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Abstract

This study developed an integrated biogeochemical and hydrological modelling system by
incorporating the latest versions of the nitrogen coupled Canadian Land Surface Scheme-Canadian
Terrestrial Ecosystem Model (CLASS-CTEM) into the Modélisation Environmentale
Communautaire (MEC) Surface and Hydrology system (MESH), hereafter referred to as MESH-
CTEM. The newly developed MESH-CTEM modelling system allows simulations of energy, water,
carbon and nitrogen fluxes and their feedbacks on vegetation growth and exploration of impacts of
future climatic changes on catchment-scale processes. Performance of the MESH-CTEM system was
tested at the Big Creek watershed within Norfolk county, Ontario, Canada, which is a 573 km? crop-
dominated catchment with areas of broadleaf and needleleaf forests, using observed eddy covariance
flux, meteorological and hydrological datasets from October 2004 to December 2017 at a grid
resolution of 0.02° latitude x 0.02° longitude. MESH-CTEM showed a significant increase in the
simulated streamflow as compared to MESH running with only CLASS, excluding dynamic
vegetation growth and carbon fluxes, resulting in an overall increase in the accuracy of streamflow
with Nash-Sutcliffe Efficiency (NSE) indices of 0.38 and 0.12 respectively. Significant improvements
were also seen for each Plant Functional Type (PFT) within the catchment with respect to energy
fluxes, evaporation and soil water regimes. Many of these improvements in simulated fluxes were due
in part by changes in the canopy conductance formulation, more realistic soil heat and water
processes due to the introduction of fine soil layers, inter-grid transfers of water and other spatial
components and vegetation cover feedbacks on energy, water and carbon exchanges by using
dynamic vegetation growth processes. Simulated averaged gross ecosystem productivity, ecosystem
respiration, latent heat flux and sensible heat flux for the entire catchment were respectively 660 g C
m2yr! 6409gC m2yr325Wm?and27.1 Wm2. Application and use of MESH-CTEM will

help to study the impact of climate change and extreme events on energy, water and carbon fluxes
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and associated feedbacks at the catchment scale. Additionally, this will help bridge a major gap in

hydrologic modelling studies through integration of biogeochemical processes.
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1. Introduction

Hydrological models play an important role in water resources management due to their
capabilities to simulate, visualize and help understand the hydrological cycle and its numerous
associated complex processes. These models simulate multiple hydrological processes on a
variety of spatial and temporal scales (Singh and Frevert, 2002). Modelling these watershed-
scale processes is considered important for the forecasting of flooding events, water resource
management, soil erosion, nutrient circulation and water quality (Santhi et al., 2006; Devia et
al., 2015). To provide more accurate quantitative responses of watershed-scale processes,
these models have been under constant development. Some recent examples of advancements
include implementation of multi-dimensional flow equations (Dargahi and Setegn, 2011),
more intricate methods of watershed delineation (O’Callaghan and Mark, 1984; Jones et al.,
1990) and higher spatial resolution (Kornelsen et al., 2016; Chen et al., 2017). Furthermore,
numerous studies have emphasized the importance of advancing development of watershed-
scale hydrological models (Arnold and Fohrer, 2005; McDonnell et al., 2007; Daniel, 2011;
Davison et al., 2016). In particular, to address the uncertainties in hydrological processes
caused by the changes in regional water regimes due to climate change and extreme weather
events (Xu and Singh, 2004; Chen et al., 2011). These improvements will undoubtedly
continue to provide a greater understanding of hydrological processes and aid in the

development of more representative simulations of watersheds in changing environments.

With respect to the development of watershed models, one of the most significant problems is
the limitation or lack of processes being represented (Fatichi et al., 2016). More specifically,
hydrological models have traditionally focused on simulations within the hydrological realm
rather than the direct or indirect impacts and relationships with other environmental processes
(Singh and Frevert, 2002; McDonnell et al., 2007). These processes range from small-scale
anthropogenic disruption (Leavesley etal., 1983; Arnold et al., 1993), to the long-term effect of
sediment transport from stream channels (Wicks and Bathurst, 1996; Heppner et al., 2006)
and the incorporation of land-surface atmosphere interactions such as radiative exchanges,
evapotranspiration and dynamic weather patterns (Pan and Mahrt, 1987; Verseghy, 1991).
Land-surface atmosphere interactions have become ubiquitous within the modern process-

based watershed-scale hydrological models (Verseghy, 1991; Liang et al., 1994; Pietroniro et al.,



2007; Lawrence et al., 2011).

Despite these recent developments, modern process-based hydrological models still have
significant limitations because of the absence of a number of important processes, including
the complex interactions with the vegetation ecology and biogeochemical processes (Janauer,
2000; Rodriguez-lturbe, 2000; Bond, 2003; Thornton et al., 2009). Examples of these
processes include stomatal control on evapotranspiration (ET) (Monteith, 1965). Additionally,
there are also feedbacks on hydrological processes from biota, such as the ability of flora to
influence infiltration, surface and sub-surface runoff (Troendle and King, 1987; Betoldi et al.,
2014). These interactions and associated feedbacks can take place on a variety of spatial and
temporal scales (Janauer, 2000; Porporato and Rodriguez-Iturbe., 2002; Zalewski, 2002;
Tetzlaff et al., 2007). The importance of ecological and hydrological interactions have been
recognized by the climate modelling community (Clark et al., 2015a). The most recent phase
of the Climate Modelling Intercomparison Project (CMIP5) has also recognized and
emphasized the importance of integrating biogeochemical cycling and hydrological processes
into Earth System Models (ESMs) (Taylor et al., 2012). Furthermore, several terrestrial
ecosystem models have been developed, which emphasize ecological and hydrological
interactions and feedbacks on a variety of temporal and spatial scales (Arora and Boer, 2003;
Gerten et al., 2004; Tague and Band, 2004; Krysanova and Arnold, 2008). At the same time,
ecological and biogeochemical cycling algorithms have also been introduced into recent
watershed-scale hydrological models (Lawrence et al., 2011; Chen et al, 2015). Even with
these recent developments, there are still significant limitations in the modelling of coupled

biogeochemical and hydrological processes, in particular atcatchment scales.

The goal of this research is to develop an integrated biogeochemical and hydrologic modelling
system that can be applied at a catchment scale for water resources and carbon fluxes studies.
For this purpose, the Canadian Land Surface Scheme and Canadian Terrestrial Ecosystem
model (CLASS-CTEM (Verseghy, 2012; Melton and Arora, 2016)) has been incorporated in
the Modélisation Environmentale Communautaire (MEC) Surface and Hydrology system
(MESH; (Pietroniro et al., 2007)) to integrate the MESH-CTEM modelling system. Although
prior versions of MESH, herein referred to as MESH-CLASS, used CLASS to define land-
surface processes, the incorporation of CLASS-CTEM provides additional ecological and

biophysical parameterizations, such as carbon and feedbacks. The MESH-CTEM model was



calibrated and applied at the Big Creek watershed in Southern Ontario, Canada from October
15t 2004 to December 2017 to evaluate its performance and explore impacts environmental

processes.
2. Methods

2.1 Model Description

The current MESH modelling system was first developed by Pietroniro and Soulis (2003) for the
Mackenzie GEWEX program. It was then integrated with Environment and Climate Change
Canada’s Modeélisation Environnementale Communautaire (MEC) community model and
renamed ‘MESH’ (MEC — Surface and Hydrology) to emphasize its coupling of hydrological and
land-surface processes at a watershed-scale (Pietroniro et al., 2007). The version of MESH used
for this research (r1221) adds the “WATROF’ algorithms (Soulis et al., 2000, 2011) that have
added topographic slope to the land surface column, an enhanced algorithm for overland flow,
and lateral subsurface interflow, to the Canadian Land Surface Scheme (CLASS; version 3.6)
and couples this with the distributed two-dimensional river channel flow routing algorithm,
called WATROUT, found within the Waterloo Flood Forecasting Model (WATFLOOD) and
its WF_ROUTE configuration (Kouwen, 1988). WATFLOOD is a numerical hydrological
model which was developed to simulate hydrological processes within a watershed with an
emphasis on streamflow forecasting including major flooding events for watersheds ranging
from 100 km? to 10,000 km? in area (Kouwen, 1988). MESH uses WATFLOOD’s algorithms
to simulate streamflow using a one-directional drainage approach where a portion of the
accumulated soil and surface water within each spatially defined grid cell drains into a single
neighbouring cell. The direction of flow from a spatially defined grid cell in WATFLOOD
follows the commonly used eight direction (D8) flow model developed by Jenson and Domingue
(1988). (1988). This WAT- CLASS/MESH configuration has been used extensively in other
watershed-scalesimulations involving MESH (Haghnegahdar et al., 2014; Mekonnen et al.,
2014; Xu et al., 2014; Haghnegahdar et al., 2015; Alavi et al., 2016).

CLASS (Verseghy, 2012) was originally developed for use as the land surface scheme in the
global and regional climate models of Environment and Climate Change Canada. CLASS

includes a single layer vegetation canopy and represents surface-atmosphere radiative and



turbulent (sensible and latent heat) exchanges, soil thermal properties, the soil water budget
as well as snow on the ground and canopy (Bartlett et al., 2006) at a fine temporal (30 minutes)
resolution. The current version of CLASS (v 3.6) incorporated into MESH, includes the
addition of a variable soil permeable depth, organic soil layers and improvements to many of
its thermal and hydrological algorithms (Verseghy, 2012). To represent spatial heterogeneity,
CLASS is parameterized using GRUs (Grouped-Response Units), which are the sub-category
of spatial grid cells. GRUs have no unique spatial component within their respective spatially
defined grid cell but are rather considered to be a weighted fraction of the land-cover usage
within the cell (Kouwen et al., 1993; Soulis et al., 2000). Furthermore, within each GRU is a
weighted distribution of the different land use categories, which are parameterized as plant
function types (PFTs). PFTs serve as the functionality of the basic vegetation algorithms
within CLASS. Excluding the mixed forest land-use category, all GRUs contain only one
dominating PFT. The four PFTs in CLASS excluding urban land-use, are: needleleaf trees
(NL), broadleaf trees (BL), crops (CR) and grasslands (GR) (Verseghy et al., 1993). Urban
areas are treated very similarly to vegetated areas, but they are assumed to be areas of bare
soil with a high roughness length. Although CLASS simulations have traditionally employed
three layers (Verseghy, 1991; Soulis et al., 2000; Pohl et al., 2005; Huang et al., 2011), this
study used a total of six layers with respective thicknesses of 10, 25, 25, 25, 25 and 300 cm.
Using multiple soil layers in the root zone helps to improve the model’s dynamic root system
processes as well as the soil water regime. Without WATROF, soil water could only leave the
GRU through overland runoff, evapotranspiration, or drainage at the bottom of the soil column
(Snelgrove, 2002). When CLASS is coupled with WATROF, additional algorithms are used
to simulate sloped overland runoff and runoff from lateral interflow from the individual soil
layers (Soulis et al., 2000; Snelgrove, 2002). The lateral flow components introduced by
WATROF are (1) overland flow (qover), the excess water at the surface moving towards the
streamflow network in the grid cell, and (2) interflow (qint), the lateral subsurface flow. Both
components consider the impact of topographic slope. The calculations for each of these
additional components are derived from Soulis et al. (2000), and are respectfully described by

the following set of equations:
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Where, Dp is the drainage density, Kso is the horizontal saturated hydraulic conductivity at the
surface, n is manning’s roughness coefficient, O is the saturated volumetric water content, de
is the depth above the ponded water, f is an exponent, D is the depth the soil layer, e is an
exponent normally between 1 and 5 and A, is the topographic slope of the GRU. Equation (2)
is a re-parameterization of the Richard’s equation for unsaturated flow in a porous media
(Richards, 1931). The one-dimensional vertical structure of CLASS has been retained for
thermal exchanges. Therefore, all thermal-related properties within a GRU are independent of
other GRUs. The estimates of snowfall are accomplished by partitioning incoming
precipitation into snowfall and rainfall using empirically derived equations. This study
assumed that any precipitation falling below an air temperature of 0 °C would be assumed as

SNOW.

As mentioned earlier, in this study, the coupled CLASS-CTEM (Canadian Land Surface
Scheme - Canadian Terrestrial Ecosystem Model; Melton and Arora, 2016) was incorporated
into MESH as a new land-surface model. Figure (1) provides visualization of the key physical
and biogeochemical processes and interactions of MESH with CLASS-CTEM. The WATROF
algorithms represented by equations (1) and (2) were preserved from MESH with CLASS (v
3.6) into CLASS-CTEM. A unified modelling language (UML) diagram visualizing MESH-
CTEM’s coded structure including input and output files is given in Figure (2). This
implementation of MESH with CLASS-CTEM allows users to turn-off its CTEM algorithms
such that MESH is able to use updated version of CLASS (v 3.6.2) included with CTEM
instead of the older version (v 3.6) currently distributed with its code. For comparison



purposes to assess only the impact of adding the ecological and biophysical components added
by CTEM to MESH, simulations referred to ‘MESH-CLASS’ will be using the updated
version of CLASS (v 3.6.2) available by CLASS-CTEM but with all CTEM algorithms turned
off. Simulations referred to ‘MESH-CTEM’ will be using CLASS-CTEM with its CTEM

algorithms turned on.

CLASS-CTEM itself is a coupled model which incorporates CLASS’s land surface
parameterizations but adds photosynthesis, a carbon cycle and dynamic vegetation capability
through coupling with CTEM (Canadian Terrestrial Ecosystem Model; Arora and Boer, 2005;
Melton and Arora, 2016). CLASS-CTEM is used as the land surface model in the Canadian
Earth System Model (CanESM) (Arora et al., 2009; Shao et al., 2013).

Being a dynamic vegetation model, the functionality of this CTEM version is to simulate
carbon processes such as photosynthetic productivity, respiratory fluxes in both soil and
vegetation and the distribution of carbon into different carbon pools with respect to its nine
PFTs (Arora, 2003; Arora and Boer, 2005). Version 2.0 of CTEM is described extensively in
Melton and Arora (2016). CTEM simulates all of its processes on a daily time scale, the only
exception being modelled photosynthesis which is calculated on the timestep of CLASS
(usually 30-minutes). There are five carbon pools within CTEM, with three being live (leaves,
stem and roots) and two dead (litter and soil carbon). Net ecosystem productivity (NEP) is the
net difference between gross ecosystem productivity (GEP) and ecosystem respiration (Re).
The CLASS PFTs correspond to the CTEM PFTs as follows the needleleaf trees are divided
into their evergreen (NDL-EVG) and deciduous sub-types (NDL-DCD), broadleaf trees are
divided into their evergreen (BDL-EVG), cold-deciduous (BDL-DCD-COLD) and drought-
deciduous sub-types (BDL-DCD-DRY), crops into C3 (C3-CROP) and C4 (C4-CROP) sub-
types, and grasses into their respective C3 (C3-GRASS) and C4 (C4-GRASS) sub-types.
Default CLASS uses the Jarvis-Stewart method to estimate canopy resistance (rc) (Jarvis,
1976). However, CLASS-CTEM is designed to calculate rc using either the Ball-Woodrow—
Berry (BWB) model (Ball et al., 1987) or the Leuning model (Leuning et al., 1995). For this
research, the Leuning model will be applied, which calculates rc with the following function:
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where m, b and Do are vegetation dependent parameters, A, is net canopy photosynthesis rate,
I" is the CO2 compensation point, D is the vapour pressure deficit and L is the total LAI (Leaf
Area Index). Rooting depth for each PFT in CTEM is calculated based on their respective
available root biomass and the estimated root density decreases exponentially in the soil

column (Arora and Boer, 2003).

Later on, Huang et al. (2011) incorporated N cycling in the model to develop CLASS-CTEM-N+
model. It includes biological fixation and soil mineralization, nitrification and denitrification
routines to simulate N constraints on carbon cycling in vegetation ecosystems (Huang et al., 2011).
CLASS-CTEM-N+ has been test at both site-level and global scales (Huang et al., 2016a; Huang
et al., 2016b).

In addition to the carbon fluxes and dynamic vegetation simulations, integrated MESH-CTEM
includes nitrogen cycling algorithms as well following Huang et al. (2011) and Huang et al.,
(2016a, b). However, due to limited observed data for certain PFTs, nitrogen components

were turned off for the MESH-CTEM simulation in the Big Creek watershed.

2.2 Study Area

The MESH-CTEM model was tested at the Big Creek watershed in southern Ontario, Canada
from October 2004 to December 2017 using observed eddy covariance flux, meteorological,
biometric and hydrologic data (Figure 3). Big Creek watershed is a 573 km? crop-dominated
catchment with significant coverage of broadleaf and needleleaf forests. Although numerous
MESH research projects have used watersheds with an area larger than 1000 km? (Pietroniro
et al., 2007; Mekonnen et al.; Haghnegahdar et al., 2014, 2015; Yassin et al., 2017), using a
relatively smaller watershed in this study was preferred due to the limited availability of

biometric, energy, water and carbon flux data and initialization values for CTEM’s carbon



pools and other vegetation parameters. Furthermore, using the slope estimation algorithm
described by Burrough and McDonnell (1998), the area was characterized to be relatively flat

with a mean slope incline of 2.05 %, with a standard deviation of 2.17 %.

Using the 2010 30 m land-use dataset from Latifovic et al. (2017), the land-use distribution
of Big Creek watershed is given in Table 1, with the majority of the land mainly being
cropland. The main crops growing within the watershed are soybeans (Glycine max), corn
(Zea mays L.) and mixed grains, although precise annual numbers vary (Long Point Region
Conservation Authority, 2008). Most of the forest cover within the watershed are planted
stands over previous farmland that was cleared in the early 20" century (Zavitz, 1961). During
the 1910s for example, only 10 % of Norfolk county including the Big Creek watershed was
forested (Richardson, 1953), but this has increased to 25 % presently through various
plantation programs implemented in the 1940s and 1950s to combat soil degradation.
Furthermore, the watershed is relatively homogeneous in soil texture with approximately 90
% of the watershed being covered by the Norfolk sand plain, while the remaining areas are
covered by the Haldimand Clay plain; primarily in the south closer to the shores of Lake Erie
(Chapman and Putnam, 1984; Long Point Region Conservation Authority, 2008). The only
urban settlement is the hamlet of Delhi, with a population of 4,172, while numerous rural

homes are also scattered within the basin, (Statistics Canada, 2012).

Observed flux and biometric data from two nearby Global Water Futures (GWF) Program’s
Turkey Point flux observatory sites were used in this study (Figure 3), TP39 (42.71 °N, 80.35
°W) and TPD (42.63 °N, 80.55 °W), registered with FluxNet Canada under CA-TP4 and CA-
TPD respectively. TP39 is a monoculture pine plantation forest planted in 1939 with partial
thinning treatments in 1983 and 2012 (Peichl and Arain, 2006; Peichl et al., 2010). TPD is
about 90-year old deciduous forest with dominant tree species of white and red oak (Quercus
albaand Q. Rubra) (Kula, 2013; Beamesderfer et al., 2019). Initialization parameters for TP39
and TPD sites are given in Table 2. Energy, water and carbon flux measurements have been
taken at TP39 since 2003 and at TPD since 2012 using eddy covariance systems (Peichl et al.,
2010; Beamesderfer et al., 2019). Observed energy flux data from crops were obtained from
the Elora FluxNet site (43.65 °N, 80.42 °W). Crops planted at Elora were corn for 2005, 2007,
2016 and 2017, while soybeans were planted in 2006. Carbon flux values from a corn site
were gathered from FluxNet’s US-I1B1 site (41.86 °N, 88.22 °W).



According to the Kodppen climate classification scheme, this area is mostly comprised of a
humid continental climate (Peel et al., 2007). Based on a 30-year average of observed weather
data (1981 - 2010) from the Delhi Hydrometric Station (42.87 °N, 80.55 °W), mean monthly
temperature range from 21.1 °C in July to -9.1°C in January with a mean annual temperature
of 8.0 °C. The average precipitation falling at Delhi over that same 30-year period is 1036 mm
year?. The average monthly streamflow of Big Creek recorded at ECCC’s Walsingham
Hydrometric station (42.68 °N, 80.54 °W) ranges from 7.8 m® s in March to 2.6 m3 s in
September.

Figure (4) provides an illustration of the observed forcing data used in the model. Some
notable weather periods were observed over the 2004-2017 study period, such as a summer
drought in 2007, a warm period in the 2005-2006 winter and significant high streamflow
events during the winter of 2008-2009.

2.3 Model Parameters and Forcing Data

The input data required for MESH-CTEM are the meteorological forcing data, CLASS-specific
surface and soil parameters, hydrological-specific parameters, a drainage database containing
the data pertaining to the watershed, and initial values with respect to temperature, soil

water content and snow depth.

The simulation for Big Creek does not require an ultra-high resolution for its spatial grids as
there is a lack of small-scaled streamflow variability due to a relatively flat terrain. Given the
catchment’s size and topography, the resolution chosen for the drainage database grids is ~2.7
km? (0.02° latitude x 0.02° longitude). There are 210 active grid cells being simulated with
209 assumed to be within the basin area. The land-use information given to these grids was
the data set provided by Latifovic et al. (2017) which had a resolution of 30 m x 30 m and is
considered representative of land-use in 2010. All land-use data were then converted into the
weighted distribution of land-cover for each 2.7 km? grid cell. With a total of nine land-use
categories excluding waterbodies, each of the CLASS and CTEM PFTs were defined using
this land-use data set. Furthermore, the watershed delineation process described by Jenson
and Domingue (1988) was used to define the watershed area of Big Creek draining towards
the Walsingham Hydrometric Station. The Digital Elevation Model (DEM) used for the



delineation process was provided by Natural Resources Canada (NRCan) with a resolution of
3/4 arc-seconds (approximately 22.5 m). This DEM was also used to derive elevation and
slope for the drainage database file. Because of the simulated area being relatively small and
due to the homogeneity among the different land-use types, the same sets parameters and
initial conditions were assigned to each representative grid cell to its respective GRUs as
shown in Table (1). Finally, for the drainage data it was assumed that there is only one river

class parameterization for routing parameters for the whole domain.

CTEM also calculates stomatal resistance values such that associated parameters in CLASS
used to calculate previously used to calculate stomatal resistance are no longer used. For the
default MESH simulations using CLASS as its land surface model, the Jarvis-Stewart
parameterization method was employed. For the MESH-CTEM simulations the canopy
resistance was calculated with respect to photosynthesis using equation (3). Initial values for
all six of its carbon pools were provided from the observations made at the nearby Fluxnet
tower sites as described in Table (2). Only five CTEM PFTs were assumed to be present in
the Big Creek watershed. These PFTs include NDL-EVG (Needleleaf Evergreen) BDL-DCD-
COLD (Broadleaf Deciduous Cold), C3-CROPS (C3 Crops), C4-CROPS (C4 Crops) and C3-
GRASS (C3 Grasses). The only major change to the internal parameters within CTEM were
those related to crop harvest and changes to the photosynthesis temperature ranges. By default,
crops are harvested once a certain temperature threshold is reached or when Leaf Area Index
(LATI) has reached some threshold. In order to more accurately simulate the timing of the
harvest given modelled growth, the maximum LAI before a simulated harvest was change
from 3.5 and 4.5 m?> m~2 to 1.0 and 3.5 m? m2 for C3-CROPS and C4-CROPS respectively.
The upper and lower temperature limits of photosynthesis were also changed for the forest PFTs
to reflect observations made at TP39 and TPD.

The initial soil temperature and water content in all three layers were estimated from
observations made at TP39 on October 1% 2004 and given to the needleleaf and broadleaf
GRUs. The initial water content for the crops GRU was set relatively higher to reflect the
streamflow a few days into the simulation. For the three layered simulations, layers one to
three were initialized using observations at depths of 5 cm, 20 cm and 100 cm respectively
averaged from two separate observation points. For the six layer simulation, the bottom four

layers were given all the same initial condition in order to replicate the three layer initialization
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values.

Finally, the forcing data used in the model includes incoming shortwave radiation, incoming
longwave radiation, air temperature, specific humidity, wind speed, precipitation, and
barometric pressure. This forcing data was obtained as gridded average values for each model
grid-cell across the watershed at an hourly time scale. With the exception of precipitation, all
forcing data were gathered from the Regional Deterministic Prediction System (RDPS) from
ECCC (Mailhot et al., 2006). The precipitation data were obtained from Canadian
Precipitation Analysis (CaPA) (Mahfouf et al., 2007). RDPS data was inputted at an hourly
temporal scale but was averaged to a 30-minute scale when used within CLASS. The CaPA
model outputs were in a 6 hour temporal with each CLASS 30-minute iteration using the same
precipitation rate within a 6 hour period. The meteorological and precipitation data used in
the model were cross-checked with precipitation data from flux tower site locations. In terms
of spatial variability between grid-cells for the forcing data, the data were relatively
homogeneous as the standard deviations are relatively small. As a measurement of spatial
variability of the forcing data, the mean of the spatial average deviations from the spatial
mean are 0.46 C° for temperature, 2.67 mm day * for precipitation 1.8:10* kg kg for
specific humidity, 8.4 W m~2 for incoming shortwave radiation, 5.3 W m~2 for incoming
longwave radiation, 0.12 m s™! for horizontal wind speed and 231.9 Pa for atmospheric
pressure. The streamflow data at the Walsingham Hydrometric Station were recorded by
ECCC and accessed from the Water Survey of Canada National Water Data Archive

(https://wateroffice.ec.gc.ca/mainmenu/historical data index e.html). The extracted

streamflow data were aggregated to a daily time-scale.

2.4 Model Calibration

An automatic calibration process was applied to the default MESH simulation (MESH-
CLASS) to find the best parameter values for GRUs in the Big Creek catchment using the
Dynamically Dimensioned Search (DDS) algorithm (Tolson and Shoemaker, 2007). Because
of the ability of DDS to calibrate a large number of parameters within multi-scale distributed
hydrological models, DDS has been a popular option for calibrating MESH simulations
(Dornes et al., 2008; Haghnegahdar et al., 2014; Davison et al., 2016). The calibration was
performed using the Ostrich optimization and calibration software (Matott, 2017).
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DDS attempts to find the best set of model parameters by running a simulation several times,
providing a candidate parameter solution for each simulation. The only parameter needed for
the calibration algorithm was a scaler perturbation parameter determining the change of
parameters between calibration simulations, which was set to 0.2 as recommended by Tolson
and Shoemaker (2007). A total of 200 simulations were used for the calibration process
which was the total number of simulations used before the DDS algorithm converged to a solution
with respect to its objective function. In terms of assessing and testing model performance, a given
set of parameters was compared to the current and best parameter solution by a user-defined
objective function. The objective function for this calibration process was the Nash-Sutcliffe
efficiency (NSE) index (Nash and Sutcliffe, 1970) of simulated vs observed daily streamflow at

Walsingham Hydrometric Station. With respect to our simulation, NSE was calculated as:

(07 — gim)’ (4)

NSE =1 — —
ln=1(Qiobs _ Qobs)

where i is the current simulated day, n is the number of observations, Q°* is the observed

volumetric streamflow, Q%™ is the simulated streamflow and Q°Ps is the mean of the
observed streamflow. The benefits of calibrating MESH with respect to streamflow have been
well-documented (Haghnegahdar et al., 2014, 2015; Yassin et al., 2017). However, for model
inter-comparison purpose, final MESH and MESH-CTEM simulations were performed using
6-soil layers and the same set of initial parameters as derived using Default MESH model and
DDS methods. Findings of model inter-comparison are described in the results section. In
order to limit the number of parameters being calibrated, the needleleaf and broadleaf
calibrated hydrological parameters were grouped together, as well as crops and grasslands.
Additionally, the ranges for the calibration parameters excluding soil texture parameters were
based on ranges from previous MESH calibrations from the great lakes region (Haghnegahdar
et al., 2014). Calibrated soil texture parameters were restricted to ranges associated with sandy
soils due to the known local soil characteristics and previous simulations using CLASS-CTEM
(Huang et al., 2011).
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2.5 Statistical Analysis

In order to compare the outputs of MESH-CLASS and MESH-CTEM with observed data, a
number of statistical methods were used. Equation (4) was used to estimate the accuracy of

simulated carbon (Huang et al., 2011).

For measuring the errors, Mean Absolute error (MAE) and Root Mean Square Error (RMSE)

were used as described below:

(5)
1 n
RMSE = —Z(Pi —0,)?
n i=1
i=1|P = O (6)

MAE =
n

Where n is the total number of observations, P; is an estimated value at time i and O; is an
observed value at time i. An F-test was calculated for the respective simulations using the

following:

o il - i)’ )
Z?(J’i - fz(xn))z

where vy; is the observed value while fi(xi) and f2(xi) are the estimated/modelled values

given the input x; at time 1i.
3. Results
3.1 Calibrations

The resulting parameters from the DDS calibration process are given in Table (3) along with
the simulated streamflow from both the MESH-CLASS and MESH-CTEM models for 6-soll
layer formulations compared to the observed values at the Walsingham hydrometric station

(Figure 5). Comparisons for simulated monthly averaged streamflow versus observations from
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3- and 6-soil layer model formulations are shown in Figure (6). A summary of the streamflow
results including parameter values for their respective GRUs is given in Table (4). MESH-
CTEM had a much larger total annual discharge, with the total water contributing to
streamflow increasing by 72 % and 42 % for the 3- and 6-soil layered model simulations. For
the 3-soil layer simulations, the NSE value of MESH-CLASS was -0.16, while MESH-CTEM
had an NSE value of 0.43 for respective streamflow ranges of 0.1 to 37.5 m3 st and 0.35 to
37.2 m3 s~ For the 6-soil layer simulations, the MESH-CLASS NSE value was 0.12 and the
MESH-CTEM NSE was 0.38, with respective streamflow ranges of 0.35 to 49.6 m*s™* and
0.35t039.13m® s71,

Overall, MESH-CTEM did well in estimating streamflow at the Walsingham Hydrometric
Station over the 13-year period. Furthermore, the periods of low flow were significantly
improved, such as the summers of 2007, 2010 and 2016. However, MESH-CTEM still slightly
underestimated these low flow periods and both models were unable to accurately simulate
high streamflow events such as the spring melting events of 2009, 2011 and 2016 and the large
spikes in streamflow during the winter of 2008-2009.

3.2 Hydrological Processes

Comparisons of monthly mean observed and simulated volumetric water content (VWC) in
soil layers in the NDL-EVG PFT as well as modelled snow cover are shown in Figure (7).
Observed VWC was measured at 5, 20, 50 and 100 cm and averaged from two different
measurement locations at TP39 approximately 30 m away from each other. With respect to
those observational depths, MESH-CTEM was able to simulate VWC quite well for soil layers
(e.g. VWC1, VWC,, VWC3 and VWCs in Figure 7) with respective R? values of 0.17, 0.42,
0.64 and 0.40. Furthermore, the addition of CTEM into the soil-water regime did noticeably
change VWC in all layers in terms of overall magnitude and patterns. Surprisingly, the most
noticeable and significant modelled change was for VWCs, where there was a significant
increase of soil water for nearly the entire simulation period. For the upper layers however, the
most significant changes to VWC were mostly during periods of drought. For instance, the
mean difference in simulated daily mean VWC between MESH-CLASS and MESH-CTEM
simulations for all six layers is 0.006, 0.010, 0.011, 0.022, 0.032 and 0.042 m® m3,
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respectively. Using equation (7), the overall difference in the daily mean values of the
simulated VWC by both models are all significant with p < 0.01. During droughts and when
the soil is near the minimum residual soil water content (VWC = 0.04), MESH-CTEM was
able to retain more water than MESH in its upper layers such that wilting point is often delayed
by a few days. For example, the changes in VWC; before the soil hits pre-defined wilting point
minimum residual soil water content are the most significant changes (Figure 7). Due to the
unrealistic and brief time period of the percent of frozen water within the soil simulated by

MESH-CTEM, modelled frozen water content is not shown in Figure (7).

The differences between MESH-CLASS and MESH-CTEM simulated components of lateral
soil water flow (qint) and drainage from the bottom of the soil (gsase), and water loss through
transpiration for all four CLASS PFTs within the respective GRUs (QFC,) for the entire
simulation period (13 years) is shown in Table (5). Although there were some periods of
simulated overland flow, their overall contribution to the soil water regime was insignificant
(p > 0.05). The differences between MESH and MESH-CTEM simulated components of
lateral soil water flows (Qgase and gint) and water loss through transpirationfor all canopy layers
(QFC,) for all four CLASS PFTs for the entire simulation period (13 years) is shown in Table
(5). Although there were some periods of simulated overland flow, their overall contribution
to the soil water regime was insignificant (p > 0.05). When activating CTEM with respect to
a calibrated MESH, There was a noticeable increase in interflow and baseflow for all PFTs
except a slight decrease in interflow for NDL-EVG. For transpiration, there were a number of
changes for each canopy layer for each PFT (Table 5). Overall, there was not any significant
change in the transpiration loss from the first soil layer for the forested PFTs (QFC1). The
crops and grass PFTs had a much more dramatic decrease in QFC1. Values of QFC below the

first canopy layer experienced a noticeable decrease for all PFTs.

Time series of the daily mean values of latent heat (Qe) and Sensible heat (Qn) fluxes
simulated by MESH-CLASS and MESH-CTEM for each of the major CLASS PFTs and the
subsequent CTEM PFTs in the catchment and observed Qe from forest sites (TP39 and TPD
as daily means) and crops (Elora station as monthly ensemble means) are shown in Figure (8)
and (9) respectively. Note that the Crops PFT in the MESH-CTEM simulation is separated
into their respective C3 and C4 classifications. Comparison of MESH-CTEM’s monthly mean

values of Qn and Qe in energy fluxes for the forest PFTs against observations at TP39 and
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TPD are shown in Figure (10). The decrease in Qe by MESH-CTEM was significant for a
paired t-test with p < 0.01. These decreases occurred year-round for all PFTs. The annual
average values of Qe for the MESH-CLASS and MESH-CTEM models were 63.8 to 47.6 W
m for needleleaf forests; 63.4 to 43.5 W m™ for the broadleaf forests; 38.0 to 25.8 W m™ for
crops and 45.1 to 32.6 W m for grasses. Similarly, C3-CROPS had an overall annual increase
ranging from 28.3 to 23.6 W m2. However, the change in Qu in crops is not as dramatic as
in the forested PFTs and there were a few years where Qn experienced an overall decrease.
C3-GRASS was the only PFT where annual Qn flux decreased every year from 53.3 to 30.4
W m™2. The annual Qu for the forest PFTs seems to have a net increase from the MESH-
CTEM, ranging from 36.9 to 56.4 W m2 for NDL-EVG and 20.4 to 35.1 W m2 for BDL-
DCD-COLD. These changes in Qe and Qn created more realistic simulations given
observations at TP39 and TPD sites. Observed annual fluxes seen for Qn at TP39 and TPD
was 30.9 and 24.3 W m2respectively, while the Qg at the same sites was 35.6 and 29.9 W m-
2, Although annual energy fluxes at TPD might be more relatively accurate, the relatively
large variabilities seen in Figures (8), (9) and (10) make it more difficult to estimate than TP39

on a monthly and daily time scale.

A summary of monthly accuracy of evapotranspiration at the TP39 forest site with respect to
both models is given in Table (6). The MAE and RMSE decreased for all months once CTEM
was implemented in MESH-CLASS. The simulated ET by the MESH-CTEM decreased for
each month and average annual ET was only 12.6% higher than the observed ET value. A
paired F-test showed that MESH-CTEM significantly decreased overall annual ET while
increasing accuracy as compared to the observed evapotranspiration values with p < 0.01.
Over estimation of evapotranspiration by MESH-CTEM occurred mostly during the winter
months. The summer and autumn months were relatively accurate with some months slightly
underestimating ET. These seasonal patterns were very similar to those shown for BDL-DCD-
COLD simulations and the comparisons made at TPD (Table 6). Furthermore, the periods of
low flow were significantly improved, such as the summers of 2007, 2010 and 2016. However,
MESH-CTEM still slightly underestimated these low flow periods.

3.3 Carbon Fluxes

MESH-CTEM simulated daily mean carbon fluxes and observed fluxes for the NDL-EVG and
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BDL-DCD-COLD PFTs are shown in Figure (11). A monthly scatter plot of the same fluxes
including their respective monthly RMSE and NSE values are shown in Figure (12). Even
when averaged on a monthly time scale, Figure (12) shows the relatively larger variability of
carbon fluxes for the deciduous simulations as compared to the evergreen simulations. On a
daily scale, the simulated GEP, Re and NEP for the NDL-EVG PFT had estimated NSE values
of 0.79, 0.82 and 0.38, respectively. The mean annual values of simulated fluxes for the same
three components over 2005 to 2017 period were 1456, 1239 and 217 g C m? yr
respectively. In contrast, the observed mean annual GEP, Re and NEP values before the
thinning event of 2012, which was not represented in the model, were 1411, 1244 and 167 g
C m yr 1, respectively, with the respective mean daily values ranging from 0.001 - 11.15 g
Cm™20.95-8.34gCm2and-3.20 - 4.48 g C m 2 respectively. For the fluxes within the
BDL-DCD-COLD PFT, the mean annual values of simulated fluxes were respectively 1257,
1048 and 208 g C m? yr %, while the observed fluxes at the TPD site were 1347, 1184 and 163
g C m? yr ! respectively. A lot of the underestimations of NEP can be attributed to the
relatively large decrease of GEP during drought years such as 2007 and 2016. It appears that
CTEM’s decreasing rate of GEP is more sensitive to relatively severe inter-annual droughts
than what was observed at the FluxNet sites. However, estimations of carbon fluxes are much

more accurate during non-drought years.

Cumulative values of NEP for all study years (2005 to 2017) are shown in Figure (13). The
annual mean NEP for each PFT over the study period is 200, 209, -10, 60 and 97 g C m2 for
NDL-EVG, BDL-DCD-COLD, C3-CROPS, C4-CROPS and C3-GRASS, respectively. The
forest and grass NEP values reflect the total changes in all five active carbon pools summed
together. However, C3-CROPS and C4-CROPS experienced a complete removal of their
stem, root and leaf carbon pools in winter as expected. Because of this most of the annual
changes in NEP for both crop PFTs were due to changes in their litter and soil carbon pools.
While most years experienced positive NEP for all PFTs, the least productive years for all
PFTs were the drought years such as 2007 and 2016.

An ensemble summary of the NEP fluxes within the different PFTs compared to available data for
all simulation years (2005-2017) is shown in Figure (14). The daily mean GEP ranged from
0.004 to 11.2, 0.0 to 15.1, 0.0 to 5.42, 0.0 to 28.5 and 0.0to 8.47 g C m~2 yr %, while the
Re ranged from 0.95 to 8.35, 0.59 to 8.01, 0.13 to 2.28, 0.45 to 11.1and 0.43t04.8g C
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m~2 yr! for EVG-NDL, BDL-DCD-COLD, C3-CROPS, C4-CROPS and C3-GRASS

respectively.
3.4  Catchment-scale budgets

On average, contribution to NEP flux for the land use categories of needleleaf, broadleaf,
mixed, crops and grassland for the entire basin was approximately 0.4 %, 27.8 %, 15.7 %, 1.1
% and 55.4 %, respectively. A mapped output of annual average QH, Qe, Rn (Net Radiation),
GEP, Re and NEP over the Big Creek catchment for all model grids is shown in Figure (15).
The model behaved as expected by estimating the largest exchanges of Qe for the forested
areas, whereas areas with crops experienced relatively small Qe. When taking the gridded
average, the GEP, Re and NEP values from the basin were 660, 640 and 20 g C m™2 yr!
respectively. While the gridded averages of Qg, Qn and Net Radiation are 33, 27 and 60 W
m~2. The upper and lower ranges of grid outputs originated from grids which were relatively
homogeneous. For example, the grid with the highest annual Qe (49 W m™) is also the grid
with the highest concentration of the Broadleaf land-use type (78 %). In contrast, the grids on
northern areas of the catchment are estimated to have lower Qg fluxes due to the relatively

higher concentration of crops in that area.
4. Discussion

Calibration of MESH-CLASS using streamflow data from the Walsingham Hydrometric
Station for the Big Creek catchment had a few limitations. For instance, the model was unable
to adequately replicate high streamflow events, including a maximum daily value of 75.4 m3
s~ 1 experienced in the winter of 2008-2009. The high peaks during those winters were due to
the high volume of snowmelt caused by unusually energy fluxes and high temperatures such
as an observed daily mean temperature of 9.0 °C and a daytime high of 14.2 °C on December
27", 2008 (at TP39). Haghnegahdar et al. (2014) had described similar limitations while
calibrating MESH streamflow for their Great Lakes basin simulations during this period due
to the inability of the model to estimate the high melt of snow and ice. We also observed
similar limitations while using MESH-CTEM in the Big Creek catchment where

underestimation of peak streamflows are consistent with an underestimation of snow cover
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and in turn, an underestimation of snow melt. Furthermore, 73.8 % of the Big Creek catchment
was covered by crops. This dominance would have caused some limitations in the calibration
as having a crop dominant GRU for a single basin calibration strategy has been found to
perform less accurately than having a more equal distribution of multiple land-use types
(Haghnegahdar et al., 2014). Furthermore, streamflow may also have been changed due to an
underrepresentation of irrigation processes within the crop areas in the region. Specifically,
CLASS-CTEM currently only represents crop irrigation by reducing the crops moisture stress.
Despite the difficulty of determining how irrigation processes contribute to changes in
streamflow in the Big Creek watershed, it is very likely that irrigation schemes within the
watershed have been decreasing streamflow with significant decreases of summer flows as
most water is pumped in the summer from streams or human constructed ponds within the
watershed that contribute in reducing streamflows (Long Point Region Conservation
Authority, 2008; Shortt et al., 2009). Although there was no significant change between the
3-layer and 6-layer models for MESH-CTEM, MESH streamflow estimates were significantly
different between the 3-layer and 6-layer models. VVolumes of qint in the deepest layer during
the 3-layer simulation of MESH-CLASS were relatively small given its relatively larger
depth. However, adding more layers closer to the surface created a more continuous flow
representation with respect to depth and thus contributed more to overall qint and eventual
streamflow. Since the deeper layers in MESH-CTEM already had relatively significant
contributions of qint in its 3-layer simulation and had more uniform values of qint With respect

to depth, the additional layers did significantly less in streamflow contribution.

Although MESH calibrations have generally focused on using streamflow and a single
objective approach (Pietroniro et al., 2007; Haghnegahdar et al., 2014; 2015), multi-objective
calibration approaches have gained much recognition recently including within the MESH
user community (Davison et al, 2016, Yassin et al., 2017). A multi-objective approach should
be considered if MESH-CTEM is calibrated for future studies as the accuracy of carbon fluxes
and dynamic vegetation growth would not be fully represented, if a single-objective approach
based on streamflow is used. A multi-objective calibration approach involving observed
streamflow, evapotranspiration and net ecosystem productivity from flux towers should
therefore be considered for future MESH-CTEM calibrations. In the literature, similar

approaches have been used to calibrate ecohydrological models to simulate hydrological and
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vegetative processes (Sinnathamby, 2014; Tang et al., 2018).

In this study, simulated streamflow by the MESH-CLASS and MESH-CTEM models was
significantly different with MESH-CTEM having higher amounts of available water for
lateral flow and streamflow. These underestimations in MESH-CLASS were largely due to
use of static CLASS parameters used to calculate stomatal resistance. Although these set of
CLASS parameters are preferably calculated in-situ at the modelled location (Verseghy, 1991,
2011), many CLASS and MESH simulations continue to use these generalized parameters in
their initialization files (MacDonald, 2016; Davison et al., 2016; 2019) or by calibrating them
(Davison, 2006; Dornes et al., 2008; Haghnegahdar et al., 2014, 2015; Kornelsen et al., 2016).
Incorporation of CLASS-CTEM as a land surface model in MESH allowed an alternative

method to estimate these parameters and simulated streamflows that were more realistic.

The changes in the soil water regimes for all PFTs in MESH-CTEM as shown in Table (5)
indicate a shift in dominant flow mechanisms where a large portion of water regularly leaving
the soil through transpiration was now being released as interflow or baseflow. This shift in
the soil-water regime helped to explain the increase in streamflow and lower Qg values seen
in Figures (7) and Figure (5), respectively. For the changes in VWC in our NDL-EVG PFT in
Figure (7), the deepest layers saw more dramatic VWC changes due to changes in
transpiration and baseflow shown in Table (5). Inaccuracies in the winter VWC in the upper
layers can be explained by the freezing of soil water by CLASS. However the volumetric ice
content of the soil was too large given the field capacity of the soil and observations. The
upper soil layers in CLASS have been challenging for simulating VWC because of the
unpredictable nature of the near-surface soil with respect to changes in temperature and water
(Maheu et al., 2018).

When considering the hydrological simulations using MESH-CTEM, perhaps the most
significant change introduced was the decrease in Qe or evapotranspiration. This decrease
in Qe to more realistic levels brought about increases in modelled streamflow, energy
fluxes and volumetric soil water content. A change from the Jarvis-Stewart to Leuning
canopy resistance/conductance formulation helped in decreasing overall Qe as there were
decreases in the modelled canopy transpiration. Having the option to use the Leuning method

in CTEM also helped in improving estimates of canopy resistance (rc), as the limitations of

20



the traditional Jarvis model have been well documented (Damour et al., 2010; Gerosa et al.,
2012; Buckley et al., 2017). There was a slight overestimation of Qg in MESH-CTEM
(Figures 8 and 10) as compared to observations for the conifer forests, which was not
surprising as it has been observed by other studies (Huang etal., 2011, 2016b; Wuet al., 2016).
When compared to default MESH, MESH-CTEM’s simulated Qe values for deciduous forests
(BDL-DCD-COLD PFT) fell by 23%, with annual evapotranspiration at 594 mm yr~* (Figure
10). Even with this dramatic decrease, this was still an overestimation given observed annual
evapotranspiration value of 450 mm yr~! from 2012-2016 at TPD. These overestimations
have been previously observed for deciduous forest simulations in North America (Huang et
al., 2016b; Asaadi et al., 2018). MESH-CTEM showed a 47 % decrease in annual
evapotranspiration for crops when compared to MESH-CLASS, however, such comparisons
can be difficult due to the variations of energy budgets between different Cs-crop types
(Kelliher et al., 1995; Suyker and Verma, 2009). Unlike other land-use types, the annual
evapotranspiration cycle changed dramatically for the crops as there was a noticeable annual
spike in evapotranspiration in mid-summer due to the presence of mature Cs4 crops.
Nevertheless, the simulated mean annual evapotranspiration values for the crops by MESH-
CLASS and MESH-CTEM were 320 and 608 mm yr 1, respectively. By further subdividing
the four PFTs of CLASS to nine used in CTEM, the energy simulations are able to be more
representative by using algorithms more specific to their species. These specifications are
important due to the large differences in energy budgets within needleleaf forests (Hamada et
al., 2004), broadleaf forests (Zhou and Wang, 2016) and C3/C4 crops and grasses (Abraha et
al., 2016). Addition of wetlands and shrublands is recommended for future MESH-CTEM
simulations (Wu et al., 2016), especially when the simulated watershed contains a significant
coverage of wetlands or ponds, which would help to regulate streamflow and flooding
(Martinez-Martinez et al., 2014; Pattison-Williams et al., 2018). In essence, the changes in the
energy budget is one example of how incorporation of CTEM in MESH helps in developing

less generalized representations of ecosystems and flora in the model.

For the carbon flux results, MESH-CTEM did an excellent job in simulating GEP, Re and
NEP at the TP39 site as shown in Figure (11). T he annual and monthly values were very
similar to the observed and previously analyzed patterns at this confer forest site (Huang et
al., 2011; Trant, 2014). The carbon fluxes for all other PFTs shown in Figure (14) vary in
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terms of magnitude and timing; however, they are similar to observed fluxes at TP39, TPD
and US-1B1 sites. Similar trends were shown by previous CLASS-CTEM studies for these
PFTs (Huang et al., 2016b; Asaadi et al., 2018). The introduction of lateral soil water flow
algorithms does not hinder its modelling capabilities. The modelling of carbon fluxes and
dynamic vegetation growth for crops is often difficult as harvesting and planting times are
frequently decided by individuals and user judgement on physical indicators, independently
of phenological processes. It does not always align with model assumptions (Bonora et al.,
2014; Xu et al., 2019). For example, the timing of the peak GEP and NEP values for crops
are reflected and dependent in the choice of parameters such as the timing of leaf onset, timing
of the harvest, threshold to commence harvest and the length of the harvest. Although there
have been previous studies within or near Big Creek catchment on observing energy fluxes of
Cs crops (Davies and Allen, 1973; Bailey and Davies, 1980), there has not yet been a site
measuring carbon fluxes for Cs crops for an entire year or for the duration of a single growing
season. Due to the relative dominance of Cz crops in Big Creek catchment and throughout
southern Ontario, it will be important to set up flux observations over such crops in the future
for future MESH-CTEM and other model validation studies.

For the grid average values shown in Figure (15), MESH-CTEM was able to simulate realistic
spatial patterns of water and carbon fluxes. As expected, the highest ET rates occurred in the
southern parts of the catchment where there are more forests. One exceptional case were grids
with a strong urban land-use where there were very little carbon flux exchanges but with
relatively high rates of evapotranspiration. In this study, we used a relatively finer (0.02° x
0.02°) grid resolution, while previous regional CTEM simulations had been performed at
0.35° x 0.61° (Peng et al., 2014), 2.8° x 2.8° (Lee et al., 2017), 0.5° x 0.5° (Huangetal., 2016b)
or 1.0° x 1.0° (Shrestha et al., 2017) grid resolutions. This finer resolution is more consistent
with previous MESH studies using resolutions such as 0.167° x 0.167° (Haghnegahdar et al.,
2015; Davison et al., 2016) or 0.125° x 0.125° (Yassin et al., 2019) or 0.01° x 0.01° (Mengistu
and Spence, 2016). Having finer grid resolutions for carbon flux helps in improving the
representation of the temporal and spatial patterns of terrestrial carbon sources or sinks at a
more regional scale (Chen et al., 2003). The mapping and modelling of these sinks and sources
is becoming increasingly important due to climate change research and the need for accurately

estimating anthropogenic impacts on the global carbon cycle (Tans et al., 1990; Baldocchi et
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al., 2003; Fernandez-Martinez et al., 2019). Having a finer spatial resolution in the model will
also help in simulating PFTs growing in climate niches due to large variations in topography
in watershed scale studies (Shrestha et al., 2017). However, increasing the model grid
resolution has been well documented to cause an increase in the overall uncertainty and it may
not closely align with environmental processes occurring at relatively fine scales (Wiens et
al., 2009; Davison et al., 2016).

The continuing development of numerical models simulating the interactions between
hydrological and biogeochemical processes such as MESH-CTEM, has been deemed as
important for improving land surface models and further understanding the behaviour of
catchment-scale and regional carbon fluxes. The development of more accurate and precise
hydrological models for watershed/catchment-scale applications has also been labelled as
important in order to address issues such as flooding or water availability (Todini, 2007; Chen
etal., 2017).

Despite its current limitations, MESH-CTEM has provided the ability to spatially simulate
land surface and dynamic vegetative processes at a catchment scale. MESH-CTEM offers
alternative algorithms such that, several parameters within CLASS which would no longer
require estimations or calibrations. With the added and dynamic biophysics from CTEM, there
was an improvement in the runoff generation and overall water dynamics, and thus could be
of interest in broader MESH applications, such for flood forecasting. For researchers focusing
on CTEM, MESH-CTEM offers a mechanism in which to simulate at a relatively finer scale
by letting MESH handle the inter-grid hydrological interactions. Additionally, integrating
CTEM and MESH into a single functioning model will hopefully help future researchers to
simulate and understand the large diversity of ecohydrological processes within several
landscapes. MESH-CTEM will also help in closing existing research gaps between the
hydrological and ecological sciences. Furthermore, this study does not claim that the
improvements shown at the Big Creek catchment are clear indicators that CTEM is guaranteed
to improve MESH simulations in other domains. Thus, further testing of MESH-CTEM for
multiple catchments across different landscapes is recommended to further investigate the
impact of CTEM on traditional hydrological simulations. Additional testing of CTEM’s other
capabilities such as nitrogen cycling and adding wetlands as a PFT is recommended to further

investigate these processes and their effects on catchment-scaled hydrology.
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5. Conclusion

This study developed an integrated hydrological and biogeochemical modelling system,
MESH-CTEM by adding the CLASS-CTEM land-surface model to the MESH modelling
system. The model was tested at the Big Creek catchment in southern Ontario over the period
October 1% 2004 to December 31% 2017 using observed flux, meteorological and hydrological
datasets.

Simulated hydrological processes showed significant improvements due to changes attributed
to the parameterization of canopy conductance, soil water regimes and carbon cycle
feedbacks. Most importantly, CTEM’s indirect impact on streamflow helped to provide a more
accurate calibration procedure over the Big Creek catchment.

MESH-CTEM was able to simulate dynamic vegetation growth across all PFTs found with
the Big Creek Basin. Modelled GEP, Re and NEP values were comparable with previous
studies using CLASS-CTEM in literature and the observations from nearby eddy covariance

flux tower sites.

Overall, the development of the integrated MESH-CTEM modelling system will help
hydrologists in simulating catchment scale processes more accurately by including more
realistic vegetation phenology behaviour in model simulations. Future research using MESH-
CTEM will contribute to a greater understanding of catchment scale processes under changing
climates and provide the necessary tools to address problems within the realm of watershed

hydrology.
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Table 1: A breakdown of how each land-use category from Latifovic et al. (2017) was
broken into their respective PFTs.

Land Use CLASS PFT CTEM PFT PFT Short Name Land
Category Cover (%)
Temperate Needleleaf Trees Needleleaf Evergreen NDL-EVG 0.2
Needleleaf
Temperate Broadleaf Trees Broadleaf Cold Deciduous BDL-DCD-COLD 11.6
Broadleaf
Mixed Needleleaf & Needleleaf Evergreen & NDL-EVG & BDL- 6.8
Forest? Broadleaf Trees Broadleaf Cold Deciduous DCD-COLD
Temperate Grasses C3 Grasses C3-GRASS 0.1
Shrubland
Temperate Grasses C3 Grasses C3-GRASS <o0.1
Grassland
Wetland Grasses C3 Grasses C3-GRASS 0.1
Cropland Crops C3 Crops & C4 Crops ® C3-CROP & C4- 73.8
CROP®
Barren Lands Grasses C3 Grasses C3-GRASS 1.0
Urban Urban Urban 6.0

a Mixed Forest land-use type have Needleleaf and Broadleaf PFTs are assumed to be half

of the mixed forest category.

b Crop Class is split up into C3 crops and C4 crops which have 73% and 27% land usage
respectively (Long Point Region Conservation Authority, 2008).
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Table 2: The initial carbon pool values used in the .CTM file for the active PFTs; all
values are at the beginning of the simulated year.

CTEM PDF NDL- BDL-DCD- C3- C4- C3- Urban
EVG? COLD® CROPS® CROPS GRASS®

LAI Range (m? m™2) 7.0-8.0 0.5-8.0 0.0-40 0.0-6.0 3.0-4.0 N.A.

Vegetation Height (m) 20.2 25.7 0.5 1.2 0.1 10.0

Visible Albedo® 0.04 0.07 0.06 0.06 0.06 0.06

Infrared Albedo® 0.20 0.24 0.24 0.06 0.18 0.22

Maximum Annual Canopy 15.0 12.0 4.0 4.0 2.0 N.A.

Mass (kg/m?)

Green Leaf Mass (kg C/m?) 0.1 0.2 0.08 0.08 0.2 N.A.

Brown Leaf Mass (kg C/m?) 0.0 0.0 0.0 0.0 0.0 N.A.

Stem Mass (kg C/m?) 7.3 7.0 0.0 0.0 0.2 N.A.
Root Mass (kg C/m?) 1.9 1.5 0.0 0.0 1.2 N.A.
Litter Mass (kg C/m?) 0.5 0.5 0.1f 0.2 1.0 N.A.
Soil Carbon Mass (kg C/m?)| 3.7 2.5 2.5 2.5 2.5 N.A.

a peichl and Arain (2006), (Huang et al., 2011)
b Kula (2013)

C Initialized for both C4 and C3 crops

d |nitialized for temperate Shrublands land-use
€ Zhou (2003)

f canadell et al. (1996)
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Table 3: List of the non-site specific CLASS parameters, their respective estimated ranges

and references for those ranges used for the calibration process.

Parameter Name
(Code Abbreviation)

Range/Value

Calibrated Values
(NL & BL, CR & GR)

Sand in mineral soil volume
(SAND)?

80.0-97.0 %

93.6,94.0

Clay in mineral soil volume
(CLAY) ?

1.0-10.0%

45,5.0

Drainage index
(DRN)

0.0-1.0

0.31, 0.69

Drainage density
(DD)

2.0 -100.0 km™1

22.1,70.4

Coef. of ksat change in the first
meter of soil
(GRKF)

0.01-10

0.54,0.73

Manning’s n
(MANN)

0.015-0.035s m 3

0.033, 0.018

Saturated surface hydraulic
conductivity
(KSAT)

0.0001-0.1ms?

0.010, 0.012

WATFLOOD channel roughness
factor
(WFR2) P

0.02-2.0

1.43

a First layer sand and clay content was changed by -15% and +5%

respectively.

b Only a single river class was chosen
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Table 4: Tabular summary of the modelled and simulated streamflow.

Simulation Number of Total Annual NSE RMSE
Soil Layers Flow (km?®) (km?)
Observed - 0.2334 - -
MESH 3 0.0966 -0.14 6.21
MESH-CTEM 3 0.1661 0.43 4.39
MESH 6 0.114 0.10 5.51
MESH-CTEM 6 0.1621 0.38 4.39
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Table 5: Tabular summary of the overall changes in the soil water regime for every PFT
and the 4 major lateral soil water components from the 6 layer simulation. qint and Qggase
values shown are in m® m~2 year ! and averaged out for the entire soil profile. QFC
values are written separately for each soil layer.

Flow Component NL BL CR GR
MESH qint 0.09 0.05 0.27 0.20
MESH-CTEM Qqint 0.08 0.09 0.29 0.26
MESH Qgase 0.05 0.10 0.15 0.12
MESH-CTEM (gase 0.26 0.29 0.29 0.22
MESH QFC: 0.11 0.10 0.09 0.14
MESH-CTEM QFC: 0.10 0.10 0.05 0.06
MESH QFC: 0.15 0.14 0.11 0.18
MESH-CTEM QFC> 0.13 0.11 0.02 0.08
MESH QFC3 0.05 0.06 0.03 0.05
MESH-CTEM QFC3 0.05 0.04 0.00 0.02
MESH QFC34 0.04 0.03 0.02 0.00
MESH-CTEM QFC4 0.02 0.02 0.00 0.00
MESH QFCs 0.03 0.03 0.03 0.00
MESH-CTEM QFCs 0.02 0.02 0.00 0.00
MESH QFCe 0.13 0.14 0.00 0.00
MESH-CTEM QFCs 0.08 0.10 0.00 0.00
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Table 6: Tabular summary of monthly averaged evaporation fluxes from MESH and
MESH-CTEM in a sample NDL-EVG PFT compared to TP39.

Month Observed ET MESH ET MESH-CTEM MESH MESH-CTEM
(mm month™?) | (mm month?) ET RMSE RMSE
(mm month™) | (mmday?) | (mm day?)

January 6.9 19.5 21.3 0.762 0.755
February 7.5 23.7 25.4 0.797 0.774
March 11.1 36.5 27.5 1.17 0.93
April 26.2 78.3 51.8 1.76 1.10
May 54.9 111.0 79.1 1.97 1.14
June 76.3 122.4 88.7 1.85 1.14
July 80.2 118.4 84.7 1.69 1.15
August 73.7 101.0 76.1 1.26 0.97
September 534 78.7 60.9 1.08 0.85
October 34.7 58.3 46.5 0.88 0.80
November 14.9 32.6 26.2 0.76 0.69
December 9.0 24.6 25.1 0.92 0.94
Total 468.0 804.1 597.5 1.34 0.99
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Figure 2: A generalized visual structure of MESH-CTEM with its inputs and outputs.
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Figure 5: Comparison of the observed and simulated daily streamflow values at the
Walsingham Hydrometric Station.
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Figure 7: Modelled snow pack mass (a) and monthly mean Volumetric Water Content
(VWC) for (b) 5cm (c) 20 cm, (d) 50 cm and (e) 100 cm soil layers for MESH and
MESH-CTEM simulations versus observed values at TP39 forest site.
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Figure 8: Comparison of latent heat fluxes (Qg) from all four PFTs for MESH and MESH-
CTEM. From top to bottom, the simulations are for (a) evergreen needleleaf forests (NL),
(b) deciduous broadleaf-cold forests (BDC), (c) crops (CR) and (d) grasses (GR). Observed
values for NL, BDC and CR are from TP39, TPD and Elora observations sites.
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Figure 9: Comparison of Sensible Heat Fluxes (Qn) from all four PFTs for MESH and
MESH-CTEM. From top to bottom, the simulations are for (a) evergreen needleleaf forests
(NL), (b) deciduous broadleaf-cold forests (BDC), (c) crops (CR) and (d) grasses (GR).
Observed values for NL, BDC and CR are from TP39, TPD and Elora observations sites.
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Figure 11: Daily mean values of (a, d) Gross Ecosystem Productivity (GEP), (b, e)
Ecosystem Respiration (Re) and (c, f) Net Ecosystem Productivity (NEP) in g C m2 day*
for the EVG-NDL and BDL-DCD-COLD compared to observations at TPD and TP39
forest sites respectively. Observed values are shown as purple dots, while simulations are
shown as green lines.
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Figure 12. Comparison of monthly mean values of simulated and observed gross ecosystem
productivity (GEP), ecosystem respiration (Re) and net ecosystem productivity (NEP) in g
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Figure 13 Cumulative Net Ecosystem Productivity (NEP) for each year and each PFT

within a single GRU in the Big Creek basin.
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Figure 14: Ensemble gross ecosystem productivity (GEP), ecosystem respiration (Re) and
net ecosystem productivity (NEP) in g C m* day* for all major PFT (Green lines) with
available observed data (Red dots) from needleleaf forest, TP39 (2005-2012), deciduous
forest, TPD (2012 - 2017) and C4 crop, US-IB1 (2005 - 2016).
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