawa watershe@lhewater levelobservation gauges
andclimate stations exist in A and d&spite not being shown in botBL represents connected lakes,

and NCL represents naronnected lakes.

We have 15 lake level measurement gauges in whiershed and fotchannel water level
measurement gaugdsidure4-2). The water levels in the lake and channel are measured with 30 mins
intervals. Tk lake level measurements start on 6/26/2015 and end on 10/6/2020. The channel water
level measurements start on 8/24/2017 and end on 9/30/2020. The daily averaged channel water level
and the lake water level arecalculated to match thaaily time step @ the model. We will compare
the measured channel water level with streamflow simulation result. The simulated streamflow from
Raven is daily averaged values. Thus, we calculated the daily averaged channel water level by

averaging the measurement withircleaday. We will compare the simulated lake level with the
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measured lake level and Raven export the simulated water level of lakes at the end of each day. Thus,
we calculated the daily averaged lake water level by averaging the measurement at 23:304:28:45,

00:15, 00:30. This watershed has four meteorological stations. Three of them belon@ tdatte

Ministry of Northern Development and Mine®ne of them belongs to Environment and Climate
Change Canada. Daily minimum and maximum temperature awippation from 8/01/2015 to

20/10/2020 were used as input for the hydrological model.

The Turkeylakewatershed itocated approximately 60 km north of Sault Ste.Marie, Ont@amada.
The drainage area of the watershed is around P0TKme primary lad cover type includes lakes and
forests. Furthermore, the primary soil typepredominantly podzolsThe lakes from HydroLAKE
database (Messager et al. 2016) and the 5 m Digital Elevation Model (DEM) are used as input of
BasinMaker to delineate the rouginetwork with lakesKigure4-3B) and without lakesHigure4-3A).

59%000 EBBPDO GQTPUO 69BP00 GS%UDU 695900 GQGPUD BQ?POO GBBPOU 69%000

521?000
T
5216000

521?000 521?000
T
5215000

T
5214000

521?000
T
5213000

T T T T T T T T T T
695000 696000 697000 698000 699000 695000 696000 697000 698000 699000

[ ] subbasin without lake[ | Subbasin with NCL River 0 0.75 15 3 Km
[ Isubbasinwithct [ Lake %  Streamflow gauges ~H—+—+—+—F+—+—+—+—

Figure 4-3. The delineatedwatersheds and streamflow observation station locationsthe
hydrological model without lakes (A) and witlakes (B) for the Turkey Lake watershed. The
observatiorstationsexist in both A and Rlespite not being shown in botBL represents connected

lakes, and NCL represents noonnected lakes.

There are seven streamflow gauges in the Turkey Lake waterbigade(4-3) operated by

Environment and Climate Change Canadiae daily streamflow measurement is available from
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1981/01/01 to 2012/12/31. One meteogylajauge belongs to theéanadian Aiy and Precipitation
Monitoring Networkis located just outside the watershed. The daily meteorology measurements,
includingair temperature, wind speed and direction, relativenidity and vapor pressurearometric
pressureand solar radiatigrhave been available since 1980.

4.3.3 The hydrological model

The hydrological modelsvith and withoutlakes are builwith the Ravenhydrological modeling
framework(version3.04) developed by James R. Craig at thevdrsity of Waterloo (Craig et al.
2020) The Ravens an objecbriented modéing framework that gives users full flexibility regarding
hydrological process description. It supports customization of the hydrological processes (i.e.,
with/without snow/perolation/baseflow processes, number of soil layers et al.hyhwlogicalflux
algorithms for each process (i.e., linear/po¥esv function).

Thehydrologicalprocesses in the Raven model can be categorized into two groups. The first group
is the proceses applied at each HRJ determine how much runoff will be generated at each flow
pathway The second grouimcludes processes applied at each subbasin, channel, and lake to deliver

generated runoff tiugh the routing network to the watershed outlet.

The hydrological model without representing lakesHetawawaand Turkey lake watershedre
built with routing network shown inFigure4-2A andFigure4-3A, respectively The model without
representing lakes includes two types of HRWe land HRU and the water HRUWhile the
hydrological modeincludeslakes forPetawawaand Tukey lake watershexare built with routing
networks shown inFigure 4-2B andFigure 4-3B, respectivelyAll lakes shown in Figure4-2B and
Figure4-3B will be explicitly modeledThe model representing lakes includes two types of HRUs, the
land HRU and the Lake HRUThe hydrological processes applied in the land HRU is described in
Appendix A3 andis the sane for both model structur&he hydrological processes of water HRU and
Lake HRUaredescribed in sectiof.3.1

To simulate the lakenass balance with Eqtion @-2) and Egiation @-3) in section 4.3.1, wenust
definethe relationship betwedhelake's stage, area, and voluafeeach lakeThis studyassumed that
lakes are prismatjovhich meanghat the lake area does not change with lake depth. rihide
assumption, the lake surface lefrellative to the bottom aflake) can be estimated e ratio between
thevolume of water in the lake storagad the lake area. For each lake simulated in Rakeiake

crest heigh{relative to the bottom of thiake) and areaset equal to the lakaveraged depthnd the
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areafrom the HydroLAKE databas®/e assume lakerest widthcan beapproximatelyestimated from
the | akeds dr ai nlawdatioaship:a using a power

6 4 00 (4-4)
where tha) is the crest width ofakei, 00 is thedrainage area of lakein [km?].| and¢ are two
coefficient parameterdhe initiall and¢ of both watershedare obtained bgssunng the lake crest
width isthesame as thehannel widthat the lake outletMoreover the channel width at the lakettai

can also beestmaedfrom a global river channel bankfull width dataggtowing the methodology
described in Haret al 020.

The incatchmentind channel routing processes are also the same for both model structures and are
described irAppendix A3.

Thesimulation period of thaydrological models in the Petawawa wateidis from201308-01to
202010-20. From201308-01to0 201601-01is the model warmup perioBecause of the length of the
data, notemporal validation period is considered for models in the Petawawa watergtied

measurementsince2016:01-01 were used to train the model.

The simulation period ohe hydrological models in tHeurkey Lakewatersheds from 1981-01-01
to 2012-12-01. The model warmup period isdim 1981-01-01 to 198401-01. The model calibration
periodis from 198401-01to 199612-01. Andfrom 199701-01t0 201212-01is the model validation

period

Specificcalibraton formulations to matckach research question will describedn sectiord.3.4

4.3.4 The model calibration experiment for each research question

This section introduces the model calibration experiments designed to dmaeaesearch questions.
Eachmodel calibration exp@nent will be calibrated usindgpé dynamically dimensioned search (DDS)
algorithm (Tolson & Shoemaker, 2007Mhe DDS is a neighborhood search algorittimat can find
quality calibration solutions based on a useecified model evaluatidnudget(Tolson & Shoemaker,
2007).For eachmodel calibration experimernhe model evaluation budgéhumber of Raven model
simulations)s 4000, and weepea#0 independent optimizatidrials usingrandomly generated initial

parameter sets.
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4.3.4.1 The model calibration experiment for the first research question

Table 4-1 lists the model calibration experiments for the research questibat is the impet of
ignoling lakes in the hydrological modein the simulatedrunoff at each flow pathwagnd the
simulatedstreamflow at internal streamflow gau@e&/e calibragédthe hydrological models withl{
1L and1-2L) and without lakeslf1 and1-2) to theoutlet streamflow gauge éfetawawal-1L and1-
1) andTurkey Lake {-2L and1-2) watershedTable4-1). TheKling-Gupta efficiency (KGE)netric
(Gupta et al., 20095 used to compare ttsgmulated and the observed streamflivthe daily time step
as:

0 "00 p p i — P — P (4-5)

wherel is the linear correlation between observed and simulated flowsand, are the standard
deviationof observations and simulations, respectivéipd and' are the observation mean

and simulation mean, respectively.

Theperfamance metrics aach internal gauge and the simulated ruaoéach flow pathwajrom
thetwo model structurewerecomparedat each watershe@he performance of two model structures
at internal streamflow gauges the Turkey Lake watersheid also ewaluated with KGE.The
performance otwo model structures dhe internalchannelwater level gaugem the Peawawais
evaluatedoy comparing the simulated streamflow and ¢channelwater level measurements using

Spearman's rank correlatiopnefficient(SPRG:

YO 'Y 6 h (4-6)

whereY 0 and'Y 0 are the rank of the observed channel water level measurement and the
simulated streamflow, respectivey T ‘@0 RY 0 is the covariane of the rank variablesnd

i and,, are the standard deviations of the rank variables.
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Table 4-1. Comparative model scenarios for the first research questtuat is thempact of ignoring
thepresence of lakes mydrologicalmodels The lake coefficient parameters calibrated akegumtion
(4-4) to estimate lake crest width as a functiorited lake drainage are&GEg is the KlingGupta
evaluation metric (KGE) of theatershed outlet streamflow gauge.

Number of calibrated

Mode] Watershed Routing Obijective function hydrological model parameters -
scenarios structure .
lake coefficient parameters
With lake -
1-1L Petawawa (Figure4-2B) L O 29+2
1-1 Petawawa No lake VI (0) 29 +0

(Figure4-2A)

Turkey With lake

12 Lake (Figure4-3B)

VN0 29 +2

Turkey No lake R 0)

1-2 Lake (Figure4-3A) v

29+0

4.3.4.2 The model calibration experiment for the second research question

This section will discusshe model calibration experiment to the second research question: How
valuable are lake level observatios in hydrological modeing? We will evaluate the value of lake
observation from two prospectsd-irst, we will investigatéf we can improve the hydrological model

by calibrating additional lakkevel observations in a gauged waterst@mtongdwe will evaluate if we

can use the lake level measurements to calibrate the hydrological model in aredngaiggshede

will introduce how we compare the observed and simulated lake levels in the model calibration

experimentdeforedescriting the scenarioglesigned for the first and second pur@ose

To calibrate the hydrological model to the lake leveasueement, wenustdefineandcalculate the
performance metric between the simulated and observed lake levels at each gauge. Howameagtwe
calculate the performance metric between the observed and simulated lake level directly because they
arereportel with respect talifferentverticaldatums. The measured lake level is the distance between
the lake surface and the sensor. In contrast, the simulated lake level is the distance between the lake's
surface and the lake's bottom. Moreover, the differbatseen the two references system is unknown.
Thus, we compare the normalized observed lake lévél @ ) and the normalized simulated lake
level O i & ) to remove the impact from references. Thé @ is the difference between the

observedake level and the observed mean value.Ghe & is the difference between the simulated
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lake level and the simulated mean values. Then we use the KGE to compare the normalized observed

lake levels and the normalized simulated lake levels. Because ‘ 1T, the KGE is

equation is changed to the following for lake level measurements:

VL'O00p p TO0IME® — P (4-7)

wherei is the linear correlation betweermrmalizedobservedd ¢ & ) and simulatedd i 6Q B

lake water levelA andA are the standard deviatiofinormalized lake levadbservations

and simulations, respectively

Finally, the perfomance metric of lakes is thmweightedaveraged "OO @ the fifteenlakelevel

gauges§f "00Q.

For thefirst purposethe model calibration experimeraselabelledscenaris 2-1a, 21b, and 21c
in Table4-2. In scenario 21a we calibratel the hydrological modeb streamflow measurement at the
Petawawa watershed out{stenarid®2-1a). And scenarios-2b and 21c will calibratethe tydrological
model to both streamflow and lake level measurement. Scehadancludes 15 addition#ke crest

width parameters for each lake with lake level measurement compared to sc2dararsd 21b.

We will compare the model performance at theaRawa watershed outlet streamflow gatrgen
scenarig 2-1a, 2-1b, and 21cto evaluatevhetherincluding lake level measurement can improve the
streamflow predictionAndwe will also comparéhe uncertaintie®f the simulated fluxeat each flow
pathwayfrom scenario®2-1a, 2-1b, and 21c to investigatdf including lake level measurement can
reduce the modedimulation uncertainties.The uncertainties of the simulated fluxaseach flow
pathwayareapproximagdusingthe simulated fluxes from0 independently calibrated models.

Scenarios 2a and 22b in Table4-2 arethe calibration experiment for the sedgourpose, which is
to evaluate the value of the lake measurement for the ungauged watershed. We calibrate the
hydrological model withl5 lake levelgauges {{ "O0'Q 2-2a) and with one lake level gauge at lake
Cedar ¢ "O0Q 2-2b), respectively. Then we will analyze the mogelformance at the Petawawa
watershed outlet streamflow gauge. Lake Cedar is the largest lake in the Petawawa watershed. The area
of lake Cedar i25.93km? The drainage area of lake Cedar is 1540.47, kvhich is 37% of the

drainage area of the Petawawa watershed.
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Table 4-2. Designed model scenarios fitre secondesearch questiomow valuable are lake level
measurements the hydrological modedalibrationin agaugedscenaris2-1a, b and ¢ and ungauged

watershedscenars 2-2a and h. 0 "OO Orepresent the averaged Kling Gupta DeviatigGED,

Equation @-7)) of 150bserved lakeThe0 "O0 Orepresenthe KGED of lake CedaKGEg represent
the Kling Gupta evaluation metric (KGE) of the watershed outlet streamflow g@ibgecalibrated
crested widthparametes of each observed lalieom the scenario 2lc and the calibratethke crest
width equation (Equation {4)) parametes from the scenario 2Lb will be used tcanswer the third

research questioms thepowerl a w t he

area reasonable?

relationship

bet ween

Number of calibrated

Jotel waerses FOUNS Onverunaion M40Rgel ot paanrs
lake crest width parameter
21a  Petawawa (F"igtlr‘réi'f% ) 29+ 240
21b  Petawawa (F"igﬂ‘réadf'fgss) ™ 00 @ 0000 20+ 240
21c  Petawawa (F"igtg‘réi'f% ™ 00 @ 0000 20+2+15
2-2a Petawawa \E\gg LII?I(;Z?ZB) 0 "000 29+ 20+ 15
2-2b Petawawa with lakes 0 "000 29+2+1

(Figure4-2B)

a) Equation (44) under calibrategharameters generaterest widths for alB69 simulated lakes.

b) Equation (44) under calibrated parameters generates crest widths for 354 simulated lakes.

c) Equation (44) under calibrategarameters generates crest widths for 368 simulated lakes.

4.3.4.3 The model calibration experiment for the third research question

This section will discusthe model calibration experiment to tiérd research questiois the power

law relationshigEquation @-4)b et ween t he | ake

crest

Wi

dt i

| ake

and

To answer this research questiore will evaluate the calibrated lake crest width parameter of fifteen

gauged lakes from two model calibration experiméptsb and 21c in Table4-2). The hydrological
model in both calibration experiments will balibrated to lake leveheasuremerat 15 lake level

gaugesand streamflow measuremedattthe Petawawa watershed out®tenario 2lb estimateghe
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lake crest widths of each gauged lake by calibrating the relationship between lake crest width and the
| akeds dr ai na guationadrd)p. &vhile SEenBrid Acditeqtly optimizes the lake crest
parameter of each gauged lake.

4.4 Results and discussion

4.4.1 The impact of ignoring lakes on calibrated streamflow and runoff components in

each flow pathway.

This section presesitesults obtained by tGhrating thehydrological moded with lakes(1-1L and1-

2L) andwithout lakeg(1-1 and1-2) to the Petawaw#l-1L and1-1) andTurkey Lake {-2L and1-2)
watersheautletstreamflow gauge(Table4-1). The internal streamflowr water level gauges each
watershedare usedas a validation dataseto assesshe impact of ignoring lakesn the model
performanceSectiond.4.1.1presents the impact of ignoring lakes onpgh&gormancef thewatershed
internal and outlet gaugeSectiord.4.12 demonstrates the impact of ignoring lakes on the simulated

runoff componentat eacHlow pathway.

4.4.1.1 The impact of ignoring lakes on calibrated streamflow

For each watershed and model structure combinaicgrnsemble of 40 parameter setch derived
from an independent calibration trigd used to predict streamfloand calculate evaluation mesiat
the watershed outlet gauge aftfte internal validation locationsFigure 44 showsthe performance
metrics at each locatidior the Petawawavatershedwhich had no temporal validatiofigure 4-5
showsthe performance metrics at each locatfonthe Turkey Lakes watershed during both the
calibration and validation period§he minimum calibrated KGE at the watershed outke(the
02KBO0O01in Figure 44 andS5in Figure4-5) for both model structusds above0.85, whichsuggest
that both modelsare weltcalibratedto their respective watershed outlétsevery trial Thus, 8
calibrated parameter sets are deernadid calibration resuftand can be usedd investigate thempact
of ignoring lakes orthe simulatedstreamflowat internal gaugeandrunoff componentsat each flow

pathway
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Figure 4-4. The model performance at watershed outlet (calibration) streamflow gauge (02KB001) and
internal (validation) channel water level gauges (Crow, LM, and NC) from the hydrological model
explicitly simulating lakes (scenariell.) and the model ignoring lakes (scenarib)in the Petawawa
watershed. Se€able4-1 for scenario descriptions. For each model scenario, the pericenmaetric

(an optimal value of 1.0 in all case®s calculated from an ensemble of 40 parameter sets, each derived
from an independent calibration trial. The calibration budget for each trial was 4000. The metric for
channel water level gauges is thel8ea rank correlation coefficient between measured water levels
and simulated discharge. The metric for the streamflow gauge 02KB001 is theXiljpg Efficiency

(KGE) coefficient between simulated and observed streamflow.

Focusing on onlyitebestK GE at the watershed outlisbm the40 calibrated parametses suggests
that the model structureignoring lakes provides similar or even marginally better streamflow
simulationsthanthe model structure representing lalkéghe watershed outletgethe 02KB001in
Figure 44 and S5 inFigure 4-5). However,ignoring lakesin hydrological modelslecrease, often
substantiallythe bestmetrics for thenternalstreamflowgaugdocations. For example, foine Turkey
LakewatershedFigure 45), the best KGE$or all six internal gauges are degraded (by up to 0.2 KGE
units). Similar degadations are seen for the Petawawa (Figuig ith the bestSpearman’'sRank

CorrelationCoefficient(SRCC)for thethreeinternal channel water level gaugkscreasing by roughly
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0.05 to 0.5RCCunits when lakes were ignoreétheuncertaintie®f KGE atS6in themodel represent

the uncertainties in the calibratedest width of he small upstream laké&igure 43). In the current
setup, we estimated each | akebs cr eEsuationdidgt h as
and calibrated the two coefficients in this function. We can improve the KGE of S6 by addingtthe cres
width of this small lake as an independent parametéhermodel calibration proces3he daily
simulated and observed streamflow from the model with lakdt)hand the ignoring lakes {1) at
gauges02KBO001 in the Petawawawatershedare shown inFigure Ad4-1. The daily simulated and
observed streamflow from the model with lake[) and the ignoring lakes {4) at gauges S5 and

S1 in the Turkey Lake watershaa shown in Figure A2.
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Figure 4-5. The model performance at watershed intefwalidation) and outlet(calibration S5
streamflowgauges from the hydrological model representing lagesn@rial-2L) and ignoring lakes
(scenarial-2) in theTurkey LakewatershedSeeTable4-1 for scenario descriptiongor each model
scenario, the performance metric was calculated from an ensemble of 40 parameter sets, each derived
from an independent calibration tridlhe calibration budget for each trial was 4000e calibration

period is from 1985 to 1996, while the validation periofifasn 1997 to 2012.

The improvement observed at the internal gauges comes from the lake attenuation effect. The lake
attenuation effect may impact the calibrated streamflow differently for gauges at the different parts of
the watershed. The Petawawa watershed's three inteael level gauges are downstream of a-lake
dominated region (Figure?). The simulated streamflow from the model ignoring lakes includes more
unexpectedluctuatiors i n the | ow flow period at these gauge
gauges $ and SO are upstream of a lak@minated region (Figure-3). Without modelling the lake
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attenuation effect from downstream lakes, the model ignoring lakes have to use soil storage upstream
of the gauges S1 and SO to attenuate the runoff to avoid stogamikrprediction at the watershed
outlet. Thus, the simulated streamflow from the model ignoring lakes underpredict the high flow at
gauges S1 and SO (Figurd-R).

4.4.1.2 The simulated runoff components in each flow pathway

Ignoring lakes not only impasthe smulated streamflow at watershed internal and outlet gaisges
sectiond.4.1.) but also impadtthe simulatedrunoff componentsit eachflow pathway.This section
presents results obtained by calibrating the hydrological madtbl¢1-1L and 12L) and without lakes
(3-1and 12) to the Turkey Lake I-2L and 1-2) and Petawawal{lL and 1-1) watershedoutlet
streamflow gaugesé€enarios imMable4-1). For each watershed and model structure combinatien,
simulatedrunoff componentat eachflow pathwayare estimated froman ensemble of 4parameter
sets, each derived from an independent calibration trial

Figure4-6 demonstratethe aggrgateddaily quick runoff, infiltration,ET zone baseflowand nor
ET zone basefloirom each calibrated parameter seteach model scenatidhe aggregated daily
runoff componentsre calculated bgveraging the simulatedhily runoff componentsf each HRU
over the entire watershed and thammragng the resulfrom the previous stever theentirenorrice
(from April to the end of Novemberimulation period Ignoring laks in the hydrological model
significantly impacs the median and range of thggregated dailyunoff componentat eachflow
pathway in both watershed§igure4-6). First, comparingthe mediarof the aggregated dailyunoff
componentsn Figure4-6, the model without lakes infiltrasanore precipitation to th&T soil layer
(thetop two soil layes, Figure4-6A and B)andrelease morwaterfrom thenonET soil layer storage
(the third soil layerFigure4-6D). The aggregated dailguick runoff from the modelithout lakes is
close to zeraat both watershexd(Figure 4-6A). Second,the range of theggregated dailyunoff
components different betweerthe model with and witbut lakes at both watersrgedrhe runoff
componentangein Figure4-6r epr esent s a mod el &hsruroff comporemtd i t y
obtain a good streamflownsulation result at the watershed outbetcausesach poinin Figure4-6 is
calculatedfrom a validacceptablealibration resul{Figure 44 andFigure 4-5). The model without
lakes faslessflexibility than the model representing lakesimulating thenfiltration (Figure4-6B)
and quick runoff Figure4-6A), ET zone baseflowHigure4-6C), and thebottom soil layer baseflow
(Figure4-6D) at both watershedm summary, tie resulfrom Figure4-6 suggest thatignoring lakes
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in the model will reduce the quick runoffincrease the baseflow from tm®nET soil layer, and
decreasethmo d el 6 s f | e ximghundff comgonentat eash flovupathway
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Figure 4-6. The aggregatedlaily runoff componentérom the hydrological model representing lakes
(1-1L and1-2L) and ignoring lakeg¢l-land 1-2) in the Turkey Lake watershdd-2L and 1-2) and
Petawawa watershed-(L and 1-1) at each flow pathwayAll scenaris are calibrated to the
streamflow measuremenat thewatershedutlet. SeeTable 4-1 for scenario descriptiongor each
model scenariahe daily fluxes weresimulatedirom an ensemble of 40 parameter sets, each derived
from an independent calibration trialhe aggregated dailyunoff componentsare calculated by
averaging the simulated daitynoff components of each HRter the entire watershed and then
averagingheresuls of the previous steverthe entire notice (from April to the end of November)

simulation periodThe calibration budget for each trial was 4000.
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4.4.2 How valuable are lake level measurements in the hydrological model calibration
in a gauged and ungauged watershed

This sectiorwill discuss the value of lake observation in hydrological mougfrom two perspectives.
Sectiord.4.21 demonstratewhether we can improvble hydrological modddy calibraing additional
lake-level observationgn a gauged watersheflection4.4.1.2evaluates ifve can usehe lake level
measurements to calibrate the hydrological modehimn@auged watershed.

4.4.2.1 The value of lake level measurements in a gauged watershed

This sectioncompars the model performancat t he Pet a wautleastreammflove gasgh e d 6
and the uncertainties of the simulatedoff componentérom the hydrological model only calibrated

to streamflow measuremend (@ , scenario2-18 and the hydrological modedalibrated to both
streamflow and lake level measureme@ ( 0 '@ ™ 0 "O0’'Qscenari®-1band2-1c). Scenario

2-1c includes 15 additiondhke crest width parameters for each lake with lake level measunt
compared tscenario®-1a and 2Lb. SeeTable4-2 for scenario descriptiongor eachscenario the

model performance metric and thiemulatedrunoff componentare estimated from an ensemble of 40

parameter sets, each derived from an indégeicalibration trial.

Figure 4-7A shows the calibrated KGE oftreamflowat thewatershed outlet inhe Petawawa
watershedrom each calibrated parameter set of each sceradmpared to the scenario thabnly
calibratedto the streamflow qcenario2-1a), the scenario calibrated to both streamflow and lake
observations qcenarios 2a and 2-1¢) improves the streamflow prediction in terms of median
streamflow KGE and the best streamflow K@Eigure4-7A). However,scenario S2.b, which did not
include additionallake crest parametrincreases thancertaintyof the calibrated streamflow KGE

and decreaseke minimum calibrated KGE comparedsimenario SAc.

Figure 4-7B demonstrates thaggregated dailguick runofffrom 2-1a 2-1b, and 2-1c¢, which is
calculated by averaging the simulatpaick runoffof each HRUover the entire watershed and then
averaging the previous resuver the entire neite simulation periodfrom April to the end of
November) We only include the quick runoff ifrigure 4-7B because th@mpact of calibratingto
additional lake level measurement on simulatedoff componentds similar. The scenario that
calibraesto lake level measuremewithout addinghelake crest width parameter (8B) narrows the
distributionuncertaintyof the aggregatedjuick runoff compared toscenarioS2-1a, which is only

calibrated to streamflow dlhe watershed outleHowever,scenarioS2-1c, with additionallake crest
87



parametergprovides a similar quick runoffdistributionuncertaintywith scenaria2-1a Thissuggests
that the value of lake measuremetith respect taonstraiiing the simulatedjuick runoff components
is degradedoy including additional parameters in calibratiofhis is despite the reduction in outlet
KGE variability when calibrating with these 15 additional lake parameters.

Combiring the result fronfFigure4-7A and B,we can see thatalibrating to additional lake lewel
in a gauged watershedn improve the streamflow simulatidveverthelesst canconstrain theange

of simulatedrunoff componentsnly when ncadditional parameters are calibrated.
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Figure 4-7. Comparison of different calibration formulations for the Petawawa hydrological model that
explicitly simulates 369 lakeg/A) The model performance dhe Petawawa watershed outlet
streamflow gaugérom scenarios that isnly calibrated tastreamflow measurement thie watershed
outlet(scenarid2-1a) or calibrated to botlstreamflow andake level measuremer(scenarid®2-1band

2-10). Scenario2-1c includes 1%dditionallake crest widtkcalibrationparameters for eaghonitored

lake compared t®-1a and 2lb. SeeTable4-2 for scenario description$B) the aggregatedverage
daily quick runoffacross all HRU$rom scenaris 2-1a,2-1b, and2-1c. For each scenario, the model
performance metric and the simulatpaick runoffare estimated from an ensemble of 40 parameter

sets, each derived from an independent calibration Tt .calibration budget for each trial was 4000.

88



4.4.2.2 The value of the lake measurement for ungauged watershed

In this sectionthe model performanset the Petawawa watershed outlet streamflow géoge the
hydrological modekalibrated witli5 lake levelgauges {{ "O0'Q 2-28) and thehydrologicalmodel
calibrated withonelake level gauge at lake Cedar’00Q 2-2b) are usedo investigate the value of
the lake measurements in an ungauged waterslaé@ Cedar was selected here as it is one of the
largest lakesdrea of lake Cedar 85.93km?, drainage area of lake Cedar is 1540.47 kwhich is
37% of the drainage area of the Petawawa wateystigite also not being too close to the streamflow
gauge.See scenario descriptioits Table4-2. For each scenario,raensemble of 40 parameter sets,
each derived from an independent calibration trial, is tspredict streamflofiake level anatalculate

evaluation metrics at the wastied outlet gauge and tlake level gauges

The minimum calibrated "O0 Ofrom the scenario2-2a calibrated tal5 lake level gaugesnd the
minimum calibrated> "O0 Ofrom the scenario2-2b calibrated to lake level gauge of lake Cedar
(scenario2-2b) are bothabove 075, suggestinghat all trials from eachmodel scenariare welt
calibrated.Thus, all calibrated parameter sets are deevaéd calibration results and cde used to

investigatehe model performance at tekeamflow simulation at watershed outlets

Figure 4-8 shows the KGEof discharge at th@etawawawvatershed outlet fronthe hydrological
model calibrated to fifteen lakevel gaugesgcenaria2-2a) andthe hydrological model calibrated to
one lake level gaugéscenario2-2b). Note that outlet streamflow quality here reflects validation
performance assessment since this gauge was not used in calibration for these avwosstha
median and the minimum KGE of the streamflow frtma hydrological model calibrating to fifteen
lake level gauge (scenario2-2a are around 0.75 and 006 respectively. Thisndicates that the
calibrated hydrological mode&lith fifteen lake level gauggscenario 2a) can provide a reasonable
guality outletstreamflow simulationHowever the median and the minimum KGE of the streamflow
from the hydrological model calibrating to one lake legaliges gcenaria?-2b) areroughly 0.50 and
0.20, respectively This suggestthat the calibrated hydrological moaéth one lake level gaug#oes
not lead toa reasonable streamflow simulatidrhe result fromFigure 4-8 indicates thawhenwe
calibrake the hydrological model using lake level measuresienan ungauged watershed, need to

utilize more than one lake level gauge.
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Figure 4-8. The simulated streamflow KGE&t the outlet in validation modeom the hydrological
modelonly calibrated to fifteen lake level gauges (scenat®apand the hydrological model calibrated

to one lake level gauge at lakedae (scenari@-2h). SeeTable4-2 for scenario descriptionkor each
scenario, an ensemble of 40 parameter sets, each derived from an independent calibration trial, is used

to predict streamflow/lake level and calculate eaibn metrics at the watershed outlet gaugBHo).

4.4.3 |s it areasonable assumption to estimate lakes' crestwidthf r om t he | akebs

drainage area?

In theliterature, thdake crest width in hydrologicalmodgso f t en esti mated from th
area usin@nequation similar to Heption @-4) (Bowling & Lettenmaier, 2010; Guinaldo et al., 2021;

Han et al., 2020)This section willevaluatethe quality ofthis assumptiomusingthe calibrated lake

crest wdth parameter of fifteen gauged lakes from the hydrological model calibraeekttevel and

streamflow measuremen®1b and2-1c in Table4-2). Scenarid2-1b estimates the lake crest widths

of eachgaugedake by calibratingthe relationshipbetween lake crest width andthea k e 6 s dr ai n a
area(W~DA, Equation @-4)). While scenarid2-1cdirectly optimizes the lake crest parameter of each

gauged lakeFor each scenario, thmodel was calibratedith 40 independent calibration tr&lThe

calibration budget for each trial was 4000.
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Figure4-9 demonstatesthecalibratedelationship betweethecalibratedake crest widtlparameter
and the lake drainage ar@&~DA) from scenari®-1b andthe calibrated lake crest width parameter
of fifteen gauged lalefrom scenario2-1c after logarithmic transformation3here is alog-linear
relationship betweenalibratedlake crest widtfrom scenaridiz-lcand t he | akeodad dr ai n
log-log scale especially for lakes with drainage arekarger tharll0 kn? (Red boxplot inFigure4-9).
The coefficient of determinatioiR?) for the fitted linear relationship using the optimized lake crest
width fromthebest tral of scenarid2-1cis 0.75 with Pvalue= 0.0012 < 0.01Redline inFigure4-9).

Furthermore, therest width of gauged lakdsom the calibrated W~DA relationshifgrey lines in
Figure4-9, scenario 2Lb) is notentirely inconsistentvith the directly calibratedake crest widthfrom
scenarid®-1c (Red boxplot irfFigure4-9). The calibrated W~DA relationship fromenaria2-1bwould
underestimate the lake crest widthlfidtes with a small drainage area and overestimate lake crest width
for the lake close to the watershed outleipared tahe calibrated lake crest fropeenarid2-1c. The
black line inFigure4-9 represerd the initial W~DA used in this studyThe difference betweenrnthe
initial W~DA and the calibrated W~DA suggest thia initial W~DA in the lake riverouting network
is reasonabland likdy to overestimate the lakeeast width.In other words, for all monitored lakes in
the Petawawa watershed, the default approach to estimating lake crest widths (e.g., what is used in the
Chapter 3 routing productpyovides an upper bound for each lake such that the individualbyaizid
crest widths are mostly smaller (or roughly equal in two case) than these default crest widths. This is a
useful observation when bounding lake crest width parameters in future calibration studies involving

Canadian Shield lakes like those in théaRewa watershed.

Figure4-11shows thedake level performancat eacHakelevel gaugdrom scenarie 2-1b and 21c.
Scenario2-1c, whichis calibrated with additional lake crest parametdrgauged lakes, outperforms
scenari®-1b, whichis only calibrated with the W~DA relationshilgdloreover scenario 2Lchas better
streamflow simulation performance at the watershed outlet dbanario 2Lb (Figure 47A). This
indicates that the scenariwithout adding additional lake crest param&(@rlb) decreases the model
performance irstreamflow and lake level simulatiomhe daily simulated and observed lake levels
from the hydrological model calibrated to lake observations and the streamflodSnadditional lake

crest with parameters{It, Table 42) is shown in Figure A-3.

In summary it is reasonable to assurtiee lake crest width has a powaw relationship with the

| akebs dr ai nage ar e aparameterizeltbeeodet whénberers ed lake leveln s hi p
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measurementMoreover,we should add additional lake crest parameters for each gaugedhake

lake observation is avable

= Calibrated W~DA from 2-1b — |nitial W~DA
—— Fitted W~DA from best trial of 2-1c Ew 2-1c

Log(Calibrated crest width [m])

I
©
o

0.5 1 1.5 2 2.5 3 3.5

Log(Drainage area [km?])

Figure 4-9. The relationstp between calibrated crest widbh gauged lakeandtheir drainage area
(W~DA) from thehydrological model calibrated to both streamflow and lake measuremseet&(ios
2-1band2-1c) after logarithmic transformation8ach lake's crest widths in scen&itb are estimated
using two coefficient parameters inldion @-4) (grey lines). While2-1c directly optimizesthe lake
crest parameter of each gauged lake (red box@a®Table 4-2 for scenario descriptiongach
scenario is calibrated using 40 independent calibrad@ls. The Redline is the fitted linear relationship
using the optimized lake crest width from the best of 2-1c. The R and the pvalue of this linear
relationshipare0.75and 0.0012respectivelyThe black line is the initidlV~DA relationship.

92



]
w
~;
0.4
0.2
O-O T T T T 1 1 T T T T 1 1 T T T
b s et + o
5 5 § § & § 5§ r 5 &£ 5 o & = g
S 4 S < 1 IS 2 o o F o e jod o T
o I o =5 S ] I = @ S = @ 5 ]
[9) 3 Q @ = @] =
£ S T I o S ] T T
- ~ (v} oy = 1o} 5 g o L
< ~ @] £ 3 ~ > & ~
<< @ [ea] T
- 8] =
£ =
-~

Observation Gauges

Figure 4-10. Themodel performance for predicting gaudakie leves when the model isalibrated to
streamflow and lake level measurement (scen@riidsand 21¢). Fromleft toright, thedkéd s dr ai nage
area igncreasingScenarid2-1c includes 15 addition#dke crest width parameters for each lake with

lake level gauge compared 2elb. SeeTable 4-2 for scemario descriptionsFor each scenario, an

ensemble of 40 parameter sets, each derived from an independent calibration trial, is used to predict

lake level and calculate evaluation metriceath lake level gaud&GED, Equation @-7)).

4.5 Discussion

4.5.1 How other processes may compensate for the ignoring of lakes
Theresultsin section4.4.1show thatignoring lakesn the hydrological modekignificantly impacts
the simulatedrunoff components in eacpathway andthe streamflow at internal gaugeswWe

hypothestethat this isdue to the hydrological modielsompensation behavior for ignoritige laked s
mul at ed | fokn¢he Bydrdlogicakcntodeb n s

functions.This section willdemonstrate the i
with lakes. And thenwe will investigate how other hydrological processes may compefasdtea k e s 0

functions when we ignore thefhe resultsvereobtained by calibrating the hydroliegl models with
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(2- IL and %2L) and without lakeg¢1-l and :2) to the Petawawal¢1L and1-1) andTurkey Lake {-
2L and1-2) watershed outlet streamflow gaudé&able 41).

Lakes in thehydrological modehave two primary functiors. evaporationrand attenuation Figure
4-11shows theeumulative watershed averageaily lake evaporatio(Ei.xe) and the differencéRin-ou)
betweerntheinput (Rn») and outpubf the routing storageia watershed outlgiRow). The Ry is the sum
of all runoff componentgquick runoff and baseflow from three soil layeasd the precipitation over
the lakes. ThdR: is the watershed outlet dischar@de time serigsare from thebest tral of the
hydrological model representing lakes at Turkey Lakigure 412A, scenario 12L) and Petawawa
(Figure 412B, scenario 11L) watershed Table 4-1). Becauseof the lake evaporatigrihe Rin-out iS
positive anchas a maximum valugf around 80 mneachyear at both watershe¢blue line inFigure

4-11). This indicats thatnot all runoff generated from the land HRWIll be released to the watershed

outlets.
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Figure 4-11. Theannualcumulative watershed averaged daily lake evaporaBag i{n mm over the
total surface areas of the simulated la&ed the differenceR.ou) between the inpuR,) and output
(Rou) of the routing storage from the bestlttof the modelrepresenting lakes at Turkey Lake, (A
scenario 12L) and Petawawa (Bscenario 11L) watershedTable4-1). R is the sum of all runoff

components anthe precipitation over the lakes. TRy is the watershed outlet discharge.

If we assumethe routing storage has no streamflow attenuation effis&t Rnou Should
monotonically increas due to the lake evaporation process. HoweverRthe (blue line) inFigure

4-11) fluctuates in some parts of the simulation period, indicating that the routorgg can hold the
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input runoff and release it later in the following time steps. The routing storage attenuation effect shown
in Figure4-11mainly comes from the lakebecause the maximum watershed averaged channel storage
during the entire modelling period is less than 10 mm, which is neglectable compared to the fluctuates
of Rin-outin Figure4-11.

The hydrological model will compensate for the absence of lakes by adjusting the processes in other
storage componentBigure 4-12 shows the cumutive watershed averaged soil evaporatignif, the
difference between fluxes moving i ETi,) and out § EToy) of the soil storage layers where ET can
remove water$ ETinou, top two soil layers), and the difference between fluxes moving iGG{\)
and out § GW,) of the groundwater soil storage (GW-ou, bottom soil layer) from each scenario in
Table4-1. TheS ETi, is the infiltration into the topalyer, ands ETou includes the baseflow from two
soil layers plus the percolation out of the second soil layer.STI&W, is the percolation from the
second soil layer to the third soil layer (a conceptual groundwater store in the model of the Petawawa),

andS_GWuis the baseflow out of the third soil layer.

Compared to the model representing lalkggife 4-12A and B), the model ignoring lakes has larger
cumulated sdievaporation figue 4-12C and D) , which is a compensat|
evaporation. Moreover, the groundwater storage in the model ignoring Raga® @-12C and D) has
a larger water attenuation effect than in the model representing lakes at both watersheds, which is a
compensation for the ignoring | adetsatth®dtET.@nuati ol
is highly impacted by the soil evaporation processes, which may explain why models do not use it as
storage to attenuate the water.

Such compensation behaviors explain wdnoring lakes in the model will reduce the quick runoff,
increase the baseflow from the thirtegsmlatéd | ayer

runoff componentat each flow pathwagsection4.4.1).
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Figure 4-12. Thecumulatve watershed averaged soil evaporatiBg,, the difference between fluxes

moving in & ETi) and out § ETow) of the ET soil storageS( ETin-ou, top two soil layers), and the

difference between fluxes moving IS (GW,) and out § GW,.) of the groundwater soil storage

(S_GWi.ou, bottom soil layer) fronthe bestcalibrationtrial of each scenario ifiable4-1. TheS ETi

is the infiltration, andS_ET,. includes the baseflow from two soil layers and the percolation of the

second soil layer. Th8 GW, is the percolation from the second soil layer, andSh&W,. is the

baseflow of the third soil layer.

4.5.2 Limitations and future work

This studydemonstrates h e

hydr ol ogi c al behmavidvehendages ar@not@xlicidyat i o n

simulatedand the resultingunoff componenthangesn variousflow pathways using model structures

under twoextreme hypothese$he model with lakes explicitly simulates tia&é evaporation, the lake

inflow from the delineated upstream drainage area, and the lake outflow. In contrast, the model ignoring

lakes assumes that the lakea subbasiis a water HRU, whiclonly receives input from precipitation

and will instantly moe

In theliterature the hydrological modetouldinclude lakeswith differentsimplifications whichlie

a l

neffecti

vV e

precipitationo

over

betweerthe twohypothesesnade in this studyl heexamplesimplifications are 1pnly simulatingthe

| akeods
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the runoff generated ithe land partsof the subbasior 2). we canaggregate all lakewithin one

subbasininto onelumpedlake that can receive precipitation, evaporate water from its storage and

release outflow based on the outflow structuféginflow of the lumped lakes afraction of therunoff

generated in the land part of the subbalsirthis casethe inflow tothelake nd t he | akeds t
are not correctly simulated which mayleadto inacequate $i mul ati on of the | akebos:s

attenuation effect

This study did not evaluate they dr ol ogi c al mo Hebdviérasingtlesadaken s at i o
simplification approacheMoreover,we agreethatt he hydr ol ogi cal model ds ¢
is impacted bywatershed conditions such lasal climate and the percentage of the aveaupiedby
lakes.It is an open question for further reseatohinvestigatdhowthelake simplification method and
watershed conditimay i mpact the hydr ol dehaviom Moreaverdhel 6 s c o
hydrol ogi cal model 6s compensat i carealso abrth fuitherr s f or
investigation, such as the assumptions between the lumped and distributedamd deésassumptions

in HRU and subbasidiscretization

We only evaluated thvalue of the lak&evel observations for thiydrological model calibration in
one watersheavith 15 lake levels measuretiowever, amore comprehensive evaluation of this
research question may requinealuating the lake observation's valaesultiple watershedsWe will

continue to obtain more lake level observations and investigate this research question.

This study demonstrates a case where-simplifying the hydrological processes would reduce the
uncertainty/flexibility in simulatedunoff commnentso compensate for the errors resultirgm such
simplification. This may suggest that the uncertaiftexibility in the simulatedunoff components at
each flow pathwagould be an additional metric to compare different model structures, espetiai
they have similar performance at the watershed odibeproperly formulate this metric and exami

themet ri cb6s application scopes is another potent.i

4.6 Conclusions

This studycompareghe hydrological model structurevith and without lakesit two watersheslof
different sizesBoth model structures are calibratexlthe streamflow measuremsat the watershed
outlet with forty independent calibratiotrials. The performance o$treamflow prediction at the
watershed outlet and internal gauges and sineulated runoff components at each pathway are

compared
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The conclusins from this comparisorare the following representing lakes in the model can
substantiallyincrease the performanoé sreamflow predictiorat internal gauges at both watersheds
with negligible changes in the predictions at the watershed ayaleje Because of the model
compensation behavioignoring lakes in the modedignificantly impactsthe simulated runoff
componentsit each flow pathwayt will reduce the quick rungfincreag infiltration, andincrease the
baseflow fronthe soil storageMoreoverjgnoringthe lakes in the model willalsedc r e as e t he moc

flexibility /uncertaintyof thesimulaedrunoff componentat each flow pathway.

Our finding ofthis model structure compariseuggest thatlakes need to be represented the
assumgpons of the lakes need to be examinfat hydrological modeing applications such as
watersheescalenutrient modding. Moreover,our resultdemonstrates a case where esienplifying
the hydrological processes would reduce the uncertainty/flexibilttyeisimulated runoff components
to compensate for the errors resultifigm such simplification. This may suggest that the
uncertaintyflexibility in the simulated runoff componerdt each flow pathway could be an additional
metric to compare different model structures, especially when they have similar performance at the
watershed outlet.

Besides comparing the model structure with and without lakes)so use lakkevel measureents
at fifteen lakes to investigate the valugla#se measuremesior calibrating théhydrological model in
gauged and ungauged watersh&ibrating the additional lake level measurements can improve the
streamflow simulatiorat the watershed outlet a gauged watersheth an ungauged watershed, the
hydrological model calibrating to fifteen lakevel gauges can provide reasonable streamflow
simulation at the watershed outlet. However, calibrating to one lake level dgaugelarge lake
draining dmost37% of the watershedhe hydrological model failed to provide reasonable streamflow
simulations. This finding indicates that lakéevel measurements of multiple lakes are needed to

calibrate the hydrological model in an ungauged watershed

Finally, we compared theelationship between calibrated lake crest width parametéreibroad
crest weir equation of each gauged laka d t h e | a k eThis cothpaasorghawvg thathe r e a .
calibrated lake crest width parameter has a significant linearrelans hi p wi t h t he | ake
in log-log space This result validatethe assumption used in literature to parametrize the outflow
structure of lakesResults also show the routing products from Chapter 3 provide an upper bound

estimate to the lake crest widths for the Petawawa watershed.
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Chapter 5

Modlkeing forest di st ur bhayndcreo lamglidad Il® wt h

usi ngRdalheergetation simulati on

5.1 Summary

Robust brestand watershethanagemerrelies on anunderstanithg of the impact of disturbance (e.qg.,
forest harvest, reforestation, and fire) on the-legdrological processes in the forest headwaters
becauset impacs thewater quality and aquatic esystem health at downstream locatidfiswever,
existing hydrologicalmodelstypically eitherdo not explicitly account for interactions and feedback
between vegetation changes andhyérologicalcycleor they do noimodel the forestllometric (e.g.,

the forest density, stem biomass, and DBMhamics This chapteipresens a novel computational
library, Robin of dynamic vegetatiogrowth algorithmsfor forested and agricultural landscapleat
can be easily coupled with any hydrolcgli model For forest applications, the library is intended to
help hydrological models effectively simulate the impacts of forest harveséfogestation and
wildfire on water resource#\ new daily version of the popular 3PG (Physical Processes fngdic
Growth) forest growth modgivhichhas been widely used in moliieg forestdynamts, wasemulated

in the Robin vegetation growth library (Rob8PG) Robin 3PGhas been successfully compiled with
the Raven (Craig et al. 2020) hydrologicabdelling famework(Raven_Robin3PG) The coupled

model(Raven_Robin3PG)is applied to a pairedatchment forest harvesting experiment conducted at

the extensivelymonitored Turkey Lakes Watershed located north of Sault Ste. Marie, Ontario, Canada.

The coupled modelas calibrated and validatedsing streamflow observation$orestallometric
measuremente.g., stem biomass and densigfndLandsatderivedleaf area indexin preand post
harvest periodsMoreover,the performance of theoupled modein modelling the response of the

hydrological system to the forest harvesthnagemenwasevaluated usingvo hydrological signatuie

The result suggests that the RavenbiRd@BPG model could reasonably simulate the hydrological
response to forest harvest management and the gpoggh and regrowth iboththe control and fors
harvest catchment$he simulated response tie hydrological process to forest harvest management
also highlightghat te climatevariability as well aghe evapotranspiration process in each soil layer

significantly impacs the response of the runoff components to the forest disturb@hce study
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demonstrates the usefulness of Raven_R@i& to simulate/quantify the response of the
hydrological processes to the forest disturbances, such as forest harvest manageraent or fir

5.2 Introduction

The importance of theofestheadwaters hasever beerin questionbecause they provide critical
commercial and ecological benefits, dhdyareone of the primary drinking water sour¢@own et

al., 2008; N.C Coops et al., 1998)he disturbances from forest management practieas.,forest

harvest and reforestation) or forest fire change water, sediment, and nutrient transport processes
(Caldwell et al., 2020; Hampton et al., 2022; Nunes et al., 2020¢h impact thevater qually and

aquatic ecosystem health at downstream loca{Basso et al., 2019Thus, understanding the impact

of disturbance on the edtydrological processes in therést headwaters is essential for forest

management

One of the research questi@ppearingn the literature is how to statistically quantify the response
and the recovery time of the streamflawforest headwater catchmenmdsforest disturbance, which
requires detecting the changes in the streamflow betweeanatgostisturbance periodsstudies
haveusedthe timeseries othydrological signatures (e.gunoff ratio,the slope of the flow duration
curve, low flow and high flow in the preand postisturbance perioddHou et al., 2022; Iroumé et al.,
2021; Niemeyer et al., 2020; Wagenbrenner et al., 2@2dgtect the change of the streamfldwe
limitation of such analysis is thatdannotseparate the streamflow changes caused by forest disterba
from the climate variation$Severalstudieshave demonstrated that the changes fctimatic drivers
may overwhelm anticipatethanges in hydrological signaturem disturbancgKhaledi et al., 2022;
Kurzweil et al., 2021) The paiedcatchment approach is the most accurate method to quantify
streamflow response to forest fire under changing clif@adwell et al., 2020; Crampe et al., 2021;
Oda et al., 2021; Shimizu et al., 2021; Webster et al., 202E) impact of changes in late drivers
can be removed by comparing the relationship of hydrological signatures between control and disturbed
catchment in both prand postdisturbance periods. However, the pdicatchment approach requires
the longterm streamflow measurement frawo similar catchments, which is not always available for
most studies.Thus, several studies have included the climate factor (e.g., precipitation and
evapotranspiration) in their statistical modélilesHansen & Wei, 2021; Hampton & Basu, 2022;
Khalediet al., 2022}0 separate the impact of the forest disturbance on the streamflow in the forest

headwater catchment under a changing clinfabe exampleHampton & Basu,Z022 demonstrate
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that theBudykoframework can be used to separatecthaributon offorestfire-driven versus climate
driven changes in streamfloo? forest headwater catchments.

The limitation of statistically quantifyingbservecchanges in the streamflow is that@nnotassess
the changes in hydrological processes insided¢heéwater catchments, which is essential because these
changes could lead to changes in sediment and nutrient concentrations at the headwater catchment
(Caldwell et al., 2020; Nunes et al., 202ZMe hydrological processes in several headwater catchments
have been measured and modeled to quantify the impact of forest disturbance on these focesses.
example, the forest disturbance chante snow accumulation and ablation ratesl averall snav
storage amount@roxton et al., 2021; DickersénLange et al., 2021; Moeser et al., 202B9rest
cutting can reduce canopy interception, whichhown byOda et al., 2021tp account for most of the
runoff response followindprest cutting and theubsequent runoff recovebased on the observations
from apairedheadwater catchmeint JapanForest harvest and reforestation manageroanthange
evapotranspiratiorfCollar et al., 2021; Roche et al., 2018)noff partitioning(Buttle et al., 209;
Meerveld et al., 2019pnnd runoff mean travel tin(&each et al., 2020)

However, these experimental and statistical resatsotbe directly applied to a different forest
headwater catchment becaubke response dfiydrological processe® the forest disturbandeas
spatial variationsThese responsegeimpacted by the humidit{Collar et al., 2021; Gileblansen &

Wei, 2021; Khéedi et al., 2022)the disturbance arg&uo et al., 2021and disturbancedntensity
(Smith Tripp et al., 2021the catchment siz&ore et al., 2020and the land use within the catchment
(Christopher Spence et al., 2020)Joreover,the data waailaklity (e.g., canopy interception, snow
storage, and soil moistur&) support empirical analyse$ the impact of the forest disturbance on the
hydrological processes is limitg@oisramé et al., 2019More importantly, the impact of forest
disturbancechangeswith the forest recoveryeforestationprocessesThus, the results based on the
current measurementsinnotbe extended to the future without a reasonable prediction of the forest

recovery processéBoisramé etl., 2019)

Therefore, researchers have apptidterentmodels to quantify the response of the forest headwater
catchment to the forest disturban@@art et al., 2021; Boisramé et al., 2019he impact of the
vegetation on hydrological processes t@nrepresented in the hydrological and hydrological land
surface model with different approachégst, the hydrological model, such as Ray€naig et al.,
2020) HYPE (Lindstrom et al., 2010pr SUMMA(Clark et al., 2015)can useinput vegetation
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variables (i.e., LAI, root depth, height, et al.) to simulate the impact of vegetation on the hydrological
processessuch ascanopy interceptiorand potential evapotranspiratiorrhis approachdoes not
stimulate vegetation growtfand hence the vegetatieariables). Tie limitation of this approach in
modeling the impact of forest disturbance is thaloiésnot simulate thevolution of the vegetation

state variables in the pedisturbance period, as the input vegetation variables of these models come
from observations from the past. Second, several hydoalogr hydrologcal land surface models,
such as RHESSys modéTague & Band, 2004)SWAT (Arnold et al., 2012) MESHCTEM
(Pietroniro et al., 2007¥xplicitly couple the vegetation growth processes and hydaabprocesses.

With this ability,thesemodels can integrate the knowledge from current field observations and test the
different hypotheses about the behavior of the forest headwater catchment to the changing climates and
forest disturbance@Bouaziz et al., 2022; Hwang et al., 201Bpr exampleBoisramé et al(2019)
developed a fire extent and severity map from Landsat insagkthen estimated forest fire impacts of
removing the litter and biomass within the mapped fire extents via simulation of the RHES§ys

& Band, 2004)model. The biomass removal within the RHESSys model imfi@evapotranspiration,
canopy intereption, and snow melting procesg&art et al., 2021; Boisramé et al., 2018¥ter
properly calibrating the model to the streamflow observations, Boisramé2&9)developed several
forest fire scenarios (i.e., burned and unburned scenariosgesiigate the model simulated differences

in the snow pack, streamflow, evaporation, and transpiration caused by the forest fire.

However, the forest growth module in the RHESSys n{@ddgue & Band, 20043s well as other
ecchydrological models like SWATArnold et al., 2012andMESHCTEM (Pietroniro et al., 2007)
do not support simulating the forest density, DHB, and basal area changes, which is critical for forest
management, such as forest hatimgsand reforestation. Moreover, the vegetation growth mddule
thesemodels is typicallynot modular Thus, it is tough for researchers to export these vegetation

modules for implementation into a differdntdrological or hydrological land surfacgodd.

This study adaptthe 3PG (Physiological Principles Predicting Growth) stéekl procesdased
forest growth modeldeveloped by andsberg & Waring1997) into the Robin vegetation growth
library. The Robin vegetation growth library is designedbto easily coupled to basically any
hydrologicalor landsurface model to add the functionality of crop and vegetation gr@lgn, the
3PG forest growth model in the Robin vegetation growth libfRgbin 3PG)was coupledwith the
Raven hydrological modéhg framework (Raven) The coupled modeis used to simulate the

hydrologicalresponse o& smallforest headwater catchmentforest harvest experimentenducted
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at the extensivelynonitored Turkey Lakes Watershed\Northern Ontario, Canadéhe coupled model
is calibrated with the observed streamflamd forest allometric measuremeintsn control and harvest
catchmerg at preandposthawest periog. Moreover,the coupled model's performance in mdael
the streamflow responge forest harvesis evaluatedising twohydrological signaturesThen the
calibrated coupled mod& usedto quantify theresponse othe hydrdogical processes to the forest

harvest and continued forest regrowth.

5.3 Materials and methods

The Robin vegetation growth libraigfirst introducedn sectiorb.3.1. Sectiorb.32 describsthe 3PG
forest growth model emulation in the Robin vegetation growth library (R8BiG). Thenthe paied
watershed foredtarvestexperimentn the Turkey lake watershetbllowed bythe measuremesito
calibrate the modedre introducedh sectiors 5.3.3 and 5.3.4respectively Sections.35 describsthe
model setups for the Raven hydrological model framework (Raven) and the coupdiedl which
combineRaven and the RobiBPG (Raven_RobirBPG). Finally, the model calibration strategpes

introducedn section5.3.6.

5.3.1 The Robin vegetation growth library

TheRobinvegetation growth librargan be easily coupled #ovariety ofhydrologicalor landsurface
modekto add the functionality of crop and vegetation growitls aflexible vegetatiorgrowthlibrary
thatincludes multiple vegetation growth models. The hydrological model can use different vegetation
models in Robin to simulate different vegetation gropribcessefor eachhydrological response unit
(HRU). TheRobinvegetation growth librarkias standilone input and output files. Thus, coupling any
hydrological model with Robin does not need to modify the existing input files and adjust the source
code b read/write new input/output files. The Robin vegetation growth library provides several
interface functionsModelersonly needto call these interface functions in the source code of the
hydrological model tincludeRobinsimulation moduledt suppors modeling the vegetation changes

due to the landise change or disturbance from land management or forest fire. The following content
describe how Robin simulates the vegetation growth of each HRU in the hydrological model
Appendix A5 provides moredetiled information abouthe Robin vegetation growth hifxy, such as

how to use the Robin interface functions to couple it with the hydaabmodeland the input of the
Robin
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The grid/subbasin iadistributed or semidlistributedhydrological model can be further divided into
different hydrological computational units (HRWn HRU isa subregion within a grid or subbasin,
which can benoncontiguousthatis simulated as one computational elemempits,characteristics
and simulated outputs are each treated as constant aarpddRU). Depending on the
model/application, differergpatial layers can be used to discretize grids/subbasins into HRjuse
5-1 shows thathe land use information ovdifferent HRUs can be different, and it may change over
time. For example, the HRU1 in Figusel represents agricultural land use. The crop growing in this
HRU1 may change every year to keep the soil healthy. HRU2 represents the forest land use type. The
forest may suffer from disturbances, such as forest fires and forest harvest management. After the
disturbance, the new forest type different fréorest type inthe predisturbance period (regrowth

forest) would grow in this HRU.

The land use informatioaf each HRU in each growing season is summarized and represented as
vegetation type arrays in the Robin (Figbf). In the simple example shown in Figérd, there are
only two vegetation type arrays. In an actual application, the number of the i@yégpt arraygis
smaller than the number of HRWecause HREmay be defined by combining information from
multiple sources, such as subbasin, soil, land use, and elevation band. It is expected that many HRUs
share the same land usegetationjnformaion.

Each vegetation type in the vegetation type arisjisked with a usedefined vegetation growth
model. In the simple example shown in Figb+g, both undisturbed and regrowth foremtsmodeled
with the 3PG forest growth model, and the maize soybeararemodeled with the EPIC vegetation
growth modelused inSWAT. Currently, Robin only includes two vegetation growth modelsvald
include more vegetation growth models in the future. The vegetation model of each vegetati®n type
parameterizedeparately. In this way, even though both regrowth and undisturbed forests use the 3PG

forest model, the parameters of the 3PG model for regrowth and undisturbeddandstdifferent.

Robin creats a vegetation instance for each HRU of the hydrokgicodel. It includes the HRU
ID, the simulated vegetation state variables (e.g., LAI, root distribution at each soil layer, and biomass
in each storage component), and the vegetation type array of this HRU. Thus, the HRU of the
hydrological model is noiriked to a specific vegetation growth model and is linked to the vegetation
type array instead. With this structure, Robin can simulate all kinds of land use changes in each HRU

with different vegetation models.
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Figure 5-1. The conceptuatructureof the Robin vegetation growth library

The vegetation growth module in SWAT and the 3PG forest growth model have been emulated in
Robin. This study apj@s Robin 3PG and coupkst with the Raven ydrological model. Sectiob.3.2
describe 3PG forest growth emulation in Robin, and sectidtb describehow Robin is coupled with
the Raven.

5.3.2 The 3PG forest growth model emulation in Robin

This sectiorprovides an overview of the 3PG forest growth nebih sectiorb.3.2.1. Then, the forest
phenology module and the forest reproduction module added to the 3PG forest growttaraodel

introducedn section$.3.2.2 ands.3.2.3, respectively.

5.3.2.1 Overview of the 3PG
The 3PG (Physiological Principles PredigjirGrowth) model developed byandsberg & Waring

(1997) is a standevel procesdased forest growth model designed for eagad monospecific
forests.Evenaged and monospecific meanitigg modeled forest by 3PG is the saspeciewith the
same agdt is a compromise between empirical aledailed tredevelmodels replaéng complex leaf
or treelevel physiological relationships with simpler steedel relationshipgForrester & Tang2016;
Landsberg & Waring, 1997)

The 3PG forest growth model simulates the net primary production and allazatesn toroots,

foliage and stemsita monthly time step. The biomass accumulation and the allocatiaffected by
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age and environmegitvariables, such daemperature, vapor pressufeficit, available soil wategnd

site fertility (N.C Coops et al., 1998; Landsberg & Waring, 199Re stem population is simulated

via two mortalityproceses: ageinduced forest mortality and densityduced forest mortality. The

3PG modedoesnot simulate forest reproduction processes, which means that the 3PG forest growth
model can only decrease the number of trees. The 3PG model uses twpeasfisad peameters
(month of leaf on and leaf fall) for the deciduous forestitoulate theforestphenology The forest
phenology represents tkeasonalorestleaf dynamics A more detailed description of the 3PG forest
growth modekanbe found inLandsberg & Vering (1997)andCoops et al(1998)

The 3PG forest growth model has been tested and applied to simulate the growths of different types
of species under different climate and site condit{@hseida et al., 2004; Fontes et al., 2006; Miehle
et al.,2009; Paul et al., 2007; Pér€zuzado et al., 2011; Rodriguez et al., 2009; Sands & Landsberg,
2002) More importantly, the 3PG forest growth model has been validated to different kinds of
measurements, such as: woody biongitshle et al., 2009; SandsLandsberg, 2002)stem biomass
(Almeida et al., 2004; Paul et al., 20Q4pot biomasgAlmeida et al., 2004; Paul et al., 200Baf
area indeXSands & Landsberg, 20Q2gaf biomasgPaul et al., 2007; Pér&zruzado et al., 201])
volume (Almeida et al., 2004; Fontes et al., 2006; Miehle et al., 2009; f&eado et al., 2011)
DBH (Paul et al., 2007; Pérgzruzado et al., 2011andbasal ara(Fontes et al., 2006; Pér€zuzado
etal., 2011)

Threefundamental assumptiomd the 3PG forest growth modelere recently modified, allowing
for it to be coupled with hydrological models and calibrated to remote sensing obser{/stiosisia
et al., 2016; Almeida & Sands, 2016; N.C Coops et al., 1998; Nicholas C Coops et alD2@12j.,
2016; Feikema et al., 2010; Smettem et al., 2013; Waring et al.,. 7d€) the timestep of the 3PG
model has been changed from monthly to d@ilyneida et al., 2016 Second, the monospecific forest
assumption was relaxed to simulabeefst growth in elevation zone$ a watershedDu et al., 2016;
Smettem et al., 20138nd 8 km x 8 km grid8\.C Coops et al., 1998\here multiple vegetation species
with different agegxist. These applicationgplicitly assumehat the state vable such as LAI, DBH,
and AET simulated by thePGforest growth model is aareaaveraged valuef multiple species of
different ages. The third assumption changed in literature is thaptiml scale of the 3PG forest
growth model extends from statel/el to grids/elevation zonéN.C Coops et al., 1998; Du et al., 2016;
Smettem et al., 2013)
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To adhpt the 3PG forest growth model to Rohihesethreefundamental assumptioms 3PGalso
need to be changed as followss assumethat the3BPG emulation ifRobin is an HRUevel process
based forest growth model with a daily time step. It is designed to simulate tkevaraged forest
state variables without considering the mixeftects of mixeespecies or uneveaged forests within
the HRU. Building on this assumption, a phenology moudls addedo improve the LAI simulation
for the deciduous forest (sectidii3.2.2) and a forest reproduction module to simulate the-séont

forest recovery processes after the wildfire or harvest management (Se28d3).

5.3.2.2 Add forest phenology development

The original 3PG forest growth model does not include forest phenology development because it is a
monthly timestep model and focusestbe forest LAl dynamic on a decade time s¢aleC Coops et

al., 1998; Landsberg & Waring, 199However, a forest phenology development component is needed
for a daily 3PG forest growth model to improve the LAl simulatigthin one growing season doe

the following two reasons. First, using two useecified parameters (month of leaf on and) is
reasonable to start the deciduous forest's growth and dormant seasons for a monthly timestep 3PG
model.However,applying the same approach to a daily titapss unreasonable as the date of leaf on

and leaf fall of the deciduous forests are impacted by the day length and temparatiutehanges

every year. Second, the monthly 3PG model did not simulate the leaf fall processes as it is a monthly
model andhe leaf fall procestypically happensvithin one monthNeverthelessit is unreasonable to

ignore the leaf fall processes in a daily timestep model and remogediaious forest leafithin one

day. To improve the daily LAl simulation, the forest pblgy development procedure in thanadian
Terrestrial Ecosystem ModéCTEM, Arora & Boer, 2005was adapd into the Robin3PG. This

section descrilzethe concept of forest phenology development applied in R8BiIG The detailed

equatios can be found in section AppendibbA

The actualgrowth ofa deciduous forest is divided into foeleaf phenology periods: theaximum
growthstagethenormal growthstagetheleaf fall stage andthedormancystaggArora & Boer, 2005)
In the CTEM nodel, thedeciduoudforestwould end the dormant stage and move to the maximum
growth stage when the net primary prpositivecover on c¢ al
sevenconsecutive days The fAvirtual | eaf 0 besexidted & allowe the bi om
deciduous forest to initialize the growth processes at the beginning of the growing season. However,

the net primary production from the 3PG model is always positive as it assumes the net primary
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production is 60 percent of theags primary productiofN.C Coops et al., 1998; Landsberg & Waring,
1997) Thus in Robin3PG, the condition for the deciduous forest to move from the dormant stage to
the maximum growth stage is changed to several consecutive days with a daily avenpgeattee
larger tharathreshold temperature. In the maximum growth stage, allisl@l®catedto the leaf, and

environmental stressduced leaf biomass loss was neglected in this stage.

The deciduoudorestwould end the maximum growth stage and mtuvéhe normal growth stage
when leabiomasgeaches a certain percentage of the maximum leaf bipgiasathatstem and root
biomass can suppoit (Arora & Boer, 2005) The 3PG forest growth model determines the biomass
allocation between leaf arstiem using the DBH of the forest and does not simulate the maximum leaf
biomass. Thus, in RobiBPGemulation, the yearly maximum leaf biomfiag'ha]is determinedbased
on the forest's averaged DBH and the forest's depmityber of tregha] at the bemning of each
growing season. The forest ds Dbiakingle tice kgitleegThee s t he
NPPis allocated taheleaf, root, and stem in the normal growth stage. Moreover, the NPP allocation
to theleafis zero when the leaf bioass reaches its current yearly maximum leaf biorfl@gha). In
the normal growth stage, the water availability and daily average temperature can reduce the leaf

biomass.

The deciduous forest would transit to the leaf fall stage based on the day length below certain hours
and average air temperature smaller than a threshold temperature for censealtivedays. The
NPP only allocateto the stem and root in the leaf fatage. And the leaf biomasslost due to two

drivers:1) the water and air temperature stresses and 2) the constant leaf fall rate.

The deciduous forest mov&om the leaf fall stage to the dormant stage when several consecutive

days with a daily avaged temperature smaller than the threshold tempe@taue.

5.3.2.3 Add forest reproduction module

The 3PG forest growth model does not simulate the forest reproduction processes to increase the forest
density[number of tree/haput it includes the foresensityinduced mortality to decrease the modeled

forest densitfjnumber of treg’ha] using theself-thinning line(N.C Coops et al., 1998; Landsberg &
Waring, 1997) The selithinning line isan observed relationship between averaged stem biomass
[kg/tred or DBH [cm/tred andforest densitynumber of tree/hain the mature foreqi.andsberg &

Waring, 1997; Pickard, 1983; Zeide, 2010)shows that the forest density of a mature forest would

decrease with the increase of the forest averaged stem bifkgvis=e] or DBH [cm/tred. The forest
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models like 3PGN.C Coops et al., 1998; Landsberg & Waring, 1997) theLANDIS PRO (Wang
et al., 2013)use the forest density on this line as a threshold value. The forest dedsitgd mortality
occus when the modeled forest densitjumber of tregha]is larger than the forest densftyumber
of trees’ha] on the sekthinning line. In his way, the modeledelationship between averaged stem

biomass/DBH andbrest density will eventually be along with the observedtbétiing line.

After the forest harvest management or fire, the forest density would increase and approach the self
thinning line before thelensityinduced mortality occurs. However, without the reproduction module,
the 3PG forest growth modehnnotsimulate the increase of forest density in the forest recovery
processeé¢N.C Coops et al., 1998; Landsberg & Warit§97) The concept fromhe LANDIS PRQ

a largescale forest growth model, was used in ROBRG to simulate the forest reproduction processes.

Building on the selthinning line, Wang et al.(2013) introduce two similar concepts: the full
occupancy lie and the maximum stand density limdnich parallel theself-thinning line. The forest
density on the sethinning line is larger thatheforest density on thiill-occupancy linend smaller
than the forest density on theaximum stand density lin€he full-occupancy lineepresentthe forest
density when the forest occupies all the open spaces. When the modeled forest density is smaller than
the forest density on this line, the forest reproduction is free of competition for resources. When the
modelal forest density is larger than the forest density on theotdupancy line, the forest
reproduction rate starto slow down due to resource competition. The forest reproductiois re
when the forest density is equal to the forest density om&h@mum stand density line, representing
the maximum number of trees or forest density acceptalhe environment. The detailed equations

of Robin 3PG can be found in section Appendi%.A

5.3.3 Site and forest species

The pairedcatchment foredharvestexpeiment is onductedn the two headwater catchments in the
Turkey lake watersheSubbasin C31 and C32 in Figuse?), located at approximately 60 km north
Sault Ste.Marie, Ontario, Canaddne drainage area of the subbasin C31 and C32.@8 and0.067

km?, respectively.

The foresin the Turkey lake watershéslundisturbed, with the majority of the forest species being
sugar mapldJeffries et al., 1988)The forest harvestxperimenthappenedn the fall of 1997.The
extent of the harvest management is shown in Figi2€l' he harvest management mealhgrees with

a diameter of greateandhalnl 20r eens werehhardeamed
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were felled and lefon site(Buttle et al., 2019)After forest harvest management, fhrémary tree
species regenerating at this sge¢hepin cherry In general, two types of forest exist in the headwater

catchments: the undisturbed forest and the regrowth forest.

a
ver Provincia
Park

0 145 290 580 m

L 1 1 1 | 1 1 1 J N
Forest sampling plots [0 Subbasin C32 % Streamflow gauge

[T subbasin €31 [ Clear-cut treatment block [___] LAI groups

Figure 5-2. The location of the pairedatchment forest harvesting experimenthet Turkey Lakes
WatershedSubbasin C31 and C32 are two headwater catchments. Theotdagatment block is the
extent of he cleafcut forest treatment, which removed trees with DBH > 10 cm. The forest sampling
plots are the location of the forest measurements. Moreover, LAl measuramettisreduced simple
ratio (RSR)Chen et al., 200dom Landsat imagesf each saming plotwereaveraged for each LAI
group to develop a relationship between measured LAI and the RSR. The derived relatianahgul
to generate catchment averaged LAI time series from Landsat images for control and harvest catchment,
respectively.
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5.3.4 Observations and input data sets

This section introducthe input and calibration datasets for the Raven and Raven_R&t@model.
Section5.3.4.1 introduces the measured tree growth data, streamflow, and meteorological data. Section
5.3.42 describegrond-basedforest measurementSection 5.3.4.3 describesw daily catchment
averaged LAl time seriewas derivedusing Landsat images. Section 5.3.4.4 describes how stem
biomass observations and Robin_3PG paramefers derived

5.3.4.1 Geospatial inputs, model forcing, and streamflow response data

The 5 m Digital Elevation Model (DEM$ usedto delineate the watershed boundary for the control
catchment(C32) and thearvestcatchment (C31jFigure 5-2). One 10m meteorologymeasurement
tower belongng to the Canadian Air, and Precipitation Monitoring Network is located justkm
southeast othe catchment boundaryhe10 min intervalameteorology measurements, includiig
temperature, wind speed and direction, relative humidity and vapor pressuneeto@rpressure, and
solar radiatiophave been available since 198he 10 min interval®f meteorology measuremeratse

aggregated into daily values to force the Raven and Raven_R&ttinmodes.

Daily mean streamflowat the outlet othe harvest andantrol catchments was estimated from stage
discharge relationships developed usingpich weirs, stilling wellsand water level loggef8uttle et
al., 2019; Leach et al., 2020)/eirs were installedround 20 cm in deptio capture all flow from the
catchmentsHowever, there was the potential for some subsurface flow to bypass théButtiies et
al., 2019; Leach et al., 2020)

5.3.4.2 Ground-based forest system response data

The forestallometric variables for the undisturbed forest at control s{tagtside of the clearcut
treatment blockn Figure 52) and the regrowth forest in the clearcut treatment block (Figs@)eare
measured during the growing seasons (between July and September) before tref@itst harvest
management. The forest sking [number of tregha] andbasal area [Atha] were measured in each
sampling plot (Figur&-2) in 1996 (preharvest), 1997 (postarvest), 20032008 and 2013The forest
leaf area index (LAI, [fim?]) was measured in each sampling plot (Fight®) in 1996, 1997, 1998,
1999, 2002, 2006, 2007, and 2012. The forest stocking [number of tressdbapal area [Athg were
measured following the methodology describeMorrison(1990) The measurement of forest LAl is

described irFleming(2022, unpublished data). The measured forest stocking [number of tregslha]
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basal area [Atha] at samplingplots within and outside of the clearcut treatment block were averaged
each yeafFigure5-2). The yearly averagesheasurements from control and clearcut treatment sites
are used to calibrate the Rob&®PG forest growth parameters for two types of forest in the study area:
the undisturbed forest and the regrowth forélse procedure for proseing the measured LAl in each

samplingplot is described in sectiob.34.3.

Moreover, following the method describediiorrison (1990) the relationships between DHB and
leaf biomass Wiear [kg/tred) and the relationship between DBH aaboveground biomassv{sove

[kg/tred) are developed faheundisturbed and regrowth forest.
For the undisturbed forests,
0 ™ o x 066 (5-1)
0 ™ T Tuo6 G (5-2)
For the regrowth forest,
0 Tt v T06 6 (5-3)

0 ™ L 06 G (5-4)

5.3.4.3 Remotely sensed system response data

In order to properly calibrate the Rob8PGforest growth model for the regrowth and undisturbed
forest, the daily LAI time serieare derivedor the regrowth and undisturbed foresthiarvestand

controlcatchment, respectively

To estimate the LAl of the forest from the Landsat imagegsiires thee steps. ikst, identify the
pixel of samplingplots (Figure 5-2) from the Landsatsceneghat were taken within two days the
datewhen the ground LAl measurement took place. Secerttact the remote sensing data for each
LAI sampling plot (Figure 5-2) and calculated theeduced simple ratiRSR) using the following
equation(Chen et al., 2002)

YYY —p —m (5-5)
where” " and” are thereflectance in NIRRED, and SWIR bang| respectively”
and” \ are theminimum and maximum SWIR reflectance found in elmchge and defined as

the 10% minimum and maximum cdff points in the histograms of SWIR reflectance watershed
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wide scene. Third, to reduce the errors in comparing the ground LAl measurement and the RSR from
the extracted Landsat 30 m x 30pmel of each sampling plot, group the LAl sampling plot into 17
groups (Figuré-2). And then, build a relathship between group averaged LAl and RSR () x®

XPBDD 1 X Y Y'With R? = 0.58), as shown in Figue3.

Finally, the forest growing season clefrde images from Landsat 5 and 7 were selected for the
control and harvest catchment. The Landsat 5 and 7-f@médmages are available on 157 dates from
1986 to 2012 for the two catchmenfmr each catchmenthe RSRis calculatedrom each selected
Landsat image and used the relationship in FigtB¢o derive the LAl map. The LAls in the LAl map
of each catchment were averaged at each date. In the end, 157 cambenaeged Landsat LAI

measurementsere obtaiedfrom 1986 to 2012 for control and harvest catchisamspectively

e

Averaged observed LAl
w RLy (8] (o}]
| | | " | "
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" |
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o 2 4 & 8 10

Averaged RSR

Figure 5-3. The derived relationship between the averaged observed LAl of each sampling group and
the averaged reduced simple ratagetation index (RSRChen et al., 2002)f each sampling group.

The scenes from Landsat are used to calculate the RSR of each LAl sampling plot. The LAl sampling
plots in Figureb-2 are grouped into 17 groups. The measured LAl and the RSR of each sampling plot
are used to calculate their group averaged values. The fitted relationship between the averaged LAl and
the Landsat RSR of each groupli&l = 7.57 7 x exp¢0.17 x RSRwith R? = 0.58.
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5.3.4.4 Derived the stem biomass and Robin_3PG parameters

The modeled DBH [cm] and the stocking [number of trees/ha] determine the basalnahifithe

Robin 3PGmodel (Egiation(A5-34)). Thus, the DBHcm] for both regrowth and undisturbed forests

can be estimatedsing the directly observed basal aj@&ha] and the stockingnumber of treg/hal.
UsingEquation(5-2 and5-4) and the estimated DBJdm], the leaf [kdtired and aboveground biomass
[kg/tred can be estimatetbr regrowth andundisturbed forests. And with the measured stocking
[number of the trees/ha], the leaf [kg/ha] and aboveground biomass [kg/ha] of the regrowth and the
undisturbed forestsan be obtainedrhe stem biomass [kg/ha] is calculated as the difference between
theestimated aboveground biomdlsg/ha] and the leaf biomagkg/ha).

The modelvas calibratedio the stem biomass [kg/ha], the stocking [number of the trees/ha], and the
LAI because other measurements automaticallyfitted by Robin 3PG. The reason thatfirst, the
simulated DHB in Robin3PG is a function of the simulated stem biomass (kgidhd)the stocking
(Equation A5-33)). Thus, the two coefficient parameterskquation (/A-33) can be determined by
the derived stem biomass [kg/hajocking [number of trees/hahd DBHmeasurement. With these
two coefficient parameters fixed, reasondbEH simulation resultsvere obtainedwhen Robin3PG
was calibratedo the derived stem biomagisg/ha] and direct stocking measuremdgnumber of
tree/ha] Second, RobirBPG also uses Eaqtions(5-1 and5-3) to estimate the yearly maximum leaf
biomass. ThusA reasonable leaf biomass simulatiwere obtainedwhen the Robin3PG provides
good DBH simulation. Thirdthe DBH was derivedrom the measured basal area and stocking using
Equation (%-34) in Robin 3PG Thus a reasonable basal area simulati@me obtainedwhen

Robin 3PGprovides good DBH and stocking simulation.

5.3.56 The Raven and Raven_Robin_3PG hydrological model setups

In this study, both Raven and Raven_RoBRGwerebuilt for both harvest and controhtchments.
Section 5.3.1 describéke Raven hydrological mod&dr both catchmentsAnd then, sectio’.3.5.2

describethe Raven_RobirBPGmodel setup for both catchments.

5.3.5.1 The Raven-only model

The Raverhydrologicalmodeling framework is developedyblJames R. Craig at the University of
Waterloo (Craig et al. 2020). The Raven is an objeieinted modéing framework that gives users

full flexibility regarding hydrological process descriptien It supports customization of the
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hydrological processes (i.e., with/without snow/percolation/baseflow processes, number of soil layers
et al.) andhydrologicalflux algorithms for each process (i.e., linear/po¥esy function). What is more,
Raven also provides a blend option, where usansprovide weights for multipleydrologicalflux
algorithms, and Raven internally sseweighted sum of the calculated fluxes in each model simulation
time step(Chlumsky et al., 2021)

In this study, thepurpose of the Raven model is to serve abeachmark forthe coupled
Raven_Robin3PG. So the performance of the hydrological modeithout Robin_3PGcan be
demonstratedror this purposethe samd_Al inputs were usedn Raven modefor the control and

harvest catchment e pre-and postharvestperiod.

To build a semtistributed hydrological model with Raven. the control and harvest catchwenets
further discretizednto HRUs based on the three slop@s<b, 5.~20, and ® ~90 ).and two aspects
(north and south face) categories. Thinber of HRUs in the harvest and control catchmisrfisur
and three, respectivelyhe simulation period is froh981-00-01 t02013-12-31. From198101-01 to
198312-31is the model warmup period@ihe streamflow measurement data from 108401 to 1996
12-31 at both catchments are used to calibrate the mbuelstreamflow data at both catchments from
199801-01 to 201212-31 wasusedto validate the model.

A detailed description of the hydrologicprocesses applied in this case study is described in
Appendix A3. This section focus on the Raven model processes that are different from the
Raven_Robin3PG model.The PriestleyTaylor method in the Ravemvas usedto calculate the
potential evapotrangjation (PET) for each HRU. Furthermore, the PEdsadjusted PET.q) by a
PET correction coefficient parameter before Raven uses it to remove water from the soibpeaiille
HRU. The same PET correction coefficient parameter was applied to all HiRidghi catchments and

unchanged during the whole simulation period.

The actual evapotranspirati SBOILEVAPSEQUEM e mRa h e
(Craig et al. 202Q)which removsthe water from the top two soil layers in sequence. The anebunt
water evaporated in each soil layer is linearly proportional to the soil saturation; the top layer storage

is exhausted first. The remaining ET can be withdrawn from the lower layer.

The precipitation intercept PRECIRDKNEPTHhA&D craentohpoyd
(Craig et al. 2020)The interception percentages of precipitation are given as a linear function of the

LAI. Raven allows users to provide twelve constant monthly LAI vallles.monthly mean LAWwas
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calculatedfrom the Landsatlerived LAI time series (1988012) of the control catchment (section
5.34.2). Then the same monthly mean LAl is applied to both harvest and control catclmmenets
and postharvest periosl It is reasonable because most hydrological models do not supgpartil
changes between years.

5.3.5.2 The Raven_Robin_3PG model

In the Raven_RobirBPG application, two forest types representing the undisturbed forest and the
regrowth forestvere includedBoth forest types are modeled by febin_3PGorest growth model

with different parametersTwo vegetationtype arrayswere defined The first foresttype array
represents the forest growth status for the control catchment, where the undisturbed gvoeen

from 1981 to 203. The first forestype arraywasconnected to HRUs within the control catchment.
The second foregype arrayrepresents the forest growth status in the harvest catchment, where the
undisturbed forest grew from 1981 to 1997, #reh the regrowth forest started to grow from 1998 to
2013. The second foredtype array was connected to the HRUs within the harvest catchment.
Robin 3PGinitialize the forest state variables of each HRU within the harvest catchment in the year
1998 withinputinitial conditions fortheregrowth forest. the direct and derived measurements (section
5.3.4 in 1997 (posharvest)were usedo set the initial condition for the regrowth forest. Moreover,
the initial condition of the undisturbed forest is cediled sinceno measurementsere availablén the

year 1981.

The Raven_RobirBPGmodelis built by connecting RobirBPG to the Raven hydrological model

described in sectiob.3.1. This connection between models is described in the following paragraphs.

In this application, the actual and potential evapotranspiration rate ratio (AETYREET)Isedo
indicate the water stress suffered by the forest and reduce the forest grovatbatide Appendix A).
The AEP/PET of each HRU is calculated by the Raven, and provided to RBGIn

The simulated forest state variables of each HRU riesdieveral hydrological processes of this
HRU. First, the LAI of each HRU in Ravdaupdated at ezn time step using the RobiBPG simulated
forest LAI of this HRU, which impastthe canopy interception processes. Second, instead of using a
constantPET correction coefficient parameter to adjust PET calculated froniPrilestleyTaylor
method (sectiorb.35.1), the PET of each HRUs adjustedusing the Robin3PG calculated crop
coefficient kc) of this HRU. Thekcis calculated as:
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QO QhE QO 5 QO ; i (5-6)

A R
where théQdis the crop coefficient of one HRUthedayi. The’Q® ; and'Qa |, are the minimum
and the maximum of thiec of vegetation typ¢. And thed 6 O and thed 0 Oy are the minimum
and maximum of the LAof the vegetation typg Then the) O"Y of each HRU on each day is
calculated byQco 0 ‘0.Y

Third, the soil evaporation process is also modified. In the Raven_R#t#) thePE T, is allowed
to remove water from all three soil layers. For each HR¥& fraction of thdE T, distributed to each
soil layer is determined by the soil layer depth and root depth described in the SWAT(Anodkd

et al., 2012) Then the soil evapoiiah from each layer is calculated by:

BOYY 0O, 1 6B x® § 0&1 0Qad i 0JAODO €10 0 QA0 (5-7)
where thed ‘O Y is the actual evapotranspiration rate of one HRU from soil laagrthe time. The

0 ‘O"Yj is the adjusted the PET B@®Thel & €G3 xGis the fraction of the root in soil layer m at
dayi. Thei o &giis the soil water storage at soil layarat dayi. Thei o I'Gicy @ dis al vegetation
stress coefficient range fromiOL for vegetation typg The0 "Qa&and théQa are the wilting point

and field capacity soil water storage of soil layef his study applies a constant root depth of 2 meters

to both undisturbed and regrowth fosest

5.3.6 Model calibration and evaluation

This section first introducghe model calibrawn procedures for Raven and Raven_RoBRGin the
control and harvest catchment (sect®f6.1). Thersection 5.3.6.2ntroduces the two hydrological
signatures and one streamflow performance metric used to evaluate the cgtieriiedance of the
Raven and Raven_RobiBPGmodels

5.3.6.1 Model calibration procedures

The streamflow measurement at both harvest and control catcimém preharvest period (1985
1996)were usedo calibrate the Raven model and use the streamflow measurementigosttiervest

period (199&012) at both catchments to validate the model. Raven is calibrated to two streamflow
objectives at the same time. The first objective is the averaged KGE of streamflow in the summer (July,

August, and September) at the contlOx ) and forest harvest catchment'OQ ):
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KGEgs= 0.5 "0Q  +0.5% "OQ (5-8)

The second objective is the averaged KGE of streamflow in theummer period at the coot
(0 "OQ ) and harvest catchment (OQ ):

KGEons= 0.5 "'0G  +0.5% "OQ (5-9)

The KGE of each period is calculated by:

0 "00 p p i — P — P (5-10)

wherei is the linear correlation between observed and simulated ffowsandA  are the standard
deviationof observations and simulations, respectivéipd and' are the observation mean

and simulation mean, respectively.

The multiobjective calibration of Raven @®neusing the Bretoarchiveddynamicallydimensioned
search (PADDS) algorithm(Asadzadeh & Tolson, 2009)ith three independemtials and abudge of
20000model evaluationor each tral.

For the Raven_Robin model, two rounds of model calibration are involved. The first ebund
calibration aims to optimize the RobBPG forest growth parameters for undisturbed and regrowth
forests.First, the urdisturbed forest parametesere calibratedo the KGE of the LAI (0 "O0 ),
the relative mean absolute error of stockitvgh 6 O and the stem biomas¥ 0 60 ‘O in

the control catchment. The objective function is defined as:
0wQ 000 ™ YOOO ™ YOOO (5-11)
The relative mean absolute error (RMAE) is caltrdaas:

g S S
YO 50 (5-12)

wheren is the number of the observatién® and thé "Qdare thdth simulated and observed values,
respectively Note that the RMAE is used here becatlse unit of thestocking[number of trees per
hac]and the stem biomass [kg/ha] are differ&atr thed & 'Q all measurements in both paadpost

harvests are used.
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After obtaining the best calibrated Rob8#G forest growth parameters for the undisturbed forest.
The Robin3PG forest growth parameters for the regrowth fonese calibratedto the KGE of the

LAl (0 "OO ), the relative mean absolute error of stockiny §§ 6 O and the stem
biomass'Y0 0 O in the harvest catchment. The objective function is:
0 wQ 000 ™ 'YOOO ™ ‘YOO O (5-13)

The Raven_Robin calibratierin the first roundare calibrated usinghte dynamically dimensioned
search (DDS) algorithrwith one trel and a 5000 model evaluationsudget(Tolson & Shoemaker,
2007) TheDDS is a neighborhood search algorittimat can findgoodquality calibration solutions
based on a usapecified model evaluatidsudget (Tolson & Shoemaker, 2007).

After the first round of the model calibration, the calibrated R@#& parameter of undisturbed
and regrowth forestawere obtainedMost of themwerefixed in the following model calibration step.
In the second round of calibration, the hydrological parameters of the Raven 3RBiwere
calibratedusinga multiobjective calibratiorof both streamflow and forest growmtibservationsThe
three objectives of this round of calibration akthe average di & @nd) & Q 2) KGEys and3)
KGEqs, respectively. In this round, both hydrological parameters and some of the B@Gifiorest
growth parameters dboth forestswere calibrated The calibrated RobirBPG parameter includes
i 01O RW ,Qw ,andd & "O. These four RobirBPG parameters were assumed to be the

same for undisturbed and regrowth forests.

The multi-objective calibration of the Raven_Robin is calibrated using thest® archived
dynamically dimensionedsearch (PADDS) algorithmwith three independeritials and a budget of
20000 model evaluations for eaitial.

Note that for all calibration geeriments solved with PADDS, the resulting rawminated solutions
from eachtrail werecombined andhen those solutions that are rdominated across all trialgere
identified. The best solutionvasselected basedn the tradeofbf identified nondomirated solution

betweercalibration objedves

5.3.6.2 Hydrological signatures and evaluation metric

After the model calibration, the model performance in the streamflow simulaéiealso evaluated

by the percent biaketween the simulated and the observed streamP&GA ( BIAS:
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08 %08 e (5-14)

wheren is the number of the observatién® and thé "Qare thdth simulated and observed values,

respectivelyA negativePCT_BIASneans the model underestimates the streamflow.

Besides directly comparing the observed and simulated streamflow, the calibrated Raven and
Raven_Robin3PG modelwas also evaluated by two hydrological signaturgge annual summer

runoff ratio difference andith the Budykoframework(Hampton & Basu2022)

Theannualsummer runoff ratio difference is the difference between the annual summer runoff ratio
of the harvet RQhares) and control RQontro) catchment. By comparing the difference between the
harvest and control catchmentthepre- and postharvest periog this signature excludes the impacts
of climate variations. It can demonstrate the impact of fdrastest management on streamflow. The

annual summer runoff ratio is calculated by:
YO —— (5-15)

where theQsummerdndPsummerare the total streamflow in [mm] during the summer period (July, August,
and Septembegnd precipitation [mmdf harvest or control catchment.

Hampton & Basu(2022)demonstrate that tHeudyko-based approaatan be used tquantify post
forestfire sreamflow response Thus, the method iRlampton & Basu(2022) was followed to
compare the observations and the model simulatioBadiyko-space TheBudyko-space is defined as
the relationship between tlewaporative index (Elndaridity index (Al). The El of each year is the
ratio between the yearly actual evapotranspirathdfil) and the total precipitation (P). The Al of each
year is the ratio between yearly potential evapotranspiré@en)(and total precipitation. Based on the
result ofHampton& Basu,(2022) given the same Al, the observed El in the harvest catchment during
the postharvest period should be smaller than the El in thehpreest period. Moreover, this
difference would decrease with the recovery of the forest. While in tiieotoatchment, the observed

Al and El in the preand postharvest period should share a similar pattern.

The Al and EI from observations, the calibrated Rawede| and the calibrated Raven_RolB#®G
modelat each catchmemterecomparedTo reduce the impact of the watershed storage, theybere
moving average El and Alere usedo constructBudykospace. For example, the El of 2000 is
calculated using averaged yeaBl¥:T and P in 2000, 2001, and 2002e same annual P and PET
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values were usedto calculate theAl of observations, the calibrated Raven, and the calibrated
Raven_Robin3PG at each catchment. Thus, Hlgrom observations, the calibrated Raven, and the
calibrated Raven_RobhiBPG at each catchmeatethe same. The annuahlues of the P come from

the observations, and the PET comes from the simulated PET of the control catchment using calibrated
Raven_Robin3PG. For each catchment, the annual AET of the observation is the difference between
observed yearly precipitatioRP) and discharge (Q) at the catchment outlet. And the annual AET of the

Raven and Raven_RobiBPG is obtained from their simulated results at each catchment.

Following Hampton & Basu(2022) the yearly Al and El in the pilearvest period were used to
develop a FutypeBudykocurve. The distance between El in the gemtvest period and the developed

Futype Budykocurvewasanalyzed. The Ftype Budyko curve is defined as:
00 p 60 p 60O T (5-16)

where h e isaparameter calibrated tagsharvest threggear moving averagaatafor ith year(time
series ofEl; andAl;) from observations, calibrated Rayem calibrated Raven_RobiBPG)for each

watershed

By comparing the calculatasvo hydrological signaturebetweenthe observatios) the calibrated
Ravenmodeland Raven_RobirBPGmodelin the pre- and postharvest periodshe performance of
Raven and Raven_RobiBPG in simulating the impact of forest harvest management on streamflow

can be evaluated

5.4 Results and discussion

This section first introdusgthe selected besalibrated model of the Raven and Raven_Robin model
from the PA-DDS calibration(section5.4.1). Section 5.4.2lemonstratethe performance dhe best
calibrated mdel in streamflowprediction,forestgrowth prediction,and simulating thestreamflow
responseto forest harvestvith two hydrological signaturesFinally, section5.4.3 uses the best
calibrated Raven_Robin to quantify the impact of the forest harvestger@eat and the continued

forest regrowtfrecoveryon the hydrological processes.
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5.4.1 Select the best calibration result

This section presents results obtained by: 1) the tobjéctive calibration of Raven and 2) two rounds
of model calibration oRaven_RobinMore details about the model calibration setup for both Raven

and Raven_Robin are in sectib13.6.

After the first round of the Raven_Robin calibration, the optimized R8BIG forest growth
parameters of both undisturbed and regrowth femeste obtainedWith this optimized parameter set,
the KGE of LAl for control and harvest catchment are 0.8 and @e8pectively The relative mean
absolute errorRMAB of stem biomass [kg/ha] for regrowth forest in the harvest catchment and
undisturbel forest in the control catchment are 0.05 and.0l8 RMAE of the stocking [number of
trees/ha] for regrowth forest in the harvest catchment and undisturbed forest in the control catchment
are 0.18 and 0.02, respectively. The calibratgiective functon for undisturbed forest
0 @ "(YEquation 6-11)) andregrowth foresth & ‘@Equation 6-13)) waslarger tharD.6.

The second round of the Raven_Robin model calibration used the optimized FRBitiorest

growth parameters of undisturbed amgnowth forests fronthe first-round model calibration. This
round of Raven_RobirBPG model calibration aims to calibrate the hydrological parameters with a
multi-objective calibration. The three objectives in this round of the Raven_Robin model calibratio
are the averaged KGE of the streamflow at the control and harvest catchment in the summer period
(July, August, and Septemb&GEq,s, Equation 6-8)) and the norsummer periodKGEq s, Equation
(5-9)) and the average 6f & "Q(Equation 6-11)) and0 & GEquation 6-13)). Three independeiA-
DDS trials with a 20000 budget in eachdriwere appliedo calibrate the Raven_Robin modeher
average of thé @ "Qand the) & Ofrom all nordominated solutiasof three PADDS trials were
larger than 0.6. Thu&GEq,s andKGEg s wereusedto select the best solution fraaii nondominated
solutions of three PADS trials.

The nondominated solutions, generated from all stlmminated solutions of three HADS trials of
the Raven_Robin and Raven model in the calibration pestedshown in Figur&-4A. Both Raven
and the Raven_RobiBPG models perform similigrin streamflowpredictions during the summer and
nonsummer periods. The select best solutions of the Raven and Raven JRébimodel are located
in the upper right corner of théareto fronto balance the tradeff betweerKGEqg s, KGEq .

The performance of theon-dominated solutions and the selected solutions of both models in the
model validation period (post forest harvest, 199012) is shown in Figur&-4B. The selected
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solution of both models did not provide the best performance in the validation pempdreal with
their other nordominated solutiondn the validation period, both models did not provide a good
simulation of streamflow in the summer period, askiEq s from both models are smaller than 0.2.
The selected and natominated solutions frofmoth models perform similarly in the validation period.
In the following section, the selected solution of both modelse evaluatedwvith more metrics and

explain why the low performance in the summer period from both madetsaccepted

® Non-dominated solutions (Raven_Robin_3PG) Non-dominated solutions (Raven)

A Selected solution (Raven_Robin_3PG)

Selected solutions (Raven)
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Figure 5-4. The performance of the nalominated and the selected solutions of Raven and
Raven_Robin3PG in the calibration period (A) and validation period (B). The-caminated
solutions of both models argenerated fromcombining the nondominated solutions of three
independent mukbbjective model calibratiotrials and theridentifying only those solutions that are
nonrdominated across all trial$he KGEg s (Equation 6-8)) is the KGE of the averagetrsamflow
performance from harvest and control catchment during the summer péulyd August,and
Septembér TheKGEgns (Equation 6-9)) is the KGE of the averaged streamflow performance from
harvest and control catchment during ttersummer period. The model calibration period is from
1984 to 1996 (before forest harvest), and the model validation period is from 1998 to 2012 (after forest

harvest).

5.4.2 The performance of the selected Raven and Raven_Robin_3PG
In this section, the perforance of the selected Raven and Raven_Robin in streamflow prediction
(section5.4.2.1), forest growth simulation (sectidn42.2), and hydrological signaturegmulation

(section5.42.3)wereevaluated
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5.4.2.1 The performance of selected Raven and Raven_Robin_3PG in streamflow

Table 1 demonstrates tperformancestatisticsof the selected Raven_RobBPG and Raven model
for streamflow prediction at harvest and control catchment during the calibratiawardlidation
periods. The performance statistics inéutie percentage of model simulation biRE€T_BA$ and
the KGEof streamflowin the summer period (July, August, and Septen@Eg ¢, the norsummer
period KGEqgn9, and thefull period KGEgy). The selected Raven_Rob8PG and Raven provide a
reasonable streamflow simulation at both catchments in the calibration periodGHyg, KGEq ns
and KGEy¢ from both models at both catchments are larger than 0.7. Moreovd?PCihieBASof
streamflow at both catchments from batbdels is within 5% in the model calibration period.

The model performance of both models at both catchments decreases in the entire validation period
(1998- 2012). In the control catchment, tK&Ey s of both models are smaller than zero in the entire
validation period. While in the harvest catchment, the Raven model provides aKiigfige and a
largerPCT_BASerror than the Raven_RoiBPG. TheKGEq from both models at both catchments is
larger than 0.6, and tHeCT_BASs smallerthan 20% in this period.he performance of both models
is acceptable considering thetentialstreamflow measurement errors at such catchments ( ~ 045 km

and with sub small streamflow (the mean daily observed streamflow is around ~ 0.G38 m

When compang the model performance in streamflow simulation from 1998 to 2002 (five years
post forest harvest), Raven_RolB3#G provides a better streamflow simulation tRaven in all the
evaluation metrics (Tabk 1) at the forest harvest catchment. Ria&Eg s of both models in the control
catchment are smaller than zero. The simulated and the hydrograph from both models at both
catchments during the first two years (19989) and the second two years (2Q002) after forest
harvest are shown in Figuréss and 5-6, respectively. Both models provide a similar hydrograph
(Figuress-5 and5-6) in the control catchment. However, at the forest harvest catchmesinihiated
summer (July, August, and September) streamflow from the Raven_RBi@nis closer to the
measurements (Figuréss and5-6).

The drier and warmer clima{Buttle et al., 2019; Leach et al., 202@nsition fromthe pre-harvest
to postharves period may explain thelecrease of th&GEqs from both models in the control
catchmen{Table 51). Both models do not capture the response of the hydrological system to such
climate variations between the calibration and validation petfiddieover, tle forest harvest

management trendwards increasinghe runoff in the forest harvest catchment, while the drier and
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warmer climatérend decreases the runoff in the forest harvest catchiiary.the previous empirical
study suggests that the drier and warmer climate dimainishthe impact of the forest harvest on the
hydrological systenButtle et al., 2019; Leach et al., 202Tjis may explain why th&GEqg s from
the Ravenwhich do not represntthe response of the hydrological system to both driuretle harvest
catchment is still larger than 0.6 in the validation pe(id2b82012)

Table 5-1. The performance statistics of the Raven_RoBHG and Raven in streamflow prediction at
the calibration and validation periods. TRE€T_BIASs the percent bias between the simulated and the
observed streamflow. The negatR€T_BIASmeans the model underestimates the streamflow. The
KGEg s, the KGEg,ns andKGEqy, are theKGE of the streamflow during the summer (July, August, and

September), the nesummer and the full perio@f each year.

PCT_BIAS KGEqg; KGEqgs KGEqgns
Type From To Catchment

Raven_Robin Raven_Robin Raven_Robin Raven_Robin

Raven Raven Raven Raven

_3PG _3PG _3PG _3PG
H(ég’left A1.7%  -5.8% 02 08 070 072 08l  o0al

Calibration 1984 1997
C(g';tzrg" 5%  2.5% 0.8 0.8 075 0.70 082 08l
11% -20% . . 11 o . .
H(gg’left kY 209 069 0.6l 0 0.63 0.66 0.60

Validation 1998 2012
C(ggtzrg" 12%  12% 0.75 078 009 -0.33 076 0.8
H(gg’left 0.028  -35% 076 054 041 0.29 074 056

Validation 1998 2002
C(ggtz“)" 43% -2.3% 070 079 -0.13 -0.81 068 078

The forest harvest management in the first five years of thehpostst period (1998002) has a
dominant impact on the hydrological system of the forest harvest catchment. Because of this, the
Raven_Robin_3PG, which represents the forest harvest maeagamnd forest regrowth, provides
better performance than the Raven in streamflow simulation in the forest harvest catchment during this
period. However, the forest harvest's impact decreases with the forest's recovery in the forest harvest
catchment. Andhen, the impact of the forest harvest and climate variations on the hydrological system

of the forest harvest catchment may cancel out after more than five years of the forest harvest. This
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might explain why the Raven model provides a better KGE of sti@arm the full validation period
(19982012) than the Raven_Robin_3PG model.
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Figure 5-5. The observed and simulated hydrograph from the selected Raven_BRBiand Raven
calibration solutionsat bothcontrol and harvest catchment during the first two years of the forest
harvest. The forest harvest happened in the year 1997.
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Figure 5-6. The observed and simulated hydrograph from the selected Raven_BRBiand Raven
at both control and harvest catchment during the second two years of the forest harvest. The forest

harvest happened in the year 1997.
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In summary, the selected Raven and Raven_Robin_3PG can provide reasonable streamflow
simulation in both dération and validation periods. The significant decrease dk@iey sfrom both
models at the control catchment in the validation period might suggest that the impact of a drier and
warmer climate on the hydrological system is not well accounted foboith models. The
Raven_Robin_3PG provides better streamflow simulation in the first five years of the post forest

harvest period.

5.4.2.2 The calibrated Raven_Robin_3PG performance for forest growth

Beforeevaluating the two models with hydrological signatures,selected Raven_RobBPG model
performance in the forest growth simulatisrevaluatedn this section.

The KGE of the LAI from the selecteBaven_Robin_3P®r the forests in the forest harvest and
control catchments during the entire simulation period (Z88B) are 0.80 and 0.69, respectively. The
Landsatderived LAI observations and thaven_Robin_3PGimulated LAl at both catchments are
shown in Figurés-7. TheRaven_Robin_3P@rovides a reasonable LAI simulation at the control and
forest harvest catchment (Figus€7), and the increments of the LAI in the forest harvest catchment
during the post forest harvest period are reasonably simulated Bathe Robin_3PGOne of the
limitations of simulated LAI from the select&hven_Robin_3P@ that the LAl interannual dynamic
is not well captured. The interannual dynamic of Landsaived LAl may come from the response of
the forest to environmental stees such as precipitation and temperature. Howéverpbserved
annual mean temperature and total precipitdddad to explairthe Landsat LAl interannual dynamic
Moreover, modéing the response of the LAI to environmental stresses is not the fbthis study.

Thus, theRaven_Robin_3PGimulated LAl at both catchments is acceptable for this study.

The relative mean absolute error (RMAE uatjon (5-12)) of the stocking (number of trees/ha) is
0.18 and 0.02 for the regrowth forest in the harvesthoaent and undisturbed forest in the control
catchment, respectively. The RMAE of the stem biomass was 0.06 and 0.04 for the regrowth and
undisturbed forest, respectively. The RMAE of the basal area was 0.08 and 0.03 for the regrowth and
undisturbed fordsrespectively. The simulated and the observed stroking, stem biomass, and basal area
of the regrowth and undisturbed forest are showrigures /-1, A5-2, and /A4-3, respectively. The
selectedRaven_Robin_3P@ould provide a reasonable simulation offtrest stocking, stem biomass,

and the basal area in control and the forest harvest catchment.
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The observed and simulated forest development in the control and forest harvest catchment are shown
in Figure5-8. In the preforest harvest period (before I99the simulated forest development in both
catchments is on the right trajectory shown in Figu8e In this period, the simulated forest stocking
at both catchments decreases due toirdieced forest mortality. Ad the simulated forest stem
biomass per tree increases due to the decrease in the sfockintger of tree’ha] (Figure A5-1) and
increase in stem biomaBgy/ha] (Figure A6-2). In the posharvest period, the forest development of
the control catchment continues with the right tijey shown in Figuré-8. However, the forest
development in the forest harvest catchment is different. First, after the forest harvest management,
which removes the trees with DBH larger than 10 cm, the initial condition of the forest in the forest
harvest catchment is the move to the left of Fig6r8. And then, the forest in the forest harvest
catchment stastto reproduce new trees to occupy the open spaces in the catchment. The stocking [the
number of trees/ha] of the regrowth forest increagdthough the forest stem biomass[kg/ha]
accumulates each year (Figur&-2 ) the stockingds increment is

biomass per tree of the regrowth forest decrease (Fig8ye
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Figure 5-7. The Landsatlerived LAl observations and thRaven_Robin_3PGimulated LAl at

harvest(A) and control(B) catchments.
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Figure 5-8. The simulated and observed forest development in the contridr@stiharvest catchment.
The daskdarrowrepresentshe forest harvest eveintthe forest harvest catchmeht.the preharvest
period, thesimulated forest growth in control and harvest catchment overlap with eachidtbdorest
development in thiperiod isfrom thelower right to the upper righThe forest harvest management in
the harvest catchmenéduce the forest density. Thus, the forest developmenhe forest harvest
catchmentt the beginning of the pebkarvest period mowto the uppeleft of the plot(the daskd

arrow).

In summary, the selected Raven_Robin_3PG provides a reasonable forest growth simulation.
However, the performance of the Robin_3PG in simulating the response of the forest growth to the

environmental stresses atie longterm forest development still warrants further study.

5.4.2.3 Compared with the observed hydrological signatures

This section evaluasethe selected Raven ariRaven_Robin_3PGnodek with two hydrological
signatures: the annual summer runoff ratio difference andBtliyko framework The detailed

description of methods for calculating these thservedhydrological signatures is in sectiér.6.2.

The annual summer runoff differecesalculated from observation, the selected Raven, and
Raven_Robin_3P@re shown in Figurg-9. Before the forest harvest event in 1997, the annual summer

runoff differences from observation and both models were close to zero, indicating that both models
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could successfuy describe the observed annual summer runoff differences between two catchments in
this period. The large observed runoff ratio difference in 1986 and 1993 are outliers.

After the forest harvest event in 1997, the observed and the sithalateial summer runoff
difference fromRaven_Robin_3P@ first increased to 0.2 in 1998/1999 and then decreased to zero
after around seven yeaafterthe forest harvest. The positive increment of the annual summer runoff
difference between the harvestdaoontrol catchment indicates that more watershed discharge is
generated in the summertime due to the forest harvest management in the harvest catchment. With the
forest recovery in the following years, the response of the hydrological system to thédiovest is
diminished. While, as expected, the annual summer runoff difference from the Raven model did not

demonstrate the impact of forest harvest management on the hydrological systems.

In summary, both models cowddccessfly describe the observedinual summer runoff differences
in the preharvest period. But only theaven_Robin_3P@asonabldemonstratethe impact of the

forest harvest and recovery on the annual summer runoff difference.
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Figure 5-9. The annual summer runoff ratio difference calculated from obsersatiahthe selected
Raven andRaven_Robin_3P@odek. The difference is between the annual summer (July, August,

and September) runoff ratio of the harv@Dhares) and control RQeontro) Catchment.

TheEl and Al of each catchment at the paiad postharvest period from observation, Raven, and
Raven_Robin_3P@reshown in Figures-10. A Fu-type Budyko curvewas developed using Al and
El in the preharvest period. In the post forest harvest periad)stantialvertical deviationdetween
El and the~u-type curve were appareintthe observations (Figuge10A) and the RavnRobin_3PG
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(Figure5-10B) in the harvest catchment. It represents thatdrest harvest management rediittee

actual evapotranspiration and incredsthe runoff compared to the same Al in the -pagvest
condition. Moreover, with the recovery of the forest after forest harvest, the Ettimobservation
(Figure5-10A) and tle Raven_Robin_3P@-igure5-10B) gradually goes back to tiartype curve
developed in the prharvest period. However, the El from Raven does not demonstrateestichl

deviationsin forest harvest catchment. In the control catchment during théhawstst period, the El
from observation, Raven, afthven_Robin_3P@ close to thd-u-type curvedeveloped in the pre

harvest period.
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Figure 5-10. Time series of 3ear moving averaged evaporative index (iErsus aridity index (Al)
for the forest harvest catchment (A, B, and C) and the control catchment (D, E, F) in tiredgpest
harvest period. The El and Al is calculated from observations (A and D), the selected Raven_Robin (B
and E), and the seledt®aven (C and F). The Fype Budyko curve is developed using&ar moving
averaged El and Al in the ptearvest period.
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In summary, the Raven_Robin_3PG can reasonably simulate the response of the EIl to the forest
harvest and continued forest recovery processes.

5.4.3 The impact of the forest harvest and forest regrowth on the hydrological
processes

After evaluating the selectedRaven_Robin_3PGmodel, this sectionassessesthe selected
Raven_Robin_3P@&odel to quantify thémpact of the forest harvest and forest regrowtlvamous
hydrological processes

Figure 5-11 shows the Raven_Robin simulated yearly averaged fluxes dimngummer (July,
August, and September) at the harvest catchment and the control catchment. The change of the
difference between simulated fluxes at harvest and control catchmentaidopmstharvest period
demonstrates the impact of the forest hareeseach flux. In the preharvest peri@kceptfor the
baseflow from the first soil layer, the simulated fluxes at harvest and control catchment are almost the
same. And in the postarvest period, the forest harvest management in the harvest catchrmeat red
the canopy interception and increadsiee infiltration and baseflow from all soil laye(iSigure 511).

The forest management redddbe potential evapotranspiration rate of the harvest catchment, which
lead to a decrease in the actual evapotrarigpitdl he differences between the simulated fluxes in the
control and the forest harvest catchment gradually return to tHeaprest level as the recovery of the

forest in the forest harvest catchment.

Based on the assumption Rven_Robin_3P@section5.35.2), the forest harvest management
directly decreagkthe canopy interception (FiguBellA) and potential evapotranspiration (Figére
10C). Their decrease charyhe other simulated fluxes (Figurgsl1B and DH). In this watershed,
the impact oforest harvest on potential evapotranspiration is more significant. The maximum decrease
of potential and actual evapotranspiration are 2.7 and 1.@layngin July, Augustand September)
respectively.

The runoff components (FiguBe11E-H) respond differently to the decreasing canopy interception
and potential evapotranspiration. Because of the dry summer climate of the wafEnshegponse of
the quick runoff to the decrease of the canopy intergeptasnot observedThis highlights that the

climate factor can vary ardiminishthe impact of the forest harvest smmehydrological processes.
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—— Raven_Robin harvest catchment —— Raven_Robin control catchment
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Figure5-11. The Raven_Robin simulated yearly averageddsduring the summer (July, August,
and Septembenrt the harvest catchment and the control catchment. The CI represents the canopy
interception. The Inf represents the infiltration. The AET represents the actual evapotranspiration. The
PET represents pential evapotranspiration. The QR represents the quick runoff. The BF[i] represents
the baseflow from the i (i=1, 2, 3) soil layer. The simulated daily fluxes in July, August, and September
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are used to calculate the yearly average value. The vertazM lhe represents the year when forest

harvest management happened.

Compared to the baseflow at the first (Fight®0F) and third soil layer (Figure-11H), the baseflow
in the second layer (FiguBel11G) increased more significantly. This is becaugertiot fraction in the
second soil layer of the selectRdven_Robin_3P@&odel is larger than the root fraction in the other
two layers. The root fraction determines #mount ofpotential evapotranspiratiadlocatedto each
soil layer in theRaven_Robin3PG(Equation (57)). Thus, the reduction of the potential and actual
evapotranspiration (Figurds11C and D) has more impact on the simulated baseflow of the second
soil layer. Correctly representing the response of the runoff component fiorélse disturbance is
essential because it directly impacts the watershed nutrient and sediment transport. This analysis
highlights the importance of correctly representing the soil evaporation processes at each soil layer to

correctlysimulate the respoaf runoff components to forest disturbance.

In summary, the selected Raven_Robin_3PG model can quantify the response of the hydrological
processes to forest harvest managenidmis. studyalso highlight how climate and soil/root evaporation
may change the response of the hydrological processes flréise harvest/disturbance. At the same
time, the intention of this study is not to prove that the selected Raven_Robin_3PG provides the correct
result in simulating the response of hydrological processtd®e Turkey Lake watershed’he main
point of ths section is to demonstrate that Raven_Robin_3PG can simulate these responses. It can
provide the correct answer when more observed data (i.e., isotope and geochemistry measurements) is

available.

5.4.4 Limitations and future work

This studydemonstrateshe aility of the Robin_3PGmodelto simulateshortterm forest growth
processesHowever, becausmanychangesvere madeo the original 3PG forest growth model, the
ability of Robin_3Pdor longterm forest growth modkehg still requiredesting ai longerterm forest

growth research site.

The impact of the climate variation in the post forest harvest period on the hydrological system is not
captured byeithertheRaven andRaven_Robin_3P@odel. This might be due twarious reasons. For
example, it maybe caused byimproperly representing the potential evapotranspiratioam warmer
climate It may also be due to theon-stationaryhydrologicalbehaviorfrom the adaptation of the

vegetation to the warmer climatelowever, theseresearch questionsioW to properly detect the
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response of the hydrological system to the climate varigtioow to attribute these responses to
different hydrologicadlvegetationprocessesandhow to correctly model these responsaga futue
research topic

5.5 Conclusions

In this study, a vegetation growth library framework (Robin), whigh be easily coupled to any
hydrological or landsurface model to add the functionality of crop and vegetation gromeas
developedThemonthly 3PG forest growth modeias adadinto the Robiribrary by: 1) changing

the timestep of the 3PG model to daily, 2) adding a forest phenology module to the 3PG forest growth
model, and 3) adding a forest reproduction module to the 3PG foreghgmydel. Thenthe 3PG

model in Robinwas coupledvith the Raven hydrological moddRéven_Robin_3P)s The coupled

model wa applied to a pairedatchment forest harvesting experiment conducted at the extensively

monitored Turkey Lakes Watershed norttSafult Ste. Marie, Ontario, Canada.

The coupled model is calibrated and validated by comparing it with the streamflow observations,
forest allometric measurements, and two hydrological signatures. The result suggests that the
Raven_Robin_3P@odelcanreasmably simulate theesponse of variousydrological processes
the forest harvest management and the forestds
catchments. The analysis of this study also highlitifatstheclimate factoand he evaotranspiration
process in each soil layer significantly immattte response of the runoff components to the forest

disturbance.

This study demonstrates thélity of Raven_Robin_3P®& simulate/quantify the response of the

hydrological processes to tharest disturbances, such as forest harvest management or fire.
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Chapter 6

Concl ussaina@n future work

This thesisfocuses on improvingydrological modektructues to make them more realistic and thus
more appropriate tools to simulate past and futydrological behaviors. Specific hydrological model
structural improvements focus on the explicit representation of 1) lake representation in complex lake
networks and 2) forest growth/disturbance representation in forest headwater catchrhents.

following sections outline the conclusioofseach chapter.

Chapter oresentsa proofof-concept studyThetwelve publicly available pafanadian lakaiver
routing networkwere developedind acase study using the Raven hydrological miaagframework
to dmulatethehydrologicroutingprocessvith tens of thousands dkesin the Hudson Bay watershed
was developed

Chapter 2 conclusions are

9 This s thdfirst routing networkavailable that explicitly and in a hydrologically consistent way
represert lakeswithin drainage network&r the domain of Canada. Theuting network
provide the necessary routing network topology and network attributes to enablebeseidr
hydrologcal routing anywhere in Canadahis showed that it is feasible to develop a large
scale (PafCanadian) vectebased lakeiver routing product that incorporates hundreds of

thousands of lakes in routing netwarks

9 It is feasible to simulate hydrologic ring across a massive region (Hudson Bay drainage

basin totaling 3,880,000 km?) with the Raven hydrological modelling framework software

1 The case study simulation results demonstratethieeg are substantidenefitsin terms of
improving uncalibratedimulated hydrograpressociated witkxplicitly represeribhg and then

simulatingnumerous, including modesized, lakes.

The primary future workto build uponChapter 2findings involves usinglocal highresolution

hydrologically conditioned DEM tdevelop lakeriver routing productfor Canada.

Chapter Iontinues to improvéhe lakeriver routing networkapproachesleveloped in Chapter. 2
An opensource GIS toollbg BasinMakey was releasetb delineate and poegrrocess the lakaver
routing networks
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Chapter 3 conclusions are:

1 An opensource GIS toolbox (BasinMaker) was developed that can automatically and
efficiently build vectorbased hydrological lakever routing networks, including flexible

discretization choices txplicitly represenain arbitrarynumber of lakes.

1 BasinMakerwas used to delineatthe North America Lake-River Routing Producv2.1

(available athttp://hydrology.uwaterloo.ca/basinmaker/index.htrahd the Ontario Lake-

River Routing Product vl (available at https://lakeriver-routing-products

uwaterloo.hub.arcgis.com

1 Two novel posfprocessing functions in BasinMaker are a) Simplify the -laker routing
network by decreasing the resolution of the stream network and thus increasing the size of
subbasins and Bimplify the lakeriver routing network by removing the lakes fronilihese
postprocessing toolenableusers tocustomize thdargescale routing network already

delineated byasin Maker wihout the need for complex terrain analysis using the DEM
The future workto build upon Chapte3 findingsincludes

1 Improving BasinMakerto handle the noftontributing areas present in the source DEM
correctly. Such noncontributing areas are prevalimtexamplein the praire pothole region
of North America.

1 Producing a new version of tléntario routing product that includes wetlands explicitly. This

likely requires an update ®asinMakersoftware.

1 Developng a Canadiansemidistributed hydrological dataset fdargesampe studies
including climate forcings, highresolution lakeriver routing networks and streamflow
observationsThis would involvesa standardizegrocedureon Google Colalto build semi
distributed hydrological modelwith different reslutions (i.e., different subbasin/lake
representatianand different HRU representatg)rfor catchments in the datasdthe semi
distributed hydrological models builvith this procedurecan be easilyeproduced and

transferred.

Chapterd investigatesheimpactsof ignoring lakes on the simulated runoff components and model
performance ainternal watershedyjaugesby comparing the simulated results from two model

structures (with and without lakes) at two Canadian watersheds (Turkey Lake and Petawawa).
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Moreover,the value of the lake level measurements in the ungauged and gauged watsesheds
evaluatedising measurements from fifteen lake level gauges in the Petawawa watershed. Furthermore,
the assumptions used to parameterize the outflow structure oiwake®aluatedusing the calibrated

lake crest width parameter of gauged lakethe Petawawa watershed

Chapter 4 conclusions are

I Compared to thesemidistributed model ignoring lakes, the model representing lakes
substantiallyincreases the model performanat internal streamflow/channel watevel

gaugeswith minimal decreasem the performance at the watershed outlet streamflow gauge.

1 Because of the model compensation behawgoring lakes in the modéias significant
impacts on the simulated runofomponents Namely ignoring lakes inthe modelwill
significantlyreduce quick runoffincrease the infiltration, andcrease the baseflow frothe
soil storagerelative to these simulated quantities in the model including.lakes

1 Not modellinglakes wil alsod ecr eas e t he /onoedtantyit thesfmulaed i b i | i t

runoff componentsf each flow pathway.

1 Inawatershedauged at the outletalibratingto the additional lake level measurements in the

Petawawa watershexn improve the streamflow simulatiahthe outlet

1 When considering the Petawawa as ungauged at the thelétydrological model calibrating
to fifteen lake level gauges can provide reasonable streamflow simulation at the Petawawa
watershed outlet. dlvever, when calibrating to only one large lake level gauge, the
hydrological model failed to provide reasonabktershed outlettreamflow simulationsChis
finding is noteworthy given thepcoming SWOT satellite mission that will monitor lake levels

of moderatesized lakes from space.

1 The calibrated lake crest width parameter of fifteen gauged lakes has a significant linear
relationship with t Haspaekseggestingdire assumatigreused ine a i
theliteratureand in the developeduting productso parametrize the outflow structure of lakes

is reasonable.

The future worko build upon Chapter 4 findings includes
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1T Evaluate the hydrological nddferentla&essimplificatipne n s at i ¢
approacheso answer quémns like what is the best lake simplification strategiesliate
how local climate and lake characteristics impadt e hydr ol ogi cal model &

behavia.

1 Investigatethdvy dr ol ogi c al mo d e | Bwith other mpdekinpldidatiom n b e h a

strategie®r when we use wrong process equations

1 Howdo weevaluate two model structures that provide similar streangiowlation resutat
the watershed outlev al uat e i f the model 6s cbmpenentsbi | ity

can be used as an additional model performance metric for model structure comparisons

1 What is the impact of thprismaticlake assumption on the model calibration resdibw to
parameterize the lake geometriedssess alternative assumptiorlwailable from the
GOLBathry study.

Chapter Hevelops a vegetation growth library framewaork (Robin), which can be easily coupled to any
hydrologicalor landsurface model to add the functionality of crop and vegetation growth functionality
Moreoverthemonthly 3PG forest growth modeis adamdinto the Robirframework Then the 3PG
model in Robinvas coupledvith the Raven hydrological modielg framework(Raven_Robin_3PG

and applied it to a paireecatchment forest harvesting experiment conducted at the extensively
monitored Turkey Lakes Watershed.

Chapter 5 conclusions are

1 TheRaven Robin_3P@odel reasonably simula¢he hydrological processes' response to
the forest harvest manageomt and t he forestdés growth and r

harvest catchments/er a period ofifteenyears after harvest

1 The climate factoand he evapotranspiration process in each soil layer significantly impact

the response of the runoff coonents to the forest disturbance

1 The developedRobin_3PGforest growthmodule is usefulfor forest management and

investigaing the impact of forest disturbance on hydrological processes.

The future worko build upon Chapter 5 findings includes
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1 Adopt the 3PGmix mixed forest growth modelFprrester & Tang, 20)6into the Robin
vegetation growth library to simulate the forest growth of forests of different ages and species
in one HRU.

9 Carefully evaluatéhe response of the hydrological system to clamatriationsandattribute
these responses to different hydrological/vegetation procédsesover,bettermodel these
response hydrological models.

1 Adaptthe Raven_Robin_3PG model noore realisticallysimulate the impact of the forest

disturbance on snow accumulation and snowpreitesses
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Appendices

Appendix A

A1l The extent of the Hudson Bay watershed
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Figure Al-1 The extent of the Hudson Bay watershed stnelamflow gaugegsed in Chapter 2.

A2 Attributes in the lake-river routing products

Table A2-1. The included attributes in the lake riviezuting productsand networks produced by
BasinMaker v2.0 and v3.0rhe attributes DA _Chn_L, DA_Slope, DA_Chn_Slp, outletLng, and

outletLat only exist in (Ontario Lake and RivRouting network generated with basinmaker v3.0.

Moreover, the FRAL is generated o

River Routing network

utsideBafsirMakerv3.0 and it only exists in Ontario Lakedan

Name Unit Type Description and Specific Values

Subld [-] Integer Subbasin (catchment) ID

DowSubld [-] Integer ID of subbasin (catchment) downstream of current subbasin
Slope of river channel in theibbasin. It is limited to a range of

RivSlope m/m Float 0.000001 tdlL. It is-1.2345 for norconnected lake subbasin and

headwater subbasins since these have no river channels.
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