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Abstract The potential impacts of future climate change on the evolution®®f groundwater recharge
are examined at a local scale for a 546 km” watershed in eastern Canada ®R€charge is estimated
using the infiltration model HELP with inputs derived from five,climate runs generated by a
regional climate model in combination with the A2 greenhouse gas emissions scenario. The model
runs project an increase in annual recharge over the 2041-2070%period. On a seasonal basis,
however, a marked decrease in recharge during the s@fmerdand a marked increase during the
winter is observed. The results suggest that ipereased g@vapotranspiration resulting from higher
temperatures does not offset the large increase i winter infiltration. In terms of individual water
budget components, marked differences ate obtainedyfor the different climate change scenarios.
Monthly recharge values are also found te)beéaquite variable, even for a given climate scenario.
These findings are compared with results fromitwo regional scale studies.

Résumé: Les impacts potentiels des'changements climatiques sur 1’évolution de la recharge ont été
étudiés a I’échelle locale, sur un bassin versant de 546 km?* dans I’est du Canada. La recharge a été
évaluée en utilisant le modelgfd infiltration HELP et cinq scénarios climatiques issus d’un mode¢le
régional climatique, enjcombindisoft avec le scénario de gaz a effet de serre A2. Les simulations
prédisent une augmentation demla” recharge annuelle sur la période 2041-2070. Sur une base
mensuelle cependantgmune diminution marquée de la recharge durant 1’été et une augmentation
marquée en hiver sont observées. Les résultats suggerent que [1’augmentation de
I’évapotranspiration “tésulfant des températures plus élevées ne compense pas I’importante
augmentationf desgmfiltrations hivernales. Les différentes composantes du bilan hydrique montrent
des différencesfimportantes d’un scénario a 1’autre. La recharge mensuelle s’avére également assez
variablg, méme pour un scénario climatique donné. Ces conclusions sont comparées avec les
résulats'de deux études a I’échelle régionale.
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1. INTRODUCTION

Groundwater recharge can be defined as the amount of water that percolates
downward by gravity through the unsaturated zone and reaches the water table.
Reliable information on this state variable is essential for the sustainable management
and protection of aquifers. Recharge rates are governed by geology (including soil
properties), land surface features (including topography, land cover, and land use),
and climate (atmospheric forcing). Assessing climate change impacts on aguifer
recharge is not straightforward due to the complexity of the processes and ingeragtions
involved, and to date, relatively few studies have been devoted téithis“topie.
Moreover, as underscored by Arnell et al. (2001), the effect of climategchange on
groundwater recharge varies greatly between regions and betwgen elimate scenarios.
Identifying periods when water is expected to be more abundamt and predicting
periods of water scarcity is an essential step towards climateychange adaptation. This
type of assessment can be carried out by running hydsological models with various
climate scenarios generated using climate, models vand greenhouse gas (GHQ)

emissions scenarios.

Eckhardt and Ulbrich (2003)studied a 693 km”* catchment in Germany using a
modified version of the agronomic land surface model SWAT and climate change
scenarios from the EutepeandACACIA project for the A2 (high) and B1 (low) GHG
emissions scenariosgsSimilagyresults were obtained for the two scenarios, although
with stronger impacts for the A2 case. They found that the impacts of climate change
on groundwaterfreCharge and streamflow were small on an annual basis. They
attributed this gesult mainly to the fact that increased atmospheric CO; levels reduce
stomatal eonductance, thus counteracting the increasing potential evapotranspiration
duced™by rising temperatures and decreasing precipitation. More pronounced
changes were found on a seasonal basis: winter recharge increased due to earlier

snowmelt and summer recharge decreased by up to 50%.

Jyrkama and Sykes (2007) used the infiltration model HELP and statistically
downscaled climate data from global climate models (GCMs) provided in the IPCC
Third Assessment Report for a 7000 km” rural watershed in southwestern Ontario

(central Canada). They found that, on an annual basis, recharge rates would increase
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as a result of climate change for all eight simulated scenarios, from 10% to 53%.
Similar to Eckhardt and Ulbrich (2003), they observed earlier snowmelt and an

increased recharge during the winter as a result of the higher rain/snow ratio.

Toews and Allen (2009) modeled a 194 km? irrigated region in the Okanagan
Valley (western Canada), also with the HELP model and with climate projections
generated by three GCMs for the Al and A2 emissions scenarios. Their main
conclusion was that the prediction of future recharge is highly dependent ¢n the
selected GCM model. Small increases of recharge were observed on an apitual basis,
and again earlier peak winter recharge was projected as well as lowesstecharge rates

and higher potential evapotranspiration for the summer months.

Sulis et al. (2011) studied climate change impacts<or a 690 km? watershed in
the southern part of Quebec (Canada) using the coupled, surface/subsurface model
CATHY and one climate projection from a regiefidh climate model for the A2 GHG
emissions scenario. The results showed ‘that the complexities of rainfall-runoff-
infiltration partitioning lead to importafityvariations in the response of streamflow to
climate change, especially during, the summer. As with other studies, these authors

also found that recharge would idcrease subtantially during the winter.

Stoll et al. (2013 and, Goderniaux et al. (2011) also used coupled integrated
surface/subsurface models (MIKE SHE and HydroGeoSphere, respectively) to study
potential impaetSypofyelimate change on groundwater for small to moderate-size
catchmentsm(9km’ and 480 km?®). Stoll et al. (2011) used 8 GCM/RCM
(global/regional climate model) combinations and concluded that the downscaling
process was an important source of uncertainty in hydrological impact studies. They
recommended that downscaling techniques be verified before applying them to
climate model data. Goderniaux et al. (2011) used a stochastic weather generator to
obtain 30 transient climatic scenarios for each of six different RCMs. They showed
that the climate change signal becomes stronger than that of natural climate variability

by 2085.

Although eastern Canada does not have a water deficit (the potential

evapotranspiration in this region is not higher than total precipitation), reliable
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information on the trends and probable impacts of future climate change is crucial to
planning adequate adaptation, mitigation, and protection measures that will ensure
sustainable management of water resources. In this paper, five climate projections
generated from the fourth version of the Canadian Regional Climate Model (CRCM4)
(de Elia and Coté, 2010; Caya and Laprise, 1999) and the A2 gas emissions scenario
are used to drive the infiltration model HELP (Schroeder et al., 1994) in simulations
to evaluate the effects of climate change on aquifer recharge as well as the sensitivify
of various water budget components to climate data. The study area is a 546 Kin’
watershed situated in the Annapolis Valley, Nova Scotia, one of the miajor ‘fiuit
growing regions of Canada. A second objective of this paper is to compareithe results
obtained from this comparatively small (local) scale modeling study‘with those from
two recent regional scale studies of aquifer recharge, one basedien"different recharge
estimation approaches, including modeling (Rivard et aly, 2018), and the other on
historical records of baseflow and well hydrograph§ (Rivard et al., 2009). In the
former study, five regional recharge assessment appteaches were used, including river
hydrograph separation, river low flows, a water budget, a hydrogeological model
(FEFLOW), and a hydrological modél (HELR). HELP was found to be an adequate
tool for recharge estimation compared tQ,the other methods. In the latter study,
decreasing statistical trends in fecharge over the last decades were found for the
Maritimes region in easterngCanadamising the trend-free pre-whitening method based

on the Mann-Kendall test.

The HE#Rymadel has been used in previous studies, as described above, for
analyzing elimadte change impacts on groundwater recharge. It is well suited to this
purposg, a8,it is/a computationally efficient yet comprehensive model of hydrological
processes Jacross the atmosphere-soil-vegetation continuum. Nonetheless the model
also'has its limitations (see for e.g. Guay et al., 2013); for instance, it does not account
for processes such as reinfiltration (no interaction between adjacent model cells) and
deep groundwater flow (the model only simulates water movement down to the water
table and thus assumes unconfined conditions). This model should thus be regarded as
one of many possible modeling approaches for studying hydrological climate change
impacts. The A2 emissions scenario used in this study is one of the scenarios that
follows most closely recent observed emissions trends (Raupach et al., 2007). The

five climate projections selected are driven by five different members of the Canadian
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Coupled Global Climate Model (CGCM3) (Scinocca et al, 2008) and provide a range
of plausible future climate differentiated by natural variability (the five members of
CGCM3 differ only in their initial conditions). Regional climate models, such as
CRCM4, are especially well adapted to climatic conditions such as those found in the

study area, which is located along the coast and is subject to local valley effects.

2. DESCRIPTION OF THE STUDY AREA

2.1 General context

The Annapolis Valley is a long (100 km) and narrow (10-15 km) lowland“along the
south shore of the Bay of Fundy in Nova Scotia (eastern Cafada)yZ'he region,
including part of the surrounding mountains, extends over 24L00 km® and comprises
five watersheds (Figure 1). The study area used for this%paper®corresponds to the
drainage area of the Environment Canada gaugifig station 01DCO005. It covers
546 km?, i.e., 34% of the Annapolis watershed' (s¢& Figure 1). Based on available
data, this catchment is considered to be reptesentative of the entire Valley in its
geology, topography, land use, and vegetation cover. Topographic elevation in the
South and North Mountains bounding the valley rarely exceeds 250 m above sea level

(ASL).

The Annapolis Valley§"a major economic region of the province and its most
important agricultural area. More than 90% of the Valley residents rely on
groundwater for /domestic purposes, either from municipal wells or from private
residential” wells®On a regional scale, groundwater withdrawals do not present

partigtilar preblems (Rivard et al., 2012).

Average annual total precipitation in the region is 1120 mm, and between 15%
and 25% of this precipitation falls as snow. Monthly average temperatures range from

-5 to +19°C (Environment Canada, http://climate.weatheroffice.gc.ca/climate_normals/index_e.html).

The Valley has slightly warmer average temperatures, lower precipitation, and more
frost-free days than the surrounding highland areas. The Greenwood weather station,
located in the middle of the watershed (see Figure 1), provides representative data and

the longest meteorological time series for the region.
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2.2 Geological and hydrogeological contexts

The Valley includes sedimentary rocks of the Wolfville Formation and the overlying
Blomidon Formation along its northern boundary. It is flanked to the south by South
Mountain (South Mountain Batholith), composed of Paleozoic rocks, containing
mainly granitic and metasedimentary rocks (slate, shale, siltstone, and quartzite) frtem
the Meguma group and the Annapolis Supergroup (undifferentiated Lower Paelezeic
unit in Figure 2). North Mountain is composed of basaltic rocks of the “North
Mountain Formation (Figure 2). The Wolfville, Blomidon, and North, Mountain
formations are Mezosoic rocks that belong to the Triassic-Jurassic Fuady Group
(Hamblin, 2004). Figure 3 shows a conceptual model of the study asea at the regional

scale.

The main bedrock aquifers of the Valley areylocated in the Wolfville and
Blomidon formations and, to a lesser ext@nt, ingthe®North Mountain basalts. The
Wolfville and Blomidon formations are, composed of lenticular bodies of sandstone,
conglomerate, shale, and siltstone. The Wielfville Formation is typically dominated by
coarser-grained facies, whereas the'Blomidon Formation, located at the foot of North
Mountain, is characterized, by more fine-grained strata. Median hydraulic
conductivities (K) of the Welfville, Blomidon and North Mountain formations are,
respectively, 6.2 x 10'6, 2.84x 10'6, and 5.2 x 10”7 m/s, based on pump test results from

the provincial database.

The Quaternary sediments in the study area consist mostly of glacial tills. Ice-
contact glaciofluvial sands and gravels are also present in the eastern part of the
Valley, as well as glaciomarine and/or glaciolacustrine sediments, mainly north of the
glaciofluvial deposits. Permeameter tests have provided mean values of hydraulic
conductivities ranging between 107 to 10™* m/s. The sediment cover is usually quite
thin (0-10 m), but it can reach 30 m in the sand and gravel units. Because there was
not enough stratigraphic information in the Quaternary sequence to build a
meaningful conceptual model of the sediment cover, the top layer was defined using
the different sediment types derived directly from the surficial geology map, without

any stratigraphy, except for a basal till layer that was assumed present throughout the
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study area over the bedrock, based on the expected stratigraphic sequence for the

region.

Groundwater levels have a median depth of 6.1 m; they are therefore found
either within surficial sediments or bedrock. Although confined conditions are
common in the Valley, due to an overlying fine-grained sediment cover or to a fine-
grained rock layer above the aquifer unit, groundwater flow seems to mainly follow

topography, based on piezometric data (Rivard et al., 2012).

3. MATERIAL AND METHODS

3.1 The infiltration model

HELP (Hydrologic Evaluation of Landfill Performanee) 1Shadquasi-2D physically-
based hydrological model (Schroeder et al., 1994) It simulates water movement down
to the water table accounting for the effe€ts of surfaee storage, snowmelt, surface
runoff, infiltration, evapotranspirationgET), wegetative growth, soil moisture storage,
lateral subsurface drainage, and unsaturated vertical drainage. HELP is a commonly
used diagnostic model for the estithation of recharge, in which ET is based on the
Penman equation (Penman, 1963) incorporating wind and humidity effects as well as
long wave radiation lésses, 200t depth, growing season, and leaf area index (LAI).
HELP uses some empitical selationships; it has been shown to work well in humid

areas.

The HELP model has been previously implemented and calibrated for the
Annapolisg Valley using current-day conditions (Rivard et al., 2013). This section
thesefore” provides only an overview of the model setup and assigned parameter
values. Cells of 250 m x 250 m were selected to obtain a good compromise between
spatial coverage (using mean values for the data representation), computing time, and
available data for the different variables. ArcGIS was used to create each layer and to
assign parameter values to each cell. An automated program was developed in C++ to
allow all the cells (6741) to be run in batch mode so that the entire study area could be
simultaneously considered (although without hydraulic connection between them).

Each cell is discretized vertically into 1 to 4 layers, with each layer representing a
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geological unit with homogeneous properties. A single layer is used when bedrock is
outcropping; four layers are used only when two bedrock formations are encountered,
such as at the Blomidon/Wolfville contact; most cells however have two (e.g. till, then
bedrock) or three (e.g. sand, basal till, then bedrock) layers. The bottom of the cell
corresponds to the groundwater level (depth), which may not necessarily correspond

to the water table if the aquifer is confined.

Data related to climate, soil and rock physical properties, topography; land
use, and vegetation cover and growth period were integrated into the medel. Daily
climate inputs consist of total precipitation (P,,) and mean temperatures(/ne.,), Which

were taken from the Environment Canada National Climate Data ‘and Information

Archive (http://climate.weatheroffice.gc.ca/Welcome_e.html?&)for the Greenwood
station, as well as daily solar radiation data that were generated,by the model using
P, and latitude. Mean annual wind speed and mean §easenal relative humidity, also
taken from the Environment Canada archivegfor, the Greenwood station, were
integrated into the model as well. The meanyannfial wind speed is 15.3 + 5.7 km/h,
while the mean relative humidity values,are, 7%, 71, 74 and 77% from winter to

autumn.

Required subsurfacesphysi€alproperties are hydraulic conductivity (K), total
porosity (n), wilting point, ‘anddield capacity. Average root depth for the dominant
vegetation (plant, tu€e, Ox crép) over each cell, determined using a land use map, and
vegetation growth, peémod, determined based on the professional judgment of an
Environment Canada agronomist, were also provided. K and some total porosity
values were obtained from fieldwork and analyses performed during a regional
characterization study (Rivard et al., 2012). The remaining parameters were assigned
tosgealogical formations or sediment classes (presented in Table 1) according to the
literature (Todd, 1980 and university websites

(http://www.terragis.bees.unsw.edu.au/terraGIS_soil/sp_water-soil_moisture_classification.html;

http://www.extension.umn.edu/distribution/cropsystems/DC7644.html) ~ Slope  classes  were

selected based on the digital elevation model (DEM) for the region. Curve numbers
from the SCS method, modified by Monfet (1979) for eastern Canada conditions,

were used. These curves allow the prediction of surface runoff using rainfall-runoff
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relations based on a combination of soil, soil cover, hydrologic conditions, and slope

values. Table 1 presents the physical parameter values used in the calibrated model.

The precipitation and temperature data used for this present study consist of
climate forecasts generated from a climate model (see below). Solar radiation is
generated by HELP based on daily precipitation and latitude. All other variables
related to climate and vegetation (relative humidity, wind speed, LAI, root depth,
growing season duration) were kept constant for the future period since no datatis
currently available to adjust them, and since their impact on the model“gesponse
appears to be limited compared to precipitation and temperature (seegRiward et al.
(2013) and section 4.2 below). This is consistent with other studies, for instance
McCallum et al. (2010), who found, in a sensitivity analysis ‘of#€limate change on
recharge, that recharge is most sensitive to change in precipitation, and, to a lesser

extent, temperature and rainfall intensity.

3.2 Climate scenarios: climate model and'emissions scenario

3.2.1 A2 greenhouse gasemissionsyscenario

The IPCC assessment repoftS(IREC, 2007) constitute the most widely accepted
scientific basis on climhatej,evolution. The IPCC Special Report on Emissions
Scenarios (SRES; Nakicenovic et al., 2000) first presented the SRES scenarios, which
are  groupedg™mintops” four families (Al, A2, BIl, and B2; see
http://www.gsidatho/publications/other/ipcc_tar/?src=/CLIMATE/IPCC_TAR/WG1/029.htm)

that explote alternative development pathways covering a wide range of demographic,
economic,and technological driving forces and associated GHG emissions (IPCC,

2007

The selected SRES scenario for the present study is A2. This scenario
describes a heterogeneous world with high population growth, limited reserves of oil
and gas, slow economic development, and slow technological change with regards to
efficient technologies. Based on recent available data, this scenario appears to be

close to the observed emissions, along with the A1 family (Raupach et al., 2007).
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3.2.2 Canadian Regional Climate Model

Regional climate models allow the transfer of large-scale information from their host
GCMs to scales that are closer to the river basin or watershed scale. Compared to
global climate models, the enhanced horizontal resolution obtained via the dynamical
downscaling performed by an RCM results in a more accurate discretization of
equations that generally leads to an improvement of the representation of surface
forcings, such as those due to topography, large lakes, and coastal regions [Giorgisand

Marinucci, 1996].

The fourth version of the Canadian Regional Climate Model (de Elia and Coté,
2010; Caya and Laprise, 1999) used in this study was driven by the third generation of
the Canadian Coupled Global Climate Model (CGCM3) (Scinoccawet al, 2008) being
developed by the Canadian Center for Climatic Modelingtand Analysis (CCMA).
CGCM3 has four main components: a general atmospheric circulation model (with 31
vertical levels), a general ocean circulationfmodelgan iee-sea thermodynamic model,
and a soil-vegetation model. The spatial, resolution is 3.75 degrees of
latitude/longitude. The CRCM runs weréproduced by the Ouranos consortium over a
domain covering North America fAAMNO) with a spatial resolution of 45 km X 45 km
(compared to 400 km x 400 km for GEMs).

The climate seenariesyused in this study are based on five climate simulations
performed with CREM4 driven by different members of CGCM3 resulting from
different initial gonditions (see Table 2). All simulations were obtained with the A2
GHG emission§ scenario. In order to compare projected climate changes with a “past”
scenario having the same characteristics as those collected by weather stations, 30-y
senics for a reference and a future period were used, both generated by CRCM4. The
30-year time series used in this study correspond to the 1971-2000 period, the one
currently used by Environment Canada for its climate normals, and the 2041-2070
period. Climate data from the five climate scenarios are considered equally probable.
Thiessen polygons were used to allocate percentages to the different 45 km x 45 km
tiles, with four tiles providing coverage of the 01DCO005 watershed (Figure 4). Using
five different realizations of a single GCM to run a single RCM results in a narrower

coverage of future plausible climate in comparison to using five different GCM/RCM
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combinations. Nonetheless, considering the coastal environment of the region, RCM
simulations were more appropriate and the CRCM4 runs were the only regional
climate projections over eastern Canada available to us at the time of the study.
Moreover, the CRCM4 model is well adapted to Canadian conditions and the model
has been rigorously tested at Ouranos for various configurations throughout North

America (de Elia and Coét¢, 2010).

Figure 5 presents box plots for the annual total precipitation (P.f) and
minimum temperature (7,,;,;) generated by CRCM4 for the five climate scenatios‘over
both 30-y periods, as well as observation data for comparison. The GRCM4 model
reproduces well the maximum temperature (7,,,) (not shown) of the past period, but it
underestimates 7,,;, (and so also the mean temperature 7),cq,,, Which 1§ the average of
Tyax and T,,;,), thus simulating a cooler climate. In FigurgySb i1tjean be observed that
historical values (observations) of T,,;, are closer tof synthetic values of the future
period. On an annual basis over the period 197142000, @bservations for 7)., give an
average of 6.77+0.74°C, while synthetic pastwalués yaeld 5.22+0.75°C on average for
the five scenarios. Future CRCM valdesfer the 2041-2070 period produce an annual
average of 8.19+0.89°C.

Monthly differencesgbetween’observations and results from the five members
(individually) for the past period range from -2.1 to 1.2°C for 7}, and from -6.5 to
-0.1°C for T, resdlting,in“a general underestimation of -4.2°C to 0°C for T}ean, the
largest differeneesyoceurring during the winter (especially January and February). For
total precipitation, synthetic annual values for the past period (1145+108 mm/y on
average, for the five scenarios) are generally similar to observations (1121130
mm/y), with a difference of less than 5% for all climate runs. However, on a monthly
bastSigvariations may be important, ranging from up to 39% (overestimation in June
for the adl scenario) to -29% (underestimation in January, also for the adl scenario)
over the five scenarios. The spring and summer seasons are, on average,
overestimated by CRCM4 (by 12% and 22%, respectively), while autumn and winter
are slightly underestimated (by 10%).

Figure 6 provides a comparison between a past scenario afa and observations

for monthly values of T}..., and Py, over the 30-y period. The other four climate
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simulations show similar behavior. The mild winters and the precipitation patterns
particular to the Valley do not appear to be well simulated, mainly due to the
relatively large tiles of CRCM that make it difficult for the model to capture some of
the micro-climate features of the study region. Table 3 presents annual and
seasonalvalues averaged over the five scenarios for the past period, as well as
observations for comparison (winter: Dec, Jan, Feb; spring: Mar, Apr, May; summer:

Jun, Jul, Aug; autumn: Sep, Oct, Nov).

Figure 7 illustrates the monthly differences between future and paStypctieds
averaged over 30 years for the five scenarios for 7,,.,, and Py, the twosvariables used
in HELP. Each month (for each individual scenario) has a difference,varying from -
21.7 to +42.1 mm/y for P, and from 1.0 to 5.8°C for T}cun. Fosboth variables, the
largest differences occur during winter while the smallest,are projected for summer
and beginning of autumn. These differences betwgen the two periods are much
smaller than the variations (standard errors) asso¢fated With a given scenario over 30
years, which are of the same order of magnitude for both climate change and the
baseline scenarios. Projected changes4omannual ‘7., derived from CCCma/CGCM3

simulations for the A2 GHG emissions scenario fall within the range 1.5 to 4°C for

this area and the 2041-2070 “period (http://www.cccma.ec.ge.ca/diagnostics/cgem3-

t47/cgem3.shtml).

3.2.3 The d¢lta'ehange method

The commonlyised delta change (or perturbation) method (van Roosmalen et al.,
2009; Ja¢ksontet al., 2011; Sulis et al., 2011) was used in this study to generate the
climate change scenarios since the CRCM outputs did not always reproduce well the
monthly*observed records, especially for precipitation (e.g., Figure 6). The mean
monthly differences between values from the future and past periods averaged over 30
years (shown in Figure 7) were therefore applied to the observation data, so as to
obtain projections that are consistent with observation patterns. Once the mean
monthly deltas were calculated, the scenarios for the future period were generated by
applying an additive (for temperature) or multiplicative (for precipitation) factor on a
daily basis to historical observations from the Greenwood weather station. When

applying the delta change method, it is assumed that the relative and/or absolute

12


http://www.cccma.ec.gc.ca/diagnostics/cgcm3-t47/cgcm3.shtml
http://www.cccma.ec.gc.ca/diagnostics/cgcm3-t47/cgcm3.shtml

Downloaded by [Indiana University Libraries] at 04:21 25 May 2014

changes in precipitation and temperature between past and future climate simulations
such as simulated by the CRCM have a strong physical basis, and that rainfall
recurrence patterns remain the same between past and future periods (Sulis et al.,
2011). There are a number of other bias correction methods that can be used to
account for the systematic mismatch between observed and simulated climate
variables (e.g., Anandhi et al., 2011; Stoll et al., 2011; Sulis et al., 2012). An
assessment of different techniques and their limitations can be found in Hagemann’ét

al. (2011) and Ehret et al. (2012).

The five “delta change” climate scenarios for the future periodgwere used to
drive the infiltration model HELP. Adj represents the driest scenarioyswhile adl is the
wettest with, respectively, 1146 and 1251 mm/y total precipitatiefi, corresponding to
increases of 2% and 12% compared to the baseline segnarigp(observations). The
warmest scenarios are adl and aez-afc, with a meanfannual t€mperature of 9.93°C,
while adj and aey-afb are the coolest, with meafi"temperatures of 9.50 and 9.53°C.
Compared to observations from the 1971-2000 p€riod, these temperatures represent
increases of 3.16°C and 2.73°C (or 2.76:C for “aey-afb), respectively. In all future
scenarios, Tmean 1S always higherthan obsétyations: by 3.0°C on average and by 2.1 to
5.8°C on a monthly basis. Totalfprecipitation is generally higher in the future for the
months of November to Apfil (with the largest increase, of 51%, obtained in
December for scenariojadl);ibut'relatively unchanged from May to October (except
for the adl scenarig, which®maintains a steadier variation throughout the year; see
Figure 11 below)mAstan‘example of the results obtained by applying the delta change
method, Figure§ shows the monthly values for the afa-afd future period compared to

the observation record for the 1971-2000 period.

3.3 Current-day conditions simulated with HELP

The model HELP was calibrated and run with observations from the 1971-2000
period in a previous study (Rivard et al., 2013). The results for the main hydrological
budget components on a monthly basis are shown in Figure 9. Evapotranspiration
(ET) constitutes the most important component with 46% of annual total precipitation,
while surface and subsurface runoff total 34% (27% and 7% respectively). Based on

the runoff curve, spring snowmelt begins in March and continues into April, which is
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slightly earlier than elsewhere in eastern Canada, owing to the micro-climate of the
Annapolis Valley. Two main recharge periods can be observed: in the spring (April
and May) and in the autumn/winter. Interestingly, the second recharge period appears
to be as important as the spring one, due to high precipitation and low
evapotranspiration, and to the fact that the soil remains unfrozen for the most part.
The mild maritime conditions even allow for recharge in January. For more details see

Rivard et al. (2013).

Mean actual evapotranspiration was found to be 519455 mm/y, surface runeft
300+84 mm/y, subsurface runoff (hypodermic flow) 73+21 mm/ygmand, recharge
229448 mm/y over the entire study area and 30-year observation period (Table 4).
Because the sedimentary formations are composed of different unit§ that are lenticular
in nature, forming aquifer/aquitard sequences that are notqwell known at the regional
scale, the recharge component was subsequently ceorrected to 165 mm/y in
consideration of the percentage of surface area egfithated to be underlain by confined
aquifer conditions, based on groundwater level data from different sources (Rivard et
al., 2013). The difference (230-165) Was_attributed to surface/subsurface runoff,
which was consequently increased to 365ymm/y. The high values of surface runoff
can be attributed to spring snowmielt'and the geology and topography of the study area
(for instance the steep andgowy peémmcability North Mountain cuesta contains many
natural springs), and aré comsistent with other modeling studies in the region (e.g.,
Gauthier et al., 2009). The résults of the climate change scenario simulations run with
HELP are presenited Tgthe next section as increases or decreases relative to a baseline
scenario (referénce/period). Because only relative numbers are used, this correction to

the recharge and surface runoff components has not been taken into account.

4. RESULTS

4.1 Climate change scenarios

Table 4 presents the annual values for groundwater recharge and other water budget
components obtained with the HELP model for the five climate scenarios, as well as
the total precipitation and mean temperature inputs to the model and the water budget

components for the baseline case. All future climate scenarios provide more recharge
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to the aquifer annually than it currently receives (from 14 to 45% higher). As
expected, the wettest scenario (adl) results in the largest annual recharge, and the
driest (adj) in the smallest. These represent the most contrasted scenarios, at least for
the recharge component, with, respectively, 333+83 and 262+55 mm/y over 30 years.
Annual ET values for the future period vary little from one scenario to another, from
547458 to 566+59 mm/y, corresponding to an increase of only 5 to 9%. This is mainly
attributed to small temperature variations between scenarios (7., from 9.502¢0
9.93°C). The baseline ET value is only 9% lower than the highest value, despite the
annual temperature increase of almost 3°C. The largest temperature “increase,
however, occurs in the winter, when ET is low. Annual runoff decreasesyfrom 9 to
23% (23191 to 2734+92 mm/y) compared to the baseline, likely, because more
recharge occurs during the winter (for example see Figure 10):sificd)there are more
frost-free days and thus less precipitation falls as snow (frem 2465% for observations
to 11.8% on average for the 5 future scenarios). Latefal dsainage (hypodermic flow)
increases from 21 to 63%, mainly due to the ine¢f€ase‘in P, and the fact that more
infiltration takes place. This increase seems, lafge; but in absolute terms lateral

drainage is the smallest component of théwater budget for the study area.

To better understand the system behavior, monthly values for the five climate
scenarios have been examined, Figure'10 presents a comparison between the baseline
scenario (i.e., using observations) and two of the future scenarios (adl and aey-atb).
All five scenarios shewg stmilar behavior, except for the first months of the calendar
year. For instance runoff; which is generally very similar for all future scenarios, is
quite high in{Eebrdary“and March for scenario aey-afb (Figure 10b) due to lower
infiltration/recharge for the first two months of the year resulting from much cooler
temperatuges. The runoff peaks for all future scenarios decrease more sharply in April
compared to the baseline case, likely because of less snow accumulation during the
winter and higher spring temperatures that favor earlier snowmelt and soil thawing.
Runoff is practically nil from May to September for all scenarios including the
baseline due to high temperatures (mean daily temperatures vary from 13.3 to 22.6°C)
and thus high evapotranspiration, and to low rainfall (minimum levels for the year)
and hence low levels of soil saturation . Future runoff values are higher compared to
past conditions in the winter because increased P, and milder temperatures result in

more precipitation falling as rain. The ET curves are relatively similar for all five
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future scenarios, except from May to September when fairly large variations are
obtained mostly due to variations in P, Compared to the baseline, future ET is
slightly higher during the winter, and markedly higher during the spring, especially in
April, while it is lower during the summer despite temperatures that are about 3°C

higher. This is mainly due to the decreased P, for this season (see section 4.2).

The simulated future recharge is larger, on average, from November to Apfil,
with the first three months (January to March) being much larger, generally with“an
increase of more than 200%. The largest differences are observed in, Februany.
Recharge from May to October, corresponding to the growing seasonsgis teduced 1n
the future, from 4 to 33% depending on the month and climate scenatio, with a mean
decrease of 17% for these six months and the five scenarioss#Such a decline in
recharge during the growing season can be of concern forhis agsicultural region. For
both current and future periods, the model simulatesfa Winter recharge that is even
more pronounced than in the spring, due to the Valley 'symild climate. This feature is
amplified in the future, due to the temperatute, in¢rease that augments the fraction of
precipitation that falls as rain over snow"and thereby also the infiltration and recharge
amount. Monthly variations for recharge ate quite large over the 30-year simulations
(see Figure 11), with coefficiefits of variation (CV = standard error ¢ / mean u)
varying from 41% to 240%¢fotthésbaseline scenario and from 45% to 144% for the
five climate change scenarios, Eor a given month, CV values for observations and the
five scenarios are of the'same order of magnitude, except for February, due to the very
low recharge value ofythic baseline scenario. The largest variations in magnitude are
associated gmithitheJargest recharge values, i.e., to the months November, December,

January (only for the future period) and April, as illustrated in Figure 11.

4.2 Sensitivity analysis

A sensitivity analysis was performed with respect to 7)., and P, to
investigate seasonal effects on water budget partitioning. The mean variation of each
of these variables was used in turn (keeping the other variable fixed) for a given
season and for the five scenarios. Table 5 presents the seasonal variations used to
perturb the baseline scenario and Figures 12 and 14 present the sensitivity results with

respect to temperature and precipitation, respectively.
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The analysis for T,..., shows that the increase in temperature for the summer
and autumn seasons has practically no influence on the water budget results,
including, somewhat surprisingly, ET summer values. This is probably due to the
vegetation properties in the HELP model (e.g., root depth and LAI) that have to be
fixed by the modeler and that were not modified as a function of temperature due to
absence of data, and to the very low runoff at this time of year. The increase in
temperature for the winter and spring seasons, on the other hand, has a considerable
influence on the runoff and recharge curves, due to the reduced snow/rain, ratioyand
increased ET (and thus less snow accumulation), and a longer frest-fice period
allowing more infiltration. Annual changes are illustrated in Figureyl3 for the four
sensitivity scenarios using seasonal temperature changes and‘ar€ compared to the

simulation run with observations (baseline scenario).

The winter temperature increase has a mafked impact on the winter and early
spring recharge and runoff values: runoff is censiderably reduced in March and April
and recharge increases from December'te, March, being especially high in January.
This is by far the sensitivity scemario for'which water budget components are most
affected by temperature changesfwithyan increase of 18% (41 mm) in annual recharge
and a decrease of 23% (70smin) imannual runoff. The spring temperature increase
causes a shift in the rg€harge euirve: there is a considerable increase in runoff for
March (earlier snowmelt) afd recharge is almost doubled compared to the baseline
scenario. A largeéddecrease in runoff is then observed for April that is accompanied by
a large increasefin both ET and recharge since water can infiltrate without snow cover.
Annual_runoff Is noticeably affected, with a decrease of 9%. All other water budget
components (not mentioned above) have a difference with the baseline scenario of

lessthan 4%.

Compared to temperature effects, the impact of precipitation on the water
budget components (Figure 14) is more direct since water is added to or removed
from the system, but more limited both in magnitude (amount of change in the
component) and in time (duration of the change beyond the perturbed season), at least
for the range of seasonal decrease/increase examined here (i.e. from 94% to 118% as

reported in Table 5). In general, an increase in precipitation results in higher runoff
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and recharge for the perturbed season (winter, spring, and autumn scenarios) and vice
versa (summer scenario). As expected, winter is the only season for which
precipitation has an impact on another season (spring): the increase in P, during the
winter produces an increase in runoff over both the winter and spring seasons. The
increase in recharge, however, is limited to the winter season. All ET curves are very
similar to that of the baseline scenario, except for the summer scenario where the
projected decrease in precipitation is accompanied by a decrease in ET. Rechargeis
little affected by the seasonal sensitivity analysis of precipitation: differences with the
baseline scenario range from -2 to +4%. The only notable differences with, fespeet«to
the baseline scenario are associated with runoff for the winter and spsing,scenarios

(increases of 7 and 15%, respectively).

A sensitivity analysis was also performed on segondamy variables such as
seasonal humidity and wind speed because the ET clirveyestimated by HELP using
observations appears to be quite low during the”Summer, in comparison to values
obtained from the CRCM4 model and Environmént Lanada. The ET calculation for
the climate model is based on the Pefiman-Monteith equation in both the global and
regional models through their seil-vegetation module. Environment Canada uses a
weekly water budget based on @n improvement of the Phillips (1976) method, with
daily temperature and precipitationsas inputs. Actual ET is estimated using potential
ET calculated with the Thornthwaite method together with water holding capacity and
soil storage to ass€ss amtcéedent moisture conditions. Since wind speed monthly
values were 156 km/h! the sensitivy analysis was carried out using values of 10 and
20 km/h. Hwmidityswas varied between 60 and 80%, since the seasonal values were
77, 71.7%; and 77%. Figure 15 compares monthly values obtained with 1) HELP for
the baseline scenario and for the average of the five future scenarios; 2) observations
for fine and coarse soils; and 3) CRCM results for past and future periods averaged
over the five scenarios. The fine soil shown in Figure 15 has a larger water-retention
capacity than the coarse soil, so that water close to the surface is more available for
evapotranspiration. Note that the HELP model calculates potential ET with the
Penman equation (see section 3.1), with actual ET then estimated from available
water storage at or near the surface. Soil humidity is probably low in the summer for
the HELP simulation runs: recharge and especially runoff values are small and large

quantities of water are taken by vegetation as plants grow. The sensitivity analysis
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showed that HELP is not very sensitive to humidity and wind speed and this may

account for the differences with the CRCM/Environment Canada results.

It can also be observed in Figure 15 that the CRCM4 model generates higher
future ET values throughout the year (following the temperature pattern) compared to
the past period, especially from April to July with increases from 9 to 15 mm/month
(representing an increase of 9 or 10% for the months of May to July and 86% fer
April). On the other hand, future ET values obtained with HELP decrease slightly
during the summer compared to values of the baseline scenario due to a déereasesin
Pior. This may be due in large part to the fact that the HELP modelsdoes, not fully
consider vegetation processes. It does not take into account stomatal conductance
(which would be reduced in response to a CO; increase), and, pasameters such as leaf
area index, root depth, and growing season duration musg be estimated by the user.
Appropriate data for these parameters are not always_ feadily available, especially in a
changing climate. The differences between CRGM4, values and observations during
the summer may also be due to the fact that precipitation for this period is over-
estimated (22% on average compared, toy observations) by CRCM4, thereby

necessitating the application of a4tansfer seheme such as the delta change method.

5. DISCUSSION AND CONCLUSION

Although there 1§ broad consensus in the scientific community that surface
temperatures Wwillstucrease over the next decades, the regional and local impacts of
climatic ¢ghangeswon the various components of the hydrological cycle are still very
uncerfain andsiced more research. The impact of climate on recharge is not linear and
it is therefore not clear what will be the impact of climate change on aquifer recharge.
Phe amount of precipitation and its state (snow or rain) will be modified and
temperatures will increase, resulting in altered magnitudes and patterns of runoff,
evapotranspiration, and ultimately recharge. The potential effects of climate change
on aquifer recharge have been studied with various models in different regions across
Canada and for various periods, producing a wide range of results (e.g., Jyrkama and

Sykes, 2007; Scibek and Allen, 2006; Chen et al., 2004).
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The area selected for this study is the Annapolis Valley, located in Nova
Scotia (eastern Canada). Total annual precipitation in the region is currently on the
order of 1120 mm and predicted climate change scenarios generally agree on a small
increase in the next decades (8% on average for the five scenarios used in this study).
Economic development in this region is based essentially on agriculture and its

derivatives, and most residents and municipalities use groundwater for water supply.

A slight decrease in annual recharge in the Maritime region of eastern Ganada
was suggested in Rivard et al. (2009) in their Canada-wide study, despite ‘agcheral
increase in total precipitation, based on an analysis of statistical trends mhistorical
records of streamflow (from which baseflow was estimated) and groundwater levels.
In the current study, recharge projections and a sensitivity analysis were conducted
using a one-dimensional (quasi 2D) water budget model and climate scenarios
generated from a combination of historical obs€rvations™ and climate model
projections. The projections were produced using”ayregional climate model and five
members for a given greenhouse gas emissiens Scenario. The simulations yield an
annual increase in recharge of 14 to 45%nevet 30vyears. The two studies, executed at
different scales and based on different methodological approaches, are nonetheless in
agreement in showing that rechafge teends vary on a seasonal basis. For instance, the
simulation-based approach ghowedwa*marked decrease in the summer for the future,
while winter values cofisiderably increased. Statistical trends also showed a clear
summer decrease agd atwinfer increase in many regions (although the latter was not

specifically obsefwedinsthe Maritimes with the few available stations).

Differences between the two approaches (namely in annual recharge
projeetions) may be attributed in large part to uncertainties in the future climate and in
the Aimmerical models. Climate models are of course approximations (although they
are very complex) that can only imperfectly represent major processes in the
atmospheric-ocean-earth system, while GHG emissions scenarios are extrapolations
of actual human behavior, expected technological advances, and demographic
changes. Hydrological models likewise use many hypotheses and simplifications to
represent real systems. On the other hand, statistical trends use historical (and thus
real) data. However, what has occurred in the last 30-40 years may not be

representative of the future climate. In addition, geological conditions in the
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monitoring well areas, and therefore groundwater age as well as recharge and
discharge zones, were not well known. Therefore, some of the wells may only reflect
conditions of 50 or even 5000 years ago. Although imperfect, climate models, in
combination with hydrological models, represent a valuable tool for gaining insight
into the relationship between climatic conditions and hydrological responses and for

studying potential changes in the various water budget components for a given region.

The net recharge estimates obtained by Rivard et al. (2013) usingWa
combination of five assessment approaches ranged from 80 to 175 mm/y for'the entifc
Annapolis Valley (2100 km?). These values include a correction factorfor Seme of the
approaches, including the HELP model (as mentioned in section_3.3), which do not
consider hydrogeological (confined versus unconfined) conditiens™ and thus do not
mask out areas where recharge is not possible. This rangegof estimates is fairly large,
owing to the diversity of methods used and reflecting“the “difficulty of obtaining
reliable and accurate values for this key stat€9vartable. The 01DCO005 station
watershed, comprising a quarter of the Valleyyared, was used for the HELP model, as
it was considered representative of the-whole Valley in its physiographic, geologic,
hydroclimatic, and land use conditions. The,range of increase in recharge in response
to five climate change scenariosfobtained in this study is 30 to 100 mm/y (see Table
4). This interval is smaller ghafipthésrange obtained in the regional study, as could be
expected given the larger sealeand the diversity of approaches used in the regional
study and the fact tliat the seenarios are all derived from a single climate model in the
current study. Jt"is, clear” that the combination of different climate change scenarios,
hydrogeolegical prediction models, and recharge estimation techniques will lead to a
very broad range of possible impacts that need to be considered in developing future

water,management plans.

Simulation runs in the current study showed that recharge in the winter will
increase due to rising temperatures, while summer recharge will decrease in response
mainly to a drop in precipitation. Climate changes are also expected to result in an
increase in ET in the winter and, even more markedly, in the spring. The autumn
season appears quite stable. These results are in general agreement with other
modeling studies such as those of Eckhardt and Ulbrich (2003), Jyrkama and Sykes
(2007), and Toews and Allen (2009). Other considerable changes in the spring, such
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as earlier and reduced spring runoff, have also been produced from the simulations,
consistent with the results of Burn and Hag Elnur (2002) and Zhang et al. (2001)

based on historical records.

This study has stressed the importance of assessing climate change impacts not
only on annual water budget distributions but also on monthly and seasonal patterns.
Simulation results suggest that the main increase in annual recharge comes from the
fact that increased ET does not compensate for the much larger winter infiltration.n
addition, some of the findings of this study, namely the 17% mean déereasesin
recharge during the growing season and the increased evapotranspiration 1n the
spring, may have important implications for water management ‘practices in the
region, and in a broader sense on the agricultural economy of theyAfnapolis Valley. A
decrease in recharge during the growing season may eventually lower water levels
during this crucial period, leading to potential major, impagts“on groundwater supply
and infrastructure. Some shallow wells in the Valley may need to be drilled deeper
and dug wells may have to be abandonedtand réplaced by drilled wells due to the
occurrence of dry wells during the Summmery Indeed, the five equiprobable future
scenarios provide a global meandhat is above the current recharge rate of 230 mm/y,
but some individual years fromd these scenarios show recharge values below this
value, especially in the adj“scenafio (8/30 years, i.e. 27%). Moreover, altered
irrigation practices in gespomnsesto climate change (increased ET, longer growing
season) could translate into additional pressure on groundwater resources, a feedback
that was not takemn mte”account in the present study. Modeling studies, including
future ongsythat would improve on this and previous studies (by considering
feedbacksyadditional processes, updated IPCC scenarios, uncertainty estimation, etc.)

may'play an important role in planning for future potential water stress.
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Table 1: Subsurface parameter values used in HELP.

Field Wilting
Formation or unit K 3n 3, | capacity point
(m/s) | (m’/m’) (m*/m’) (m*/m’)
Fine 50x107 | 0.30 0.28 0.15
Medium 2.8x10° 0.25 0.14 0.08
Coarse 3.0x10° | 0.30 0.17 0.07
Till 2.8x10° 0.25 0.22 0.12
North Mountain Fm. 1.0 x10” 0.05 0.03 0.02
Blomidon Fm. 1.0 x10° 0.11 0.09 0.05
Wolfville Fm. 1.0 x107 0.28 0.15 0.05
South Mountain Batholith | 1.0 x10® 0.02 0.015 0.01
Undiff. Lower Paleozoic | 5.0 x10” 0.01 0.008 0.005

Table 2: Nomenclature for the five climate scenarios”

. CRCM4 Scemariodabel
Scenario ; ' .
version Past period Future period
1 2.0 adj adj
2 2.0 adl adl
3 2.3 acy afb
4 2.3 aez afc
5 23 afa afd

Note: Runs 1 and 2 are in continuous from 1961 to 2100, past and future climate are obtained from the
same simulations. Runs 3, 4 and 5 werejproduced in limited blocks from 1961 to 2000 and from 2041
to 2070, so the runs (and labels) are different.

Table 3mMean.seasonal values of 7)., and P,,, for the five scenarios

Variable Winter Spring Summer Autumn Annual
Total CRCM4 (past) | 276.9+30.7(289.2+33.2|304.8+31.7| 273.8+31.7|1144.9+107.9
precipitation
(mm) Observed 307.8 £ 38.7 [ 258.6 £33.9]| 249.9+40.8| 305.0+42.7]| 1121.3 +130.0
CRCM4 (past) 71.0+2.5 34+1.8 16.5+1.4 79+1.5 52+0.8
Tmean (OC)
Observed 44+25 50+5.0 179+ 1.8 8.5+4.5 6.7+0.7
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Table 4: Annual water budget components for the five climate scenarios (2041-2070)
and for the baseline case (1971-2000). The light grey cells show standard errors. The
darker grey cells highlight the mean total precipitation and recharge for the driest and

wettest scenarios.

Mean / Piot T mean Runoff ET Lateral Recharge
Scenario | standard . drainage

error (mm) ) (mm) (mm) (mm) (mm)
Baseline | It 11213 | 677 | 3003 | 5192 723 229.5
c 129.9 0.75 84.4 54.7 20.6 48.0
adj 1) 1145.6 9.50 245.5 550.4 873 262.2
o 135.3 0.74 77.8 63.2 ‘r 55.4
ol u 12507 | 993 | 2509 | 5469 119.5 3334
o) 148.4 0.74 105.4 57.9 333 82.8
acy-afb U 12262 | 953 | 2730 | 5893 100.5 293.2
o 1406 | 974 | 920 | No6&d| 233 58.9
“orafc W 1776 | 993 | 2312, N33 8 100.7 291.9
c 135.8 0.74 906 |\ 585 29.1 70.8
fa-afd n 12444 [ 984 [ AL 5656 109.0 3123
G 1436 | 0.74N| OUF 58.8 26.4 67.2

Table 5: Seasonal variations resulting from the five scenarios averaged over 30 years
and used in the sensitivity analysis.

Season Tpean CC) P, (%)
Winter +3.76 117.8%
Spritg 2.9 113.4%
Sumner +2.82 94.1%
Autumn +2.56 104.3%

29




Downloaded by [Indiana University Libraries] at 04:21 25 May 2014

Figures

2 Pereaux "
: watershed
."’r Habitant [52]
e |watershed

498?000 300,000 320.000 : SBOIOOO
i

/

Bay o,

Minas

4960000

4940000

Simplified geology
- North Mountain Formation
Blomidon Formation

B Woltville Formation
Horton Group
South Mountain Batholith

320000 360000

Basin

- Undifferentiated Lower Paleozoic

/
/

5020000

5000000

4980000

Fig. 2 Simplified bedrock geology map (from Rivard et al., 2012).
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