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ABSTRACT 

 

The application of spatial cross-correlation modelling was tested on continuous time series of 

electrical conductivity to estimate lateral and longitudinal chloride dynamics in an urbanizing 

watershed in Southern Ontario. Overall, the model appeared more robust for the winter salting 

season than for the summer growing season. The winter results showed shorter travel times 

with higher velocity longitudinally (upstream to downstream) in an urban stream reach with 

more impervious surfaces than in a rural reach with more permeable surfaces. The lateral 

exchange rates (stream-hyporheic zone) were observed to be affected by both local and 

catchment-scale land use and soil profiles. Cross-correlation results and time series data also 

indicated that road-salt applications in the urban catchment may be leading to underground 

storage of chloride, contributing to the streams in summer and producing year-round peaks of 

chloride in the urban stream reach. 
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1. Introduction  

 

In cold countries like Canada, road salt application to impervious surfaces is a routine practice in 

winter. Rock salt, composed of sodium chloride (NaCl), is the most common de-icer used in Southern 

Ontario, which leads to meltwater with high concentrations of chloride (Cl) anions that can be transported 

to streams via multiple flow pathways. In urban landscapes, large areas are covered in impervious surfaces 

that favor overland runoff due to low infiltration rates. Overland flow pathways are a quick route for Cl-

laden runoff to reach receiving water bodies like streams and lakes. In non-urban areas a higher coverage 

of permeable surfaces allow meltwater to infiltrate through the surface and percolate to groundwater. 

Groundwater and lateral throughflow in the unsaturated zone in soil can also transport Cl to streams by 

mixing with stream water in the hyporheic zone. The effects of the high Cl concentrations on stream water 

quality  (Environment Canada, 2001), groundwater quality (Meriano et al., 2009; Williams et al., 2000), 

and aquatic life (Colins and Russell, 2009; Corsi et al. 2010; Findlay and Kelly, 2011) pose a growing 

concern today. This is especially true for urbanizing regions such as the Lake Simcoe watershed, where Cl 

levels in tributaries flowing into the lake have been rising since the 1990s, and often exceed the Canadian 

Council for Ministers of the Environment (CCME) guidelines for protection of aquatic life (Winter et al., 

2011).  

Previous studies have reported long-term storage of Cl within watersheds (Casey et al., 2013; Corsi 

et al., 2015; Kelly et al., 2008; Perera et al., 2013). Other studies have discussed the importance of the 

hyporheic zone in surface-groundwater exchange and chemical retention (Boano et al., 2014; Ryan and 

Boufadel, 2007; Valett et al., 1996). This suggests that Cl applied onto impervious surfaces in winter are 

not all flushed from a watershed during the spring melt, but rather delayed along slower flow pathways in 

the stream, including subsurface mixing in the hyporheic zone and infiltration to groundwater. Current 

research has firmly established the impact of urban drivers such as land use change, paved roads and other 

impervious surfaces on the extent of salinization and Cl concentration (Dugan et al., 2017; Kaushal et al, 

2005; Kelting et al., 2012; Martin et al., 2016; Morgan et al., 2012), especially in Canada (Kerr, 2017). 

These studies have all used monthly, biennial or annual data to connect spatial characteristics with water 

quality. While researchers often identify the potential of continuous data to better understand Cl dynamics 

over shorter time scales (Kirchner et al., 2004; Long et al., 2015), to the best of our knowledge no previous 

studies have used continuous sensors to estimate travel times of Cl along and within a stream in an 

urbanizing watershed. As watershed structure and geometry can play an important role in solute transport 

(Bergstrom, 2016), these factors also need to be integrated with land use to analyze Cl dynamics. There is 

a paucity of information linking in-stream and subsurface Cl dynamics to specific spatial and structural 
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characteristics of a stream and its catchment. This information is key to developing a mechanistic 

understanding of Cl fate and transport, that can inform a coupled hydrology-Cl model. In addition, an 

improved understanding of the processes and landscape characteristics that drive in-stream Cl dynamics in 

urbanizing watersheds will support decision-making around road salt use (Lake Simcoe Regional Authority, 

2015) and adaptive winter maintenance strategies (Dietz et al., 2017). 

This study supplies a spatial cross-correlation analysis to continuous electrical conductivity (EC) 

data to estimate longitudinal (along a stream reach) and lateral (stream-hyporheic zone) time lags for two 

stream reaches in the East Holland River watershed in Southern Ontario. In geographical research, cross 

correlation is a relationship between two spatially and temporally shifted measurements. It is similar to 

spatial autocorrelation, but with a time lag between two correlated data series (Chen, 2015). In signal 

processing, cross correlation methods are often used to measure the time delay from an input series to an 

output or response series. In spatial modelling of the environment, this method has previously been applied 

to long term data (including Cl) to examine lags in the relationship between precipitation, streamflow, 

stream chemistry, etc. (DeWalle et al., 2016; Ko and Cheng, 2004; Schmidt et al., 2012). Besides 

investigating the potential of this method for estimating Cl travel time and velocity, this paper aimed to 

answer the following questions: 

1. How does the longitudinal (upstream to downstream) time lag and velocity for Cl vary between an 

urban stream reach with more impervious surfaces in its catchment and a rural stream reach with 

more permeable surfaces in its catchment? 

2. How do lateral (stream-hyporheic zone) time lags and velocities for Cl vary between an urban and 

rural stream reach? 

3. Are there seasonal differences in the longitudinal and lateral time lags estimated for the urban and 

rural stream reaches? 

As impervious surfaces limit infiltration and increase runoff, causing water to move rapidly 

downstream (Booth, 1991), the urban stream is expected to show a shorter lag and higher velocity of Cl 

longitudinally compared to the rural stream. For lateral flow, hyporheic connectivity may be affected by 

urbanization (Ryan and Packman, 2006), in some cases creating unique scenarios of groundwater storage 

contributing to stream Cl levels throughout the year due to long-term road salt applications in urban 

watersheds (Eyles and Meriano, 2010; Mayer et al., 2006). The results from the lateral lags and velocities 

are expected to show whether hyporheic connectivity is being hampered by increasing urbanization, while 

exploring the possibility of subsurface contribution to stream Cl levels in this watershed. 
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2. Methodology 

2.1 Study Area 

2.1.1 East Holland River Watershed 

In 2012, the Lake Simcoe Region Conservation Authority’s (LSRCA) daily monitoring station at 

Holland Landing reported 44 occasions of Cl exceeding the Salt Acute Exposure Guideline (640 mg/L). 

Throughout that year, Cl levels remained mostly above the Chronic Exposure Guideline (120 mg/L) at this 

station in East Holland River (Lake Simcoe Science Newsletters, n.d.). Among Lake Simcoe’s 

subwatersheds, East Holland River is one of the most populated and contains the second-largest impervious 

surface (LSRCA, 2010). It falls almost entirely within the regional municipality of York in the Greater 

Golden Horseshoe Region plan for urban growth, with Whitchurch-Stouffville to the south-east, 

Newmarket and central York in the middle and Aurora in the southwest. Highway 404, a 6-lane expressway, 

passes through the southern half of the watershed (Figure 1). Although urban land use currently covers only 

over 26% of its total area, this 

watershed is projected to 

undergo increasing stress due to 

urbanization. The York Region’s 

2041 growth forecasts indicate 

further population increase and 

land cover change in the 

immediate future, along with 

higher residential growth 

towards the southeast in the next 

25 years (with almost five-fold 

population increase), while 

Newmarket and Aurora continue 

to grow significantly (Regional 

Municipality of York, 2015).   

 

 

 

Figure 1. The two catchments studied within the East Holland River 

Watershed, located in York Region under the Greater Golden 

Horseshoe urban growth region. Stream lengths from the upstream to 

downstream sites are highlighted in red within the complete stream 

network, and the reach contributing areas are delineated for each site 

monitored within the two catchments.  

Aurora 

Whitchurch-Stouffville 

Newmarket 
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Upstream and downstream sites were monitored in two stream reaches located in the southeast and 

southwest portions of the watershed. The catchment in the southwest is mostly urban, approximately 29.5 

km2 in area and drains locally into the Tannery Creek (a tributary of East Holland River), which has a mean 

annual flow of 0.23 m2/s (Ontario Ministry of Natural Resources and Forestry, 2013). With many urban 

residential areas and paved roads surrounding the stream, it falls almost entirely within the town of Aurora. 

The catchment in the southeast is mostly rural with many natural heritage areas, falling mainly under 

Whitchurch-Stouffville, with a small section of the downstream area west of the Highway 404 falling under 

Aurora. It has a total drainage area of about 36.4 km2 that drains into East Holland River, which has a mean 

annual flow rate similar to the urban catchment- about 0.25 m2/s.  

2.1.2 Land Use and Spatial Characteristics 

Overall, the urban catchment in the southwest is about 50% urbanized and 30% agricultural, while 

the rural catchment is about 20% urbanized and 40% agricultural, with many natural areas. These are 

summarized in Table 1. The Ontario Flow Assessment Tool (OFAT) was used to delineate the reach 

contributing areas in Figure 1 and generate streamflow and overall land cover information. This is a spatial 

web application by the Ministry of Natural Resources and Forestry that uses a provincial land cover layer 

from 2013. A more detailed land cover layer, based on 15cm high resolution aerial photography from 2013, 

was provided by the LSRCA through the Ontario Geospatial Data Exchange agreement in April 2017. This 

was used for mapping the catchment land use profiles in Figure 2. Road densities for each catchment were 

calculated from a roads network layer using the Voyager open data license in York Region (n.d). Figure 2 

shows the different road classes in the two catchments, as found in this road network data. While the 

Highway 404 passes near the downstream site of the rural catchment, the urban catchment in the southwest 

has a relatively dense road network with many local roads and residential lanes.  

 

Table 1. Summary of general land cover for the urban catchment in the west and rural catchment in the 

east. Upstream reach contributing areas indicate the area that drains into the upstream catchment, while the 

downstream reach contributing area indicates the whole catchment area that drains into it. 

Reach Contributing 

Area 

Community / 

Infrastructure 

(%) 

Road 

Length 

Density 

(km)  

Agriculture and 

Undifferentiated 

Rural Land Use 

(%) 

Deciduous 

Forest 

(%) 

Coniferous 

Forest (%) 

Mixed 

Forest 

(%) 

Urban Upstream 14.16 1.74 59.74 1.83 1.08 4.80 

Urban Downstream 52.02 5.24 27.33 3.78 2.42 5.40 

Rural Upstream 20.62 2.58 38.42 13.05 2.77 4.61 

Rural Downstream 19.84 2.51 39.68 11.67 3.31 5.15 
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Figure 2.  Land use profiles of the two catchments extracted from a detailed land classification layer by the Lake Simcoe Region Conservation 

Authority, based on 2013 aerial photography with 15 cm resolution. Only the study stream lengths are shown in the map. 

Urban  Rural  
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Figure 3. Road networks of the two catchments from York Region Voyager open data license (2017). Only the study stream lengths are shown in 

the map.

Urban  Rural  
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A 10m Digital Elevation Model (DEM) was downloaded from the Ontario Open Data Catalogue 

(2017) for generating the stream network for the catchments. The Ontario Integrated Hydrology Data from 

Ontario Open Data also provides a provincial stream network with stream order and stream-enforced DEM 

in 30m resolution. This stream network was used for cross-checking the accuracy of the generated stream 

and pour points. The study stream length was calculated by clipping and measuring the polyline connecting 

the upstream and downstream sites in each catchment. Using the 3D Analyst extension in ArcGIS 10.4.1, 

elevation profiles were created from the 10m DEM for longitudinal and lateral sections of the stream. Figure 

4 shows the DEM and the longitudinal (stream to stream) elevation profiles created from the DEM that was 

used for measuring slope. Figures 5 and 6 show the elevation profiles from lateral cross-section of the 

stream at each site, along with field photos. Together with site visits and fieldwork, the elevation profiles 

allowed an improved understanding of stream structure and behaviour. As shown in Figure 5, the urban 

sites in the southwest are both close to roads and impervious surfaces, with storm pipes connected directly 

to the streams. The rural sites are much more remote with intact riparian area and no storm pipes (Fig. 6).  

For information about the soil type and permeability in each catchment, geospatial data was 

collected through Land Information Ontario from the Ontario Ministry of Agriculture, Food and Rural 

Affairs (OMAFRA, 2016). This came in the form of a Soil Survey Complex published in 2016 containing 

the soil name, stoniness (0 to 2) and drainage quality (poor, well, very well). Figure 7 shows the soil profile 

for the two catchments extracted from this Soil Survey Complex. 

 

Figure 4.  Elevation (meters) profile for upstream to downstream longitudinal streamflow, created from 

10m DEM of the two catchments. Only the study stream lengths moving from upstream to downstream are 

shown on the DEM. Length and slope of the study streams were calculated for the urban (west) and rural 

(east) catchments using GIS.  
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Figure 5 Elevation (meters) profile of a lateral cross-section of each stream site in the urban catchment,  

(a) shows the upstream site and (b) shows the downstream site. 

 

 

Figure 6 Elevation (meters) profile of a lateral cross-section of each stream site in the rural catchment,  

(a) shows the upstream site and (b) shows the downstream site. 
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Figure 7 Soil profiles of the two catchments extracted from a Soil Survey Complex by Ontario Ministry of Agricultural, Food and Rural Affairs 

(2015).  Only the study stream lengths are shown in the map.

Urban  Rural  
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Even within the catchments, there are spatial and structural differences among the sites and their 

reach contributing areas, as suggested in Table 1 and Figures 2,3 and 7 showing the land use, road networks, 

and soil profiles on the two catchments. The upstream site in the urban catchment in the west has not been 

urbanized yet and contains lots of natural and agricultural coverage. The downstream location in the rural 

and natural catchment in the west has more overall percentage of urbanized areas as the urban infrastructure 

in Aurora keeps growing. In addition, the downstream site in the rural catchment is a km downslope from 

a major highway. The longitudinal time lags were analyzed from the catchment-scale land use, soil, and 

roads network maps. For analyzing the lateral exchange from stream to hyporheic zone, a closer look at the 

possible exchange pathways was required. Buffers were drawn with 1km radius around each site, and land 

use, soil profile, and road networks were clipped for the buffers using the Spatial Analysis extension in 

ArcMap 10.4.1. These buffers were analyzed for an overall perception of hyporheic connectivity in the 

sampled area.  

Additionally, the land use and soil profiles in this section were combined with the elevation profiles 

to create 3D visualizations of catchment cross-sections in ArcScene, which considerably aided the 

conceptual understanding of streamflow and Cl transport with respect to spatial and structural 

characteristics. The LSRCA land cover allowed for further delineation of buildings (in the urban catchment) 

and designated forests (in the rural catchment) that were used in the 3D representations. 

 

2.2 Time Series Data  

Each of the four sites (upstream and downstream on the two reaches) were equipped with two 

Solinst LTC Levelogger sensors to measure water level (total head), temperature and specific conductivity 

(EC): one in the stream (resting in a PVC housing on the stream bed), and another in the hyporheic zone 

(suspended inside a PVC piezometer with a 20cm slotted section located 20-40cm below the surface in the 

stream bank). The horizontal distance between the stream and hyporheic sensors varied from 2 to 5 m. 

Continuous data from the Leveloggers were corrected for atmospheric pressure using data from a Solinst 

Barologger located within 10km of the sites. Each dataset was also corrected for manual sampling events 

according to the field logs, and all missing data were removed. Data for all four sites were available from 

2016-04-05 to 2017-04-11, at hourly intervals till 2016-09-15 and at 15-minute intervals thereafter. For the 

purpose of this study, we used data from the winter salting season and summer growing season, in order to 

explore seasonal differences as well as the effects of data intervals in cross-correlation. Therefore, this study 

was based on 15-minute data from the winter salting period (2016-11-15 to 2017-02-28) when most of the 

snowfall had occurred, and hourly data from the summer growing period (2016-05-01 to 2016-08-31) when 
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most of the spring melt would have ended and a particularly dry summer season had started. The corrected 

time series for water level and EC of all sites can be found in Appendix A. 

When discussing the complexity of exchange pathways between stream and groundwater through 

the subsurface, Fleckenstein et al. (2010) concluded that EC is a viable natural tracer for a better 

understanding of these pathways. This was of primary interest in this study as it aimed to explain subsurface 

lateral exchange in the hyporheic zone along with the longitudinal stream-to-stream flow. To relate EC with 

Cl, a commonly used approach (e.g. Perera et al., 2009) was used, where grab samples were collected 

approximately twice per month between September 2015 and April 2016 at all sites. Chloride 

concentrations were measured in these samples at the University of Waterloo and the results were used to 

develop linear relationships between EC and Cl concentration. The correlation coefficient (R2) was 0.78 for 

streams and 0.93 for hyporheic zones using data from all sites, suggesting a strong linear relationship. At 

the time of this study, Cl measurements from grab samples were not available for the full study period of 

May 2016 to February 2017, therefore EC was used as a more reliable proxy for Cl. Figure 8 shows an 

example of corrected EC time series at the upstream and downstream sites of the urban catchment during 

the winter salting period, with a close-up view of 15-minute data from 2017-02-27 showing the lagged 

downstream trends following the upstream EC. 

Figure 8. Sample of time series showing conductivity (EC) from winter salting season (2016-11-15 to 

2017-02-28) at the upstream and downstream sites of the urban catchment. Close-up view shows data at 

15-minute interval on 2017-02-27. 
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2.3 Spatial Cross-Correlation  

Cross correlation function (CCF) is a process that matches the observations at one data series to 

those of another at different time lags and leads. The optimum time lag required for a signal (or trend) to 

appear from an input series to an output is found at the highest correlation coefficient. A negative time lag 

is found when the second series in the pair is leading in the trends rather than having a lagged response. For 

two data series X and Y that are functions of time, the cross-correlation function at a time lag t  can be 

calculated as: 

2 2 2 2 2

( )[ ]

(( ) ( ) )( ) ( ))

i t i i t i

t

i t i t i i

N t Y X Y X
r

N t Y Y N t X X

 



 

 


   

  

  
           (1) 

where r
t is the cross-correlation coefficient for a total of N number of data pairs and ( )N t   is the 

overlapping times in the two series (Davis, 1986). Statistical software IBM SPSS was used for all 

calculations of CCF. For longitudinal time lags, each upstream data as an input series and was paired with 

the downstream data as the output or response series. For lateral exchange, the stream sensor data were 

used as input series, although regular stream-hyporheic mixing suggests we may observe both lags and 

leads here. A negative value for lag, in this case, meant that the hyporheic zone is leading the EC trends.  

For testing the accuracy and significance of cross-correlation results, t-tests are often used to 

determine a critical r at which the resultant time lags will be significant (Feinstein, 1996). This has been 

practiced for previous spatial-environmental modelling studies that used cross-correlation analysis on 

monthly or yearly data, where the maximum number of data pairs (i.e. N) were up to 200-300 (Dewalle et 

al., 2016; Ko and Cheng, 2004). However, in a large time series with dynamic waveform, the correlation 

of two series is also a changing process (Chandler and Scott, 2011). Unlike traditional correlation 

coefficients (e.g. Pearson correlation), the cross-correlation coefficient r is not a good measure of 

correlation between two time series, rather an indicator of where the optimum time lag is located. This 

becomes more evident for continuous time series data where the value for N can be exceedingly large. For 

example, the lowest number of data pairs was N = 2952 for summer when only hourly data was recorded. 

Following a t-test becomes extraneous for such a large N, and with a z-test for large samples, p-value at 

0.01 (i.e. 99% confidence interval), r > 0.081 or r < -0.081 would be statistically significant to reject the 

null hypothesis. For winter (15-minute data), the value for N became as large as 10170, meaning that the 

critical r value would be closer to 0. Therefore, for any time series analysis, testing for coherency is more 

appropriate than the regression coefficient (Warner, 1998). In signal processing, coherency, or squared 

coherence ( 2 ) plotted over frequency, is the equivalent to regression coefficient (generally represented as 

the R2 value) and is considered a good measure for causality between two series even when they are shifted 
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in time (Granger, 1969). Cross-spectral analyses were conducted in IBM SPSS to obtain coherency plots 

over frequency, and maximum peaks of squared coherence ( 2 ) were recorded for each time series pair. 

 

2.4 Velocity Calculation 

Due to structural differences in stream length and slope, flow velocities rather than time lags should 

be compared to study the land use effects on the two catchments. Longitudinal flow velocities from 

upstream to downstream site in each catchment were calculated by dividing the stream length from Fig. 2 

over the measured time lag. For better comparison of these velocities by accounting for the difference in 

stream slope calculated in Figure 4, the velocity V was divided by the square-root of slope. This was done 

by solving the Manning’s equation for open channel flow for velocity (Stanley et al., 2015): 

2/3( )
k

V R slope
n

                  (2) 

2/3( )
V k

R
nslope

                  (3) 

where k is a constant, R is the wetted perimeter of the stream channel, and n is Manning’s roughness 

coefficient that varies for different land cover surfaces. Thus, velocity over slope  is a more appropriate 

measure for comparing the effect of land use while factoring in the elevation difference in the two 

catchments. Also, since the relationship between velocity and slope is not linear but monotonic, comparing 

V/√slope provides an acceptable way to account for the variation of slope. Further specificity can be added 

to this process by calculating the wetted perimeter for each stream using measurements from lateral 

elevation profiles in Figure 3. However, exact depth and shape profiles for lateral cross-sections of the 

stream could not be measured for this study, and estimates from the 10-m DEM did not produce any 

significant change in the velocities as some of the streams were less than 10-m in width and/or depth. 

Furthermore, as these perimeters can vary with seasonal flow conditions, a better approximation might be 

to calculate them in future models by putting in observed V and n values from cross-correlation results and 

land cover profiles. For the purpose of this study, V/√slope provided sufficient information about the 

influence of spatial differences in the two catchments. In case of the lateral time lags, velocities were 

calculated by dividing the distance between the stream and hyporheic sensor over the observed time lag 

from CCF. Almost all sites had a 2m distance between the stream and hyporheic sensors, with the exception 

of the wider urban upstream site where the hyporheic sensor near the riparian zone was 5m away from the 

stream sensor. At this small spatial scale, the slope between the sensors did not appear to make significant 

difference in the lateral exchange velocities (less than 0.002), so these could be compared directly. 
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3. Results and Discussion 

 

3.1 Catchment Characteristics for Longitudinal Trend Analysis 

Table 2 summarizes the catchment characteristics computed for each reach contributing area in this 

study. The stream lengths from upstream to downstream were measured from the stream network generated 

from the 10 m DEM, and stream slopes were calculated from the elevation profiles shown in Figure 4. The 

measured stream lengths and slopes were used for velocity calculation from the longitudinal cross-

correlation results. 

 

Table 2. Summary of catchment characteristics computed for the urban catchment in the west and rural 

catchment in the east. Upstream reach contributing areas indicate the area that drains into the upstream 

catchment, while the downstream reach contributing area indicates the whole catchment area that drains 

into it. 

Reach Contributing 

Area 

Drainage 

Area 

(km²) 

Length 

of main 

channel 

Slope of 

Main 

Channel 

(%) 

Mean 

Slope of 

Catchment 

(%) 

Length 

of 

Studied 

Stream 

Slope 

of 

Studied 

Stream 

(%) 

Mean 

Annual 

Flow 

(m³/s) 

Urban Upstream 7.28 5.98 1.17 4.99 NA NA NA 

Urban Downstream 29.52 11.56 0.82 4.78 5.59 0.63 0.23 

Rural Upstream 29.58 15.70 0.41 4.01 NA NA NA 

Rural Downstream 36.36 22.00 0.39 4.01 6.31 0.07 0.25 

 

3.2 Longitudinal Time Lags and Velocities  

3.2.1 Winter Salting Season 

The cross-correlation function (CCF) for all time-series pairs resulted in statistically significant 

maximum coefficients i.e. -0.081> r > 0. 081.  Figure 9 show the resultant time lags from the longitudinal 

(upstream to downstream) pairs for the urban and rural catchment in winter. Table 3 shows a summary of 

these time lags and their calculated velocities. For the longitudinal data where slope differences were more 

prominent for the two stream reaches, the V/√Slope (km/h) is compared.  



15 

 

Cross-spectral analysis for each time series pairs produced strong coherency values throughout 

most of the frequency. Coherency plots for all data series can be found in Appendix B. The default 

smoothing provided by SPSS (Tukey-Humming) for cross-spectral plots was sufficient in this case, as 

coherency was only used to ensure the validity of the cross-correlation time lag results, i.e. to ensure that 

one time series is indeed responding to the trends in the other series before/after the lead/lag time observed. 

Coherency values showed strong peaks for both longitudinal values in winter. This indicates that EC trends 

are indeed being carried from the input series to the output series. 

 

 

Figure 9.  Cross-correlation results for longitudinal (upstream to downstream) time lags in the urban and 

rural catchments during the winter salting season (data at 15-minute interval from 15 November 2016 to 28 

February 2017). 

 

Table 3. Cross-correlation and velocity results for longitudinal (upstream to downstream) analysis in the 

urban and rural catchments during a winter salting season (data at 15-minute interval from 15 November 

2016 to 28 February 2017). 

Stream Lag ∆t 

(hours) 

Highest Correlation 

Coefficient r 

Standard 

Error 

Velocity V 

(km/h) 

V/√Slope 

(km/h) 

Maximum 

Coherency 

Peaks ( 2 ) 

Urban  1.25 0.61 0.01 4.47 5.65 0.82 

Rural 10 0.54 0.01 0.63 0.85 0.80 
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As seen in Table 3, the time lag for EC trends to appear from upstream to downstream location in 

the urban catchment was a little over an hour, while it took 10 hours from the rural upstream to downstream 

location. Factoring in the differences in length and slope of the two streams, longitudinal velocity in the 

urban stream (5.65 km/h) was observed to be almost 7 times higher than the rural (0.85 km/h). The urban 

catchment in the west is altogether 52% urbanized with most of its agricultural lands located in the upstream 

reach area (Table 1). From the land use profiles and road networks in Fig. 2 and 3, it is clear that the urban 

stream reach runs along the urbanized areas of the catchment in Aurora, passing the dense road network 

that contributed to its total road length density of 5.24km. In contrast, the rural catchment in the east is 

about 20% urbanized with half the road length density (2.51km), and the stream length flows from a highly 

natural area through a combination of rural and natural areas to the downstream. The soil profiles (Figure 

7) also show that the urban stream is surrounded by impervious surfaces while the rural stream is mostly 

surrounded by bottomland and sandy loam. These differences point towards the effects of urbanization on 

the variation of time lags and velocities for longitudinal EC movement in these two catchments.  

These results are consistent with a number of studies that have examined the hydrologic impacts of 

land use changing from natural to agricultural to urban on the quantity of streamflow and solute transport 

(Conrad and Booth, 2002; Germer, 2009; Burges, 1998). In urban areas with extensive impervious surfaces, 

most of the precipitation and meltwater (which contains Cl in the wintertime) will migrate to the streams 

directly through overland flow via stormwater pipes and, once in stream, move rapidly with little chance of 

infiltration (Booth, 1991). This is also supported by the relationship seen in equation (3), where velocity is 

seen to be inversely related to Manning’s roughness coefficient n.  As the Manning’s n values are lower for 

urban impervious surfaces than for natural, agricultural and open surfaces (Kalyanapu, 2010; McCuen, 

1998), the flow velocity increases over urban surfaces. 

As Cl is a conservative ion (i.e. non-reactive), it is often used as a tracer for streamflow (Kirchner 

et al., 2010). Conversely, the same factors that affect streamflow largely influence Cl movement through 

the watershed. However, Martin et al. (2017) identified a gap in the literature that links conservative ions 

such as Cl to landscape features. The results from winter salting season, where Cl is the main contributor 

of EC, suggest that the velocity of Cl transport longitudinally through these streams may indeed be 

connected to variations in land use.  

 



17 

 

3.2.2 Summer Growing Season 

Time lags and velocities over the summer growing season appear to be more difficult to estimate 

with the conductivity (EC) data. Unlike winter, where Cl from road salt applications is the chief component 

of surface water EC values, summer EC is equally affected by multiple sources such as agriculture, sewers, 

etc. (Eyles and Meriano, 2010).  As seen in Figure 10, the cross-correlation coefficients in the urban and 

rural catchment show a lot of fluctuation in summer compared to the observations in winter (Figure 9). 

Table 4 summarizes the cross-correlation results for the time lags as well as the calculated velocities. The 

standard error increased for the summer longitudinal results (0.02) than in winter (0.01). However, the 

results were still statistically significant for two coherent time series, and can indicate important drivers of 

EC migration in summer.  

 

 

Figure 10.  Cross-correlation results for longitudinal (upstream to downstream) time lags in the urban and 

rural catchments during the summer growing season (hourly data from 1 May to 30 August, 2016). 

 

Table 4. Cross-correlation and velocity results for longitudinal (upstream to downstream) analysis in the 

urban and rural catchment during a summer growing season (hourly data from 1 May to 30 August, 2016). 

Stream Lag ∆t 

(hours) 

Highest Correlation 

Coefficient r 

Standard 

Error 

Velocity 

V (km/h) 

V/√Slope 

(km/h) 

Maximum 

Coherency 

Peaks ( 2 ) 

Urban  133 to 

134 

-0.37 0.02 0.04 0.05 0.79 

Rural 1 0.85 0.02 6.31 8.46 0.92 
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Unlike during the winter salting season, the cross-correlation function returned a longer time lag of 

133-134 hours (at velocity 0.05 km/h) for the urban catchment and a shorter time lag of 1 hour (8.46 km/h) 

for the rural catchment. The summer of 2016 was a particularly dry one in this part of Southern Ontario, 

with little to no precipitation and low flow conditions throughout the season. Eyles and Meriano (2010) 

found that for the urban basins in Pickering, Ontario, groundwater contributions to surface water EC during 

the summer led to brackish water throughout the year. This is discussed in more detail in the Results and 

Discussion (Section 3.4.2) for lateral exchange in summer.  For longitudinal flow, this meant the cross-

correlation results may not be producing realistic results for upstream to downstream time lags in the urban 

area, as water and EC may not be migrating at the same rates. As seen in Tables 3 and 4, the longitudinal 

coherency also decreased slightly for the urban stream in summer than in winter.  

In the rural catchment, the longitudinal time series pairs were strongly coherent with an increase in 

the coherency maximum peaks in summer. With no frozen conditions, the EC appeared to have readily 

flowed downslope through the stream length in an hour or less (at velocity 8.46 km/hr), possibly aided by 

subsurface outflow from groundwater storage of both water and EC. This can be related to the results of 

Germer et al. (2009) and Tanaka (1992), who found quickflow predominated in forested and pasture lands 

in both wet and dry conditions, with forested catchments exporting some of their solutes such as Cl through 

groundwater outflow. Although quickflow possibly dominated in the urban catchment as well (cross-

correlation of water levels showed a lag of an hour or less), the subsurface outflow of water and EC to the 

stream may be more complex here and at different rates at different spots, likely producing different EC 

peaks in upstream and downstream leading to unpredictable longitudinal results (Appendix A2.1-A2.2). 

 

3.3 Site Buffers for Lateral Trend Analysis 

While the longitudinal flow velocities rely mostly on factors such as land use and impervious cover 

of the whole reach-contributing area, subsurface interactions vary according to the riparian cover, the soil 

drainage quality under stream bed, the specific types of land use and roads that provide the Cl input to the 

reach, Cl concentration, etc. Therefore, this not only varies across catchments but also within a catchment. 

Local information gathered through GIS and field observations provided greater insight into the potential 

drivers of lateral subsurface transport than catchment-scale land cover. Buffers were created around 1km 

radius of each site and clipped for the profiles shown in Figure 2, 3 and 7 for land use, roads network, and 

soil complex. These buffer profiles helped analyze the stream-hyporheic lags and velocities by considering 

potential pathways for lateral exchange. Figures 11 shows the buffers clipped for each site (upstream and 

downstream) in the urban catchment and Figure 12 shows those in the rural catchment. 
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Figure 11.  Radial maps for 1km buffer areas in the urban upstream and downstream sites, each buffer showing the land cover, soil profile, and 

road network within a kilometer of the stream and hyporheic sensors. 
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Figure 12.  Radial maps for 1km buffer areas in the rural upstream and downstream sites, each buffer showing the land cover, soil profile, and road 

network within a kilometer of the stream and hyporheic sensors. 
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3.4 Lateral Time Lags and Velocities  

3.4.1 Winter Salting Season 

The stream and hyporheic sensors were located 2 m apart in the urban upstream site and 5 m apart 

in the urban downstream site where the stream is wider with the riparian zone a bit further away from the 

central stream (see field photos and lateral elevation profiles in Figure 5). The sensors were 2 m apart in 

both the rural sites (upstream and downstream). Accurate measurements of slope could not be obtained 

from the 10 m DEM at such small distances. At this scale however, the velocity of water and Cl through 

pores in the soil appear to be more affected by factors such as soil structure, texture, water content, and 

solute application, as suggested by Zhou and Wang (2017), than on elevation. These factors can all be 

affected by land use and soil profiles. Thus, lateral exchange velocity computed using the distance between 

sensors were compared for the different sites. The winter cross-correlation results for lateral stream-

hyporheic exchange are presented in Figure 13 and Table 5 as follows. The time series pairs for lateral 

exchange were strongly coherent (coherency peaks from 0.70 to 0.88) in winter, and cross-correlation 

results were statistically significant (r > 0.081) with a standard error of 0.01.  

 

 

Figure 13. Cross-correlation results for lateral (stream to hyporheic zone) time lags in the urban and rural 

catchments during the winter salting season (data at 15-minute interval from 15 November 2016 to 28 

February 2017). 
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Table 5. Cross-correlation and velocity results for lateral (stream to hyporheic zone) analysis in the four 

sampled sites during a winter salting season (data at 15-minute interval from 15 November 2016 to 28 

February 2017). 

Stream Lag ∆t 

(hours) 

Highest 

Correlation 

Coefficient r 

Standard 

Error 

Velocity 

V (cm/h) 

Maximum 

Coherency 

Peaks ( 2 ) 

Urban Upstream 52.50 0.13 0.01 3.81 0.87 

Urban Downstream 50 to 51.75 0.37 0.01 9.66 0.70 

Rural Upstream 7.25 to 12.75 0.51 0.01 15.7 0.71 

Rural Downstream 106.25 to 107.75 0.25 0.01 1.86 0.88 

 

Although the cross-correlation results for time lag were similar for the two urban sites (52.5 and 

50-51.75 km/hr), considering the distance between the sensors the velocities calculated were very different: 

about 3.81 cm/hr upstream and 9.66 cm/hr downstream. The resulting velocities suggest lateral exchange 

rate is more than double downstream than upstream in the urban catchment. From the buffer maps and field 

visits, it was found that the upstream site is located right beside a road (within 15-20 m), with paved areas 

closing in from both sides of the stream. Although this upstream site has a reach contributing area that is 

almost entirely agricultural, the soil profile is also getting narrower here as we begin to enter the paved area 

of the developed section of this urban catchment (Figure 11). According to the soil complex data from 

OMAFRA, the site itself sits on a poorly drained bottomland with only a small section of the comparatively 

well-drained Schlomberg clay loam surrounding it. Field visits showed that the stream here is shallow with 

clay incisions in the bank that may slow down the lateral exchange. In contrast, the urban downstream site 

is located inside a park and surrounded by a private school campus with a lot of green spaces. The nearest 

road is at least 100m away from the stream, and although the stream moves from the urbanized section of 

the catchment, at this site it starts opening up to more natural and rural grounds. The soil profile here also 

shows the clay loam along with more of the bottomland opening up to at least 200m of the well-drained 

clay loam on each side. The open green spaces as well as the soil complex likely lead to greater hyporheic 

connectivity at the downstream site than is observed upstream. These relative variations in water and EC 

absorption in different parts of an urban catchment are important considerations for developing urban 

towns, where local hyporheic pathways play an important role in contamination attenuation by capturing 

the excess flow during storm events (Lawrence et al., 2013). 

Lateral exchange was observed to be the fastest in the upstream site of the rural catchment among 

all four sites, at a rate of about 15.7 cm/hr. On the other hand, the downstream site resulted in the slowest 

hyporheic exchange of all sites, at about 1.86 cm/hr. An examination of the spatial and structural profiles 

for these sites suggests that we may be observing the results of infiltration at the upstream site and 
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underground storage at the downstream site. The rural upstream site in Whitchurch-Stouffville is a heavily 

forested area with some rural development on the north side and a small residential estate in the east. The 

upstream radial map for land use (Figure 12) shows the 1 km buffer around this site that has minimal urban 

impervious area in it. Closer to the site, forested lands cover about 50% of a 100m2 buffer around it. These 

include natural heritage areas such as mixed forests, woodlands, and wetlands designated by the Ministry 

of Natural Resources. The undisturbed riparian zone in this site along with the highly porous sandy loam it 

sits on, allows for better hyporheic connectivity and a capacity to infiltrate the excess flow and Cl, slowing 

down its path downstream (as observed in the longitudinal lags during the same winter period, section 

3.2.1).  

Of all the four sites with varying levels of urban, rural, and natural land cover, the downstream site 

in the rural catchment created the most unique scenario. Although largely natural, cross-correlation results 

showed unexpectedly high lags of about 107 hours (i.e. over 4 days) for lateral hyporheic exchange in this 

site. The time series data for this site (Appendix A, Figure A-1.11 and A-1.12) show that although water 

levels had similar trends in both stream and hyporheic sensors, the EC trends in the hyporheic zone have 

very high peaks towards the end of February that were not found in the stream sensor 2m away from it. The 

1km road buffer for this site (Fig. 9) shows the location of Highway 404, a 6-lane expressway, just 1 km 

upstream of this site. The land and soil buffers show the highly permeable sandy loam surrounding the 

bottomland this stream is on, and the rural and agricultural lands that overlay it- all the way from the 

highway down to the stream site. The times series and cross-correlation observations suggest that the 

theories by Booth (1991) may be applicable here. Shortly after a salting event, the highly saline meltwater 

from the highway likely infiltrates into the ditches close to it and moves through the subsurface porous 

layers rather than flowing down to the stream through overland runoff, and as such, may not go into the 

stream. While this downstream site in Aurora is more urbanized compared to the upstream site in 

Whitchurch-Stouffville, the natural areas as well as the large green spaces (e.g. golf course south of the 

Vandorf Sideroad) around it favor immediate infiltration after salting events rather than direct runoff to the 

stream through impervious surfaces.  

 This makes an important observation for Cl monitoring plans in rural and natural areas with a 

source of high salt inputs in the proximity. In the rural downstream site, surface water monitoring at the 

stream may never reveal the extent of salinization from the highway after a salting event. Tracer injection 

of Cl at regular intervals from the highway to this site may be one way to determine the time it takes for Cl 

to move through the subsurface downstream. An added consideration for this site is that diffusion (from 

high concentration to low concentration) rather an advection (following the bulk flow) may at times 

dominate Cl migration through sandy layers of soil at near-saturated conditions (Rowe and Badv, 1996), 
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which could alter the exchange of Cl to areas of lower concentration (such as stream) during storm events 

in the winter when higher peaks are observed in the subsurface than in stream. From the lateral and 

longitudinal profiles (Figures 4 and 5), this site has a fairly deep riparian area around the stream where 

water and Cl could be moving in any direction depending on soil porosity and saturation. More hyporheic 

data at various points around the stream may indicate the true direction and velocity of Cl at specific depths 

from the surface. 

Overall, the lateral exchange rate was the highest in the most forested site at Whitchurch-Stouffville 

(i.e. the upstream rural site), compared to the others that were relatively more urbanized. This is supported 

by the findings of Batchelor and Gu (2014), who concluded that urbanization alters the hyporheic exchange, 

limiting its capacity to remove nutrients or solutes, which is a more common process in rural or forested 

catchments with larger storage zones and solute residence times. Ryan and Packman (2006) also found 

urbanization may cause silt-clay content to increase in streambeds, hampering hyporheic exchange and 

decreasing the cross-sectional area at which the lateral exchange takes place. With the clay loam soil profile 

in the urban catchment in this study, this could potentially create small localized pools for Cl in the more 

developed areas.   

 

3.4.2 Summer Growing Season 

 Time series for all lateral exchange pairs were less coherent in summer (coherency peaks at 0.52-

0.66) than in winter (peaks at 0.70-0.88). The standard error also increased slightly in the summer cross-

correlation results from 0.01 to 0.02. As discussed before, multiple sources of Cl equally contributing to 

EC appears to add complexity to the trends, especially around the urbanized areas. The lateral coherency 

and standard errors also suggest that the cross-correlation model is more robust in winter than summer. 

Nevertheless, the summer results provide important insight towards the processes that may be adding 

complexity to Cl dynamics in summer. These results are showed in Figure 14 and summarized in Table 6. 



25 

 

 

Figure 14.  Cross-correlation results for lateral (stream to hyporheic zone) time lags in the urban and rural 

catchments during the summer growing season (hourly data from 1 May to 30 August, 2016). 

 

Table 6. Cross-correlation and velocity results for lateral (stream to hyporheic zone) analysis in the four 

sampled sites during a summer growing season (hourly data from 1 May to 30 August, 2016). 

Stream Lag ∆t 

(hours) 

Highest 

Correlation 

Coefficient r 

Standard 

Error 

Velocity 

V (cm/h) 

Maximum 

Coherency 

Peaks ( 2 ) 

Urban Upstream -441 to -449 (Lead) 0.589 0.02 4.45 0.52 

Urban Downstream -412 (Lead) -0.382 0.02 1.21 0.62 

Rural Upstream 29 0.507 0.02 6.90 0.66 

Rural Downstream 332 to 335 -0.679 0.02 0.60 0.61 

 

 

Similar to the winter results, the lateral exchange lag at the rural upstream site with the most 

forested land cover was again the lowest in summer compared to the other, more urbanized, sites. However, 

lags for the rural sites appeared 3-4 times higher in summer than in winter (29 hours for upstream and up 

to 335 hours for downstream). The urban sites showed even slower exchange rates, with lags of over 400 

hours moving at velocities 4.45 cm/hour upstream and 1.21 cm/hour downstream. It is important to note 

that both the upstream and downstream location in the urban catchment showed hyporheic zone leading the 

EC trends rather than lagging. In 2006, Mayer et al. found that long-term road salting can create unique 
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solute exchange pathways where Cl levels remain elevated throughout the year as groundwater continues 

to supply Cl to streams in the Chesapeake Bay watershed. Eyles and Meriano (2010) also reported brackish 

water with year-round EC peaks in urban drainage basins in Pickering, Ontario. The summer cross-

correlation results for lateral exchange imply that this could be the underlying reason for high Cl 

concentrations in summer across these catchments, which is a current concern. As suggested by the 

direction of EC transport, localized storage pools of Cl in the subsurface may be contributing to stream 

concentrations here. At the rural catchment, the constant mixing of groundwater outflow and agricultural 

inputs of EC could make it challenging to observe a realistic travel time.  

It was observed through the winter results that the lateral flow of EC trends is at the rate of a few 

centimeters per hour. At this scale, we might not be observing the true direction of the subsurface flow from 

the current location of the sensors. Tracer injections of Cl at various points of the urban catchment might 

be needed for further investigation, especially in summer. Continuous data at equal depths from various 

points around the stream may also reveal more information about the hyporheic connectivity of the soil and 

seasonal flow of Cl. These results indicate that the hyporheic flow measurements must be at a finer spatial 

scale to study Cl movement through the subsurface. Since Cl in the groundwater and hyporheic zone may 

not always move directly downslope but rather through the available and unsaturated soil pores, data from 

the various points at equal depths may indicate the optimum direction of Cl flow in the subsurface as well 

as the velocity in that direction. 

 

3.5  Cross-section 3D models 

For an improved understanding of the results and to summarize the longitudinal and lateral 

exchange that take place in the urban and rural catchments, each catchment was divided along the stream 

length to create a 3D representation of its cross-section. The land cover maps created for the catchments 

were overlaid on the corresponding soil profile. These combined with the lateral elevation profiles from 

Figures 4-6 were used for the conceptual visualization of structural and spatial variation in the two 

catchments and how they can influence streamflow and flow velocities of EC. By rotating the model from 

side to side, one can examine the different types of land use that can influence the longitudinal flow. By 

rotating it vertically, the soil profile can be examined to see how it may influence lateral hyporheic 

exchange. Figures 15 and 16 show these cross-sectional representations with the resultant EC velocities for 

winter.   
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Figure 15.  Spatial representation of a cross-section of the urban catchment along the studied stream, showing lateral and longitudinal velocities of 

electrical conductivity in winter 2016-17. Land cover is overlaid on top of soil profile, and combined with the information from lateral elevation 

profiles to aid conceptual visualization. 3D structures in grey highlight all buildings west of the urban stream studied. Color scheme used is the same 

as represented in catchment land and soil profiles in Figures 4 and 5. 
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Figure 16. Spatial representation of a cross-section of the rural catchment along the studied stream, showing lateral and longitudinal velocities of 

electrical conductivity in winter 2016-17. Land cover is overlaid on top of soil profile, and combined with the information from lateral elevation 

profiles to aid conceptual visualization. 3D structures in grey highlight buildings while dark green 3D trees highlight designated forests on the north 

side of the rural stream studied. Color scheme used is the same as represented in catchment land and soil profiles in Figures 4 and 5.
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4. Conclusion and Future Recommendations 

 

The spatial cross-correlation modelling approach on continuous conductivity (EC) time series data 

to estimate chloride (Cl) travel time and flow velocities in streams appeared to be more effective in winter 

than in summer. The time lags resulting from cross-correlation and the calculated flow velocities appeared 

to be largely effected by the land use, roads network and soil profile surrounding the two stream reaches in 

this study. The longitudinal (upstream to downstream) time lag in winter was found to be shorter with 

higher velocity in the urban stream reach with more impervious surfaces than in the rural catchment with 

more permeable surface. The in-stream lateral exchange (stream-hyporheic zone) varied for each site, 

upstream and downstream, within a catchment. These appeared to be affected by not only the land use and 

soil profile of the whole reach contributing area, but also those in the immediate vicinity. Thus, within the 

urban catchment, the lateral exchange was faster in the downstream location that opened up to more green 

space and permeable soil layer. Within the rural catchment, lateral exchange was found to be slower in the 

downstream location that is more urbanized compared to the forested upstream site, and is in close 

proximity to a highway. Among all four sites, the rural upstream site with the most forested land cover 

showed the highest rate of lateral exchange in both winter and summer. In summer with the coarser (hourly) 

data, the longitudinal lags seemed more complex and challenging to predict in the urban stream. However, 

the lateral exchange results in summer showed the hyporheic zone to be leading the stream EC trends in 

both urban sites. The elevated Cl concentrations in summer and the direction of lateral exchange (from 

hyporheic zone to stream) observed in this study support the findings of Eyles and Meriano (2010) in 

Southern Ontario and Mayer et al. (2006) in the United States: road salt applications in urban catchments 

may be leading to year-round Cl peaks in streams by groundwater storage and seasonal contribution to 

stream through lateral exchange pathways. Further investigation of subsurface Cl movement is crucial for 

these urbanized sites.   

Currently, data is being assembled for routine Cl measurements from monthly grab samples over 

the full year, along with the collection of 15-minute data over spring and summer. The complete Cl data 

can be used to create predicted Cl time series from the EC time series, to be placed directly in a cross-

correlation analysis without using EC as a proxy. This may allow a better understanding of Cl travel times 

during the spring melting and summer growing seasons. One limitation of cross-correlation is that it is 

affected by non-stationarity in the time series pairs. However, as discussed by DeWalle et al. (2016), pre-

whitening or smoothing of the data to create stationarity can lead to the loss of important trends. This 

becomes a greater dilemma for continuous data over fine temporal resolutions, which allow the observation 

of trends that are not revealed in a smoothed series. Sir Granger (1964/2015), famously known for his 
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theories in cross-spectral analysis and tests for causality in time series, argued that the coherency can remain 

robust even with changes in the stationarity assumption. According to him, cross-spectral methods can still 

provide useful information for realistic data that are often complicated and non-stationary. After testing 

with both original and smoothed series in this study, we suggest that the original data (manually corrected 

for sampling events) produce more meaningful and realistic time lags than a smoothed series.  

For improvements in the model, a windowed approach in cross-correlation could be performed 

considering the transient nature of EC even within a season. However, finding a fixed window over which 

data would be completely stationary can be challenging. Only one paper could be found that discussed a 

dynamic time warping method, a windowed cross correlation algorithm, that can be applied to continuous 

EC time series (Schmidt et al., 2012). Due to its complexity and lack of availability in software packages, 

this could not be explored within the time constraints of this study. The lack of literature and available 

established methods, however, indicates the clear need for this study and its investigation of cross-

correlation applications on continuous sensor data. The results of this study suggest that cross-correlation 

methods show great promise for Cl transport modelling in urbanizing watersheds, and can be successfully 

implemented on future endeavors with few careful adjustments. 
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5. Appendices  

Appendix A: Time Series Data 

A-1 Winter Salting Season (15-minute interval) 

 

 

FIGURE A-1.1 Water level time series for the urban upstream and downstream stream sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-1.2 Conductivity (EC) time series for the urban upstream and downstream stream sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  
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FIGURE A-1.3 Water level time series for the urban upstream stream and hyporheic zone sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-1.4 Conductivity (EC) time series for the urban upstream stream and hyporheic zone sensors, 

from November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-1.5 Water level time series for the urban downstream stream and hyporheic zone sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  
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FIGURE A-1.6 Conductivity (EC) time series for the urban downstream stream and hyporheic zone sensors, 

from November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-1.7 Water level time series for the rural upstream and downstream stream sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events and 

missing data were removed. 

 

 

FIGURE A-1.8 Conductivity (EC) time series for the rural upstream and downstream stream sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events and 

missing data were removed. 
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FIGURE A-1.9 Water level time series for the rural upstream stream and hyporheic zone sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events and 

missing data were removed. 

 

 

FIGURE A-1.10 Conductivity (EC) time series for the rural upstream stream and hyporheic zone sensors, 

from November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events 

and missing data were removed. 

 

 

FIGURE A-1.11 Water level time series for the rural downstream stream and hyporheic zone sensors, from 

November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling events and 

missing data were removed. 
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FIGURE A-1.12 Conductivity (EC) time series for the rural downstream stream and hyporheic zone 

sensors, from November 15, 2016 to February 28, 2017. Data were corrected for human errors on sampling 

events and missing data were removed. 

 

 

A-2 Summer Growing Season (hourly interval) 

 

 
 

FIGURE A-2.1 Water level time series for the urban upstream and downstream stream sensors, from May 

1 to August 31, 2016. Data were corrected for human errors on sampling events.  
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FIGURE A-2.2 Conductivity (EC) time series for the urban upstream and downstream stream sensors, from 

May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.3 Water level time series for the urban upstream stream and hyporheic zone sensors, from 

May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.4 Conductivity (EC) time series for the urban upstream stream and hyporheic zone sensors, 

from May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  
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FIGURE A-2.5 Water level time series for the urban downstream stream and hyporheic zone sensors, from 

May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.6 Conductivity (EC) time series for the urban downstream stream and hyporheic zone sensors, 

from May 1 to August 31, 2016. Data were corrected for human errors on sampling events. 

 

 

FIGURE A-2.7 Water level time series for the rural upstream and downstream stream sensors, from May 1 

to August 31, 2016. Data were corrected for human errors on sampling events.  
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FIGURE A-2.8 Conductivity (EC) time series for the rural upstream and downstream stream sensors, from 

May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.9 Water level time series for the rural upstream stream and hyporheic zone sensors, from May 

1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.10 Conductivity (EC) time series for the rural upstream stream and hyporheic zone sensors, 

from May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  
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FIGURE A-2.11 Water level time series for the rural downstream stream and hyporheic zone sensors, from 

May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  

 

 

FIGURE A-2.12 Conductivity (EC) time series for the rural downstream stream and hyporheic zone 

sensors, from May 1 to August 31, 2016. Data were corrected for human errors on sampling events.  
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Appendix B: Coherency Plots 

B-1 Coherency Plots for Winter Data Pairs 

 

 

Figure B-1.1 Coherency (squared coherence or 2 ) of the urban upstream and downstream stream time 

series, from November 15, 2016 to February 28, 2017.  

 

 

Figure B-1.2 Coherency (squared coherence or 2 ) of the urban upstream stream and hyporheic zone time 

series, from November 15, 2016 to February 28, 2017.  
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Figure B-1.3 Coherency (squared coherence or 2 ) of the urban downstream stream and hyporheic zone 

time series, from November 15, 2016 to February 28, 2017.  

 

 

Figure B-1.4 Coherency (squared coherence or 2 ) of the rural upstream and downstream stream time 

series, from November 15, 2016 to February 28, 2017.  
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Figure B-1.2 Coherency (squared coherence or 2 ) of the rural upstream stream and hyporheic zone time 

series, from November 15, 2016 to February 28, 2017.  

 

 

 

Figure B-1.2 Coherency (squared coherence or 2 ) of the rural downstream stream and hyporheic zone 

time series, from November 15, 2016 to February 28, 2017.  
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B-2 Coherency Plots for Summer Data Pairs 

 

 

Figure B-2.1 Coherency (squared coherence or 2 ) of the urban upstream and downstream stream time 

series, from May 1 to August 31, 2016.  

 

 

Figure B-2.2 Coherency (squared coherence or 2 ) of the urban upstream stream and hyporheic zone time 

series, from May 1 to August 31, 2016 
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Figure B-2.3 Coherency (squared coherence or 2 ) of the urban downstream stream and hyporheic zone 

time series, from May 1 to August 31, 2016 

 

 

Figure B-2.4 Coherency (squared coherence or 2 ) of the rural upstream and downstream stream time 

series, from May 1 to August 31, 2016 
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Figure B-2.5 Coherency (squared coherence or 2 ) of the rural upstream stream and hyporheic zone time 

series, from May 1 to August 31, 2016 

 

 

Figure B-2.6 Coherency (squared coherence or 2 ) of the rural downstream stream and hyporheic zone 

time series, from May 1 to August 31, 2016 
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