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Stream Chloride Monitoring Program of City of Toronto:
Implications of Road Salt Application
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In cold regions, winter road safety is a major challenge for municipalities and provincial highway transportation agencies.
Road salt is widely used to improve winter road conditions, but concerns have been raised about the effects of road salts on
the environment. This paper describes a water quality monitoring program designed to measure both background chloride
concentrations and the effects of road salt application on stream water quality in four watersheds (Humber River, Don River,
Highland Creek, and Morningside tributary of Rouge River) located within the City of Toronto boundary. The effect of road
salts on stream water quality was evaluated based on chloride concentration because of its conservative nature. A bilinear
correlation was developed to transform measured specific conductance levels in stream water to chloride concentrations. There
are no Ontario aquatic fresh water quality guidelines for chloride, but chloride concentrations in almost all the monitored
streams in Toronto periodically exceeded chronic and acute chloride threshold levels of the United States Environmental
Protection Agency. The City of Toronto has been proactive in its efforts to implement management practices to reduce the
impact of road salt application on the environment while maintaining safe driving conditions for its road users. Normalized
salt application rates in Toronto have been on a gradual declining trend in the last decade from about 0.08 to 0.07 tonnes of
salt applied per centimetre of snowfall per kilometre of lane. With public safety in mind, further reductions in salt application
rates are being considered to reduce the adverse environmental effects to acceptable limits.
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Introduction associated with the typical use of road salts (U.S.

EPA 1988; Novotny et al. 1999; Williams et al. 2000;

Snow and ice conditions on the road system have a  Environment Canada and Health Canada 2001). Benbow
significant impact on public safety, roadway capacity, = and Merritt (2004) conducted laboratory and field tests to

travel time, and economic costs (Keummel 1992). At determine the impact of chloride on macroinvertebrates.
present, control of snow and ice on road pavements and ~ They concluded that some macroinvertebrates have
sidewalks is generally achieved by the application of de-  a high tolerance to road salts but stated other toxic

icers and mechanical ploughing. Four common road salt ~ constituents found in road salts can affect tolerance
de-icers (sodium chloride, calcium chloride, magnesium  thresholds. Chlorides alter partitioning between adsorbed
chloride, and potassium chloride, of which sodium  and dissolved metals thus increasing the concentration
chloride is the most predominant) have been used to of dissolved metals in snowmelt. Aquatic organisms in
minimize snow and ice dangers on road pavements and ~ smaller ponds and streams with lower baseflow are more
sidewalks. Salt lowers the freezing point of water and the ~ susceptible to toxicity due to road salts (Marsalek et al.
melting action of the salt forms a brine at the ice—pavement ~ 2000; Marsalek 2003). In 2004, these concerns prompted
interface. Brine prevents water from freezing and bonding ~ Environment Canada to issue a Code of Practice for the
to the pavement (Salt Institute 2007). Approximately 5 ~ Environmental Management of Road Salts, designed to
million tonnes of road salts are applied on roadways in ~ ©ptimize sglt application and to reduce chloride transfer
Canada annually (Environment Canada 2004). The City =~ to the environment. Currently there are no federal or
of Toronto has 5,500 km of roads to maintain (City of provincial environmental water quality standards or

Toronto 2005) and applies salt on roads and sidewalks guidelines for chloride levels for fresh water in Ontario.
during winter to improve transportation safety. In the United States, toxicity thresholds have been

Chlorides from road salts enter streams primarily developed for chloride and include a chronic freshwater

through surface runoff and groundwater discharge zones qual%ty cr}terjon of 230 mg/L, and an acute freshwater
(D’Itri 1992; Ramakrishna and Viraraghvan 2005). quality criterion of 860 mg/L for small stream flow peaks
resulting from snowmelt runoff (U.S. EPA 1988).

The persistence of chlorides in the environment
does not allow easy treatment of contaminated water;
therefore, the current management approach is to
* Corresponding author: bgharaba@uoguelph.ca develop appropriate practices to optimize salt use under

Both aquatic and terrestrial ecosystems can be adversely
affected by exposure to high chloride concentrations
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given winter snow and ice conditions, while ensuring
the maintenance of roadway safety. These management
options primarily focus on alternative de-icing chemicals
and the way road salts are currently handled, stored, and
used (TAC 2003). Although there have been some studies
on the utility of alternative de-icing products, including
calcium magnesium acetate, their relatively higher
costs prevent widespread use (D’Itri 1992). Additional
management options include improved storage and
handling techniques at salt storage sites to minimize salt
loss from storage facilities. In some locations drainage
is collected and used in brine production. Road salt
management practices such as prewetting and anti-icing
have helped to reduce the amount of salts applied. Road
weather information systems (RWIS) are increasingly
being used to forecast road pavement conditions, thereby
optimizing road salt application (Environment Canada
2004).

The City of Toronto has been proactive in its
efforts to protect the environment and human health
while maintaining safe transportation routes. Since
2001, the City has developed programs to optimize its
salt application rates and to implement various best
management practices in the storage, handling, and
application of road salt. All of the City road salt storage
locations are covered. The City of Toronto has employed
prewetting since 2003 and uses anti-icing at problematic
locations such as bridge decks and steep slopes. The
City salt trucks—equipped with electronic spreader
controls that are regulated to ground speed—are used
to ensure that a consistent amount of salt is applied on
pavements and to provide data that permits salt use to
be tracked. The City developed a chloride monitoring
program with the objective of gathering data to better
understand spatial and temporal distribution of chlorides
in response to road salt application. Another objective of
the monitoring program is to evaluate the effect of recent
road salt management practices on reducing chloride
transfer to the environment.

The purpose of this paper is to describe the City
of Toronto stream chloride monitoring program and
to discuss the effect of road salt application on stream
water quality. Chloride concentrations among and
within streams are compared on an aggregate basis using
probability of exceedance graphs. Seasonal and annual
comparisons of stream chloride concentrations are also
made. The paper also presents results of the statistical
analysis of stream chloride concentrations on an event
basis. The chloride monitoring data is discussed in the
context of current de-icing operations using chloride
loads in the streams and road salt application records for
the drainage area.

Materials and Methods

Study Area

The City of Toronto stream chloride monitoring program
includes four watersheds within the City limits: namely,
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the Humber River, the Don River, Highland Creek, and
the Morningside tributary of the Rouge River. Most of
the Highland Creek watershed is located within the City
boundary, while the other streams have their headwaters
located north of the City outside its boundary. For example,
approximately 50% of the Don River watershed and 75 %
of the Humber River watershed are located outside the
City boundary and consist of mainly agricultural areas.
Most of the areas located within the City boundary are
highly urbanized with a high density of road networks,
except for the Rouge River watershed. The proportion
of the watershed located within the City and its land use
is important to understand the relative contribution of
water quality on streams. Main contributors of road salt
within the City are the City of Toronto Transportation
Services and the Ontario Ministry of Transportation
which is responsible for Highway 401. The typical road
salt application rate is 0.07 tonnes per lane kilometre
(City of Toronto 2005). There is a minor contribution
from businesses and residents due to salt application
on parking lots and driveways. The monitoring station
locations were selected to cover as much of the City as
logistically feasible, and to estimate chloride contributions
from sources outside the City’s control. Locations of the
monitoring stations are shown in Fig. 1.

Monitoring Program

The monitoring program was developed to collect
continuous chloride data. Granato and Smith (1999)
indicated that discrete or composite samples of highway
runoff do not adequately represent in-storm water
quality fluctuations because continuous records of water
stage, specific conductance, pH, and temperature of the
runoff show that these properties fluctuate substantially
during a storm. The City of Toronto stream chloride
monitoring program uses specific conductance, or
electrical conductivity (EC), as a surrogate for chloride
(CI') concentration, similar to Howard and Haynes (1993)
and Granato and Smith (1999). EC was measured hourly
using conductivity sensors (Hach model no. 5798A with
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a sensitivity of 0.01 mS/cm) attached to Hach Sigma 900
Max autosamplers.

In addition to the continuous EC measurements, grab
sampling was conducted on a regular basis (every 2 to 3
weeks). These samples were analyzed for EC, pH, major
ions (sodium, calcium, magnesium, potassium, chloride,
sulphate, bromide), nutrients, and metals by the Toronto
Water Laboratory. During these site visits, sensors were
checked for their performance, and sensor cleaning and
recalibration were performed as required.

Data Quality Assurance and Control

Several quality assurance/quality control measures were
followed to maintain the accuracy of the data. Sensors
fouled without routine maintenance causing lower
sensitivity, and as a result, frequent site visits (every 2 to 3
weeks) were required to clean the sensors. Continuous EC
data were compared with field EC measurements using
a portable EC meter (YSI 30), and with the laboratory
results of the grab samples. Compatibility of readings
with stream flow, precipitation, temperature, and road
salt application data were also checked to identify any
anomalies.

Table 1 summarizes the monitoring data availability
and drainage area associated with each station. It is noted
that there were extended periods without monitoring
data from some monitoring stations. This is because the
initial interest was mainly on the winter period when
road salt application occurs, and then the monitoring
program was expanded to collect data year-round to
capture all the processes associated with chlorides in the
streams. These no-data periods were excluded from the
statistical analysis. However, seasonal chloride loads in
the streams were estimated only for the periods when
continuous data were available.

EC to CI- Concentration Correlation

Results from instream grab samples were used to examine
the relationship between EC and Cl- concentration for
each stream. There is an overall good linear relationship
between EC values and CI concentrations, indicating a
dominant effect of Cl- ions on EC, similar to the Howard
and Haynes (1993) and Granato and Smith (1999)
results. However, accuracy at lower EC values was
poor, as the conversion generated under-estimates of CI-
concentrations, and occasionally negative values. Impact
of other ions (calcium, magnesium, potassium, sulphate)
on EC at low CI' concentrations was significant, making
a simple linear relationship inaccurate. Higher order
polynomial equations did not improve the relationship.
Accordingly, bilinear equations were developed for all
the streams.

A bilinear correlation improved the performance
of transformation by removing negative chloride
concentrations caused by a single linear relationship.
Although low CI- concentration values are not critical in
assessing the environmental impacts of road salts, they can
affect chloride load or annual mass balance calculations.
Further refinement of the transformation equation could
be achieved by considering the contribution of other ions
on EC at low chloride concentrations. Figure 2 presents
the bilinear correlation for Highland Creek using
analytical results.

Selection of a deflection point of the bilinear graph
was determined using a successive approximation
approach. The first approximation of the value
differentiating high and low values was used to plot the
trend lines. The resultant intersection point was used as
the next approximation of the deflection point. Successive
approximations were carried out until the difference
between two successive iterations was not significantly
different.

TABLE 1. Monitoring data availability and drainage area by station

Drainage
Watercourse and station location area Data period (data points)
(kn*)

Humber River at Steeles 567.4 Dec. 24,2001 - Sep. 18,2003  (14,208)
Dec. 4,2003 - Sep. 30,2004 (6,960)
Humber River at Old Mill 877.6 Dec. 24,2001 - Jun. 17,2002 (4,195)
Nowv. 6,2002 - Jul. 17,2003 (5,880)
Oct. 8,2004 - Jan. 25,2005 (2,617)
Don River at Steeles 59.5 Oct. 1,2003 - May 2, 2005 (13,887)
Don River at Bloor 300.6 Jan. 23,2002 - Jun. 18,2002 (3,522)
Nov. 27,2002 - Aug. 25,2003 (6,498)
Oct. 27,2004 - Apr. 1,2005 (3,739)
Highland Creek at Morningside Ave. 79.2 Nov. 17,2004 - Sep. 30,2007  (25,137)
Morningside tributary at Steeles 8.6 Nov. 27,2003 - Aug. 22,2006 (16,604)
Morningside tributary at Finch 14.6 Dec.2,2003 - Apr. 11,2005 (11,888)
Aug. 26,2005 - Nov. 4,2005 (1,680)
Jan. 9,2006 - Sep. 15,2006 (5,589)
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Fig. 2. Correlation between EC and Cl concentration—
Highland Creek.

Table 2 summarizes the bilinear equations developed
to transform EC to Cl' concentration. It is noted that
the deflection point differs from one stream to another
and its magnitude is related to the Cl concentration
values monitored at the stream. The deflection point for
Highland Creek is approximately 375 mg/L, and the
Morningside tributary has the lowest deflection point
of 150 mg/L. Highland Creek, the Don River, and the
Humber River had decreasing values in the same trend
of background chloride concentrations.

The suitability of the bilinear relationship was
tested considering the other major ions in water, except
for sodium and chloride. Comparison of chloride ions
with other ions except, for sodium and chloride (main
constituents of road salts), indicated a very similar
deflection point as shown by the EC versus Cl relationship.
Figure 3 presents the graph of total ions (minus sodium
and chloride) versus chloride for grab samples collected
from Highland Creek.

Results and Discussion

Hourly EC monitoring data provided a better
understanding of spatial and temporal variation of
stream chloride concentrations. Calculated chloride
concentrations from City of Toronto stream chloride
monitoring stations were used for the analyses presented.
Although data from all the monitoring stations are
presented, data from the Highland Creek station has
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Fig. 3. Comparison between Cl concentration and total
ions (minus sodium and chloride)—Highland Creek.

been given more consideration because the data are
uninterrupted and spans for few years. Figure 4 presents
a box and whisker plot for aggregate winter (November
to March) chloride concentrations in the streams.

The data show that chloride concentrations were
highly variable, but the values are similar to those
previously reported in the literature (Howard and
Haynes 1993; Granato and Smith 1999; Mayer et al.
1999; Novotny et al. 1999). Chloride concentrations
ranging from 350 to 3,050 mg/L were measured by
Novotny et al. (1999) from a creek in Milwaukee,
Wisconsin. They also reported chloride concentrations
as high as 17,200 mg/L from a storm sewer in Syracuse,
New York. Granato and Smith (1999) reported highway
runoff chloride concentrations, which ranged from 10 to
20,000 mg/L in southeastern Massachusetts. Mayer et
al. (1999) summarized chloride concentrations reported
from Canadian surface waters, and values reported from
Ontario and Quebec show similarity to the results from

this study.
According to Fig. 4, within the same stream,
downstream  stations showed  higher  chloride

concentrations when compared with upstream stations,
indicating the cumulative impact of increased salt loading
due to higher urbanization within the City of Toronto.
Highly urbanized drainage areas such as the Highland
Creek and Don River watersheds have higher chloride
concentrations when compared with less developed
areas, such as Morningside Creek.

TABLE 2. Bilinear Equations developed for the streams to transform EC to Cl'concentration

Watercourse and Chloride ¢ Equation above and below the deflection

station location (mg/L) point (Coefficient of Determination)

Humber River 200 323.07x — 144.31 (0.9929)
222.76x - 60.286 (0.8178)

Don River 300 345.58x —205.98 (0.9932)
213.89x — 51.389 (0.8003)

Highland Creek 375 375.49x —296.12 (0.9909)
212.47x - 12.639 (0.8142)

Morningside tributary 150 307.81x — 144.31 (0.9929)

228.09x - 61.92 (0.8751)

2 Chloride concentration at deflection point.
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Probability of Exceedance

Probability of exceedance curves were developed for
each monitoring station to evaluate the proportion
of time stream chloride concentration was above any
concentration value. Probability of exceedance for a
particular chloride concentration was calculated by
dividing the number of hours with a higher value than
the chloride concentration by the total number of hours
for which data was available.

The probability of exceedance analysis was
categorized according to season: November to March,
April to June, and July to October. The November to
March period includes winter and early spring to account
for salt application and spring snow melt. The July to
October season predictably showed the least impact
from road salt application, and the April to June period
was an intermediate season. Figure 5 presents seasonal
probability of exceedance of chloride concentrations at
the Highland Creek monitoring station.

The contrast in chloride concentrations between
the winter period (November to March) and rest of
the year is evident from the graph and is similar for all
stations. During this period, the chloride concentration
at Highland Creek is likely to exceed the United States
Environmental Protection Agency (U.S. EPA) criteria
of 230 mg/L (chronic threshold) approximately 80%
of the time, and the acute threshold is likely to be
exceeded 35% of the time. Downstream locations in
the Don River also indicate similar exceedances. The
Humber River downstream location exceeded the
chronic threshold only 35% of the time due to the effect
of its less urbanized headwater areas. The Morningside
tributary and Humber River upstream stations recorded
lowest exceedance probabilities. Most of the literature
on urban winter stream water quality (Howard and
Haynes 1993; Novotny et al. 1999; Marsalek et al. 2000;
Marsalek et al. 2003) indicates frequent exceedance of
U.S. EPA criteria for chloride, but there are no recorded
quantitative estimates.

Variation in concentrations between upstream and
downstream locations of a stream is demonstrated in

136

Fig. 6 by showing winter chloride probability of
exceedance values for the Don River monitoring stations.
It is noted that the Bloor station is located approximately
20 km downstream of the Steeles station. The higher
chloride concentrations in downstream locations could
be attributed to higher road density within the City of
Toronto.

Year to year variation in probability of exceedance
in chloride concentration at a monitoring station
provides an indication of the effectiveness of road salt
management practices because a reduction in salt use
should be accompanied with a decrease in chloride
concentrations in the stream. However, it is important to
consider theses results in light of any year-to-year change
in climatic factors, such as total snowfall and average
winter temperature. Available chloride data sets do not
span to cover before and after implementation of the
City’s salt management plan best practices to undertake
this analysis. Yearly variation for the Highland Creek
November to March chloride concentration is presented
in Fig. 7. Year 2004/2005 winter recorded higher stream
chloride concentrations compared with other years,
mostly due to the relatively high snowfall quantity in
that year. Chloride values for winter 2005/2006 and
2006/2007 show similar probabilities of exceedance,
but 2006/2007 recorded slightly lower probabilities,
especially above 230 mg/L.
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Fig. 5. Seasonal probability of exceedance of chloride for
Highland Creek.
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Chloride Event Statistics

An analysis of the chloride events (based on pollutograph
time series) was also undertaken to study the impact of
each salt application or precipitation event on chloride
concentration in the streams. The chloride events were
based on thresholds of 230 and 860 mg/L (representing
the chronic and acute chloride levels specified by the U.S.
EPA) and an additional threshold, 1,500 mg/L. Figure 8
indicates how the chloride events were defined. Duration
and peak chloride concentration were derived from each
event.

Subsequent analyses were mainly based on Highland
Creek monitoring data. This station was selected mainly
because of the availability of continuous data for at least
three years. This watershed is also located almost entirely
within the City of Toronto, minimizing impacts due to
different road salt application and management practices
implemented by other jurisdictions. It is noted that the
majority of roads in this watershed are maintained by
the City of Toronto, except for Highway 401 which is
maintained by The Ministry of Transportation, Ontario
(MTO).

Table 3 presents the summary of chloride event
statistics for the monitoring station at Highland Creek.
Any 230 mg/L event less than 3 hours in duration was
removed from the analysis to prevent a bias of statistics
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Fig. 8. Determination of chloride events.

towards lower peaks and mean event durations. It was
observed that the difference between the peak value and
230 mg/L for these very low-duration events was within
the accuracy of the EC sensor.

The results in Table 3 confirm the trends in Fig. 7.
Winter period 2004/2005 recorded a higher number of
events, total duration of exceedance, and mean event
maximum chloride concentration, confirming the fact
that winter 2004/2005 was severe with a comparatively
high snowfall. Winters 2005/2006 and 2006/2007 have
similar characteristics, but 2006/2007 indicated longer
mean event durations and fewer events. Standard
deviations for both event duration and event maximum
concentration showed high variability.

Normalized Road Salt Application Rates

It is important to understand the relationship between
stream chloride concentrations and actual road salt
applicationrates. Totalamountofroadsaltapplied peryear
provides a comparative measure to evaluate effectiveness
of road salt management practices. The limitation of this
method lies in the fact that it does not consider yearly
variation in snowfall and other meteorological factors.

TABLE 3. Chloride event statistics for Highland Creek monitoring station

. Chloride Total Mean event Standard Mean event Standard
Winter hreshold No. of d . d : deviati deviati
oriod thresho events uration of uration eviation max. conc. eviation
p (mg/L) exceedance (h) (h) (h) (mg/L) (mg/L)
2004/05 230 33 5,253 164 +257 974 +1,640
860 19 1,682 88 =113 2,500 +1,689
1,500 22 1,025 47 +58 2,674 1,429
2005/06 230 32 4,522 141 =203 815 1,254
860 23 915 40 =60 1,834 +1,180
1,500 12 427 36 +33 2,638 1,154
2006/07 230 20 3,796 190 =165 820 x1,226
860 9 754 84 +59 2,148 =1,253
1,500 8 348 44 +44 2,433 1,173
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Normalizing the road salt application rate by cumulative
snowfall and total length of roadway lanes provides a
better comparative tool for the purpose of evaluating
road salt related best management practices. The
normalized application rate accounts for the main factor
affecting road salt application, cumulative snowfall,
and also allows comparison between different areas or
jurisdictions because it considers the total length of road
network.

Table 4 presents calculated normalized road salt
application rates used by the City of Toronto. Road
salt used by MTO, City residents, and businesses are
not included. The nearby Environment Canada weather
station in North York was used to obtain snowfall
accumulation data. Although there is considerable
variation, these values are consistent with the specified
road salt application rates in North America (City of
Toronto 2005; Salt Institute 2007) for road safety.
The variability indicates that there are other factors,
other than total annual snowfall, that affect road salt
application rates. It also indicates that there is a potential
to optimize the application rates to minimize adverse
environmental effects. Figure 9 graphically presents the
normalized road salt application rates shown in Table 4
for better visualization.

Normalized road salt application rates based on
snowfall and total lane kilometres show some year-to-
year variation, but with a declining trend over the last 10
to 12 years. On average, the normalized salt application
rate for the City of Toronto has been reduced from 0.08
tonnes per cm of snowfall per lane kilometre to 0.07
tonnes per cm of snowfall per lane kilometre during this
period.

Additionally, the normalized road salt application
rates were determined for the Highland Creek watershed
considering both City and MTO application data. Table 5
presents calculated normalized road salt application rates
used in the Highland Creek watershed by the City and
the MTO. These data show that very similar application
rates were used within the last five years; however, it
was difficult to come to any conclusion regarding the
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Fig. 9. Normalized salt application rates for the City of
Toronto.

effectiveness of salt management practices implemented
by the City by only considering normalized application
rates. A closer look at the methodology indicates that this
method does not account for all the factors that affect
road salt application. For example, the amount of salt
required to melt the same amount of snow varies with
temperature, with low temperatures requiring more road
salt (TAC 2003). Snow clearing policies also have an
impact on the amount of salt applied. For example, if
a large amount of snow fell within a short time period,
the majority of it would be ploughed and possibly
removed resulting in a lower amount of road salt being
applied. However, if an equivalent amount of snowfall
was received over a prolonged single storm, or a series
of successive smaller storms, road salt would be applied
several times resulting in a higher application ratio.
Also, if very small quantities of snow were to fall during
above-zero temperature conditions, then the snow would
likely melt and may require little to no road salt. Possible
spatial variation of snowfall within the watershed would
also introduce errors. Another factor affecting road
salt application rate is the form of precipitation. For
example, during freezing rain events, the only effective
control measure is the application of de-icing chemicals;

TABLE 4. Normalized road salt application rates — City of Toronto

Wirfter Total amount of road Cumulative ro;jzg;h IZ{z os Norrjzf;f;ja;%id salt
period salt applied (tonnes) snowfall (cm) (k) (tonnes/cm/km)
1995/06 127,977 150.4 12,343 0.069
1996/97 157,585 166.6 12,415 0.076
1997/98 101,939 112.2 12,493 0.073
1998/99 140,410 124.0 12,493 0.069
1999/00 142,869 88.4 13,846 0.124
2000/01 176,595 181.2 13,800 0.078
2001/02 56,893 77.4 13,800 0.055
2002/03 208,230 145.2 13,800 0.104
2003/04 108,152 108.2 15,052 0.066
2004/05 147,433 165.5 15,052 0.059
2005/06 94,673 108.1 15,052 0.058
2006/07 89,112 83.4 15,052 0.071
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TABLE 5. Normalized road salt application rates—Highland Creek

_ Total amount of road Cumulative Length of Normalized road salt
Wﬂ'zter salt applied (tonnes) annual roadway lanes Application
period pp snowfall (cm) (km) (tonnes/cmlkm)
2002/03 22,019 145.2 1,263 0.12
2003/04 14,783 108.2 1,377 0.099
2004/05 20,673 165.5 1,377 0.091
2005/06 14,628 108.1 1,377 0.098
2006/07 12,654 83.4 1,377 0.11

therefore, normalizing salt application by total snowfall
is not always a correct indicator, although it provides a
comparative tool. Table 6 summarizes the parameters
affecting road salt application for the period of 2001 to
2007, which can be used to further analyze application
rates. The meteorological data was obtained from the
North York Environment Canada weather station.
Information in Table 6 provides a better picture of
the factors affecting road salt application. For example,
in 2001/2002 it was a relatively warmer winter and this
resulted in a lesser amount of road salt applied (refer to
Fig. 9). The data also indicate that although 2006/2007
had less total snowfall and fewer number of days with
snow, lower mean temperatures required more road salt
application when compared with 2005/2006.

Instream Chloride Loads

Chloride load (mass) within the streams can also be
used to determine effectiveness of management practices
employed by the City since it indicates how much road
salt is applied in the drainage area. Monitoring chloride
concentration and the corresponding stream flow rate
provides a means of achieving this quantity. Hourly data
at a minimum is required for accuracy of the chloride
load estimates since chloride concentrations can vary
significantly within several hours. The Highland Creek
monitoring data (which is the most complete data set),
however, do not permit comparison of chloride load
prior to and after implementation of best management
practices, since data acquisition started in 2004.
Chloride load is calculated by multiplying chloride
concentration by the flow rate. Contribution of chloride
mass due to baseflow should be accounted for accurate
estimates of chloride load due to road salt application.
Considering the daily stream flow values (Water Survey
Canada flow data), baseflows were determined using

the digital filter developed by Arnold and Allen (1999).
Chloride concentration under baseflow conditions were
determined to be approximately 200 mg/L based on
stream chloride concentrations during dry periods in the
summer.

Figure 10 presents the instream chloride load
resulting from road de-icing operations within the
Highland Creek watershed. The instream chloride mass
indicates an increase of salt in the stream within the
winter period, and a drastic drop in the summer, with
the lowest levels occurring in the fall. This pattern was
previously identified by Howard and Haynes (1993).
It is apparent that there was a continued reduction in
chloride mass in Highland Creek during winters ranging
from 2004 to 2007. The reduction in chloride mass is
partly due to lower amounts of snowfall and could also
indicate the effect of best management practices.
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Fig. 10. Variation of seasonal instream chloride load in
Highland Creek.

TABLE 6. Meteorological parameters affecting road salt application

Mean winter Winter daily

Winter Days >2 cm Days <0°C after Days >10 cm daily max temp mean temp
period of snowfall precipitation of snowfall Y C) °C)
2001/02 13 5 3 3.1 -0.6
2002/03 19 18 4 0.3 -3.8
2003/04 17 15 0 0.7 -3.3
2004/05 23 15 3 0.7 -3.5
2005/06 16 7 1 1.72 -1.8
2006/07 9 9 1 0.9 -2.8
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Conclusions

The analysis of chloride concentration data from eight
monitoring stations in four Toronto streams (Humber
River, Don River, Highland Creek, and Morningside
tributary in the Rouge River) indicated elevated chloride
concentrations during winter months. The Highland
Creek monitoring station exceeded the U.S. EPA chronic
chloride limit about 80% of the time during the winter,
and the acute limit was likely exceeded approximately
35% of the time during the monitoring period. The
effect of relative urbanization of each watershed was
also noticeable; the Humber River with a relatively large
nonurbanized drainage area exceeded the chronic limit
approximately 25% of the time.

It was also found that the majority of road salt
applied runs off to the streams in a watershed during
winter and early spring, with a smaller quantity
continuing to discharge during the rest of the year.
Stream chloride concentration and load depend on
several factors, including total amount of snowfall and
type of precipitation, average winter temperature, and
also road salt application rate and the management
practices implemented. However, available monitoring
data is insufficient to make a concrete conclusion on
the effectiveness of road salt management practices
implemented by the City of Toronto due to the limited
span of data.

Normalized salt application rates in Toronto have
been on a gradual declining trend in the last decade, from
about 0.08 to 0.07 tonnes of salt applied per centimetre
of snowfall per lane kilometre. Further reductions in salt
application rates should be explored in order to reduce
adverse environmental effects to acceptable limits.

Acknowledgments

This research was made possible by the funding from The
Natural Sciences and Engineering Research Council of
Canada (NSERC). The authors would like to acknowledge
generous funding and support from the City of Toronto
and the contribution of several people at Toronto
Wiater, including: Bill Snodgrass, Weng Liang, Jonathan
P’ng, Joanne Di Caro, Rod Anderton, Aziz Bahrami,
Mukesh Ganesh, Rosalina Chin, and Anil Bhullabhai.
Dominic Guthrie and Alex Lau from the City of Toronto
Transportation Services Division are also acknowledged
for providing valuable data and information for this
project. Flow data for various streams were obtained
from Water Survey of Canada and Toronto and Region
Conservation Authority (TRCA).

References
Arnold JG, Allen PM. 1999. Automated methods for estimating

baseflow and groundwater recharge from streamflow
records. Water Resour. Bull. 35(2):411-424.

140

Benbow ME, Merritt RW. 2004. Road salt toxicity of select
Michigan wetland macroinvertebrates under different
testing conditions. Wetlands 24(1):68-76.

City of Toronto. 2005. Salt Management Plan. Prepared by
Transportation Services Division. Toronto, Ontario.

D’Itri FM. 1992. Chemical deicers in the environment. Lewis
Publishers, Boca Raton, FL, 459p.

Environment Canada. 2004. Code of practice for the
environmental management of road salts. Environmental
Protection Services. Ottawa, Ontario.

Environment Canada, Health Canada. 2001. Priority substances
list assessment report — Road salts. Minister of Public
Works and Government Services. Ottawa, Ontario.

Granato GE, Smith KP. 1999. Estimating concentrations of road-
salt constituents in highway-runoff from measurements of
specific conductance. Water Resources Investigation Report
99-4077. United States Geological Survey. Northborough,
Massachusetts.

Howard KWF, Haynes J. 1993. Groundwater contamination
due to road de-icing chemicals — Salt balance implications.
Geoscience Canada 20(1):1-8.

Keummel DA. 1992. The public’s right to wintertime traffic
safety. In Transportation Research Board 3 Annual
International Symposium on Snow Removal and Ice
Control Technology. Minneapolis, MN.

Marsalek J. 2003. Road salts in urban storm water: An emerging
issue in storm water management in cold climates. Water
Sci. Technol. 48(9):61-70.

Marsalek J, Oberts G, Exall K, Viklander M. 2003. Review of
operation of urban drainage systems in cold weather: Water
quality considerations. Water Sci. Technol. 48(9):11-20.

Marsalek J, Oberts G, Viklander M. 2000. Urban water quality
issues. In Saegrov S, Milina J, Thorolfsson ST (ed.), Urban
Drainage in Cold Climates — Volume II of Urban Drainage
in Specific Climates. UNESCO, Paris.

Mayer T, Snodgrass W], Morin D. 1999. Spatial characterization
of the occurrence of road salts and their environmental
concentrations as chlorides in Canadian surface waters
and benthic sediments. Water Qual. Res. J. Can. 34(4):545-
574.

Novotny V, Smith DW, Keummel DA, Mastriano J, Bartosova
A. 1999. Urban and highway snowmelt: Minimizing the
impact on receiving water. Water Environment Research
Foundation. Alexandria, Virginia.

Ramakrishna DM, Viraraghvan T. 2005. Environmental impact
of chemical deicers — review. Water Air Soil Pollut. 166:49-63.

Salt Institute. 2007. The snowfighters handbook. 5% Edition.
Salt Institute, Alexandria, VA.

TAC (Transportation Association of Canada). 2003. Syntheses of
best practices: Road salt management. Ottawa, Ontario.

U.S. EPA (United States Environmental Protection Agency).
1988. Ambient water quality criteria for chlorides. Prepared
by the Office of Water Regulations and Standards Criteria
and Standards Division. Washington, DC.

Williams DD, Williams NE, Cao Y. 2000. Road
contamination of groundwater in a major metropolitan
area and development of a biological index to monitor its
impact. Water Res. 34(1):127-138.

salt

Received: 26 May 2008; accepted: 8 January 2009.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


