EVALUATION OF FILTERING METHODS FOR
HYDROGRAPH SEPARATION IN SMALL AGRICULTURAL
WATERSHEDS IN QUEBEC, CANADA

Research
F. Umuhire, F. Anctil, A. R. Michaud, J. Desjardins

HIGHLIGHTS

e Agricultural hydrology is complex due to the management of surface and subsurface flow to increase productivity.

o This study provides an interpretation of hydrological functioning, using a geochemical tracer (electrical conductivity) as
a reference method, for hydrograph separation and evaluation of filtering methods.

o Filtering method efficiency must be interpreted according to season, year, watershed relief, and management practices.

e Routine application of basic filtering concepts is not sufficient to address the heterogeneity of hydrological processes in
agricultural watersheds.

ABSTRACT. Streamflow hydrographs summarize the behavior of watersheds. Their separation into quick and slow compo-
nents requires hydrological knowledge of the specific drainage area. To better understand the hydrological response of
14 small agricultural watersheds in Québec, Canada, covering different physiographic attributes ranging from lowlands to
hilly and steep landscapes, streamflow electrical conductivity was used as a geochemical tracer. These agricultural water-
sheds have undergone significant management practices, including artificial drainage. The objective of this research was
to evaluate the performance of existing automated filter methods for hydrograph separation (BFLOW, UKIH, PART,

FIXED, SLIDE, LOCMIN, and Eckhardt). The geochemical method was used as a reference for comparison with the filter
methods. Comparison of the slow flow estimates from non-calibrated filters, using a MANOVA model, showed that the filter
performance increased under conditions with high contributions of quick runoff to the stream, such as during snowmelt
(spring season), during heavy precipitation, and in subwatersheds with landscape conditions more prone to quick runoff.
However, filter performance decreased as hydrological processes predisposed more flow to slower pathways, typically in
summer and fall, as well as in lowland landscapes generally associated with high rates of tile drainage rather than in hilly
and steep relief. Underlying the filter assumptions is the classic concept of a rainfall event with quick runoff as the main
source of the drainage area response. Thus, slow flow is associated with a low threshold response. Eckhardt filter simula-
tions were in good agreement with the geochemical method after calibration, based on model statistical measures (R, NSE,

and PBIAS). However, larger errors were associated with higher flow values. The slow flow overestimations were more
pronounced during periods of extreme events, i.e., spring runoff and heavy precipitation. The linear concept of the Eckhardt
filter yields no information on slow flow response behavior that could be useful in capturing its temporal variability. Because
the routing of water has been managed to improve agricultural productivity, these hydrological modifications resulted in a
more complex slow flow response. The performance of filtering methods is thus affected. Therefore, simplifications of filter
assumptions are less likely to provide more effective estimates of slow flow. Furthermore, given the heterogeneity of hydro-
logical processes due to seasonal climatic characteristics, the routine application of basic filter concepts is not sufficient to
address the variable nature of the hydrological response. The variability scale of geochemical separation, from regional
(agro-climatic) to local (adjacent watersheds), proved that it is always relevant to have adequate separation. However, the
validation of filters without a tracer is limited and almost unsuitable for these agricultural watersheds.

Keywords. Agricultural watershed, Artificial drainage, Electrical conductivity, Filtering method, Geochemical method, Hy-
drograph separation, MANOVA, Quick flow, Slow flow, Tile drainage.

rom the 1960s onward, considerable investment in
lowland development in the southwestern rural wa-
tersheds of Québec Province, Canada, has drasti-
cally changed the hydrology of the whole territory.
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The creation of municipal drains and ditches has al-
lowed the installation of systematic subsurface drainage sys-
tems, which have considerably improved the productivity of
cropping systems facing short and humid growing seasons.
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Typically, where agriculture is intensively practiced, drain-
age density has reached 1.7 to 2.1 km km?, which nearly
doubles the natural stream network density (Beaulieu, 2001).
The artificial drainage of agricultural fields provides addi-
tional pathways for the movement of water to the streams,
allowing rainfall to move quickly through the landscape
(Smith, 2012; Smith and Capel, 2018). The presence of sub-
surface drainage systems thus affects the hydrological re-
sponse of watersheds and changes the groundwater flow sys-
tem. The increase in soil storage capacity has an effect on
runoff as soil saturation is delayed due to subsurface drain-
age, thus increasing stream baseflow (Fraser and Fleming,
2001, Blann et al., 2009). Baseflow, also referred to as slow
flow, is a streamflow component that is attributed to ground-
water flow and other delayed sources (Hall, 1968; Santhi
et al., 2008; Stoelzle et al., 2019). Baseflow is hence referred
to as slow flow in this article. Within the subsurface drained
watersheds of southwestern Québec, subsurface drainage
flow has become the dominant pathway of the hydrological
system (Enright and Madramootoo, 2004; Deslandes et al.,
2007; Michaud et al., 2009a, 2019; Poirier et al., 2012). The
stream slow flow therefore includes groundwater seepage
and a variable contribution from subsurface drainage tiles
(Schilling and Helmers, 2008; Michaud et al., 2019).

Quantifying the relative contributions of different water
sources from a streamflow hydrograph is important for un-
derstanding the hydrology and water quality dynamics of a
given watershed. The shape of the hydrograph is highly de-
pendent on its physiographic characteristics. The concentra-
tion time, i.e., the maximum time required for a drop of wa-
ter to reach the outlet of the watershed through runoff, par-
tially characterizes the speed and intensity of the watershed’s
response to a precipitation event. It is influenced by various
morphological characteristics of the watershed, such as area,
shape, and slope. In addition to these factors, there is also the
influence of hydrometeorological parameters, which vary
according to altitude (precipitation, temperature, wind, and
solar radiation), soil type (infiltration and retention proper-
ties, permeability) and land use. Hydrograph separation is
considered the first step in the analysis of the water balance
at the watershed scale. The basic assumption of hydrograph
separation is that streamflow components have different
time responses. Thus, the contribution of surface runoff
ceases first, while groundwater flow continues after the end
of subsurface runoff. During low flows, groundwater pro-
vides most or all of the streamflow.

There is a wide variety of hydrograph separation meth-
ods. They can be grouped into three categories according to
the approach used: conceptual (graphical), filter-based, and
experimental.

The conceptual approach is based on the assumption that
a typical event hydrograph is the result of the superposition
of two flows: a slow flow that essentially drains the aquifers
of the watershed, and a quick flow that is a direct result of
the rainfall event. This conceptual approach involves the de-
termination of reference points on an event hydrograph, i.e.,
the beginning and end of a rainfall event. The flow before
and after these reference points is considered slow flow until
the next hydrological event response. These assumptions are
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determined subjectively. Therefore, this approach essen-
tially requires the user’s experience and judgment. It is often
less challenging to identify the beginning of an event than
the end. Linsley et al. (1982) proposed the following empir-
ical formulation to estimate the number of days (/) after the
peak flow required for the direct runoff to cease:

N = A2 (1)

where N is the time from the peak of the hydrograph to the
point where direct runoff ceases (days), and 4 is the area of
the watershed (mi?).

Over the years, conceptual separation has been largely re-
placed by automated filtering approaches that were developed
to standardize the conceptual methods for slow flow separa-
tion. They are simple methods that use only streamflow time
series as input. The event hydrograph is the classic response
to rainfall, and the previous low flow conditions in the stream
are entirely related to slow flow until the end of the dry period.
Low flow conditions have been widely studied, and instream
minimum flows have been identified to be generally repre-
sentative of slow flow. A well-known minimum smoothing
method was developed by the Institute of Hydrology (1980).
The method, originally called UKIH (for U.K. Institute for
Hydrology) and later revised by Piggott et al. (2005), divides
the time series into a sequence of five-day segments. The min-
imum flows are identified and selected by predetermined se-
lection criteria. The slow flow hydrograph is then defined as
the line connecting the minima. Some filters combine the
quick runoff duration (eq. 1) with the local minimum ap-
proach (Sloto and Crouse, 1996) or with analysis of hydro-
graph recession curves (Rutledge, 1998). The HYSEP (Hy-
drograph Separation Program) by Sloto and Crouse (1996)
uses the time window of quick runoff duration with three al-
gorithms that include a fixed interval (FIXED), a sliding in-
terval (SLIDE), and a local minimum (LOCMIN). The time
window is calculated by doubling (or rounding) the empiri-
cally calculated runoff duration from equation 1 (Brodie and
Hostetler, 2005). Within the predefined moving time window,
successive minimum flows are identified on the streamflow
hydrograph. The slow flow hydrograph is defined as the line
connecting the minima.

Other filters are based on signal analysis techniques. Re-
cursive analytical filters are used to remove the high-fre-
quency signal of quick flow to obtain the lower-frequency
signal of slow flow (Lyne and Hollick, 1979; Nathan and
McMahon, 1990; Arnold and Allen, 1999). The degree of
filtering is determined by the user by adjusting a coefficient
and selecting the number of filter passes (Nathan and
McMahon, 1990; Mau and Winter, 1997). It is difficult to
objectively assess the accuracy of these filters, as the filter-
ing process remains subjective. These methods are purely
analytical in the sense that they are not based on physical
processes. The major challenge for hydrologists is to de-
velop algorithms that have a hydrological basis and can use
physical parameters. Eckhardt (2005) introduced a general
formulation, developed from several commonly used filters
(Chapman, 1991; Chapman and Maxwell, 1996), based on
the assumption of a linear aquifer reservoir. The recursive
Eckhardt filter has two adjustable parameters related to the
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baseflow recession constant and the maximum baseflow in-
dex (BFlyax). The baseflow index is the long-term ratio of
baseflow to total flow. The recession constant can be deter-
mined by analysis of hydrograph recession curves for seg-
ments of the hydrograph that are dominated by the release of
water from natural storages, which are typically assumed to
be groundwater discharge. Recession curves can be selected
from the hydrograph and can be analyzed individually or
collectively to better understand the flow processes that de-
termine slow flow (Brodie and Hostetler, 2005). The parti-
tioning method PART (Rutledge, 1998) finds the recording
period for days that correspond to a requirement of anteced-
ent recession, which indicates that the slow flow is equal to
the streamflow on those days, and then linearly interpolates
slow flow for the other days. The traditional approach to re-
cession analysis has been graphical. It is often represented
by a linear relationship between storage and outflow (Gon-
zales et al., 2009; Thomas et al., 2015). However, recession
behavior can be complex, variable, and non-linear, and in-
terpretation of the stream hydrograph requires a good hydro-
geological understanding of the watershed.

Tracers and isotopes have been the most promising meth-
ods for obtaining the hydrogeological understanding re-
quired for the interpretation of stream hydrographs. They are
based on an experimental approach that aims to understand
the interaction between groundwater and surface water.
Tracer-based hydrograph separation relies on the principle
that the geochemical signature of water is determined by its
hydrological pathway. The variation of streamflow electrical
conductivity, which reflects the overall load of dissolved el-
ements (soil mineral salts), has been mainly used (Pinder and
Jones, 1969; Pilgrim et al., 1979; Matsubayashi et al., 1993;
Stewart et al., 2007; Pellerin et al., 2008; Kronholm and
Capel, 2015; Raffensperger et al., 2017). Surface runoff
from a rain event has a direct and rapid pathway to the outlet
and is therefore less exposed to salt dissolution. The slow
flow pathway through the soil matrix facilitates the leaching
of salts. Therefore, the level of electrical conductivity iden-
tifies the proportion of runoff from the ground (slow flow)
and the surface (quick flow) at any time. Thus, variations in
streamflow and conductivity represent a hydrogeochemical
dynamic of a hydrological system in the watershed. Note that
hydrograph separation with the geochemical method typi-
cally identifies two sources of streamflow: slow flow and
quick flow. Streamflow and geochemical signature data
must be measured simultaneously.

The use of multiple hydrograph separation methods is of-
ten recommended, as the accuracy of a single method is dif-
ficult to assess (Halford and Mayer, 2000). The methods
give different separation results. Rutledge (2005) suggested
that the traditional methods should be applied with care and
appropriate consideration of the underlying assumptions of
the method. Comparative studies to evaluate hydrograph
separation methods (e.g., Nathan and McMahon, 1990; Ar-
nold et al., 1995; Mau and Winter, 1997; Chapman, 1999;
Halford and Mayer, 2000; Neff et al., 2005; Schwartz, 2007;
Eckhardt, 2008) were often based on subjective measures,
such as the plausibility of hydrological behavior, rather than
a quantitative comparison to a known and well quantified
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baseflow hydrograph. Unfortunately, there are no clear indi-
cators as to which separation methods are most or least ap-
propriate for particular conditions, which is not surprising
given the lack of a true physical basis for the methods
(Partington et al., 2012). On the other hand, numerous stud-
ies (Stewart et al., 2007; Gonzales et al., 2009; Kronholm
and Capel, 2015; Raffensperger et al., 2017) have shown
how the application of different methods of hydrograph sep-
aration, combined with additional experimental investiga-
tions, can lead to better understanding of the processes in-
volved in runoff generation. They have also shown how
tracer separations could be used for validation.

In this respect, our study on hydrograph separation was
undertaken with a focus on agricultural watersheds. There
are many methods for separating hydrographs, but the com-
plex behavior of agricultural drained watersheds is a topic
that has not been widely investigated. To better understand
the hydrological response of agricultural watersheds in Qué-
bec, the stream water electrical conductivity was used as a
geochemical tracer. Because it is based on physical pro-
cesses, hydrograph separation by the geochemical method
was assumed to represent an accurate separation of the
streamflow hydrograph into its two main components: quick
flow and slow flow. The objective of this research was then
to evaluate the performance of existing automated filtering
methods for hydrograph separation (FIXED, SLIDE,
LOCMIN, PART, UKIH, BFLOW, and Eckhardt). The ge-
ochemical method was used as a reference for comparison
with the filtering methods.

METHODS AND MATERIALS
WATERSHED DESCRIPTIONS

Hydrometric time series data from 14 small watersheds
monitored by the Institut de Recherche et de Développement
en Agroenvironnement (IRDA) were used for this study.
Figure 1 locates the experimental sites in the province of
Québec, Canada. They were organized into twin experi-
mental subwatersheds (fig. 2), identified as upstream and
downstream, to study diffuse phosphorus exports from agri-
cultural areas (Beaudin et al., 2006; Michaud et al., 2009a,
2009b). Upstream refers to a subwatershed in which specific
agricultural management practices were applied, while man-
agement practices were limited in downstream subwater-
sheds. Agricultural management practices in the upstream
subwatersheds were implemented to limit erosion and sedi-
ment transport. The erosion was the result of poor surface
drainage, where excessive runoff water was discharged with-
out proper protection of streambanks. The rounded and nar-
row trenches, combined with shallow ditches, increased the
problem of runoff concentration. To ensure efficient drain-
age of surface runoff to the stream, grassed waterways and
openings were created at the outlets of ditches or depres-
sions. A few collection ponds equipped with gutters were
created at the outlets of ditches with a high potential for sed-
iment transport to reduce export to the stream. Specific
streambank protection measures also included reducing the
slope of some unstable embankments, planting vegetation on
the banks, stabilizing degraded embankment sections using
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Figure 1. Location of experimental sites in the province of Québec.

plant-based erosion techniques, and establishing riparian
strips on all streambanks. Tree species have been preferred
to establish shelterbelts.

In addition, these subwatersheds have undergone sub-
stantial changes related to surface and subsurface (tile)
drainage practices (table 1). The role of tile drainage is to

drain soils that are seasonally wet and to lower groundwater
tables that are effectively of shallow depth. Surface drainage,
particularly in flat areas, is designed to ensure uniform dis-
tribution of water, improve infiltration, and discharge sur-
face runoff into the drainage network. Surface drainage is
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Figure 2. Experimental setup of twin subwatersheds at each site: (1) Baie Lavalliére, (2) Champlain, (3) Madawaska, (4) Fourchette, (5) Tomifobia,

(6) Baie Missisquoi, and (7) Esturgeon.
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Table 1. Summary description of watersheds and subwatersheds.

Soil Drainage Subsurface
Area Rainfall Class® Drainage!®
Regions Watersheds Subwatersheds (km?) (mm year") Relief (% poor) (% tile-drained)
Bas-Saint-Laurent Madawaska Couturier!® 18.8 856 Steep 10 <40
Petite Savane!’ 15.2 0 <40
Beauce Fourchette Fourchette!®! 2.5 1025 Hilly 10 40 to 80
Fourchette!? 1.9 25 40 to 80
Mauricie Champlain Brilée!® 9.6 983 Hilly 78 40 to 80
Noirel®! 8.2 40 40 to 80
Montérégie - Est Baie Lavalli¢re Pot-au-Beurre!® 20.1 1040 Flat 93 >80
Bellevuel® 16.1 56 >80
Montérégie - Est Baie Missisquoi Ewing 332 970 Lowlands 36 >80
Aux Castors 11.2 29 >80
Montérégie - Ouest Esturgeon Branche 6! 3.2 1159 Very flat 96 >80
Branche 211 2.3 98 >80
Estrie Tomifobia Cassl® 6.2 1269 Steep 9 <40
Brook! 7.2 35 <40

2l Ratio of area of poorly drained soils to the total area of the subwatershed.
Ratio of area of tile-drained soils to the total area of the subwatershed.
Upstream subwatershed.

Downstream subwatershed.

TET T E

more important than subsurface drainage to effectively re-
move water from post-winter snowmelt. Snowmelt occurs in
the spring, which corresponds to the thawing period of the
soil. At the end of the thawing period, water accumulated in
depressions infiltrates and reaches the groundwater table,
bringing it closer to the soil surface. The groundwater table
is generally near the surface in early spring, drops signifi-
cantly during the summer, and then rises again in the fall.
Subsurface drainage fulfills its role when the groundwater
table is so high (Muma et al., 2016). The agricultural drain-
age system safely discharges excess surface and subsurface
water from fields through appropriate structures (canals,
ditches, etc.) while preventing erosion. A detailed descrip-
tion of the watersheds is provided in the Appendix.

DATA AVAILABILITY

Year-round hydrometric monitoring protocols were iden-
tical for all 14 subwatersheds. These protocols are described
more fully by Michaud et al. (2009b, 2009¢c, 2012). The hy-
drometric stations were equipped with barometric, acoustic,
and multi-parameter probes continuously recording the wa-
ter stage, velocity, conductivity, turbidity, and temperature.
Discharge calibration curves were derived from monthly
streamflow monitoring using Doppler or propeller current
meters with a minimum of 15 velocity measurements in the
stream cross-section. Hydrograph separation was conducted
on the data sets of different periods (table 2), excluding win-
ter (January and February) when the multi-parameter probes
were removed to prevent breakdown due to cold tempera-

ture. Streamflow and electrical conductivity data were avail-
able at 15 min intervals. Hydrograph separation methods
were applied on a daily basis. Data were aggregated accord-

ingly.

GEOCHEMICAL METHOD

The geochemical hydrograph separation method applied
on streamflow and electrical conductivity time series is based
on the principle of dilution where the equations of continuity
and mass balance lead to contribution ratios (Matsubayashi et
al. 1993). The mass balance equations are as follows:

O =0, +0s )
CtQt = Cqu + CSQS (3)
0,/0,=(¢-¢,)/(¢-¢,) @)
where
O total streamflow (mm d-')
C, = total streamflow electrical conductivity (uS cm™)
O, = quick flow (mmd™)
C, = quick flow electrical conductivity (uS cm™)
Os = slow flow (mmd")
C; = slow flow electrical conductivity (uS cm™).

Equation 4 calculates the contribution of slow flow, com-
bining the contributions of tile drainage and shallow aquifer
discharge. Tile flow includes a volume of water drained from
the soil in which the mineralization is close to that of ground-
water. To perform geochemical hydrograph separation, the

Table 2. Recording periods (day/month) of streamflow and electrical conductivity data on each site (ND = no data).'”!

Madawaska Fourchette Champlain Baie Lavalliére Baie Missisquoi Esturgeon Tomifobia

Year CO, PS FU, FD BU, NO PB, BE EW CA BR6, BR21 CS,BO
2005 ND ND ND ND ND 15/4 to 5/11 ND ND
2006 ND ND ND ND ND 2/4 to 16/10 ND ND
2007 ND 27/3 to 19/11 ND ND 28/6to21/11  9/7 to 12/11 ND ND
2008 ND 8/4to 19/11 ND ND 1/4t0 10/12  13/5t0 24/11 ND ND
2009 3/11to 7/12 31/3 to 8/12 15/10 to 10/12 1/6 to 10/12 25/3t010/12  29/4 to 26/11 25/9to 11/12  23/9 to 10/12
2010 18/3 to 30/11 17/3 to 25/11 19/3 to 24/11 10/3 to 24/11 31/3 to 23/11 15/4 to 3/11 17/3 to 23/11 18/3 to 22/11
2011 29/4 to 28/9 07/4 to 23/11 22/3 to 22/11 17/3 to 13/11 30/3t009/11  29/3to 8/11 21/4 to 24/11 15/3 to 3/10

&l Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).

63(4): 981-1005
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quick flow conductivity (C,) and slow flow conductivity (Cy)
must be determined. The hydrograph separation relied on
three assumptions: (1) C, was equal to the lowest observed
conductivity value, (2) Cs; was equal to pre-event conductiv-
ity, considering the absence of quick flow preceding the hy-
drological response to precipitation, and (3) C, and C, re-
mained constant over the entire recording period.

In this study, events occurring after at least one week
(seven consecutive days) without precipitation were identi-
fied, and their initial conductivity values were recorded to
determine C,. An average value was then calculated for each
subwatershed, referred to as Cs. Thus, as soon as the stream-
flow conductivity was equal to or greater than Cj, the stream-
flow was treated as slow flow. This value was therefore as-
sumed to be representative of 100% slow flow conditions in
the stream. To estimate C,, a selection of the lowest observed
conductivity values was performed; these values occurred
during peak flows, i.e., when the contribution of quick flow
was at its maximum. Conductivity decreased as the stream-
flow increased due to dilution of stream water with low min-
eralized rainwater. It was assumed that the low conductivity
represented 100% quick flow conditions in the total flow.
For each subwatershed, the lowest conductivity value was
used for C,. Note that the C, values obtained were limited to
the databases used for this study.

FILTERING METHODS

FIXED, SLIDE, and LOCMIN are techniques developed
by Pettyjohn and Henning (1979), as implemented by Sloto
and Crouse (1996). These techniques apply a predefined
moving time window to find successive minimum stream-
flow values during an interval 2N* days (N from eq. 1). The
width of the interval 2N* used for hydrograph separation is
the nearest odd integer (between 3 and 11) to twice the value
of N (Pettyjohn and Henning, 1979). The asterisk (*) signi-
fies that the interval is not exactly equal to twice the value of
N. FIXED assigns the lowest streamflow in the interval 2N*
to all days, starting with the first day of the streamflow rec-
ord. The analysis is then moved forward 2N* days, and the
process is repeated. SLIDE centers the interval 2N* on the
day of interest. Slow flow for that day is assigned the mini-
mum streamflow within the interval. The interval is then
moved forward one day, and the process is repeated.
LOCMIN centers the interval 2N* on the day of interest. If
it is the minimum streamflow within the interval, it is as-
signed as a local minimum. Slow flow for days between lo-
cal minima is estimated by linear interpolation.

UKIH (Piggott et al. 2005) is based on the identification
and interpolation of turning points within streamflow time se-
ries. The turning points indicate the days and corresponding
streamflow values when the observed flow is assumed to be
entirely slow flow. To calculate the turning points, the stream-
flow data are partitioned into a sequence of five-day segments,
and the minimum values of streamflow within each segment
(an x and y pair where xi is the day on which the minimum
flow occurred, and yi is the minimum flow value) are selected
and defined as candidate turning points. Each candidate is then
compared to the minima for the previous and subsequent seg-
ments. Turning points are defined when the condition 0.9yi <
min(yi-1, yi+1) is satisfied. The temporal variation of slow
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flow is estimated by piecewise linear interpolation bracketed
by successive pairs of turning points.

PART (Rutledge, 1998) finds days of slow flow in the days
following an event that meet a requirement for antecedent re-
cession. For a given day, the antecedent recession requirement
is met if recession has been continuous for N (eq. 1) days or
more preceding the day and the rate of recession is less than
0.1 log cycle per day. PART uses linear interpolation to con-
nect across periods that do not meet the fixed conditions.

The Arnold and Allen (1999) recursive filter (BFLOW)
is a variant of the algorithm of Lyne and Hollick (1979) com-
monly used in signal analysis and processing. The separation
technique consists of filtering out high-frequency signals of
quick flow from low-frequency baseflow (slow flow). The
filter is of the following simple form:

1+
07, =pQf 1 +22(0,-011) )
0b; =0, -0, (6)

where
O: = total streamflow on day i (mm d)
Qi1 = total streamflow on previous day (mm d')
QOf; = filtered quick flow on day i (mm d'")
Of.1 = filtered quick flow on previous day (mm d-')
Ob; = slow flow on day i (mm d")

= filter parameter (B = 0.925).

Nathan and McMahon (1990) determined 0.925 as the op-
timum value for B. They indicated that the value of the filter
parameter that provided the most acceptable baseflow sepa-
ration was in the range of 0.9 to 0.95.

The filter of Eckhardt (2005) is used to perform low-pass
filtering on the hydrograph to separate slow flow. The filter
equation is:

|:(l -BFI,,,,, )aQbi—l + (1 - a)BFImain]

b (1-aBFl,,,, ) @
where
O = total streamflow on day i (mm d-!)
Ob; = slow flow on day i (mm d-!)
Qb1 = slow flow on previous day (mm d")
BFlx = long-term ratio of slow flow

a = recession constant.

This recursive filter requires the determination of two pa-
rameters: (1) the recession constant a, and (2) the long-term
ratio of slow flow BFI,,.x (maximum value of the baseflow
index). The BFI,,4 parameter cannot be measured but can be
obtained from predefined values based on different types of
aquifers. Eckhardt (2005) suggested setting BFI,.. to 0.80
for perennial streams with porous aquifers, 0.50 for ephem-
eral streams with porous aquifers, and 0.25 for perennial
streams with hard rock aquifers. Eckhardt (2005) also rec-
ommended using tracer data to calibrate the BFI,.x parame-
ter. In this study, BFI.. was calibrated using the geochemi-
cal method. The recession constant (@) was obtained by se-
lecting several recession segments to find an average reces-
sion value for each subwatershed.

The application of FIXED, SLIDE, LOCMIN, UKIH,
PART, and BFLOW did not require any special procedure
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for calibration. Hence, they are categorized as non-calibrated
filters in this article.

CALIBRATION OF ECKHARDT FILTER

To identify optimum values of BFI,.4, an automatic cali-
bration was performed between geochemical and Eckhardt
slow flow components. The shuffle complex evolution
(SCE) optimization tool (Duan et al., 1993) was used to min-
imize the following objective function (Coron et al., 2012):

& =RMSE(,/0)(1+[BIAS]) 8)
1 4 Sim obs
RMSE = \/;;(Qi ol ) )

Z (Qlczm _ iobs )

BIAS ==L (10)

where

0°» = geochemical observed slow flow on day i (mm d!)
O™ = Eckhardt simulated slow flow on day i (mm d")

n = number of observations.

The combination of RMSE and BIAS, as proposed by
Coron et al. (2012), gives weight to dynamic representation
as well as water balance. Using square root transformed
flows to compute the RMSE reduces the influence of high
flows during calibration and was found to give a better com-
promise between the different criteria (Coron et al., 2012).

The Nash-Sutcliffe efficiency coefficient (NSE), Pearson
correlation coefficient (R), percentage bias (PBIAS) differ-
ence, and RMSE (Moriasi et al., 2007) were used as statisti-
cal measures of model performance. They assessed the rela-
tive difference between the observed geochemical slow flow
and simulated Eckhardt slow flow estimates:

R =
(o -t ) (e -,
i=1 (11
\/z( obs _ ~obs )2\/i( sim _ ~sim )2
1 mean 1 mean
i=1 i=1
obs _ ~sim 2
NSE=1- E(l | ) (12)
U 2
(0" - onn)
i=1
i(Q[obs_inim)xloo
PBIAS = | =— - (13)
Sl
i=1
where
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= geochemical observed slow flow on day i (mm d'')

Ql_abs

O™ = Eckhardt simulated slow flow on day i (mm d")
005 -~ geochemical observed mean slow flow (mm d-!)
o = Eckhardt simulated mean slow flow (mm d!)

n = number of observations.

Two options were considered for calibrating BFI,..., and
their applications were used to determine the appropriate op-
tion for the study sites. The first option aimed to use a single
BFL..x value for each watershed’s upstream and downstream
sites, given that the upstream and downstream subwater-
sheds are close to each other and assuming that they have
identical aquifer characteristics. The upstream subwater-
sheds were then selected for calibration, while the down-
stream subwatersheds were used for validation. The calibra-
tion period was the year 2010, and the validation period was
2011, both common to all paired experimental sites. For the
second option, BFI,... values were identified for each sub-
watershed, and the calibration and validation periods varied
according to the data available (table 2) for each site. Thus,
for Fourchette (upstream and downstream) and Ewing, the
calibration periods were from 2007 to 2009. While for Aux
Castors, the calibration periods were from 2005 to 2009. The
validation periods for these four sites included 2010 and
2011. For the ten remaining sites, the calibration period was
2009 and 2010, with only one period (2011) available for
validation.

FILTER EVALUATION

Evaluation of each of the seven methods was based on
each site’s geochemical hydrograph separation results. In ad-
dition to visual analysis of the slow flow hydrographs, the
calculated slow flow fractions were used to examine the per-
formance of each filter hydrograph separation in a given pe-
riod. The slow flow fraction for any given length of time was
calculated as:

n n
slow flow fraction = ZQ,S / ZQZ-I (14)
i=1 i=1
where
Q¢ = slow flow on day i (mm d")
0! = total streamflow on day i (mm d!)
n = number of observations.

Quick flow was calculated as the difference between total
flow and slow flow. Analysis of the hydrograph separation
for each site was supported by daily precipitation data. These
data were simply visualized to interpret daily, seasonal, and
inter-annual variations of the observed water balances.

Evaluation of the non-calibrated filters using the geo-
chemical method was completed by statistical analysis.
Evaluation of the calibrated Eckhardt filter results was lim-
ited to the statistical measures of model performance listed
in the previous section on calibration. It was assumed that
the slow flow separation of the Eckhardt filter after calibra-
tion was in agreement with that of the geochemical method.
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STATISTICAL ANALYSIS

Data were modeled using a multivariate analysis of vari-
ance (MANOVA) model with repeated measurements. The
fixed effects included the following factors: watershed relief,
subwatershed status, year, season, method, and all second-
order interaction terms. Watershed relief was classified as
hilly or flat, representing the main landscapes of the study
watersheds. The description “hilly” referred to both hilly and
steep landscapes, while “flat” included lowlands and flat
landscapes. The subwatershed status factor represented the
twin subwatersheds (upstream and downstream). The year
factor included 2010 and 2011, which were common to all
watersheds. The season factor was based on three seasons
(spring, summer, and fall) that covered the geochemical data
monitoring period. Spring was April and May, summer was
June to August, and fall was September to November. A
monthly time step was applied for the slow flow variable;
the months included the geochemical data monitoring period
from April to November for each year.

The dependency between observations taken on the same
subwatershed was considered in the MANOVA model. In
fact, an unstructured correlation was fitted to observations
from different methods, while a first-order autoregressive
structure of correlation was fitted to observations from dif-
ferent months. Following any significant effect in the model,
the post-hoc Tukey-Kramer comparison method was used to

see where the differences occurred. All data met assump-
tions of normality and homogeneity of variances, but some-
times a transformation of the response variable was required.
All analyses were performed using SAS (ver. 9.4, SAS In-
stitute, Cary, N.C.) at the 0.05 level of significance.

RESULTS
GEOCHEMICAL HYDROGRAPH SEPARATION

Geochemical hydrograph separation was performed at all
sites based on equation 4, applying the electrical conductiv-
ity values from table 3. Quick flow conductivities (C,) and
slow flow conductivities (Cs) for the 14 sites averaged to
0.046 and 0.668 uS cm’!, respectively. The highest average
values of slow flow conductivity were observed in the Estur-
geon subwatersheds: Branche 6 (0.919 pS cm’) and
Branche 21 (1.169 uS cm™). The high concentration of sol-
uble salts in organic soils distinguishes them from the other
experimental watersheds, mainly agricultural mineral soils.
Figure 3 illustrates the streamflow and its slow flow compo-
nent derived from the electrical conductivity for 25 March to
10 December 2009 at Ewing outlet. The minimum electrical
conductivity (C,) values in table 3 often occurred during pe-
riods of high flows generated by snowmelt, when the largest
fraction was from quick flow.

Table 3. Parameter values of electrical conductivity of quick flow (C,) and slow flow (C) at each site.!?!

Madawaska Fourchette Champlain Baie Lavallicre Baie Missisquoi Esturgeon Tomifobia

Parameter CO PS FU FD BU NO PB BE EW CA BR6 BR21 CS BO
C, 0.031 0.021 0.041 0.005 0.031 0.027 0.065  0.025 0.037  0.045 0.087 0.070 0.037 0.051
Cy 0.167 0.604 0.632  0.242 0.197 0483 0.823  0.522 0.722  0.810 0919 1.169 0.352  0.409

&l Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).
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Figure 3. Daily slow flow hydrograph separation based on conductivity and total streamflow from 25 March to 10 December 2009 on Ewing.
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Runoff events associated with snowmelt in April and
higher precipitation in late fall showed an increase in the to-
tal water discharged at the subwatershed outlet (fig. 3). In
particular, this resulted in a high contribution of quick run-
off. Otherwise, implementation of a subsurface drainage sys-
tem generally leads to a reduction in quick runoff by increas-
ing the infiltration of precipitation. The tiles route a portion
of the slow runoff (flowing from the soil) toward the stream,
resulting in a decrease in the water stored in the soil profile
and an increase in slow runoff. A subsurface drainage net-
work generally reduces the response time of agricultural
plots. This leads to hydrographs of hydrological events with
a sharp rise and a steep slope of recession, known as flashy
hydrographs. The results of the geochemical method during
the hydrological events indicated that the slow flow in-
creased and decreased in a manner that roughly matched the
peaks of the streamflow (fig. 3). Typically, the recession seg-
ments started with a steep curve that represented flashier
drainage of the subsurface tiles, ending with a gradually de-
creasing curve that reflected the contribution of delayed slow
flows, mainly from the shallow aquifer. Tile flows contrib-
ute to the streamflow in the form of soil water and/or release
from the shallow aquifer. Between runoff events, streamflow
is mainly slow flow from the tiles and shallow aquifer con-
nected to the stream.

Table 4 presents the water depths exported to the outlets,
quick runoff, and slow flow for the twelve experimental sub-
watersheds for the common period of 2010 and 2011. The
results from Baie Missisquoi watershed are not included be-
cause they are presented later using several years of obser-
vations. Overall, the exported water depths were highly var-
iable across the study areas, ranging from a minimum of
133 mm at Branch 6 (Esturgeon) to 546 mm at Brook
(Tomifobia) over the period of April to November. These
variations reflect the interaction of several factors, including
the spatial distribution of precipitation, the amount of snow
cover, soil and landscape properties, as well as land use and
land management.

The quick and slow responses from the 12 subwatersheds
were significantly different from 2010 to 2011, and the slow
flow fractions were systematically lower in 2011. Due to
wetter and more frequent events, the quick flow contribu-
tions were substantially higher in 2011, in addition to a
spring characterized by strong snowmelt. Analysis of table 4
also indicates that quick flow processes were more intense

in the downstream subwatersheds than in the upstream sub-
watersheds. In the Champlain subwatersheds, for example,
the contribution of quick runoff to total flow was 42%
(Noire) and 18% (Brilée) in 2010 and 59% and 33%, respec-
tively, in 2011. Hydropedological factors would explain the
gradient observed in the proportions of quick flow; 20% of
downstream (Noire) soils have a clayey or clay loam texture
related to slow permeability, and this proportion is only 12%
upstream (Brtilée). Note that more significant quick runoff
occurred in Noire despite the larger pasture area (63% of the
cultivated area) than in Briilée (40%). These observations in-
dicate a stronger influence of soil properties than crop rota-
tions on the water balance in this area. Similarly, the influ-
ence of soil properties on the water balance was even more
pronounced in the Tomifobia subwatersheds. On Cass (up-
stream), the good quality of the natural drainage contributed
to the limited intensity of quick flow (20% to 35%) despite
the steep landscape with an average slope of 6.7%. In the
adjacent twin subwatershed of Brook (downstream), due to
the low natural permeability of the soils, quick flow varied
by 32% and 47% of total water yield for 2010 and 2011, re-
spectively.

In the Esturgeon subwatersheds, hydrometric monitoring
of Branche 6 showed a particular hydrological regime for the
black soil. While the total stream water depth was only
133 mm, only 29 mm of this depth was quick flow in 2010.
The physical properties of the organic soil, including its high
water retention and irrigation-based water management,
contributed to this low ratio of quick runoff (22% of total
flow). The downstream subwatershed (Branche 21) was
more subjected to quick flow than the upstream subwater-
shed, with 35% in 2010 and 50% in 2011.

The exported water depths and relative proportions of
quick runoff were significantly reduced in the Baie La-
valliére watersheds. On the flat landscape of Pot-au-Beurre
(upstream) with intensive cropping systems, the contribution
of slow flow was an average of 75% of the total flow (ta-
ble 4). In the Bellevue subwatershed (downstream), the con-
tribution of slow flow averaged 56%. More permeable top-
soils in Pot-au-Beurre and efficient subsurface drainage sys-
tems over a larger cultivated area than in Bellevue presuma-
bly explain the difference in flow partitioning between these
subwatersheds.

In the Madawaska subwatersheds, quick runoff repre-
sented 42% (2010) and 58% (2011) of the total stream water

Table 4. Streamflow partitioning in the 12 subwatersheds into quick and slow flow in 2010 and 2011."!

Madawaska Fourchette Champlain Baie Lavallicre Esturgeon Tomifobia

Year Flow CO PS FU FD BU NO PB BE BR6  BR21 CS BO
2010  Data length (days) 257 257 253 253 238 250 244 221 251 251 249 249
Streamflow (mm) 467 422 423 446 365 295 298 244 133 412 491 546

Quick flow (mm) 167 176 143 157 58 149 58 104 29 143 99 175

Slow flow (mm) 299 245 280 289 307 146 240 141 104 270 392 372

Slow flow fraction®  0.64 0.58 0.66 0.65 0.84 0.49 0.81 0.58 0.78 0.65 0.80 0.68

2011  Data length (days) 168 180 230 230 231 207 186 199 160 197 193 198
Streamflow (mm) 428 451 611 639 726 506 371 423 97 388 592 628

Quick flow (mm) 177 262 300 305 243 298 115 196 33 196 206 294

Slow flow (mm) 251 189 311 334 483 209 262 227 64 192 386 334

Slow flow fraction™™  0.59 0.42 0.51 0.52 0.67 0.41 0.69 0.54 0.66 0.50 0.65 0.53

8l Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).

1 Fraction of total streamflow.
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depths exported from Petite Savane, compared to 37%
(2010) and 41% (2011) in Couturier. This was strongly re-
lated to the significantly steeper terrain in Petite Savane than
in Couturier. There was also much less agricultural activity
in Petite Savane (20%) than in Couturier (41%).

The streamflow separation in Fourchette showed similar
slow flow partitions in both the upstream (66% in 2010, 51%
in 2011) and downstream (65% in 2010, 52% in 2011) sub-
watersheds, despite less intensive land use downstream, with
more forest cover (38%) than upstream (8%). The down-
stream subwatershed occupies a lower position in the water-
shed landscape, and its outlet is 15 m lower than the up-
stream subwatershed.

Table 5 presents the total, slow, and quick water depths
in the Baie Missisquoi subwatersheds (Ewing and Aux Cas-
tors), both sites having longer periods of record (5 and
7 years, respectively). More surface runoff has been ob-
served on Ewing despite the high water depth exported over
Aux Castors, although the two sites have similar landscapes
and land use. Table 5 shows significant inter-annual varia-
bility in water yields and streamflow partitioning. For exam-
ple, at Ewing, the lowest slow flow fraction of 52% was ob-
served in 2011 and the highest value was 75% in 2009. The
unusually heavy rainfall in fall 2011 provided significant
contributions of quick flow, compared to moderate rainfalls
in 2009. Quick flow was particularly dominant in fall 2007,
spring 2008, as well as in response to the exceptionally
heavy rainfall in summer 2008. In addition, the abundant
precipitation in fall 2005 (Hurricane Katrina) as well as in
the spring and fall of 2006 explain the hydrological re-
sponses on Aux Castors (Michaud et al., 2009c). Averaged
over the years, slow flow contributions were lower during
the spring snowmelt period in April and May and higher dur-
ing the summer from June to September (table 6).

Snowmelt-driven runoff events and late fall precipitation
largely contributed to the increase of quick flows during the
spring and fall, respectively. This highlights the influence of
wetness conditions (antecedent soil moisture) and high-in-
tensity rainfall that increase the generation of quick runoff.

The interactions between quick flow and slow flow varied
significantly based on the local hydropedological interpreta-
tion of soils. Where the soil was more conductive, slow flow
was significantly larger than quick flow. In less conductive
soils, quick flow was larger than slow flow. A practical im-
plication of the overall observations is that the local varia-
bility in flow partitioning, due to physiographic attributes,
soil drainage capacity, and agricultural management prac-
tices, is relatively important and must be considered together

Table 6. Seasonal streamflow partitioning for Ewing (EW) and Aux
Castors (CA) over the April to November period.

Streamflow Quick Flow Slow Flow Slow Flow

(mm) (mm) (mm) Fraction!®

Season  EW CA EW CA EW CA EW CA
Spring 117 120 56 54 61 66 0.52 0.55
Summer 54 66 11 14 43 52 0.80 0.79
Fall 73 85 26 35 47 50 0.64 0.59

8l Fraction of total streamflow.

with the largest-scale agro-climatic gradient when assessing
the hydrological components of a given area.

FILTER HYDROGRAPH SEPARATION
Comparison of Non-Calibrated Filters
to Geochemical Method

Table 7 compares the slow flow fractions estimated by
the non-calibrated filters and geochemical method for 2010
and 201 1. For individual sites, the slow flow fraction ranged
fromalow of0.17 (BFLOW in 2010 at Branche 6 and UKTH
in 2011 at Branche 21) to a high of 0.75 (SLIDE in 2010 at
Fourchette downstream and FIXED in 2011 at Petite Sa-
vane). There was a large variation in the slow flow fractions
between methods and over the years presented. The differ-
ences between the slow flow hydrographs from the non-cal-
ibrated filters and geochemical method are further detailed
for the Ewing subwatershed for the 2007 and 2008 periods
in figure Al in the Appendix. Visual analysis of the hydro-
graphs showed attenuated and relatively flat slow flow re-
sponses from the BFLOW and UKIH methods.

One cause of the differences between the hydrographs
and slow flow fractions for the filtering methods was related
to how each method quantified slow flow. The quick flow
duration calculated from equation 1 for FIXED, SLIDE, and
LOCMIN identified a quick flow that generally ceased be-
tween one to three days following an event. The daily slow
flow separation of FIXED and SLIDE was based on a series
of straight lines and steps. A single value was assigned to the
entire interval that was physically unrealistic and sometimes
overestimated the slow flow values compared to the geo-
chemical values. On the other hand, the daily slow hydro-
graphs of LOCMIN were characterized by interconnected
straight lines, and the interpolation between local minima
considerably reduced the contribution of slow flow. The
UKIH method was similar to the LOCMIN method; linear
interpolation between each turning point estimated the daily
values of slow flow. Indeed, UKIH’s five-day interval sig-
nificantly underestimated the contribution of slow flow. The
quick flow duration from these methods was much higher

Table 5. Streamflow partitioning for Ewing (EW) and Aux Castors (CA) into quick and slow flows for 2005 to 2011 (ND = no data).

Precipitation __Streamflow (mm) Quick Flow (mm) Slow Flow (mm) Slow Flow Fraction™™

Period Year (mm)! EW CA EW CA EW CA EW CA

April to November 2005 986 ND 353 ND 111 ND 243 ND 0.69
April to October 2006 1109 ND 328 ND 132 ND 196 ND 0.60
July to November 2007 851 134 152 34 48 100 104 0.74 0.69
April to November 2008 816 308 321 128 107 180 214 0.59 0.67
April to November 2009 768 148 182 33 49 115 133 0.78 0.73
April to November 2010 890 256 270 82 97 174 173 0.68 0.64
April to November 2011 942 387 484 172 229 215 255 0.56 0.53

8l Precipitation for each year is for April to November.
1 Fraction of total streamflow.
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Table 7. Slow flow fractions from non-calibrated filters and geochemical method in the 14 subwatersheds for 2010 and 2011."

Baie Baie
Madawaska Fourchette Champlain Lavalliére Missisquoi Esturgeon Tomifobia
Year Method CO PS FU FD BU NO PB  BE EW CA BR6 BR21 CS BO
2010 BFLOW 027 0.33 030 0.36 029 0.26 028 0.26 023 021 0.17 0.22 039 0.33
PART 0.55 0.63 0.65 0.75 0.57 052 0.61 044 0.48 0.49 027 037 0.66 0.53
UKIH 0.28 045 031 0.38 0.35 0.31 030 0.27 032 032 020 0.22 044 036
FIXED 0.67 0.61 0.66 0.76 0.61 0.60 0.68 0.54 0.47 0.46 039 043 0.65 0.52
LOCMIN 052 057 0.56 0.68 043 039 0.48 038 037 035 023 032 0.58 0.49
SLIDE 0.70 0.62 0.65 0.75 0.62 0.60 0.67 054 025 022 038 043 0.65 0.53
Geochemical 0.63  0.66 0.67 0.65 0.81 0.51 0.80 0.63 0.67 0.62 0.74  0.62 0.80 0.68
2011 BFLOW 033 027 029 036 028 024 027 0.26 024 023 0.19 0.18 033 030
PART 0.67 0.72 0.46 0.60 0.51 0.46 0.50 047 038 0.38 031 031 0.59 058
UKIH 032 0.25 028 041 035 0.26 029 0.27 024 0.23 023  0.17 042 033
FIXED 0.74 0.75 0.58 0.70 0.58 0.56 0.61 059 0.55 052 0.50  0.46 0.68 0.60
LOCMIN 0.63 0.58 0.38 0.48 0.44 0.40 037 0.46 038 0.36 029 025 056 042
SLIDE 0.74 0.73 0.53 0.68 0.58 0.55 0.61 0.60 0.49 0.46 046 040 0.66 0.60
Geochemical 0.56  0.36 0.56 _ 0.56 0.71 0.46 0.78 0.53 0.55 0.52 0.66 048 0.62 0.53

[ Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).

and significantly different from the actual quick flow condi-
tions in these small agricultural watersheds. Because a sub-
watershed’s drainage system influences the concentration
time, these subwatersheds are drained quickly during rainfall
events, with a very fast response within several hours.

PART set a long and flat recession after an event, extend-
ing over a period equal to or greater than N (eq. 1). The re-
cession decreased gradually and followed a daily decline in
the log of streamflow, which is the 0.1 log cycle per day usu-
ally associated with natural groundwater flow. Thus, the
slow flow contribution was generally standardized and re-
flected more the lower section of the slow flow hydrographs
compared to the geochemical method; the flashier upper sec-
tion, largely of tile soil drainage, was excluded. This also re-
flected the differences in storage release processes. Very dif-
ferent behavior for tile release and groundwater flow can be
deduced, as shown by the early and late segments of the slow
flow recession curve from the geochemical method.

BFLOW’s slow flow was characterized by low and
smooth hydrographs. It was clear that the flashy hydrologi-
cal behavior of the watersheds, associated with the drainage
system, was misinterpreted by the method. The BFLOW
method removed large-amplitude flows, regardless of their
source, and thus filtered a significant contribution of quick
flow to each increase in streamflow. Compared to the geo-
chemical method, BFLOW considered a strong contribution
from slow flow, mainly from tiles, as quick flow.

The scatter plots in figure A2 in the Appendix illustrate
the comparisons between the estimated slow flow compo-
nents from the non-calibrated filters and geochemical sepa-
ration for the overall hydrograph analyses. Given the water-
shed landscape (spatial) characteristics, the non-calibrated
filters tended to estimate higher slow flow fractions in the
steep or hilly terrains of Appalachian (Madawaska and
Tomifobia) and Laurentian (Champlain) landscapes, as com-
pared to the St-Lawrence lowlands (Missisquoi, Esturgeon,
and Lavalliére). More scattered values showed these notice-
able differences between these areas. The significant differ-
ences between the non-calibrated filters and the geochemical
method are further detailed in the following section.
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Statistical Analysis

The type 3 F-test for model effects showed significant in-
teraction terms (p < 0.05) in relation to the slow flow
(monthly average) response variable (table 8). In fact, there
were significant interaction effects (p < 0.0001) from the
method with year (2010 and 2011), the method with season
(spring, summer, and fall), and the method with watershed
relief (hilly and flat). The interaction of the method with sub-
watershed status (upstream and downstream) was consid-
ered to be only moderately significant (p = 0.0083). On the
other hand, the type 3 F-test revealed a relatively significant
interaction effect of the watershed relief with subwatershed
status (p = 0.0048). This may be explained by the simultane-
ous location of upstream or downstream subwatersheds in
both types of relief.

According to the significant interactions involving the
methods, the least squares means (LS-means) are repre-
sented with bar plots in figure 4, where LS-means with the
same letter are not significantly different. For the 14 experi-
mental subwatersheds, significant effects of method with
year were detected, with higher estimates of slow flow re-
sponse in 2011, as shown in figure 4a, while the slow flow
response was less important in 2010. As previously men-
tioned, 2011 was wetter than 2010, with significant increases
in total water depth discharged at the subwatershed outlets.

Table 8. Type 3 tests of fixed effects.
Degrees of Freedom

Effect Numerator  Denominator F-Value Pr>F
Relief 1 1128 0.90 0.3861
Status 1 1128 1.24 0.2661
Year 1 1128 17.89  <0.0001
Season 2 1128 46.98  <0.0001
Method 6 1128 113.45  <0.0001
Relief x Status 1 1128 8.00 0.0048
Relief x Year 1 1128 1.27 0.2595
Status x Year 1 1128 0.00 0.9933
Relief x Season 2 1128 0.34 0.7113
Status x Season 2 1128 0.08 0.9242
Season x Year 2 1128 0.56 0.5686
Relief x Method 6 1128 4.76 <0.0001
Status x Method 6 1128 2.90 0.0083
Year x Method 6 1128 5.74 <0.0001
Season x Method 12 1128 7.17 <0.0001
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Figure 4a indicates that no filter estimates matched the geo-
chemical method in 2010. There were similarities between
the FIXED and PART estimates as well as between PART
and SLIDE. In 2011, the FIXED and SLIDE estimates were
not significantly different from the geochemical estimates,
and PART was distinct from FIXED and SLIDE. LOCMIN,
UKIH and BFLOW had the lowest estimates consecutively
over the two years.

Figure 4b highlights the seasonality of the slow flow re-
sponse. Spring estimates of slow flows were the highest, fol-
lowed by fall estimates, due to high runoff during the snow-
melt period and high-intensity fall precipitation. In addition,
FIXED, SLIDE, and PART overestimated the slow flow re-
sponse in spring compared to geochemical. The spring
FIXED was classified as the highest, but it was not signifi-
cantly different from the spring SLIDE. During this season,
SLIDE was not different from geochemical and PART. Sim-
ilarities between UKIH and BFLOW were also noted. How-
ever, in summer, geochemical predominated, followed by

()

the pair of FIXED and SLIDE. The fall ranking is quite sim-
ilar to the summer ranking. The fall geochemical estimates
were not significantly different from those of spring com-
pared to other methods. The similarities between FIXED and
SLIDE, and between SLIDE and PART, were again high-
lighted.

Based on the watershed relief, the method estimates were
significantly different from flat to hilly relief, as shown in
figure 4c. This trend can be attributed to the higher rate of
artificial drainage in lowland (flat) areas than in hilly relief.
Figure 4c¢ shows that the slow flow responses from the meth-
ods were significantly lower in lowlands than in hilly land-
scapes, as illustrated by the scatter plots in figure A2. There
was no corresponding method for geochemical in lowlands.
In addition, the FIXED and SLIDE estimates were signifi-
cantly different, while the SLIDE estimates did not differ
from those of PART. In hilly relief, there was no significant
difference between geochemical, FIXED, and SLIDE, and
FIXED was not significantly different from PART.
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bars represent one standard error of the mean. LS-means with the same letter are not significantly different at o = 0.05 with the Tukey-Kramer

method for multiple pairwise comparisons.
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Figure 4 (continued). Least square means (LS-means) and differences between non-calibrated filters and geochemical method for estimating slow
flow with respect to (c) watershed relief (hilly and flat) and (d) subwatershed status (upstream and downstream). Monthly average daily slow flow
is presented in mm d'. All error bars represent one standard error of the mean. LS-means with the same letter are not significantly different at
a = 0.05 with the Tukey-Kramer method for multiple pairwise comparisons.

LOCMIN, UKIH, and BFLOW always provided the lowest
estimates of slow flow.

The grouping by subwatershed status generally did not
reveal any significant difference in method estimates be-
tween the upstream and downstream subwatersheds, as
shown in figure 4d. The geochemical method showed a
slight increase in slow flows in the upstream subwatersheds.
In contrast, the filter methods associated this increase with
the downstream subwatersheds, except for UKIH, which es-
timated a very similar response for both subwatersheds. Ac-
cording to the Tukey-Kramer method, the classification level
of the non-calibrated filters increased in the downstream
subwatersheds and was associated with the limited agricul-
tural management practices. FIXED and SLIDE were always
the most efficient and matched geochemical. The classifica-
tion level of the non-calibrated filters on the downstream
subwatersheds was generally quite similar to that of previous
analyses, i.e., on hilly relief watersheds, in the spring season
and in the year 2011. The methods adopted almost the same
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performance behavior. The effective performance of the
non-calibrated filters could certainly be attributed to similar
hydrological conditions in the mentioned cases. They partic-
ularly reflected conditions where the slow flow contribution
to streamflow was presumed to be lower, while there was a
significant contribution from quick flow. The relationship
between the spring season and heavy precipitation may be
due to soil moisture level, which easily reaches saturation in
both cases, and surface runoffis expected to be predominant.

Similar conclusions could be drawn from the opposite
cases: upstream watersheds, flat landscapes, fall and summer
seasons, and the year 2010. Here, no filter method matched
the geochemical method. The summer/fall and 2010 con-
cordances were generally attributed to hydrological pro-
cesses that predisposed more flow to slower pathways (tiles).
Infiltration into the soil would depend on the higher varia-
bility in soil moisture during summer and fall than during
spring. Practically, the increase in artificial drainage (in flat
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landscapes) and agricultural management practices (in up-
stream subwatersheds) point toward increased slow flow
contributions. Beyond this, the heterogeneity of hydrologi-
cal processes through the seasons lead to more complex hy-
drology, thereby affecting filter performance.

Based on the interpretation of the effects (of year, season,
relief, and agricultural management practices) on the meth-
ods used for slow flow estimates, the performance of filters
must be interpreted separately for each of these factors.

ECKHARDT FILTER CALIBRATION
Calibration Assuming Identical Aquifer
Conditions for Twin Subwatersheds

In general, the daily slow flow calibration was satisfac-
tory (table 9). PBIAS for calibration showed a positive low
deviation between the slow flow values of the geochemical
method and the Eckhardt filter. In addition, the NSE coeffi-
cients for slow flow calibration were good at most sites. The
lower NSE coefficient for calibration on Fourchette up-
stream (0.40) and Ewing (0.39) showed that the filter over-
estimated peaks despite a PBIAS of almost zero for both sub-
watersheds. On the other hand, assuming identical aquifer
conditions for upstream and downstream, the NSE coeffi-
cients for validation (downstream) were considerably worse
than those for calibration (upstream), with values around
zero and others negative.

The PBIAS values for validation indicated that the simu-
lated slow flows were overestimated, thus significantly re-
ducing the quick flow at the respective sites. As an example,
the Noire site had one of the lowest statistical validation val-
ues (e.g., PBIAS of -63%). This was related to a higher con-
tribution of quick flow on Noire (downstream) than on Bri-
lée (upstream). Similarly, at other sites with negative
PBIAS, the same scenario was observed. Except on Four-
chette (downstream) and in Baie Missisquoi (Aux Castors),
the results were good over the validation period. The low
NSE in calibration referred to the high runoff observed at
Ewing compared to Aux Castors, even though they have rel-
atively similar landscapes and land use. On both Fourchette
subwatersheds, the geochemical method had already indi-
cated similar hydrological responses. For the remaining sub-
watersheds, the results highlight very dissimilar hydrologi-
cal responses between upstream and downstream sites. The
downstream subwatersheds were more susceptible to high
surface runoff than the upstream subwatersheds. Therefore,
no parameter could be transferred from upstream to down-
stream. Obviously, each subwatershed was unique, indicat-
ing that BFL,,.x» was limited to a given site.

Calibration Based on Individual
Subwatershed Hydrological Response

The calibration statistics in table 10 indicate good adjust-
ment of the daily slow flows. Only Petite Savane showed an
overestimation of 20% (PBIAS) of slow flows over the cali-
bration period, despite an RMSE of 0.94 and NSE of 0.52.
This overestimation occurred in spring and fall of 2010. The
Ewing calibration over 2007 to 2009 also yielded an NSE of
-0.45. After a considerable overestimation of the 2008 spring
runoff, the peaks simulations were definitely affected, reduc-
ing the NSE significantly. On the adjacent Aux Castors site,
overestimates of spring runoff in 2008 and heavy rainfall in
June 2006 did not significantly lower the NSE (of 0.44). It
was assumed here that the training of the BFI,,, parameter
on data from more periods of calibration (2005 to 2009) may
have contributed to a better NSE at Aux Castors than at
Ewing. In the validation, most sites had lower NSE than in
the calibration. Slow flow contributions were overestimated,
as indicated by the PBIAS.

The differences between calibration and validation statis-
tics highlighted two main points. First, the hydrological con-
ditions were very different between the calibration and vali-
dation periods. The validation period (2011) was associated
with high snow cover, followed by snowmelt conditions
leading to more intense quick runoff in the spring, and heavy
precipitation in the summer and fall. Consequently, filter ad-
justment during the validation period was particularly low in
subwatersheds where landscape conditions were more vul-
nerable to quick runoff, such as Petite Savane (NSE =-3.12;
PBIAS = -0.68), Brook (NSE = 0.30; PBIAS = -0.29), and
Noire (NSE = 0.20; PBIAS = -0.25). The filter largely over-
estimated the slow flow values, resulting in poor NSE and
negative PBIAS.

Second, the Eckhardt filter simulations showed a depend-
ence on calibration data. The BFI,... estimates (table 11) rep-
resented hydrological conditions that approximated typical
slow flow ratios derived from the calibration data. The vali-
dation simulations were therefore highly biased by the cali-
bration results, resulting in poor statistics. For example, on
Ewing, by changing the calibration period of 2007 to 2009
for the period of 2010 to 2011, instead of having a BFI,,.x of
0.75, a new BFI,,.x of 0.58 was obtained. This demonstrated
how the estimates of BFI,u..« can be different when using dif-
ferent calibration data. There is a substantial difference be-
tween BFI,.c of 0.58 in a wet year and a BFI,,.« 0f 0.75 in a
dry or normal year. Wet and dry years would give different
estimates of BFI,..x, as would a wet period with frequent run-
off events compared to a moderate or dry period dominated

Table 9. Model fit statistics of calibration using upstream subwatersheds and validation using downstream subwatersheds.!"!

Calibration Validation!®!

Watershed Subwatershed RMSE NSE PBIAS Subwatershed RMSE NSE PBIAS

Madawaska cO 0.74 0.82 0.00 PS 1.29 0.02 -0.23*

Fourchette FU 1.08 0.40 0.01 FD 0.78 0.71 0.01

Champlain BU 091 0.87 0.02 NO 1.20 -0.55%%* -0.63*
Baie Lavalli¢re PB 0.56 0.82 0.01 BE 1.04 0.11 -0.33*
Baie Missisquoi EW 0.82 0.39 0.00 CA 0.78 0.59 -0.03

Esturgeon BR6 0.22 0.90 0.00 BR21 1.40 -0.63%* -0.24*

Tomifobia CS 0.91 0.74 0.00 BO 1.51 0.06 -0.19%*

[o " Sites are Couturier (CO), Fourchette upstream (FU), Briilée (BU), Pot-au-Beurre (PB), Ewing (EW), Branche 6 (BR6), Cass (CS), Petite Savane (PS),
Fourchette downstream (FD), Noire (NO), Bellevue (BE), Aux Castors (CA), Branche 21 (BR21), and Brook (BO).
1 Asterisks indicate (**) negative NSE values and (*) values outside -10% < PBIAS < 10%.
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Table 10. Model fit statistics of calibration and validation at each site.

Calibration™

Validation!®!

Watershed Subwatershed!®! RMSE NSE PBIAS RMSE NSE PBIAS
Madawaska CcO 0.71 0.83 0.00 0.89 0.71 -0.11*
PS 0.94 0.52 -0.21%* 2.13 -3 12%* -0.68*
Fourchette FU 1.08 0.40 0.01 1.14 0.48 -0.05
FD 0.80 0.70 0.00 0.71 0.71 -0.04
Champlain BU 0.65 0.90 0.02 1.57 0.65 -0.30*
NO 0.32 0.88 -0.03 0.87 0.20 -0.25*
Baie Lavalliére PB 0.44 0.86 0.01 0.89 0.50 -0.19*
BE 0.54 0.68 0.01 0.84 0.41 -0.16*
Baie Missisquoi EwW 0.89 -0.45%* 0.00 0.93 -15.9%* 0.00
CA 0.71 0.44 0.00 0.95 -22 4%* 0.25*
Esturgeon BR6 0.24 0.89 0.00 0.29 0.74 -0.18*
BR21 0.96 0.23 0.00 1.27 -0.49%* -0.26*
Tomifobia CS 0.73 0.66 0.00 1.54 0.54 -0.24%*
BO 1.22 0.16 -0.02 1.52 0.30 -0.29*

[ Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).
1 Asterisks indicate (**) negative NSE values and (*) values outside -10% < PBIAS < 10%.

by slow flow. BFI,.. calibrated for a wetter (or moderate or
dry) climate than the validation climate may lead to under-
estimation (or overestimation) of the slow flow. The periods
2005, 2006, and 2011 could be one such example; the con-
tribution of slow flow was less significant than in other
years, as indicated earlier in table 5.

The estimates of BF1,.. in table 11 varied from site to site
and were all greater than 0.50. The values were generally
higher at upstream subwatersheds, corresponding to slow
flow dominated sites, thus reflecting the information pro-
vided by the geochemical method. The applied values of the
recession parameter (a) are also shown in table 11. The val-
ues of a for slow flow were generally small due to the uni-
form representation of the recession slopes of slow flows,
having both steeper and smoother segments.

Comparison of Calibrated Eckhardt
Filter to Geochemical Method

In general, the slow flow estimates of the Eckhardt filter
were quite close to the 1:1 line on the scatter plots with geo-
chemical estimates (fig. 5). The scatter plots showed that
larger errors were associated with higher flow values. This
overestimation seemed to be more pronounced during peri-
ods of high discharge. Table Al in the Appendix provides
detailed performance measures during the three seasons.
This table shows that the Eckhardt filter estimates were
highly correlated with the geochemical estimates at all sites
according to correlation coefficient (R) values. Comparing
the filter performance between seasons, downstream subwa-
tersheds had a higher overestimation in spring 2010, while
there was also an underestimation of slow flow in summer
and fall. Spring 2011 had the lowest performances at all

Table 11. Eckhardt filter parameters at each site.'!

Madawaska Fourchette Champlain Baie Lavalliere  Baie Missisquoi Esturgeon Tomifobia

Parameter Cco PS FU FD BU NO PB BE EW CA BR6  BR21 CS BO
a 0.125 0.171 0.128 0.174  0.110 0.257 0.121 0.167 0.131  0.238 0.195  0.147 0.129 0.170
BFLax 0.65  0.68 0.73  0.73 0.84 0.53 0.86  0.70 0.75 0.67 0.75 0.64 0.82  0.70

&l Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Brilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).

Eckhardt slow flow

(@)
PB

BR6

Geochemical slow flow

NO

Eckhardt slow flow

Geochemical slow flow

Figure 5. Comparisons of daily slow flow estimates (mm d') from calibrated Eckhardt filter and geochemical method for (a) upstream and (b)
downstream sites. Sites are Couturier (CO), Fourchette upstream (FU), Briilée (BU), Pot-au-Beurre (PB), Ewing (EW), Branche 6 (BR6), Cass
(CS), Petite Savane (PS), Fourchette downstream (FD), Noire (NO), Bellevue (BE), Aux Castors (CA), Branche 21 (BR21), and Brook (BO).
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sites, with poor NSE, while PBIAS showed overestimation
of slow flow at almost all sites. In summer and fall, NSE
improved but PBIAS was still negative.

For comparison, daily slow flow hydrographs from the
Eckhardet filter and geochemical method are presented in fig-
ure 6 for the Aux Castors subwatershed in 2010 and 2011.
The slow flow estimates of the filter have been excessively
elevated during the relevant seasons of spring and fall.

The Eckhardt filter hydrographs for slow flow appeared
to approximate more closely to the total flow trends, so that
the peaks of slow flow were overestimated. The hydrograph
separation of the Eckhardt filter is mainly based on the pre-
determined BFI,.. parameter. At higher BFI,..x conditions,
slow flows were dominant, while quick flows were less sig-
nificant. We know that snowmelt is significant in the spring
and that the precipitation during this period is sometimes
similar to that in summer, but it generates much higher sur-
face runoff (about 40% on average of the total annual water
yield). In fact, the hydrological response is more dependent
on waterlogged soils than simply on precipitation depth and
intensity. Thus, saturation-excess runoff predominates in the
spring, while infiltration-excess runoff most likely prevails
for high-intensity rainfall events in the summer. When ana-
lyzing the spring runoff period and the recurrence of extreme
events such as high-intensity precipitation, the filter did not
simulate any significant changes in the slow flow response.
This is shown in figures A3 and A4 in the Appendix, which
compare the daily fractions of slow flow from the Eckhardt
filter and geochemical method for the periods 2010 and
2011.

The linear concept of the Eckhardt filter yields no infor-
mation on slow flow response behavior that could be useful
in capturing seasonal variation. As shown in figures A3 and
A4, the BFI,.. parameter, used as a slow response index,
simply limited the filter results to a regular ratio of slow flow

Flows (mm/day)

23/04/10 18/05/10 12/06/10 07/07/10

Flows (mm/day)

4

07/07/11

0
29/03/11 23/04/11 18/05/11 12/06/11

in the stream. This is consistent with the observation by Na-
than and McMahon (1990), who analyzed the baseflow hy-
drographs of a smoothed minima technique (Institute of Hy-
drology, 1980) and a recursive digital filter (Lyne and Hol-
lick, 1979). They noted that the methods did not attempt to
simulate baseflow conditions; instead, the filter was aimed
at deriving an objective index related to baseflow. To explain
the dynamics of the relationship between slow flow and
streamflow, the geochemical results reflected a strong sea-
sonal dependence (figs. A3 and A4). This is strongly related
to the temporal variability of soil moisture. Accordingly, the
low ratios of slow flow to streamflow were related to snow-
melt and rainfall events, when soil moisture reaches satura-
tion faster. Furthermore, comparing the years 2010 and
2011, the climatic conditions with heavy and frequent rain-
falls in 2011 that were outside of seasonality modulated the
flow generation mechanisms, and thus the corresponding
slow flow ratios often varied from high to low. This was par-
ticularly pronounced in the downstream subwatersheds,
which were more affected by surface runoff. In general, be-
tween events, slow flow ratios were at their highest.

DISCUSSION
GEOCHEMICAL METHOD LIMITATIONS
Quick Flow Conductivity (Cy) Remains
Constant and Refers to the Lowest
Streamflow Conductivity Value

The estimation of quick flow conductivity (C,) was ap-
proximated by assimilating it to the lowest stream water con-
ductivity. The quick flow conductivity was relatively con-
stant at the outlet and represented 100% quick flow condi-
tions. The lowest conductivity value observed during the
highest flows was apparently a reliable measure of quick
flow conductivity, as it indicated the least charged inflow to

02/08/10 27/08/10 21/09/10 16/10/10 10/11/10

21/09/11

02/08/11 27/08/11 16/10/11 10/11/11

Time (days)

s TOtal Flows == Slow flow-Geochemical

Slow flow-Eckhardt

Figure 6. Comparison of daily slow flow separation from total flow using geochemical method and Eckhardt filter for Aux Castors subwatershed

in (a) 2010 and (b) 2011.
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the stream. This value represented the weighted average con-
ductivity of all surface runoff inputs occurring upstream of
the outlet. Because conductivity values are influenced by the
duration and intensity of a hydrologic event, it is clear that
runoff also influences the duration of low conductivity val-
ues. Considering that a portion of the streamflow may be
slow, even at the highest flows, this assumption may under-
estimate the slow flow during extremely high flow events,
when the streamflow conductivities are close to the selected
minimum (C,) value. It should be noted that the minimum
values observed were limited to current databases. If new
measurements are added, it is necessary to ensure that the
selected values remain the lowest recorded over the total ob-
servations. Indeed, selected values could change, given the
large temporal variability of hydrological conditions.

Slow Flow Conductivity (Cs) Remains
Constant and Refers to the Pre-Event
Streamflow Conductivity Values

It was reasonable to use the pre-event conductivity values
to estimate Cy, as there was practically no quick flow for
seven consecutive days without rain. The C, was limited to
a constant throughout the hydrograph separation process.
Uncertainty may arise when the conductivity of the total
flow cannot reach the maximum (assumed to be 100% slow
flow) before a future event, and the contribution of the slow
flow may be underestimated. This would lead to substantial
concerns about the correct value of C; during a given event
or season. Assuming that C, variations occur at each event
would get C; values closer to the streamflow values, result-
ing in higher slow flow contributions. The latter could be
considered to include a portion of quick flow in case a low
contribution of slow flow is observed. This procedure would
require more user experience and more elaborate manipula-
tion to determine event-specific conductivity values. The use
of a constant C value was a simple approach for the appli-
cation of the geochemical method and for processing long-
term data records.

FILTERING APPROACH LIMITATIONS

Based on the assumptions of the non-calibrated filters, the
quick runoff duration (FIXED, SLIDE, LOCMIN, PART),
the high amplitude of the quick flow (BFLOW), and the low
minimum flow conditions (UKIH, FIXED, SLIDE,
LOCMIN) used to characterize slow flow hydrographs all
focused on quick runoff as a prominent process in the water-
shed. Therefore, slow flow was of minor significance. One
of our conclusions from the MANOVA model highlighted
this fact. The analysis showed that the performance of the
filters increased for conditions dominated by the contribu-
tion of quick flow to the stream, such as during the snowmelt
period (spring), during heavy precipitation, and in subwater-
sheds characterized by landscape conditions more vulnera-
ble to quick runoff. On the other hand, the filter performance
decreased as the slow flow contribution increased, in sum-
mer and fall, and in lowland landscapes, which are generally
associated with higher rates of tile drainage than in hilly and
steep relief.
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Quick runoff to agricultural streams resulting from
changes in the natural drainage status of agricultural water-
sheds is defined by the surface runoff-infiltration relation-
ship, which is substantially altered. Greater infiltration sus-
tains higher slow flow and low minimum flows into agricul-
tural streams (Schilling and Libra, 2003). The routing of wa-
ter according to the soil or landscape properties is manipu-
lated to facilitate efficient use of the drainage system. Thus,
water storage and the duration of both surface and subsur-
face runoff are shortened. Under these conditions, using the
above assumptions, and relying only on the streamflow val-
ues, it is impossible to differentiate between the different
sources of hydrograph fluctuations. Therefore, both slow
flow and quick flow are misinterpreted, with slow flow iden-
tified as quick flow, or vice versa. This supports the obser-
vation of Raffensperger et al. (2017) regarding diverse hy-
drological components (such as interflow, macropore flow,
etc.) and human modifications (such as artificial drainage):
the limitations resulting from the assumptions of existing hy-
drograph separation methods may be evidence of poor re-
sults in describing hydrological system responses.

Some studies (Stewart et al., 2007; Vasconcelos et al.,
2013) have suggested calibrating the N parameter of the em-
pirical equation (eq. 1) to achieve the best possible approxi-
mation of slow flow. This would not be recommended for
small watersheds with fast hydrological response, where var-
ious processes are involved in runoff generation. Otherwise,
the physical characteristics of the watersheds would be ex-
cluded without being fully investigated. The calculation of
quick runoff duration based on equation 1 cannot be applied
because the quick runoff duration and cessation are a func-
tion of more than just the contributing drainage area. Any
new filtering approach should consider one or more factors
that influence the temporal scale of watershed runoff.

Typically, filtering methods are limited to quick flow in
the drainage area and slow flow entering the stream through
delayed pathways consisting of a single outflow from
groundwater (primarily water flowing from a shallow aqui-
fer). Based on this approach, subsurface flows are not rele-
vant. The particular characterization of slow flow hydro-
graphs by analysis of the exponential behavior of recession
curves (PART) generally reflects the conceptual behavior of
groundwater discharge. This representation of slow flow in
agricultural streams resulted in a lower component as slow
flow. The filter calculations resulted in a significant portion
of slow flow expected from tile drains as quick flow. Flow
through the tiles is a complex process that requires different
approaches. It is evident that in faster conditions (routing and
residence time), flow through the tiles is a physical process
distinct from that of water which, under natural conditions
(delayed routing and residence time), infiltrates directly into
the soil and flows into stream or contributes to aquifer re-
charge and discharge.

Similarly, the assumption of linear aquifer outflow that
simulates the slow Eckhardt filter component of the hydro-
graph is a simplified assumption for groundwater release.
Slow flow is linearly proportional to the available water ratio
in storage, as set by BFI,.... Describing the non-linear evo-
lution of the system over time is not possible. Although the
filter was adjusted with good statistical performance
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measures, the BFl,. parameter was simply a value cali-
brated to specific instantaneous values of slow flow and rep-
resented the average slow flow conditions at a specific pe-
riod of time. This value varied significantly depending on
the data used for calibration. When conditions shifted be-
yond the range of prior calibration conditions, the filter per-
formed poorly, for example, when tested with validation data
with different rainfall characteristics. In this way, the filter
did not extrapolate well, as the filter approach is inconsistent
with the fundamental mechanisms underlying hydrological
processes. Thus, the filter became unreliable. In cases like
this, as long as the underlying premises of the filter do not
correspond to physical reality, the filter may perform well
enough on calibrated sections, but its long-term stability re-
mains uncertain. Therefore, there is a need for hydrograph
separation methods that are better informed by hydrological
insight, as demonstrated by the geochemical method in char-
acterizing the streamflow components.

The increasing complexity of agricultural watersheds in
relation to artificial drainage, agriculture management prac-
tices, the heterogeneity of hydrological processes, and vary-
ing rainfall patterns is expected to result in a more complex
slow flow response. Simplifications of filter assumptions are
therefore less likely to provide effective estimates of slow
flow. For filter-based hydrograph separation, there is still
much to learn about agricultural watersheds. An investiga-
tion of the characterization of soil-shallow aquifer storage
dynamics and a description of the relationship between sur-
face runoff and infiltration would improve our understand-
ing of streamflow generation processes, which would en-
hance the hydrograph separation concepts for such water-
sheds.

CONCLUSIONS

In this study, the geochemical method strongly contrib-
uted to the evaluation of automated filter methods. The use
of geochemical data for different years provided information
to characterize hydrological responses and their compo-
nents, which has become a priority in the validation of filter
methods. The monthly estimates used to assess the perfor-
mance of the methods with respect to the various factors in-
fluencing slow flow showed that, under particular condi-
tions, some filters were able to capture the average slow flow
comparable to that estimated by the geochemical method.
This suggests that caution should be taken in the application
of these methods, depending on the flow dynamics of the
watershed under study, in relation to the relevant factors in-
fluencing the routing of water. Improved routing of water
through artificial drainage and agricultural management
practices resulted in substantial hydrological modifications.
The basic concepts of filters are simple procedures for such
challenging hydrology. The relatively higher variation in
daily observations (based on the geochemical method)
showed that it is essential to accurately capture slow flow
behavior at finer timescales. Given the high heterogeneity of
hydrological processes, the routine application of basic filter
concepts is not sufficient to address the variable nature of the
hydrological response. The variability scale of geochemical
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separation, i.e., regional (agro-climatic) and local (twin sub-
watersheds), proved that adequate separation is always rele-
vant. However, the validation of filters without a tracer is
very limited and almost unsuitable for these agricultural wa-
tersheds.

Further work should explore the automatic calibration of
hydrological models for hydrograph separation. This in-
depth tracer-based understanding will be used for the appli-
cation and validation. Although our evaluation is limited to
agricultural watersheds in Québec, the key findings of this
study should be applicable over a wide range of hydrological
environments.
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APPENDIX

The following Watershed Description section provides
more information on each watershed. Figure Al presents
slow flow hydrographs from the non-calibrated filters and
geochemical method for the Ewing subwatershed for 2007
and 2008. Figure A2 shows comparisons between the esti-
mated slow flow components from the non-calibrated filters
and geochemical method. Table Al provides performance
measures during the three seasons for 2010 and 2011. Fig-
ures A3 and A4 show comparisons of daily fractions of slow
flow from the Eckhardt filter and geochemical method for
2010 and 2011 on the upstream and downstream subwater-
sheds, respectively.

WATERSHED DESCRIPTION
Madawaska Watershed

Located in the Bas-Saint-Laurent region in northeastern
Québec, the Madawaska watershed is relatively rugged with
steep slopes. Overall, the downstream (Petite Savane) sub-
watershed has higher average and maximum slopes than the
upstream (Couturier) subwatershed. In the northern part of
the Madawaska watershed, soils are mainly loam and sandy
loam. In the south, soils are mostly loam and silt loam with
coarse fragments of shale and slate. In each of the twin sub-
watersheds, the soils are mostly well drained, but there is
about 10% of more imperfectly to poorly drained soils in
Couturier. Petite Savane is more forested than Couturier,
55% compared to 46%. On the other hand, the agricultural
area is half the size, 20% compared to 41%. According to
available data, 29% of the agricultural area in Petite Savane
is under perennial crops (hay), while this ratio is 51% in
Couturier.

Fourchette Watershed

Both subwatersheds, upstream and downstream, have a
hilly relief. Agriculture is practiced over a large part of the
upstream subwatershed, while agriculture is limited in the
downstream subwatershed. The proportion of the water-
shed’s area under annual crops is 38% in the upstream wa-
tershed, compared to 11% in the downstream watershed. The
forest cover is more important, covering 38% of the total
area of the downstream subwatershed but only 8% of the up-
stream subwatershed. In the upstream subwatershed, the
soils are predominantly argillaceous. The drainage class
“very poorly drained” is attributed to 25% of the down-
stream subwatershed, whereas this class represents only 10%
of the upstream subwatershed.

Champlain Watershed

The downstream subwatershed is along the Noire River,
while the upstream subwatershed is along the Briilée River.
Both subwatersheds drain into the Champlain River. The ag-
ricultural areas of both subwatersheds are located on a rela-
tively hilly landscape. They have an average slope of 2%,
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Figure Al. Comparisons of daily slow flows hydrographs from non-calibrated filters and geochemical method for Ewing subwatershed for 2007
and 2008: (a) BFLOW, (b) PART, (c) UKIH, (d) FIXED, (¢) LOCMIN, and (f) SLIDE.

but substantially higher maximum slopes are present in the
Brilée subwatershed. Sandy loam soils dominate the Noire
subwatershed, while sandy soils occupy one-third of Briilée.
This leads to 60% well drained soils in Noire, compared to
12% in Brilée, and more than twice as much imperfectly
drained soil in Brilée (as a ratio of the total area of each sub-
watershed). Noire is a bit more forested than Brilée, 49%
compared to 41%. Agricultural soils cover 47% of Noire and
55% of Brilée. In Noire, perennial crops cover 13.3% and
annual crops cover 11.6%, while in Brilée, annual crops
cover the three-quarters of the agricultural land. The domi-
nant annual crops are corn and soybeans.

Baie Lavalliére Watershed

With average slopes of less than 0.7%, the landscape of
the subwatersheds is particularly flat. Dominated by coarse
soil textures upstream of the watershed and heavier textures
downstream, fine loamy sand occupies the largest area in the
Bellevue (downstream) subwatershed, while silty clay loam

63(4): 981-1005

is the dominant texture of the Pot-au-Beurre (upstream) sub-
watershed. Sandy loams are also present in both subwater-
sheds. The downstream subwatershed area is 40% forest-
covered and 58% under cultivation (with 47% being annual
crops). In the upstream subwatershed, forest occupies only
3% of the area, the remaining being cultivated (with 74% of
annual crops). Maize dominates, occupying more than 47%
and nearly 60% of the cultivated land in the downstream and
upstream subwatersheds respectively. The next major crop
is soybeans (24% and 12.5%), followed by cereals (6.9% and
2.4%). In both subwatersheds, hayfields occupy less than
10% of the total area (7.9% and 7%) but their proportion of
agricultural land is two times higher in the downstream sub-
watershed (13.5% compared to 7.2%).
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Figure A2. Comparison of daily slow flow estimates (mm d) from non-calibrated filters and geochemical method for (a) upstream and (b) down-
stream subwatersheds. Sites are Couturier (CO), Fourchette upstream (FU), Briilée (BU), Pot-au-Beurre (PB), Ewing (EW), Branche 6 (BR6),
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Table Al. Performance statistics (R, NSE, and PBIAS) during spring, summer, and fall seasons in calibration period of 2010 and validation period

of 2011 at all sites.

Spring™® Summer!® Fall™
Year Watershed Subwatershed!® R NSE PBIAS R NSE PBIAS R NSE PBIAS
2010 Madawaska CcO 0.94 0.68 -0.20%* 1.00 0.80 0.35* 1.00 0.80 0.35%
PS 0.98 0.66 -0.16* 0.99 091 0.25% 0.99 091 0.25%
Fourchette FU 0.97 0.50 -0.05 0.99 0.86 0.36* 0.99 0.86 0.36*
FD 0.97 0.58 -0.17* 0.99 0.76 0.37* 0.99 0.76 0.37*
Champlain BU 0.98 0.88 -0.20* 0.96 0.85 -0.11* 0.96 0.85 -0.11
NO 0.95 0.52 -0.29* 0.99 0.23 0.46* 0.99 0.23 0.46*
Baie Lavalliére PB 0.97 0.89 0.03 0.99 0.98 0.04 0.99 0.98 0.04
BE 0.94 0.69 -0.07 0.99 0.87 0.29* 0.99 0.87 0.29*
Baie Missisquoi EW 0.98 0.81 0.01 0.99 0.95 0.18* 0.99 0.95 0.18*
CA 0.97 0.90 0.09 0.99 0.94 0.21* 0.99 0.94 0.21*
Esturgeon BR6 1.00 0.97 -0.01 1.00 0.99 0.06 1.00 0.99 0.06
BR21 0.97 0.84 0.19* 0.91 0.58 0.00 0.91 0.58 0.00
Tomifobia CS 0.98 0.93 0.02 0.98 0.79 -0.02 0.98 0.79 -0.02
BR 0.99 0.93 0.08 0.97 0.64 -0.02 0.97 0.64 -0.02
2011 Madawaska CcO 0.86  -0.63**  -0.46* 0.99 0.93 0.23* 0.99 0.96 0.10
PS 0.54 -17.92**  -1.55% 0.97 0.80 -0.06 1.00 0.50 0.11*
Fourchette FU 0.87  -0.08**  -0.16* 0.87 0.35 0.06 0.95 0.32 0.01
FD 0.93 0.55 -0.31* 0.93 0.85 0.16* 0.95 0.87 0.12*
Champlain BU 091 043 -0.37* 0.96 0.72 -0.20* 0.99 0.98 -0.03
NO 0.72  -2.90** 0.53* 0.96 0.89 -0.02 0.97 0.94 0.04
Baie Lavalliére PB 0.98 0.85 -0.08 0.93 0.38 -0.12* 0.98 091 0.00
BE 0.95 0.03 -0.34* 0.88 0.22 0.02 0.99 0.90 0.13*
Baie Missisquoi EW 092  -2.26**  -0.40* 0.92 0.45 -0.18%* 0.98 0.64 -0.09
CA 094  -0.33**  -0.26* 0.91 0.58 -0.19* 0.96 0.56 -0.07
Esturgeon BR6 0.98 0.15 -0.38%* 0.98 0.90 -0.16* 1.00 1.00 0.05
BR21 0.93  -1.90**  -047* 0.95  -2.78**  -0.55* 0.99 0.68 -0.08
Tomifobia CS 096  -0.14**  -0.36* 0.99 0.89 -0.10* 093  -0.93*%*  0.25%
BR 094  -1.33**  -0.38* 0.99 0.86 -0.08 0.92 0.53 -0.03

2l Sites are Couturier (CO), Petite Savane (PS), Fourchette upstream (FU), Fourchette downstream (FD), Briilée (BU), Noire (NO), Pot-au-Beurre (PB),
Bellevue (BE), Ewing (EW), Aux Castors (CA), Branche 6 (BR6), Branche 21 (BR21), Cass (CS), and Brook (BO).
b1 Asterisks indicate (**) negative NSE values and (*) values outside -10% < PBIAS < 10%.

Baie Missisquoi Watershed

The Ewing and Aux Castors subwatersheds have both a
landscape that extends across the St. Lawrence lowlands
plain and the Appalachian piedmont. The Ewing subwater-
shed is flat (mean slope < 1%), and surface soils are sandy
spodosols to clayey inceptisols overlying poorly drained
clay subsoils of marine and lacustrine origin (Michaud et al.,
2009b). Agriculture accounts for 98% of the land use and is
dominated by annual corn production on sandy soils (47%
of fields) and clayey soils (32% of fields) in rotation with
soybean and small grains (8% of annual land use), while
hayfields with perennial forages occupy 13% of land use in
the subwatershed. In the Aux Castors subwatershed, given
the low relief and agricultural potential of the soil (mean
slope < 1%), crop production is also relatively intensive,
with nearly 80% of the area dedicated to annual crops. Clay
soils of marine and lacustrine origin (gleysolic) occupy the
low-lying areas, whereas calcareous and shaly tills (bruni-
solic and podzolic) occupy the higher elevations. Three-
quarters of the downstream region is cultivated, and culti-
vated areas of roughly 20%, 30%, and 50%, respectively, are
devoted to hayfields, perennial forages, and annual crops
(corn and soybean).

Esturgeon Watershed

The topography of the two subwatersheds is generally
very flat. The downstream (Branche 21) subwatershed is en-
tirely of mineral soil (heavy and poorly drained clay loam
over 98% of the area). In the upstream (Branche 6) subwa-
tershed, 65% of the soils are organic and very poorly

63(4): 981-1005

drained, while the mineral soils are mainly silty clays (25%).
The two experimental subwatersheds are used exclusively
for agriculture. There are no forested areas in Branche 21,
and forest covers less than 1% of the area in Branche 6. No
perennial crops are grown in Branche 6, and they are also
poorly represented in Branche 21 (4.3% of the area). In
Branche 21, the dominant annual crops are vegetables (49%
of the agriculture area) and soybeans (22%), while the dom-
inant annual crops in the Branche 6 are corn (24%), vegeta-
bles (15%), and soybeans (12%). In Branche 6, agricultural
areas without crop information correspond to 48.6% of the
total agricultural area, while in Branche 21, these categories
correspond to 12% of the agricultural area.

Tomifobia Watershed

The Cass (upstream) and Brook (downstream) subwater-
sheds are characterized by quite steep relief with significant
slopes. Overall, Brook has lower average and maximum
slopes than Cass (average slope of 6.7%). The soil texture in
the subwatersheds is mainly loamy (60% of Brook soils and
85% of Cass soils) or sandy loam (39% of Brook soils and
15% of Cass soils). Soil drainage is mostly good, with nearly
35% and 9% of soils naturally showing poor drainage in
Brook and Cass, respectively. Forest covers a large part of
the two subwatersheds. However, Brook is slightly less
wooded than Cass, 46% compared to 53%. The remaining
area is mainly agricultural, and perennial crops dominate
with proportions of nearly 28% (Brook) and 15% (Cass).
The proportion of annual crops (mainly corn) of the overall
area is lower, with 8% in Cass and 3% in Brook. Nearly two-
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Figure A3. Comparison of daily slow flow fractions from Eckhardt filter and geochemical method over 2010 and 2011 on upstream subwatersheds:
(a) Couturier (CO), (b) Fourchette upstream (FU), (c¢) Briilée (BU), (d) Pot-au-Beurre (PB), (¢) Ewing (EW), (f) Branche 6 (BR6), and (g) Cass

(CS). Gaps indicate periods without data.

fifths (37% and 48%) of the agricultural area in the down-
stream and upstream subwatersheds has no crop infor-

mation.

1004

TRANSACTIONS OF THE ASABE



slow flow ratio

0.5
0 1 1 1 1 1 1 |
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)
. 0]
— ,_I'_.i —_—————— -
4 I ;o » o
o Va4
g e Ty At v Y
2 F"b:'j:"‘v' "q""*——JH“—'N“‘V' L Aan uind
3 05 ,, '/
= I~
E v ‘ll
S
2]
0 | | | 1 1 | | | |
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)
; )
Wy — T ey e
™ VAo |
2 ] |
[
.
E W ~ rﬁ
=z A
2
g ",
0 1 1 1 1 1 1 1
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)
. (k)
Y T, “r—"— v LRV | -,
'I ") rw s 1
s h Jd i 1'% I M {4
.'_g 1oV [} (] 1 [Tl 4
1
§ 0.5 : ! 1 “ fr|
- ! v I
(2]
0 1 1 1 1 1 1
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
[0}
1— —
/ n e
° [l v 1
®
2
& 05~ v H = 1y
_% [] 1
2]
) | | | 1 | |
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)
(m)
wa Y '\
9 \ ' ,'w Mo I\il
®
E || ] 1
< ni |
5 |
2]
0 | | | 1 |
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)
(n)
1 T — .___“.-.ll 1..""
. ; ¢
2
2 05 ]
3 ' ‘
S
2]
0 1 1 1 1 1 1 1 1 |
28/03/10 02/06/10 08/08/10 13/10/10 18/12/10 23/02/11 30/04/11 05/07/11 10/09/11 15/11/11
Time (days)

== == = Geochemical == Eckhardt

Figure A4. Comparison of daily slow flow fractions from Eckhardt filter and geochemical method over 2010 and 2011 on downstream subwater-
sheds: (h) Petite Savane (PS), (i) Fourchette downstream (FD), (j) Noire (NO), (k) Bellevue (BE), (I) Aux Castors (CA), (m) Branche 21 (BR21),
and (n) Brook (BO). Gaps indicate the periods without data.
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