
Abstract
Chloride contamination of rivers due to nonpoint sources is 
increasing throughout developed temperate regions due to 
road salt application in winter. We developed a river-network 
model of chloride loading to watersheds to estimate road salt 
application rates and investigated the meteorological factors that 
control riverine impairment by chloride at concentrations above 
thresholds protective of aquatic organisms. Chloride loading 
from road salt was simulated in the Merrimack River watershed 
in New Hampshire, which has gradients in development density. 
After calibration to a regional network of stream chloride data, 
the model captured the distribution of regional discharge and 
chloride observations with efficiencies of 93 and 75%, respectively. 
The estimate of road salt application is within uncertainties of 
inventoried estimates of road salt loading and is 122 to 214% 
greater than recommended targets. Model predictions of chloride 
showed seasonal variation in chloride concentrations despite a 
large groundwater storage pool. Interannual variation of mean 
summer chloride concentration near the outlet varied up to 18%, 
and the total river length exceeding impairment thresholds varied 
12%. Annual snowfall, which drives road salt loading, correlated 
with chloride impairment only in headwater streams, whereas 
concentration variability at the outlet was driven primarily by 
dilution from clean runoff-draining undeveloped forested areas of 
the watershed. The role of summer meteorology complicates the 
protection of freshwater systems from chloride contamination.
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Increasing sodium chloride in watersheds adversely affects 
aquatic organisms at concentrations below current regulatory 
guidance (Findlay and Kelly, 2011; Cañedo-Argüelles et al., 

2013, 2016). Both climate and development interact to control 
chloride contamination in temperate watersheds ( Jackson and 
Jobbagy, 2005; Kaushal et al., 2005; Corsi et al., 2010, 2015). 
Aquatic biota are sensitive to salt content directly through biologi-
cal maintenance of cellular osmotic balance (Cañedo-Argüelles et 
al., 2013), indirectly through mobilization of toxic metals (Findlay 
and Kelly, 2011), or correlatively through a host of chemical and 
habitat alterations (de Zwart et al., 2006). Widespread increases 
of freshwater salinization (Murray, 1977; Ghassemi et al., 1995; 
Kaushal et al., 2005; Anning and Flynn, 2014) and growing evi-
dence of altered aquatic community structure at salt concen-
trations lower than regulatory recommendations (Findlay and 
Kelly, 2011; Morgan et al., 2012; Cañedo-Argüelles et al., 2013) 
motivate increased attention to regulating this ecological threat 
(Cañedo-Argüelles et al., 2016).

Globally (Ghassemi et al., 1995; Cañedo-Argüelles et al., 
2013) and in the United States (Anning and Flynn, 2014), irri-
gation is the primary cause of freshwater salinization. However, 
in New England where irrigated agriculture is minimal, the 
USEPA rated 22.8% of streams as poor or fair for salt content 
(USEPA, 2013). Since the mid-20th century, winter roadway 
deicing has become a primary driver of increasing freshwater 
salinity throughout northern temperate regions ( Jackson and 
Jobbagy, 2005). Concentrations of chloride in streams covary 
with sodium chloride (halite) purchased for deicing purposes in 
northeastern (Godwin et al., 2003; Jackson and Jobbagy, 2005; 
Kaushal et al., 2005; Kelly et al., 2008; Trowbridge et al., 2010) 
and mid-western (Sander et al., 2007; Corsi et al., 2010, 2015) 
watersheds. Most roadway deicers are chloride salts, with halite 
being by far the predominant source (Granato et al., 2015). We 
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Core Ideas

•	 A watershed-scale model of chloride (including road salt) 
transport was developed.
•	 Model road salt loading inferred from stream observations was 
similar to inventories.
•	 Seasonal chloride contamination in headwater streams covaried 
with annual snowfall.
•	 Chloride contamination in larger rivers was inversely related to 
summer precipitation.
•	 Comprehensive management of chloride requires controls on 
available dilution.
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currently lack generalizable estimates of road salt application 
rates at regional scales.

Road salt application rates are largely controlled by the 
amount of snow and frozen precipitation received (Sander et al., 
2007; Kelly et al., 2008; Perera et al., 2013; Kilgour et al., 2014). 
A significant fraction of applied deicer infiltrates to and accu-
mulates in groundwater. As a result, streams maintain elevated 
chloride concentrations during summer when groundwater 
dominates streamflow (Godwin et al., 2003; Kelly et al., 2008, 
2012; Kincaid and Findlay, 2009; Daley et al., 2009; Cooper 
et al., 2014). Therefore, when animal activity is often greatest 
(Demars et al., 2011), baseflow chloride concentrations can rou-
tinely exceed concentrations that biota can tolerate (>100 mg 
L−1) for extended periods (Findlay and Kelly, 2011; Corsi et al., 
2015) and can exceed the USEPA chronic threshold for chloride 
of 230 mg L−1 in urban areas.

Empirical studies of road-salt-driven salinization have pre-
viously focused on multiyear trends and less on interannual 
meteorological variability, although such variability is evident 
(e.g., Fig. 2 in Kaushal et al., 2005). In many temperate regions, 
such as New England, significant changes are expected in both 
winter and summer climate (Hayhoe et al., 2006; Campbell et 
al., 2010; Wake et al., 2014a, 2014b). Although expectations 
are for shorter and warmer winters, it is not clear that the form 
of precipitation will necessarily lead to a reduction in required 
road salt usage (Arvidsson et al., 2012). Previous models used for 
investigating anthropogenic chloride in the environment include 
catchment mass balance (Kelly et al., 2008; Shaw et al., 2012; 
Betts et al., 2014), statistical models (Anning and Flynn, 2014; 
Corsi et al., 2015), local- (Bester et al., 2006) to regional-scale 
(Boutt et al., 2001; Wayland et al., 2002) numerical groundwater 
transport models, and a spatially distributed catchment model 
( Jin et al., 2011). Presently, there have been few attempts to uti-
lize macroscale models to investigate changes in road salt usage 
and chloride impairment associated with interannual dynamics 
of climate and human development.

In this study, we examined the ability of a macroscale model 
to represent the dynamics of chloride solute transport and 
characterize potential chloride impairment of a relatively large 
watershed across both space and time. We developed and applied 
the Nonpoint Anthropogenic Chloride Loading (NACL) and 
transport model within the Framework for Aquatic Modeling 
in the Earth System (FrAMES) (Vörösmarty et al., 1998; 
Wollheim et al., 2008; Wisser et al., 2010; Stewart et al., 2013). 
We focused on simulating chloride because this single anion is 
the primary driver of salinization throughout the study region 
and is largely conservative in the hydrologic system (Kirchner 
et al., 2010), making it ideal for process-based representation. 
However, we relate chloride to specific conductance because 
the latter was the primary metric measured, and it characterizes 
the total osmotic stress experienced by vulnerable aquatic spe-
cies (Cañedo-Argüelles et al., 2013). Using data from an exten-
sive network of electrical conductance sensors, we inferred a 
regional and spatially homogenous loading and transport func-
tion to parameterize FrAMES-NACL. We hypothesized that 
road salt application rates derived from inventory estimates at 
northern US locations (Godwin et al., 2003; Sander et al., 2007; 
Trowbridge et al., 2010) are the same as derived by calibration to 
stream chloride concentrations. Furthermore, we hypothesized 

that climate indices of summer dryness are as important to pre-
dict interannual variability in warm-season impairment as frozen 
precipitation the preceding winter in both small and large rivers. 
Understanding chloride response during meteorologically differ-
ent years enhances our ability to manage chloride pollution of 
watersheds as annual precipitation regimes (Hayhoe et al., 2006) 
or land cover (Samal et al., 2017) shift.

Materials and Methods
Study Watershed

The Merrimack River watershed (MRW, 13,000 km2) is 
representative of the northeastern US watersheds (Fig. 1) with 
increasing development toward the river outlet. Beginning in the 
White Mountain National Forest, the Merrimack flows 280 km 
south to the head of tide dam in Lawrence, MA. The watershed 
includes pristine and highly valued aquatic ecosystems that are 
important habitat for sport fishing (New Hampshire Fish and 
Game Department, 2015) and may be threatened by increasing 
salinity. Although we focus on the MRW because the watershed 
is illustrative of the processes relevant throughout the region, 
we use additional observational data from the neighboring 
Piscataqua River watershed to inform model behavior.

The population in the MRW has been increasing steadily 
at 5 to 15% per decade since 1940 (NHOEP, 2010; US 
Census Bureau, 2015) and is expected to double in the 

Fig. 1. Study domain in the Merrimack and Piscataqua River water-
sheds in New Hampshire and neighboring Maine and Massachusetts. 
The map indicated the median number of days exceeding the 600-mS 
cm−1 threshold between 1998 and 2014. Lotic Volunteers Temperature, 
Electrical Conductivity, and Stage (LoVoTECS) stations in headwater 
(less than order 6) and mainstem (order 6 and greater) are depicted in 
closed gray and open white circles, respectively, and sized is based on 
the number of days with qualified data. Lake Winnipesaukee and the 
Great Bay Estuary were excluded from analysis.
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coming century (Bierwagen et al., 2010). The population 
residing in the MRW is ?1.7 million people. Impervious 
areas have increased from 4.6 to 5.1% between 2000 and 2010 
(Xian et al., 2011; Thorn et al., 2017). For the MRW, annual 
precipitation averages 1100 mm, and precipitation during 
winter months averages 260 mm, with 220 mm of winter 
precipitation falling in frozen forms (Rienecker et al., 2011). 
Projections of future climate suggest the potential for warmer 
winters (Contosta et al., 2017) consistent with recent trends 
(Burakowski et al., 2008) that may counteract increasing salt 
loading concomitant with continued development.

Conductivity Sensor Network
A network of in situ, high-frequency sensors characterized 

specific conductance in streams, rivers, and storm drainage infra-
structure in diverse land cover throughout New Hampshire, 
eastern Massachusetts, and western Maine (Contosta et al., 
2017; Inserillo et al., 2017). The Lotic Volunteers Temperature, 
Electrical Conductivity, and Stage (LoVoTECS) network col-
lected data throughout the study region from 2011 to 2016. 
The network used long-term in situ deployments of data-logging 
potentiometric electrical conductivity and pressure transducer 
sensors (HOBO U24 specific conductivity and HOBO U20 
stage, respectively) at locations throughout the study region 
(Fig.  1). Sampled catchments exhibited 0 to 54% impervious 
cover (Xian et al., 2011) and ranged in size from 1.4 to 7300 km2. 
Sensor data are distributed through the Data Discovery Center 
(http://ddc.unh.edu). Periodic chemical analysis of stream water 
throughout the network showed a strong linear correspondence 
(Supplemental Fig. S1) between specific conductance (k0) and 
riverine chloride concentration (CR) across the network follow-
ing Eq. [1], similar to relationships reported by others (Novotny 
et al., 2008; Perera et al., 2009; Trowbridge et al., 2010):

k0 = 3.96CR + 31.2	 [1]

At low chloride concentrations, Eq. [1] is greater than 
observed chloride concentrations, evidenced by the separation 
between the linear best fit from locally weighted scatterplot 
smoothing (LOWESS) regression of the data ?20 mg Cl L−1 
(Supplemental Fig. S1), which is attributed to the decreasing 
contribution of chloride to total electrolytic composition in pris-
tine waters. The linear regression equation was used to convert 
between chloride and specific conductance in this study because 
it was consistent with the LOWESS at higher chloride concen-
trations that were the focus of the study. We found no significant 
differences from Eq. [1] according to stream size or subregion.

The LoVoTECS network included 47 stations with data in the 
Merrimack and Piscataqua River watersheds (Fig. 1). These sta-
tions recorded data at 1- to 3-min intervals, which were resampled 
to hourly averages for comparison with chemistry data and resa-
mpled to daily averages for model calibration and validation For 
model calibration, we used data from 39 stations that had between 
170 and 1240 d of data between 2011 and 2015 (Fig. 1).

Model and Application
The Nonpoint Anthropogenic Chloride Loading Model

We developed a module for NACL within FrAMES, a fully 
distributed, rasterized modeling platform used for studies of 

hydrologic and aquatic biogeochemical processes across scales 
(Wollheim et al., 2008; Wisser et al., 2010; Stewart et al., 2011, 
2013). The Framework for Aquatic Modeling in the Earth 
Systems controls vertical water transfer and terrestrial runoff 
generation (Supplemental Fig. S2a), which is routed through a 
one-dimensional simulated topological network river system 
(Vörösmarty et al., 1998; Wisser et al., 2010). The model uses 
a series of conceptual stores representing snowpack, soil storage, 
quick-flow storage, baseflow-generating groundwater storage, 
and river storage across each 45-s (?1.4-km2) pixel of the study 
domain. Chloride moves through soils and groundwater con-
servatively according to the simulated hydrological partitioning 
(Supplemental Fig. S2b). Chloride from precipitation and road 
salt is applied to the watershed at the soil or impervious sur-
face. Chloride from domestic and agricultural sources is loaded 
directly to shallow groundwater. We treat all domestic waste in a 
manner appropriate for septic release of chloride because the rep-
resentation is accurate throughout most of the model domain, 
and because domestic loading is constant the flowpath through 
groundwater produces an equivalent chloride flux. The FrAMES-
NACL model transports chloride mass through the topological 
river network using a linear reservoir routing scheme. Within 
each reach, chloride is converted to specific conductance (mS 
cm−1) using Eq. [1]. Additional changes to FrAMES to account 
for the dynamics of chloride including long-term storage in 
groundwater and direct snowmelt on impervious surfaces are dis-
cussed in the supplemental material. We parameterized chloride 
loading from precipitation, domestic waste, agricultural runoff, 
and road salt application using data and assumptions defined 
in the supplemental material. Briefly, road salt was applied to 
a fraction of treated impervious areas based on the amount of 
received snowfall, at a spatially average homogenous rate speci-
fied by the deicer loading parameter (CDEI, kg Cl mm−1 m−2) that 
neglects known differences in salt application for different types 
of impervious surfaces. The FrAMES-NACL model was tested 
by comparing the relationship between chloride and impervi-
ous cover between simulations and observations (Kaushal et 
al., 2005; Daley et al., 2009). Supplemental Table S1 provides 
descriptions of 10 parameters of the model relevant to this study. 
Geographic and meteorological data used by FrAMES-NACL 
are described in the supplemental material.

Assessing Road Salt Loading
To address our first hypothesis, we use FrAMES-NACL to cali-

brate a deicer application rate (CDEI) and compare it with empiri-
cal estimates from three studies (Godwin et al., 2003; Sander et 
al., 2007; Trowbridge et al., 2010) that inventoried road salt 
usage. Calibration used a Markov chain Monte Carlo (MCMC) 
approach (see the supplemental material) aimed to minimize 
model observation misfit for discharge (Q, mm d−1) and chloride, 
after conversion to specific conductance (mS cm−1). Observations 
represented daily mean discharge (Q) from USGS stream gages 
(n = 28) and specific conductance (n = 39 LoVoTECS network 
stations). We compared station-specific probabilities of non-
exceedance (PONE) for both discharge and specific conductivity 
using the acceptance ratio (see the supplemental material), Nash–
Sutcliffe efficiency (NSE), RMSE, and median residuals. We also 
assessed model performance using RMSE on daily and temporally 
aggregated time series for the suite of stations in our dataset.

http://ddc.unh.edu
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Characterizing Road Salt Impairment
We used FrAMES-NACL to investigate the influence of cli-

matic drivers interacting with present-day land use to generate 
riverine chloride impairment throughout the river network. We 
quantified the degree to which interannual climate variability 
explained variation in two metrics of impairment in time and 
space. We selected a threshold of 600 mS cm−1 (140 mg Cl L−1) 
to define chloride impairment (see the supplemental material) 
during the biological active (productive) season of mid-April 
through October, which is typical of ecotoxicological assess-
ments of aquatic species (Ejsmond et al., 2010; Ippolito et al., 
2012; Kraus et al., 2014). Impaired reach days (IRD) was cal-
culated by counting the number of productive season days that 
the riverine-specific conductance predicted for a grid cell exceed-
ing 600 mS cm−1, multiplying by the local river length in the grid 
cell, and summing for the entire river network. We also use the 
mean outlet summer conductivity (OSC) from August at USGS 
Gaging Station 01100000 on the Merrimack River at Lowell, 
MA, as a metric that integrates all upstream processes. The 
FrAMES-NACL predictions of stations that exhibited impair-
ment were validated against LoVoTECS stations exhibiting 
impairment using the Peirce skill score. The Peirce skill score is 
the probability of detecting an exceedance (600 mS cm−1) minus 
the probability of a false detection (Manzato, 2007). We con-
trolled for stations with incomplete data records. Comparisons 
were limited to stations with at least 90 d of data during each 
productive season. To validate predictions of the OSC metric, 
predicted and observed August mean concentrations were com-
pared at all fifth or greater order stations along the Merrimack 
River (n = 8 stations).

The importance of seasonality for stream impairment due to 
road salt was characterized by correlating interannual variance in 
a simulated impairment with a suite of watershed average meteo-
rological indices. Indices tested for control of stream impairment 
included the total annual precipitation, total season precipitation 
(preceding winter [December–February], spring [March–May], 
summer [ June–August], autumn [September–November]), 
preceding winter snowfall, annual number of dry days (days 
with <1  mm precipitation), annual number of days with heavy 
(>10 mm) precipitation, number of summer (average temperature 
³ 25°C) days, and the number of dry (<1 mm) summer (aver-
age temperature ³ 25°C) days. We expected the number of dry 
days each year to be the most predictive of chloride impairment 
throughout the river network, as it should be the main driver of 
baseflow conditions when chloride levels are high. We standard-
ized each year’s impairment metrics and climatic indices for years 
between 1998 and 2014 (n =17) to z-scores after confirming 
normal distributions using a Shapiro–Wilks test at a = 0.05. Using 
ordinary least squares, we regressed impairment metrics against cli-
mate indices, testing for significance at a = 0.05.

Results and Discussion
Nonpoint Anthropogenic Chloride Loading Model Behavior

The time series of discharge indicates reasonable timing and 
magnitude of flows across sites (Supplemental Fig. S4). At the 
optimal parameter values found by the MCMC, the median 
station residual of mean summer runoff was +9.8% of observa-
tions and ranged from −79 to +55%. The PONE of discharge 

corresponded closely between observations and FrAMES-
NACL (acceptance ratio [RA] and NSE were 0.88 and 0.93 for 
calibration stations and 0.85 and 0.99 for validation stations, 
respectively; Supplemental Table S2, Supplemental Fig. S5a), 
with a very small negative bias of −0.04 m3 s−1 (Supplemental 
Table S2), reflecting reliable representation of the distribution 
of storm magnitudes. The FrAMES-NACL model predicted 
flashier hydrology than observations at all watershed scales, and 
as time series were averaged over longer intervals, the RMSE of 
modeled runoff decreased from 3.3 to 2.3 m3 s−1 (Supplemental 
Table S2).

The FrAMES-NACL model correctly identified stations that 
were observed to exceed the threshold of 600 mS cm−1 
(Supplemental Fig. S5b), indicating that the model can be used 
to predict the spatial distribution of exceedance values despite 
using a spatially homogenous deicer application rate. The accep-
tance ratio (RA) calculated on PONE was 0.53 for calibration 
stations and 0.38 for downstream stations reserved for validation 
(Supplemental Table S2). The calibrated NSE on specific con-
ductivity for PONE was 0.75 and was lower for validation sta-
tions (Supplemental Table S2). Because low values of specific 
conductance are overpredicted by Eq. [1], specific conductivity 
at stations with low human development, including many of the 
stations on the largest river segments, is biased high, indicated by 
a positive median residual ( 0.5r̂ , Supplemental Table S2) and 
decreasing the NSE for these stations. Despite the low NSE, 
absolute performance described by the RMSE (32 mS cm−1, 
Supplemental Table S2) at downstream stations was much lower 
than for upstream stations (180  mS cm−1), indicating that 
upstream errors canceled out.

The FrAMES-NACL model correctly captures (i) tempo-
rally stable baseflow chloride concentrations, (ii) small increases 
in baseflow concentration late in the summer for moderately to 
highly developed catchments, and (iii) wintertime peaks from 
deicer application only in highly developed catchments (Fig. 2). 
As with discharge times series, resampling the specific conduc-
tivity time series to 1-wk or longer timescales (most consistent 
with our analysis) improves the RMSE of model performance. 
Whereas annual-modeled specific conductivity exhibited a high 
bias (Supplemental Table S2), mean summer specific conduc-
tance was biased slightly low (median residual = −7.4%). During 
summer storms, the model’s dilution response is often flashier 
than observed, consistent with the flashy response observed in 
discharge. Since we focused on summer periods when exceed-
ance values were most biologically relevant, the low bias means 
our estimates of impairment were conservative.

Mean annual chloride concentration in rivers correlated with 
upstream development density (Nimiroski and Waldron, 2002; 
Kaushal et al., 2005; Novotny et al., 2008; Daley et al., 2009; 
Trowbridge et al., 2010; Kelting et al., 2012; Corsi et al., 2015). 
The FrAMES-NACL model predicted increases in mean annual 
chloride as a function of impervious surfaces, similar to Daley et 
al. (2009) for the study region (Fig. 3a). The FrAMES predic-
tions were also similar to those reported by Kaushal et al. (2005) 
over the range of imperviousness in their study.

Road Salt Loading Parameterization
The FrAMES-NACL model predicted an average road salt 

loading rate of 6.5 g Cl mm−1 m−2 with a 95% credible interval 
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(5.3–11 g Cl mm−1 m−2, Supplemental Fig. S6). The majority 
(95%) of CDEI posterior distribution was within the uncertainty of 
the local inventory estimate from Trowbridge et al. (2010) (T10) 
and completely bounded by the range of all three inventory stud-
ies. Moreover, the appropriateness of estimated road salt inputs (36 
± 24 Mg Cl km−2) from FrAMES-NACL was further supported 

by the consistency in the ratio of road salt to total inputs of chlo-
ride between this study (89%) and estimates from southeastern 
New York (91%; Kelly et al., 2008). A lower ratio of road salt to 
total chloride in Minnesota (61%; (Novotny et al., 2009) reflected 
significantly lower agricultural input in the MRW. The similarity 
in ranges of model uncertainty and inventory uncertainty sug-
gest that the model captured road salt loading to within expec-
tations. Therefore, our hypothesis that deicer application rates 
inferred from stream chemistry and from inventories of applica-
tors are equivalent was supported. The methodology presented 
here may be an appropriate supplement to inventorying deicer 
application rates and may identify areas that need further study. 
The estimated road salt application rate was greater than the 2.1 
and 2.9  g Cl mm−1 m−2  recommended by Environment Canada 
(2004) (EC04), and the Salt Institute (2007) (SI07), respectively 
(Supplemental Fig. S6).

Despite the consistencies between FrAMES-NACL esti-
mates of loading and the pool of inventory studies, loading in the 
Merrimack was distinct from any one inventory. The best esti-
mates of loading rate from three inventories yielded 3.8, 11, and 
12 g Cl mm−1 m−2 from Trowbridge et al. (2010) (T10), Sander 
et al. (2007) (S07), and Godwin et al. (2003) (G03), respectively. 
The deicer loading parameter therefore has a mode 73% higher 
than the local inventory of T10, and 40 to 45% lower than values 
from other inventories (G03 and S07).

Differences in loading may be attributed to location or to 
time varying application rates. Mean winter temperature in Twin 
Cities S07 was ?3°C cooler than the MRW, explaining a higher 
loading from that study (by reduced effectiveness of sodium 
chloride as a deicer); however, climatologic explanations do not 
explain the magnitude of the difference between the MRW and 
Twin Cities, nor greater loading in the Mohawk River G03 than 
the MRW because mean winter temperatures were similar. The 
study catchments of T10 are located within the MRW but are 
located toward the southern extent of the domain at lower eleva-
tions, making a climatological explanation possible since aver-
age winter temperatures averaged ?6°C warmer in southern 
portions of the watershed. Depending on the use of impervious 
areas for driving or walking, differing loading rates are common 
(Environment Canada, 2004; Salt Institute, 2007; Sander et al., 
2007). At the resolution of our model, pixels represent many 
types of impervious areas, justifying our selection of a single 
average loading rate. However, both subcatchments within our 
model and differences in impervious use between each of the 
three inventory studies likely played a significant role in creat-
ing observed differences in application estimates. In addition, 
temporal variation in loading rates ( Jackson and Jobbagy, 2005; 
Kilgour et al., 2014; Corsi et al., 2015) provide a realistic expla-
nation for the greater estimated road salt loading between our 
study and that by T10. Stream concentrations used for calibra-
tion reflected average loading over the recent past integrated by 
the transit time distributions through the studied catchments. 
Road salt loading may be higher on average over that time period 
than the single winter of the study of T10.

Depending on the year, FrAMES-NACL retains up to 57% 
of deicer chloride within groundwater storage, or releases more 
chloride from storage than deicer applied (up to 17%). On aver-
age, FrAMES-NACL retains ?14% of applied deicer, slightly 
lower retention than the 22 to 37% reported by Jin et al. (2011) 

Fig. 2. Time series of specific conductivity at five stations comparing 
the Framework for Aquatic Modeling in the Earth Systems (FrAMES)- 
Nonpoint Anthropogenic Chloride Loading (NACL) data (blue) with 
observational data (black). Values in parentheses denote catchment 
area. Light bands indicate the productive season (mid-April through 
October). Dashed red lines depict the 600-mS cm−1 impairment 
threshold. The percentage of reporting days exceeding the impair-
ment threshold is provided for each year where applicable.

Fig. 3. Boxplots binned by imperviousness of the Framework 
for Aquatic Modeling in the Earth Systems (FrAMES)- Nonpoint 
Anthropogenic Chloride Loading (NACL) model for headwater (a) 
flow-weighted mean annual specific conductance, and (b) number 
of USEPA chronic threshold exceedances for chloride. Relationships 
between imperviousness and mean annual chloride concentrations 
(Kaushall et al., 2005; Daley et al., 2009) are given in terms of specific 
conductivity following Eq. [1]. USEPA chronic exceedances of the 
chloride standard from Trowbridge et al. (2010) uses mean annual 
concentration from Daley et al. (2009). The band of most biologic 
stress identified by Coles et al. (2004) is shown in (b). 
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and Shaw et al. (2012), but consistent with the long-term storage 
(17–20%) predicted for the Toronto metropolitan area (Perera 
et al., 2013).

After equilibration with current deicer application and 
the ratio of annual snowfall (220 mm snow water equivalent) 
to runoff (608 mm), river concentrations should approach a 
steady-state annual mean chloride concentration of 1.4 g Cl L−1 
fimp

−1, where fimp is the fraction of catchment impervious area. 
Therefore, catchments with >16% impervious cover would have 
an annual mean chloride concentration exceeding the USEPA 
chronic threshold of 230 mg Cl L−1.

Chloride Impairment in the Merrimack River Watershed
Validation of Chloride Impairment Metrics

The FrAMES-NACL model accurately identified stations in 
our observation network exceeding the impairment threshold 
(600 mS cm−1). The Peirce skill score was a perfect 1.0 ± 0.02 for 
identifying stations with exceedances of either 1 or 30 d above the 
threshold for stations that have at least 90 d of data in a productive 
season. However, FrAMES-NACL underpredicted the number of 
days >600 mS cm−1 by ?55% for stations that did exhibit exceed-
ances. Underprediction of exceedance duration was consistent with 
the more dynamic nature of conductivity in the model discussed 
above (Fig. 2, Supplemental Fig. S4b). Observations indicate that 
stations cluster near 0 and 100 d of impairment (for stations with 
complete data coverage through the productive season), whereas 
FrAMES-NACL predicted a more even distribution of intermedi-
ate days impaired. Thus, FrAMES-NACL provided an underesti-
mate of the number of days impaired while accurately estimating 
locations of impairment, allowing us to make qualified inferences 
at the network scale.

The FrAMES-NACL model captured both the longitudi-
nal trend in observed chloride between 2012 and 2014, and at 
the furthest downstream station (at Lowell) between 1999 and 
2004 (Supplemental Fig. S7), which validated the OSC metric. 
All observational data on Supplemental Fig. S7 were not used in 
model calibration. For the basin profile stations, the relative abso-
lute error was 15.4 ± 5.3% (Supplemental Fig. S7b). Moreover, 
the mean of summertime USGS grab samples from 1999 to 2004 
at Lowell (195 ± 44 mS cm−1, n = 23) was not significantly (a £ 
0.05) different from simulated values on sampled days (213 ± 
64 mS cm−1) (Supplemental Fig. S7c).

Recent Chloride Impairment
The FrAMES-NACL model predicted that up to 11% of the 

Merrimack River network exceeded the 600-mS cm−1 chloride 
threshold on at least 1 d in the productive season (Fig. 1). Figure 1 
shows that impaired reaches were most prevalent in the southern 
Merrimack watershed and consisted predominately of headwater 
(first-order) reaches elsewhere. The largest river exhibiting any 
impairment was fourth-order river draining (211 km2); however, 
the largest stream with a median value of impaired days each 
year above zero over the 17-yr record was second-order draining 
(14 km2). The period mean of IRD, the product of river length 
exceeding 600 mS cm−1 times the duration of impairment, was 1.3 
´ 105 ± 4.0 ´ 104 km d (± interannual variability). The period 
mean for OSC (summertime conductivity at basin mouth) was 
216 ± 27 mS cm−1, which is lower than the 600-mS cm−1 impair-
ment criteria threshold but higher than pristine conditions.

The FrAMES-NACL model shows that a threshold of imper-
viousness leading to chloride impairment exists at <20% imper-
vious cover. The annual number of exceedances of the USEPA 
chronic water quality threshold for chloride (230 mg Cl L−1 for 
4 d) predicted by FrAMES-NACL was similar to that predicted 
from the relationship between chloride exceedances and mean 
annual chloride concentration identified by Trowbridge et al. 
(2010, Fig. 3b and 4), when using mean annual chloride from 
Daley et al. (2009) as the predictor (Fig. 3a). Both FrAMES-
NACL and the function of Trowbridge et al. (2010) predicted 
negligible USEPA chronic exceedances below 20% impervious 
cover. Exceedances per year increase linearly through ?60% 
impervious cover (Fig. 3b). Previous findings for streams in New 
England found changing aquatic community structure at mean 
impervious cover ranging from 14 to 18% (Fig. 3b; Coles et al., 
2004). Impairment of aquatic taxa observed at impervious cover 
<20% is consistent with stress from prolonged exposure to chlo-
ride at concentrations <230 mg Cl L−1 (Findlay and Kelly, 2011; 
Cañedo-Argüelles et al., 2013).

Interannual Variability in Riverine Chloride Impairment
Between 1998 and 2014, both metrics of chloride impair-

ment (IRD, OSC) suggest that climate drives variability in 
impairment (Fig. 4). The two impairment metrics correlate with 
different individual meteorological indices. Even with the damp-
ing from groundwater storage, the predicted interannual SD of 
riverine impairment was 12% for IRD and 18% for OSC (Fig. 4). 
The IRD was positively correlated with snowfall (r2 = 0.34, p = 
0.015), and OSC inversely correlated with summer precipitation 
(SUMP) (r2 = 0.20, p = 0.001) (Fig. 4b and 4d). We hypothe-
sized that the number of dry days should correlate with increased 
impairment. Although more dry days led to greater impairment, 
the relationships were not statistically significant, (p = 0.075 and 
0.068 for IRD and OSC, respectively), providing only weak sup-
port for our hypothesis (Fig. 4c and 4f ). Inverse correlations of 
OSC with SUMP support summertime dryness as an important 
factor in controlling productive season salt impairment in larger 
rivers (Fig. 4d).

Fig. 4. Interannual correlations between impaired reach days (IRD) 
and outlet summer concentration (OSC) impairment metrics and 
select meteorological indices, including total summer precipitation 
(SUMP), winter frozen precipitation (WINS), and number of dry days 
(NDD). Bold lines represent best fit for relationships, with dotted lines 
representing 95% confidence intervals on the fit. *,** Significant at 
the 0.05 and 0.01 probability levels, respectively.
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The positive correlation between IRD and snowfall (Fig. 4b) 
results from salt application being driven by frozen precipitation 
during winter. Most road salt infiltrates groundwater (the frac-
tion of directly connected impervious area is low), and despite 
the large groundwater exchange pool, shallow groundwater 
is responsive enough to propagate the effects from the previ-
ous winter. Since small streams dominate total network length 
(Leopold, 1964), the IRD is driven by small stream responses, 
particularly in urban headwaters.

Greater snowfall has an inverse effect on OSC, a metric for 
large river, because it increases dilution from pristine catchments 
during snowmelt; however, the relationship is not statistically 
significant (p = 0.66, Fig. 4e). The weak correlation between 
snowfall (i.e., recent loading) and downstream concentrations 
(OSC) illustrates the importance of the scale-dependent pro-
cesses of river network dilution on defining concentrations expe-
rienced by aquatic organisms.

As SUMP increases, IRD and OSC decline, although the 
response of OSC is much stronger (Fig. 4a and 4d). Snowfall 
and SUMP have similar effects on the OSC metric because both 
dilute chloride emanating from the relatively few headwater 
catchments that are chloride sources. Dilution from high SUMP 
has a limited effect on the IRD metric because higher than aver-
age precipitation cannot substantially alter chloride concentra-
tion in a large groundwater storage pool. Instead, SUMP can 
only increase the time that a contaminated headwater catchment 
is diluted by storm runoff, thereby lowering IRD in some catch-
ments. Despite the overly dynamic response of FrAMES-NACL, 
this influence of SUMP on IRD was not significant (Fig. 4a).

Studies of riverine chloride contamination tend to focus on 
the trends of annual or seasonal chloride concentration (Anning 
and Flynn, 2014; Corsi et al., 2015). One study reported 20% 
interannual variability in mean annual chloride concentrations 
from subcatchments surrounding Baltimore, MD (Kaushal 
et al., 2005 Fig. 2), similar to this study (Fig. 4). After signifi-
cant floods in southeastern New Hampshire during 2006 and 
2007, observed chloride concentrations across a broad range 
of discharge were distinctly lower, suggesting flushing of legacy 
chloride from the fifth-order watershed (Daley et al., 2009). The 
mechanisms that control the dilution of road salt at affected 
reaches should be considered as an important secondary pre-
dictor of potential habitat degradation (Hale et al., 2014). 
Mechanisms that can influence dilution potential from clean 
headwaters include drinking and irrigation water abstractions in 
headwaters, and storage behind recreational dams. If climate pat-
terns change (Hayhoe et al., 2006), reduced headwater dilution 
capacity from increasing forest evapotranspiration or drought 
would exacerbate the effects of chloride contamination.

Limitations of Model Structure
Our immobile zone parameterization for long-tail ground-

water transport appears reasonable. Optimized values for the 
immobile zone exchange mechanism suggest a groundwater 
transit time >1 to 2 yr, consistent with typical catchment tran-
sit times (McDonnell et al., 2010), including catchments of the 
Merrimack River (Benettin et al., 2015) and shallow groundwa-
ter flow paths (Morgenstern et al., 2010). Some observations of 
groundwater transit time (Morgenstern et al., 2010; Stewart et 
al., 2010) are longer than calibrated here, and other immobile 

zones would be required to represent the broad range of ground-
water transport timescales (Haggerty and Gorelick, 1995).

Greater dilution during rain events (Fig. 2) results in 
underestimates of specific conductance in developed catch-
ments. The greater model responsiveness compared with 
observations follows primarily from assuming timescales of 
transport and hydrodynamic response to be equal in the soil 
and surface flow paths, although transport should lag hydro-
dynamic catchment response (Beven, 1982; Kirchner et al., 
2000). In addition, we are not simulating impoundments and 
the influence of reservoirs, which provide additional storage 
for damping changes in concentration.

The FrAMES-NACL model neglects several processes that 
may account for the stronger dilution response than observa-
tions. Nonconservative chloride transport and processing 
including organochlorine formation, microbial processing, 
plant uptake, and storage in sediment micropores would 
dampen catchment chloride response (Bastviken et al., 2007; 
Kincaid and Findlay, 2009; Redon et al., 2011, 2012; Shaw et 
al., 2012; Öberg and Bastviken, 2012); however, these processes 
are most significant in pristine systems and diminish in impor-
tance as total loading (e.g., via road salt) increases (Svensson 
et al., 2010). Prolonged chloride storage on rough road sur-
faces is mobilized during precipitation through the summer, 
and first-flush-specific conductance can locally exceed 50 mg 
Cl L−1 (230 mS cm−1) (Ostendorf et al., 2001), considerably 
greater than that represented by NACL (typically <1 mg Cl 
L−1). Representing a reservoir for chloride storage and release 
from infrastructure (Ostendorf et al., 2006) is an appropriate 
improvement for future work. A final possibility is that storm 
events mobilize more groundwater with elevated chloride than 
represented by FrAMES-NACL (McDonnell, 1990, 2013; 
Kirchner et al., 2000). The shallow groundwater pool is rep-
resented with an exponential residence time distribution; a g 
distribution (with a < 1), characteristic of many environmental 
systems (Hrachowitz et al., 2010), may better represent rapid 
mobilization from groundwater with high chloride. Models 
accounting for these processes can be tested against observa-
tional data to evaluate evidence for these mechanisms.

Conclusions
We find road salt loading inferred from stream chloride con-

centrations at regional watershed scales to be consistent with 
inventoried estimates. A combination of inventory approaches 
and catchment-scale chloride mass balance modeling informed by 
stream chemistry data is likely to provide more realistic estimates 
of chloride balance through time. Loading estimates, derived here 
and from existing inventories, are considerably greater than rec-
ommended deicer application rates, offering an opportunity for 
improved management that can reduce potential chloride impair-
ment. Given the sensitivity of FrAMES-NACL to interannual 
variability of winter snowfall, which drives loading via road salt 
applications, adoption of loading recommendations may reduce 
chloride impairment within several seasons throughout much of the 
moderately developed MRW. Reduced loading to the watershed 
is achieved using a combination of education, liability reduction 
(New Hampshire Revised Statutes, 2016), deicing fleet manage-
ment technology, location-specific melt prediction (Trenouth et al., 
2015), or stormwater management systems (Trenouth et al., 2018). 
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Using a combination of these strategies, Toronto achieved lower 
than recommended application rates (?1 g Cl mm−1 m−2) (Perera 
et al., 2009; Kilgour et al., 2014). Models, like FrAMES-NACL, 
can be used in more specific settings to understand consequences 
of changing management practices, but they require more detailed 
deicer application parameterizations specific to management ques-
tions. The variability of the large river chloride is predominately 
controlled by dilution from water available from pristine catch-
ments upstream, so management strategies on large rivers need to 
recognize the role of the entire river network.

Supplemental Material
Supplemental material describes methodology used is available 

in more detail, including more thorough descriptions of sensor data, 
mass balance calculations, parameterization, Markov-chain Monte 
Carlo experiments, and the definition of the impairment threshold.  
Two tables and six figures are included in the supplemental text.
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