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Using Specific Electrical Conductance to 

Characterize Post-Tropical Cyclone Sandy’s 

Storm Runoff in New Hampshire Catchments 

 

 

Chapter I: Introduction 

Well-informed resource and land management decisions are crucial for the 
health and well-being of our ecosystems and the services they provide. This is 
especially true in regards to the fresh water resources in New Hampshire, which 
are essential to tourism. In order to make insightful and “whole-system” 
management decisions, large amounts of supporting data are necessary. One 
way to collect vast amounts of data is by using the citizen science model, which 
includes added benefits of increasing stakeholder knowledge and awareness 
(Bonney et al. 2009). Citizen science is becoming a hugely popular and 
successful model (Bonney et al. 2009; Pocock and Evans 2014). This model was 
applied to lotic systems of New Hampshire to observe storm response during 
post-tropical cyclone Sandy in October 2012. Data from this event highlighted 
some key relationships that could assist with local land management decisions.  
 
The Sandy event produced an average precipitation of 75 mm throughout the 
state. Stormflow production and travel time of event water depends on watershed 
characteristics such as topography, soils, geology and land use (Dingman 1994). 
Only a fraction of precipitation enters lotic systems during rain events (Michael G. 
Sklash and Farvolden 1979). Event water may be removed from the system by 
infiltrating through soil and becoming groundwater flow or by evapotranspiration 
(Dingman 1994). More specifically, stormflow enters via channel precipitation, 
overland flow, shallow subsurface flow or deep subsurface flow (Figure 1). 
Overland runoff has two primary mechanisms; infiltration excess and saturation 
excess (Figure 1). Infiltration excess flow occurs when the rate of rainfall exceeds 
the rate at which water can infiltrate the soil (Horton 1933). Saturation excess 
runoff occurs when the soil is saturated and depression storage, such as ponds 
and wetlands, is filled (Hewlett, 1961). The volume of runoff generated will 
depend on antecedent soil moisture and other event characteristics like rainfall 
intensity and hydraulic conductivity. In general, factors that increase response 
times are large catchment size, low conductivities in soil, gentle slopes and 
forested cover. Response times are typically shorter in smaller basins or 
catchments that have steep slopes, a high percentage of impervious or compact 
surfaces or high hydraulic conductivities. Flood resiliency and stream water 
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quality is controlled by these types of watershed attributes and the mixing of 
these surface and subsurface waters.  

 
Figure 1 Conceptual diagram of watershed and the four major pathways in 
which precipitation can move through the system. 

In highly developed watersheds, stormflow can carry and transport high 
concentrations of pollutants  (Deletic 1998; H. Lee et al. 2007; Qin, Khu, and Yu 
2010). Stormwater runoff is now the leading source of water pollution in the 
United States (H. Lee et al. 2007). Stream quality in New Hampshire is a growing 
concern because of recent urbanization and population growth. In a New 
Hampshire study, Deacon et al. (2005) found that concentrations of chemicals 
were higher in watersheds with high percent impervious surface. They found that 
14 percent impervious cover was enough development to show differences in 
stream chemistry.  Another study related to impervious surfaces and road salt 
use showed that stream chloride concentrations were directly correlated with 
development (Trowbridge et al. 2010).  Aside from stormflow contaminants, other 
sources of pollution include, soil erosion, nutrients, and organic materials from 
agricultural land. These runoff contaminants, classified as non-point source 
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pollution (NPS), are difficult to regulate and manage but doing so is crucial to the 
well-being of New Hampshire’s economy and environment.  
 
One way to measure NPS pollution is with electrical conductance (EC). It is used 
as a proxy for pollution by association with total dissolved solids (TDS) and can 
also be used to separate sources of 
streamflow generation. Depending on 
the source water, EC will vary. For 
example, the EC of rain in New 
England ranges from 3-35 
microsiemens per centimeter (µS cm-

1), with a median of 8.5 µS/cm 
(NADP, 2008-2012). New Hampshire 
groundwater can range from 31-4030 
µS cm-1, with a median of 220.9 µS 

cm-1 (Ayotte, unpublished). Based on 
the differences between the two 
sources, we can determine the fraction 
of rain, or “new” water and groundwater, 
or “old” water that enters a stream 
during a storm event.  
 
EC can be used as a hydrological tracer of water sources during rain events 
because ion concentrations typically dilute with increasing water input (Figure 2). 
Pinder and Jones (1969) were some of the first to separate stream discharge into 
the chemical composition of the ground-water and direct-runoff. The use of EC to 
chemically separate hydrographs has been applied to various types of 
catchments including; humid-temperate forest, high elevation, semi-arid and 
agricultural, urban and suburban catchments (Ahmad and Hasnain 2002; Laudon 
and Slaymaker 1997; Matsubayashi et al. 1993; Pellerin et al. 2008). Although 
there are several spatial and temporal assumptions in this model, most studies 
found that old water dominates hydrographs and new water is typically 40 
percent of stormflow. While two end-member mixing analysis was applicable at 
most of the study sites, the presence of a third end-member was evident in the 
form of a first flush.  
 
When water runs overland in urban areas, ions are likely to be more 
concentrated, especially during the first part of the rain event.  The first flush (FF) 
is defined as a disproportionate increase of particulate or dissolved materials in 
terms of concentration or load in the rising limb of a runoff event (Obermann et 
al. 2009). First flush water can be an important source of non-point source 
pollution (Tong and Chen 2002). However, it is unclear as to what drives the 
phenomenon. For example, Deletic (1998) and Sansalone and Cristina (2004) 
stated that FF is complex and site specific. In Deletic’s study, the presence of a 
FF at one site was determined by the magnitude of the event and by the 
available deposition on the surface.  FF at the other study site was determined by 

Figure 2 Conceptual diagram of 
dilution of specific electrical 
conductance during a rain event. 
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the time of maximum rainfall intensity (Deletic 1998). Other FF studies found no 
correlation between the FF phenomenon and the antecedent dry weather period 
but did find that the FF phenomenon was greater for smaller watersheds (Lee et 
al. 2002). Ma et al. (2011) showed that FF was obvious at high paved 
watersheds during intense storm events but found no relationship between FF 
and watershed area. While there may be seasonal and temporal patterns in FF, 
physical characteristics of the watersheds were used to explain the presence of 
FF in this study. This study helps fill the gap identified by Hathaway et al. (2012) 
who stated that further research was needed on hydrologic and watershed 
characteristics that influence the FF effect.  
 
Storm chemograph separation and studies of the first flush (FF) phenomenon 
have been limited in the ability to capture spatial variation.  There are numerous 
studies of chemical hydrograph separation in forested catchments to determine 
sources of event discharge (Buttle 1994; Hooper and Shoemaker 1986; Laudon 
and Slaymaker 1997; Shanley et al. 2002; Sklash et al. 1976). Less information 
is known about hydrograph separation in agricultural and urban watersheds. 
Studies related to FF have mostly focused on high impacted areas, such as 
urban catchments, roofs and storm drains (Deletic 1998; Lee et al. 2002; 
Sansalone and Buchberger 1997; Sansalone and Cristina 2004). No studies 
have used the mass balance separation equation or analyzed FF in 40 different 
watersheds during the same event. The objective of this study was to examine 
potential patterns of percent new water and first flush in the varying catchments 
in New Hampshire during post-tropical cyclone Sandy. It was hypothesized that 
new water and first flush would be positively correlated with an increase in 
development. This study engaged citizen scientists and used simple and 
inexpensive sensors to collect a robust water quality dataset. The data from this 
event will help hydrologists and watershed managers to better understand 
stormflow generation and contaminant transport in diverse watersheds.  

Chapter II: Methods 

In order to understand the watershed controls on source water and FF, we used 
EC to trace storm response during the post-tropical cyclone Sandy event in 
October 2012. Forty New Hampshire watersheds were analyzed by using 
chemical hydrograph separation and descriptive analysis of FF phenomenon. 
These data came from a citizen science network called the Lotic Volunteer for 
Temperature, EC and Stage (LoVoTECS) and provides a unique opportunity to 
investigate the spatial variation of source water and FF at a broad spatial scale.  
 
Site Descriptions 
New Hampshire is 24,217 km2 and lies within 42° 42′ N to 45° 18′ N and 70° 36′ W 
to 72° 33′ W. Its estimated population density is 56.8 km-2.  The highest point in 
New Hampshire is 1916.7 m and lowest is at sea level. The mean elevation is 
420 m and the average slope is approximately 7.8 degrees. New Hampshire’s 
climate is humid continental. Summers are warm and humid and winters are cold 
and wet with evenly distributed precipitation throughout the year. Land cover in 
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New Hampshire is largely forested (80 percent) with 7 percent developed, 3 
percent active agriculture and 3 percent lentic cover (open water wetland). 

Figure 3 Watershed delineations of study sites and gridded 
precipitation data (mm) from October 30, 2012. The average 
precipitation produced on this day was 26 mm. The 
standard deviation was 28 mm. Precipitation data is from 
NOAA Climate Prediction Center. 
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Average road density in the state is 7 km/km2. Study watersheds are located 
throughout New Hampshire, in catchments ranging from 1.5 km2 to 2646 km2 
(Figure 3). Forty different watersheds of varying land use and soil types were 
used in this study. These sites are generally representative of land use of the 
state (Figure 4 and Appendix A).   
 

 

Streamwater Sensing 

Water temperature, absolute pressure and EC were measured with data loggers 
(HOBO U20 and U24) set to collect at 3 minute intervals. Teachers, river 
advisory groups, retired engineers and state government agencies were some 
examples of the partners engaged in this project. LoVoTECS volunteers 
maintained sensors, downloaded and submitted data on a monthly basis. Data 
were subjected to QA/QC to remove erroneous values.   
 
EC values were converted to specific EC (SC) using temperature: 

 
SC25 = EC /1 + 0.02 (T – 25)   Equation (1) 

Figure 4 Histograms of land use, elevation and soil organic 
matter in the 40 study catchments. 
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where, SC25 = corrected EC value adjusted to 25°C; EC; and T = water 
temperature at time of ECm measurement (Radtke et al. 1998). Stage was 
calculated from the absolute pressure of the water level logger and the nearest 
barometric pressure sensor.  

 

Watershed Characteristics 

Watershed attributes were determined to characterize the study catchments 
(Appendix A). In order to do this, 10 meter elevation data were obtained from the 
USGS National Elevation Dataset (NED). The hydrology toolbox in ArcMap 10 
was used to delineate watershed boundaries. The delineations were converted to 
polygons and land use data was extracted based on the watershed polygon. 
ArcMap’s spatial analyst tool and zonal statistics tools were used to calculate 
mean basin elevation and mean slope based on NED. Land cover data was 
extracted from the New Hampshire Land Cover Assessment 2001, which used 
Landsat Thematic Mapper imagery. NRCS data were used to extract soil 
characteristics of each basin and represent weighted averages.  
 
Table 1 Watershed attributes; their units of measure and the data source in 
which the values were extracted. 

Watershed Attribute Unit Source 

Area  km2 USGS NED 

Developed Percent of watershed area NH Land Assessment 
2001 

Agriculture Percent of watershed area NH Land Assessment 
2001 

Forest Percent of watershed area NH Land Assessment 
2001 

Open Water Percent of watershed area NH Land Assessment 
2001 

Wetland Percent of watershed area NH Land Assessment 
2001 

Lentic Percent of watershed  NH Land Assessment 
2001 

Disturbed Percent of watershed area NH Land Assessment 
2001 

Sum Disturbed Percent of watershed area  NH Land Assessment 
2001 

Bedrock Percent of watershed area NH Land Assessment 
2001 

Dunes Percent of watershed area NH Land Assessment 
2001 

Tundra/clear Percent of watershed area NH Land Assessment 
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2001 

Road Density  mi/mi2 NH Land Assessment 
2001 

Mean Basin 
Elevation  

m USGS NED  

Mean Basin Slope  degrees USGS NED  

Available Water 
Capacity  

Inch/inch NRCS 

Clay  percent of soil (<2mm in size) NRCS 

KF Factor  Erodibility f-factor NRCS 

Organic Matter  Percent by weight NRCS 

Permeability  inch/hour NRCS 

Soil Thickness  inch NRCS 

Hydrologic Group  Continuous scale 1-4 NRCS 

Drainage  Continuous scale 1-4 NRCS 

Slope of soil  Percent of watershed area NRCS 

Liquid Limit  Percent moisture by weight NRCS 

If Hydric Soil  1 if hydric NRCS 

Annual Flood 
Frequency  

1, 2 or 3 NRCS 

Precipitation  basin mean, mm NOAA Climate 
Prediction Center 

First Flush Yes, no Based on Level 1 
LoVoTECS data 

 
The developed category included transportation, residential, and commercial and 
industrial land use. Lentic cover was defined as the sum of open water and 
wetland cover. Disturbed included land cover that has been altered or exposed; 
such as gravel pits, quarries, and old agricultural fields. Sum Disturbed was the 
sum of development, agriculture and disturbed land cover.  Hydrologic group was 
a continuous scale from 1 to 4; 1 meaning a well-drained soil and 4 being a 
poorly drained soil. Drainage used the same scale. Note that liquid limit was the 
water content of the soil material, which passes a no. 40 sieve, at the change 
between the liquid and plastic states. Clay, silt and organic matter content, and 
the type of minerals generally determine the liquid limit. A high liquid limit soil can 
typically have the hold large amounts of water while maintaining a “plastic or 
semisolid state” (nrcs.usda.gov). Annual Flood Frequency was denoted by 1, 2 or 
3; where 1 suggests that the soil experiences frequent flooding (>50 percent 
chance), 2 means the soil experiences occasional floods (5-50 percent chance of 
flood), and 3 means the floods are rare (<5 percent chance).  
 

Hydrograph Separation  

A two-component hydrograph separation model was used to separate new and 
old water (Pinder and Jones, 1969): 
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X= Ct-Co/Cn-Co    (2) 

 
where X is the event fraction of streamflow, C is SC (µS cm-1) and subscripts t, o 
and n indicate total, old, and new water, respectively.  
 
The start of the event was site specific and defined as the end of the pre-event 
conductivity, before dilution began. For most sties, pre-event water was 
calculated by taking the median SC values from October 25, 2012 at 0:00 and 
the time and date on the chemograph in which there was a decrease or increase 
due to dilution or FF. This point on the chemograph was determined visually. For 
most sites, the end of pre-event water was October 29, 2012 at 16:00. Seven 
sites had a shorter pre-event sample size due to site specific conditions and pre-
event levels started on October 26th, 27th or 28th. The distribution of these pre-
event values generally matched those of the NH groundwater data in which 
measurements ranged from 31-4030 µS cm-1, with a median of 220.9 µS cm-1 
(USGS, 2006).  
 
For LoVoTECS sites, new water (precipitation) was collected in an open area, 
minimizing the effects of throughfall. New water SC was measured by collecting 
precipitation in a plastic bag during the rain event at the Plymouth rain station. 
The post-tropical cyclone Sandy storm was a two day event. Specific conductivity 
of rain was measured by hand with a calibrated Oakton ECTestr11+ meter. The 
SC for the event was 11 µS cm-1. In order to better understand the spatial 
variability of SC in precipitation across our lotic sites, data from the National 
Atmospheric Deposition Program (NADP) was used for comparison. Annual EC 
of rain in New England can range from 3-35 µS cm-1, with a median of 8.5 µS/cm 
(NADP data, 2008-2012).  Weekly chemical concentration data were also 
analyzed from the Hubbard Brook site in New Hampshire (NH02) and the coastal 
site at Casco’s Bay in Maine (ME96). Measurements during the fall season were 
slightly lower and ranged from 5-7 µS cm-1 (NADP data, 2008-2012). There was 
no weekly data available for the Sandy event in which to compare our results.   
 
Gridded precipitation data was obtained from the NOAA Climate Prediction 
Center. Figure 1 shows the precipitation that was produced on October 30, 2012, 
which included the peak of the storm. On this day, volumes ranged from 0-95 
mm with an average of 26 mm.  For data analysis, total event measurements 
were used. This was the sum precipitation from October 29th, 30th and 31st. 
These values ranged from 24 to 105 mm, with an average of 75 mm.  
 
A Monte Carlo analysis was performed on the pre-event water values and 
generated 1000 values which were plugged into the new water calculation at 
three different sites with varying development in order to understand the 
uncertainty in new water. Calculations were made for an urban site in Keene 
(BSW), a mid-impact site in Goffstown (WBG) and a low-impact site in Errol 
(SCD) (Table 2).  
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Table 2 Median new water calculation from three sites with varying 
development, using Monte Carol analysis on pre-event water. Monte Carlo 
was run 1000 times. Interquartile range (IQR) for new water calculation is 
also listed.  

 

Site Median NW calculations  
with MC old water 

IQR of new water 
(%) 

Urban 100.1 0.0 

Mid-Impact 40.6 2.7 

Low-Impact 40.6 4.2 

 
 

Equation (2) does not account for spatial and temporal variability and factors 
such as throughfall enrichment or leaching.  Lovett et al (1995) concluded that in 
a northern hardwood forest net throughfall is highly variable spatially and 
temporally. The detail needed to predict net throughfall effect is beyond the 
scope of this project.  
 

Chemograph Analysis 

Watershed attributes were compared to chemograph metrics to better the 
watershed controls on spatial variation of chemograph. The chemograph metrics 
calculated for this study were; new water fraction at minimum SC, new water at 
fraction peak stage, magnitude of dilution (µS cm-1), magnitude of dilution (%), 
lag time between peak stage and minimum SC (hr), time from storm’s start to min 
SC (hr), time from storm’s start to peak stage (hr), the presence of a first flush 
(yes/no), magnitude of FF (µS cm-1), magnitude of FF (%) and duration of FF (hr) 
(Appendix B). However, the only metrics used in analysis were new water at 
minimum SC, new water at peak stage, the presence of a first flush, magnitude 
of FF (%) and duration of FF (hr) (Figure 4).  
 
A persistent feature in the SC chemographs was a spike in SC, associated with a 
FF dynamic (Figure 5). In order to quantitatively say whether or not a FF was 
present, pre-event levels, peak SC and the end of the FF needed to be 
calculated. The pre-event water was defined, as stated above. A Sen slope line 
was created based on the trajectory of pre-event levels using the “zyp” package 
in R. The Sen slope is defined as the median of a set of slopes, joining pairs of 
points on the chemograph line (Sen 1968). The line intersected with the 
beginning of the event and continued until it crossed the FF dilution curve. At that 
point, the FF was considered over. If SC was 10 percent greater than the Sen 
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slope line, it was considered a FF. The Sen slope line was used as the basis for 
the FF magnitude calculations as well.  
 

 

 

Statistical Analysis 

A Spearman correlation matrix was created to understand the relationships 
between the above storm metrics and watersheds attributes (Appendix A). 
Significant values were defined as having a p-value of 0.1 or less.  
 
Regression tree analyses were done for new water (SC), new water (peak 
stage), and dilution (%) based on watershed characteristics. This was done in R 
using the “rpart” package, which used a recursive partitioning algorithm to create 
the regression trees. The partitions were made between two values in a ranked 
system. An estimate of “impurity” is estimated at each partition, which creates a 
split in the data in order to decrease the deviance with the partition. The splitting 
ends when the tree’s leaves reach a threshold of homogeneity (McCune et al. 
2002).  A regression tree could not be made for the presence of FF because of 

Figure 5 Metrics related to stage and specific conductance chemograph 
separation from Post-Tropical Cyclone Sandy in Franklin, NH, October 29, 
2012.  
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the limited sample size. Therefore, a classification tree was used to analyze the 
presence of FF.  Mann-Whitney Wilcox test was also used to test the significance 
of the presence of FF and watershed attributes. Like the Spearman correlation, a 
p-value of 0.1 or lower was considered significant.  
 
 
The canonical correspondence analysis (CCA) was done in R using the “vegan” 
package. The cca function transforms the chi-squared data matrix and weighs 
the linear regression on constraining variables. Fitted values are submitted to 
correspondence analysis performed by singular value decomposition (cran.r-
project.org). Response variables were new water (SC and stage) and the 
environmental variables were grouped and analyzed separately by physical 
characteristics and land use.  
 
 

Chapter III: Results and Discussion 

 

Results: 

Variability of Chemograph Metrics  

New water (SC and stage) fractions ranged from 0 to 100 percent (Figure 6). 
New water at minimum SC was approximately 16 percent higher than new water 

measured at peak stage. Dilution ranged from 1 to 1010 µS cm-1 and 0-100 % 

but median dilution from was 69 % (Figure 6). Twenty-five percent of sites 
showed a FF during this event and the magnitude ranged from 55-85 % increase 
from pre-event conditions. The duration of the FF lasted between 2.75 and 29.5 
hours. The longest flush was seen on the Pemigewasset River in Franklin, which 
is downstream of a dam. The shortest FF was seen in Keene at a stream near an 
Industrial Park. The lag time histogram showed that the time of SC trough was 
generally before the peak stage but the start to peak was generally shorter than 
the start to trough.    
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Figure 6. Histograms of storm metrics for the post-tropical cyclone Sandy 
in 40 different watersheds. 

 

Spearman Correlation Matrix 

A significant positive correlation was found between maximum new water 
measured at minimum SC and slope (p-value of 0.084: Appendix B). Maximum 
new water also had a significant negative relationship with lentic cover. This was 
also true when new water was measured at peak stage. Liquid limit of the soil 
had a positive correlation with new water at peak stage. All other watershed 
attributes had an insignificant relationship with the new water fraction. 
 
Dilution was positively correlated with development, disturbance, permeability 
and road density. Dilution was negatively correlated with elevation, forest cover 
and hydrologic soil group. Percent dilution from pre-event levels had negative 

No Yes 
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correlations with development, disturbance, and permeability. Percent dilution 
was positively correlated with lentic cover.  Not all sites had a typical dilution at 
the start of the rain event; some sites demonstrated a FF. 
 
Organic matter was the attribute that was most strongly correlated with FF. As 
organic matter in soil increased, so did the occurrence of a FF. Although, when 
looking at the magnitude of FF, development, disturbance, annual flood 
frequency, hydric soils, erodibility, organic matter, road density all increased with 
FF magnitude. The magnitude of FF was negatively correlated with basin area, 
forest cover and slope. The duration of FF was negatively correlated with 
available water capacity, clay, soil drainage and annual flood frequency of the 
soil. Lentic cover was positively correlated with the duration of FF.  
 
The lag time between peak stage and minimum SC was negatively correlated 
with development and the presence of hydric soils. Forest cover was positively 
correlated with the time between the peak and trough. When analyzing the start 
to peak metric of the chemographs, area, development, organic matter, lentic 
cover, and soil thickness all had significantly positive relationships. Start to peak 
was negatively correlated with annual flood frequency of soil, forest cover and 
basin slope.  
 
Development, lentic cover, and open water were three attributes that repeatedly 
were significant (Table 3). While the impact of development on FF is not 
surprising, the frequency in which lentic and open water cover appeared as 
significant was not expected. Note that FF magnitude was reported because 
there were no significant variables associated with percent increase from 
baseflow and FF.  
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Table 3. Frequency in which watershed attributes significantly appeared in 
Spearman's correlation. Blank cells represent insignificant relationships. 
NW is new water measured at minimum SC or at peak stage. An influence 
on FF could mean that the attribute had an impact on presence, magnitude 
(uS cm -1) or duration. Agriculture, precipitation and slope of soil were not 
significant attributes for any of the metrics.  

Watershed Attributes in 
Spearman’s Correlation 

Frequency of 
appearance 

+ or - 
influence 

on NW 

+ or - 
influence 

on FF 

Developed 5  + 

Lentic 5 - + 

Open Water 5 - + 

Forest 4  - 

Disturbed 3  + 

Annual Flood Frequency 3   

Organic Matter 3  + 

Slope 3 + - 

Wetland 3 -  

Area 2  - 

If Hydric  2  + 

Permeability 2   

Road Density 2  + 

Available Water Capacity 1  - 

Clay 1  - 

Drainage 1  - 

Elevation 1   

Hydrologic Group 1   

Erodibility 1  + 

Liquid Limit 1 +  

Thickness 1   

Agriculture 1   

Precipitation 1   

Slope of soil 1   
 

 
 

Predicting Chemograph Metrics with Watershed Attributes  

A regression tree was created for each of the following storm metrics; new water 
(EC), new water (stage), lag time (hr), start-peak, start-trough, dilution (EC) and 
dilution (%). The attribute that most commonly appeared in the regression tree 
was lentic cover. Open water, road density, forest and development appeared 
twice during the analysis. Hydrologic group, slope, clay, soil drainage, and 
organic matter only appeared on one of the regression trees. Agriculture, 
disturbance/cleared, bedrock, basin elevation, available water capacity, 
erodibility, permeability, soil thickness liquid limit of soil, if hydric soil, annual 
flood frequency and precipitation did not appear in any of the trees. Regression 
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trees could not be made for the other FF metrics because the sample size was 
insufficient for analysis. 
 
The new water measured at minimum SC regression tree had an r2 of 0.54 and a 
p-value < 0.001 (Figure 7). Lentic cover and permeability were the leaves of the 
tree. If lentic cover was more than 7 percent then the predicted new water was 
30.3 %. If it was less than 7 %, permeability was the next influential variable.  If 

permeability was greater than 3.6 in hr-1, then lentic cover would be the main 
predictor of new water.  
 
In order to identify the differences between types of lentic cover, another 
regression tree was created with the “lentic” category removed (Figure 8). Both of 
open water and wetland cover remained significant.  If wetland cover was more 
than 3.3 %, then new water was expected to be 29.6 %. Again, permeability 
remained as the second branch. If permeability was more than 3.6 in hr-1, then 
open water became the dominant influence on new water. New water was 
predicted to increase by 53 % if open water was present.  
 
 

Figure 7. Regression tree analysis for the percent new water 
measured a minimum specific conductance. Numbers at the 

end of the leaves are predicted percent of new water. 
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The regression for new water, measured at peak stage included the open water 
and hydrologic group variables in the regression tree (Figure 9). If open water 
was more than 0.4 % new water was predicted to be 31 %. If it was less than 0.4 
percent then hydrologic group was a secondary driver. If the hydrologic group 
was 2.8 or higher (soil group B), new water was predicted to be 31 % If the 
hydrologic group was less than 2.8, new water was predicted to be 72 % This 
tree has an r2 of 0.58.  
 
 
 
 
 
 

Figure 8. Regression tree for percent new water measured at minimum 
specific conductance. This tree highlights the difference between the 
types of lentic cover. Numbers at the end of the leaves are predicted 
percent of new water. 
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When analyzing for percent dilution, development, road density and lentic cover 
were the leaves of the tree (Appendix D). The r2 for this tree was 0.58. If 
development was larger than 4.7 %, then dilution was expected to be 28 %. If 
development was less than 0.67 %, road density became a driving variable. A 
road density less than 1.7 km/km2 resulted in a 44 percent dilution, according to 
the tree. If road density was greater than 1.7, then lentic cover was introduced as 
a third driver of dilution. If lentic cover was less than 6.9 %, dilution was expected 
to be 60 %. If lentic cover was greater than 6.9 %, dilution was expected to be 81 
% of pre-event levels. This r2 for this tree was 0.58. 
 

 

 

 
 

Figure 9. Regression tree analysis for the percent new water 
and the attributes associated with new water. Numbers at the 

end of the leaves are predicted percent of new water. 
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Presence of First Flush 
A classification tree was created to determine where a FF would or would not 
occur. If a site had organic matter below 1.7 % a FF was not present. If organic 
matter was higher than 1.7 %, then lentic cover caused the next split in sites. If 
lentic cover was higher than 5.1 %, then there was no FF (Figure 10).  If lentic 
cover was below 5.1 %, then FF was predicted to be present.  
 
Even though most catchments in the LoVoTECS network are forested, the EC 
data show that the FF phenomenon occurred at 25 percent of the study sites. As 
done with the new water calculations, lentic cover was also removed from the 
analysis in order to see if wetland or open water were individually influencing FF. 

Neither attribute was identified individually in the classification tree once the 
lentic category was removed (Figure 11). Instead, precipitation amount was 
highlighted as the next influential variable after organic matter. If total event 
precipitation was greater than 82.4 mm, then there was no FF was predicted.  
 
 
 
 
 

Figure 10. Classification tree for the presence of first 
flush at the 40 study sites during post-tropical cyclone 
Sandy. 
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A Mann-Whitney Wilcox test was done to calculate the significance of FF 
presence to the watershed attributes. The only variable that was significant was 
OM (Figure 12. W of 50, p=0.003). This agreed with the classification tree 
mentioned above. Development, erodibility, permeability and elevation were 
variables that were slightly above the significance threshold.  
 
 

Figure 11. Classification tree showing the presence of 
the first flush, excluding the lentic category. 
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Soil types where compared for the sites that showed a FF to see if this was a 
pattern with the FF site characteristics. The two most dominant soil types in the 
watershed are shown in Table 4. Soil type NH023 was the Mapping Unit ID 
(MUID) that was most frequently seen in the FF sites. It was present in five out of 
nine sites. Soil ID NH027 appeared three times at the FF sites.   
 
Table 4. Sites that showed a First Flush and the two dominant soil types in 
each watershed. Weighted percent of catchment is in parentheses.   

Site 
Primary Soil Type 

(%) 
Secondary Soil Type 

(%) 

BBD NH023 (92) - 

BBW NH023 (92) - 

CBT NH027 (54) NH032 (36) 

HOB NH009 (77) NH010 (22) 

MRC NH027 (64) NH040 (29) 

NEU NH023 (45) NH022 (24) 

PBD NH022 (32) NH023 (23) 

PRF NH027 (40) NH017 (13) 

SQB NH023 (100) - 

Figure 12. Box plot showing the significant difference in 
percent soil organic matter between the sites that 
showed a FF (1) and the sites that did not show a FF (0).  
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Data structure related to watershed attributes 

Canonical Correspondence Analysis (CCA) was performed with two groups of 
variables. Hydrologic variables (in red) included: new water, start-peak, start-
trough, and dilution. The environmental variables were grouped together and 
analyzed separately.  
 
Figure 14 showed that slope and elevation are related but opposite drivers of OM 
and permeability. Sites in the top left quadrant are correlated with soil thickness 
and watershed area. Sites in the low right quadrant were arranged along the 
slope and elevation gradient. Dilution is the one hydrologic variable related to 
topography and soil characteristics.  
 

Figure 13. Locations of sites that showed a First 
Flush (FF). 
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Figure 14. Canonical Correspondence Analysis (CCA) triplot with species, 
environmental variables (topography and soil attributes) and sites labeled 
with 3-letter IDs. 

 

Figure 15 is the CCA that analyzed land use attributes as the environmental 
variables.  Sites in the top left quadrant were closely associated wetland and 
open water. The remaining sites were arranged on the forest to developed 
gradient. This plot also shows that new water could be influenced by 
development but not strongly.   
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Figure 15. Canonical Correspondence Analysis (CCA) triplot with species, 
environmental variables (land use attributes) and sites labeled with 3-letter 
IDs. 

 

Discussion: 

In the beginning stages of this research, I expected there to be a strong land use 
pattern in the percent new water and first flush. I hypothesized that new water 
would be greater in urbanized areas and that FF would be more apparent in 
those catchments as well. I expected new water to be lower in forested areas as 
a result of infiltration rate and less infiltration excess runoff than in urban 
catchments. I was not expecting to see a FF in the rural catchments. This 
research showed that new water was significantly related to the presence of 
lentic systems and less so to development. It also suggested that OM is equally 
significant in urbanization when determining where FF will occur.  
 

New Water and Lentic Cover 

Lentic cover had a substantial influence on the new water that entered the 40 
rivers and streams during post-tropical cyclone Sandy. As lentic cover increased, 
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new water (SC and stage) decreased. This is not surprising given that wetlands, 
lakes and ponds are known for storing flood water and reducing storm peaks 
(Baker 1973; Carter 1996; Fagan 1981). Catchments that had high open water, 
wetland cover as well as well-drained soils, were predicted to produce 30 % new 
water. This value was 40-60 % lower than what several other studies reported 
(Burns et al. 2005; O’Brien 1980; Waddington et al. 1993).  The major 
mechanism thought to drive the large amounts of pre-event water was saturation 
overland flow from permanently saturated areas and rapid  surface water mixing 
(Waddington et al. 1993). The rapid surface water mixing hypothesis suggested 
that event water quickly mixes with pools of standing pre-event water in the 
saturated area and is responsible for the appearance of surface generated 
stormflow (Brassard et al. 2000; Waddington et al. 1993). The differences in pre-
event water values might be related to sample size, antecedent soil moisture, or 
topography or event characteristics, like the contributing area. Soil moisture in 
the southern White Mountains region was approximately 22 % saturation for the 
month prior to the event (NRCS, 2012). Perhaps these low soil moisture 
conditions caused a reduction in new water delivery to the stream. Precipitation 
from Sandy likely percolated and recharged groundwater and was probably not 
discharged to the surface for rapid mixing to occur. Therefore, the contributing 
area and the total runoff from these areas were smaller.   
 
Despite the 30 % prediction associated with lentic cover and new water, there 
was a large range of variability within that relationship. If looking at the sites that 
had 7 % or more of lentic cover, like the regression tree suggested, new water 
ranged from 2 to 77 %. Additionally, raw data showed that new water at peak 
stage ranged from 2 to 73 % when isolating the catchments that had greater than 
0.5 % open water cover, as grouped by the regression tree. These percentages 
were more aligned with the new water values from the studies mentioned above. 
When measuring new water chemically, wetland cover was the most influential 
attribute. When measuring new water with stage, open water was the variable 
most closely related to new water. 

New Water and Development 

Neither the regression trees nor the Spearman tests identified development, 
cleared land or road density as having a significant relationship with new water. 
As stated by Pellerin et al. (2008), old water contributions to stormflow generation 
in some urban areas are increased because of high groundwater recharge rates 
and rapid soil infiltration.  
 
Another possible reason for the insignificant relationship between new water and 
development could be found in the study’s methods. “Developed” sites are 
underrepresented in this study (Figure 4). A majority of the sites were less than 
20 % developed. The Keene storm drain site was the only study area that was 
100 % developed and there were not many sites to represent watersheds with 
moderate development (between 20 and 100 %). If there was a more 
representative and gradual urban to rural gradient, perhaps the new water results 
would differ.  
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The CCA analysis supported the correlation results and the regression tree 
results. Wetlands and open water were the dominant watershed characteristics 
that influenced most sites. The CCA results also show that slope and elevation 
could be influencing new water, which supports the regression and Spearman’s 
tests. It also suggests that new water could be influenced by development but a 
better representation of “developed” sites is needed. Both CCA results showed 
that the grouping of sites were not explained by vector variables and perhaps are 
driven by variables not included in this study. Results do not show any other 
watershed characteristics that might explain the difference in the grouping. Soil 
moisture or watershed shape might be two variables that could be influencing the 
site groupings that were not included in this study.  
 

First Flush 

I expected FF to be closely related to high percent of development and high road 
density but these data did not support this hypothesis. The FF phenomenon also 
appeared at rural or low-impact catchments. The nine sites that did show a FF 
had disturbance cover that ranged from 0.26 to 7.5 % and forest cover ranged 
from 11 - 96 % cover. Interestingly, the storm drain site in Keene, which was the 
most impacted site in this study, did not show a FF during this event. The 
Spearman correlation test did find significant relationships between FF 

magnitude (µS cm -1) and urbanization attributes like percent development, 

disturbance and road density (Appendix C). But according to these analyses, the 
presence of FF was significantly correlated with high soil OM. This has two 
potential explanations; OM is more prevalent in lower elevations. The relationship 

between OM and low elevation was: = -0.26, p-value=0.11. Another reason OM 
and might be associated with FF is increased ion exchange during rain events.  
 
Organic matter accumulates in valleys and depressions at lower elevations. 
Therefore, soil OM may be indirectly indicative of land-use and topography. 
Although elevation did not appear as a significant factor in the presence of FF, 
the fact that OM did, suggests that FF occur in lower elevations. Elevation and 
slope both had negative correlation with FF magnitude (p-values = 0.006 and 
0.075, respectively). New Hampshire is more densely populated in the lower 
elevations/non-mountainous region of the state, where development is more 
practical. The watershed with the highest percent OM in this study was Hodgson 
Brook in Portsmouth, New Hampshire. This flush was 81 % greater than pre-
event levels. However, other sites that had high OM, like the Pine River in 
Ossipee did not demonstrate a FF, suggesting that FF is site specific.   
 
Another possibility for the relationship between OM and FF is the increased 
potential for cation exchange. OM particles have a net negative charge and 
attract positively charged particles. The total negative charge is a soil’s cation 
exchange capacity. When precipitation enters the soil, cations are released 
during the change and are mobilized off the soil particles, increasing SC.  To 
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confirm this hypothesis, more information is needed on which ions are associated 
with the FF water. The classification tree also indicated that low lentic cover is 
necessary for a FF to occur. This makes sense because the FF duration 
increased as open water and wetland cover increased indicating that this type of 
cover is important for the time delay in which contaminants are delivered to 
streams (Appendix C). Open water and wetlands likely dampen the FF 
phenomenon because of their storage capacity. Burns et al (2005) found a 
similar pattern with wetlands increasing lag times and broadening stormflow 
hydrographs. Other variables that decrease infiltration (AWC, clay and annual 
flood frequency) of soils cause the FF duration to decrease.  
 
Sites with high organic matter were assumed to be sites with a high percentage 
of wetland cover, but a Wilcox test showed that the presence of FF was not 
significantly associated with wetland cover (W= 127.5, p-value=0.71). 
Additionally, when lentic cover was removed from the classification tree analysis, 
neither wetland nor open water was highlighted individually as a significant 
variable in FF. The Spearman’s correlation test concluded the same result for a 
FF presence and FF magnitude measured by percent increase from pre-event 
levels (Appendix C). Alternatively, the amount of precipitation was significant but 
the classification tree suggested a negative relationship with FF. If sites had high 
OM and more than 82.4 mm of precipitation, a FF was not expected. This seems 
counterintuitive but could be explained by rainfall characteristics like intensity and 
duration of an event. A California study showed that long duration events had a 
reduction in overall event mean concentrations (Tiefenthaler and Schiff 2001). 
The duration of the Sandy event was approximately two days, which was much 
longer than the simulated events in the study but the same pattern might be 
apparent.  Tiefenthaler & Schiff (2001) also found that low rainfall intensity had 
the highest concentrations during their simulated events. Rainfall intensity was 
not quantified in this study but might be an important factor as to where FF 
occurred throughout the state. Since no strong conclusions could be drawn 
between the amount of precipitation and FF, the number of dry days prior to the 
Sandy event could potentially influence FF.  
 
Originally, I thought the antecedent dry period (ADP) might have played a role as 
to why the classification tree showed a negative relationship between FF and 
precipitation. I hypothesized that FF would increase in magnitude with increased 
ADP. The literature suggests mixed conclusions on this matter. One study 
showed that rain events with longer antecedent dry weather conditions were 
more likely to result in higher magnitude of FF (Li et al. 2007) Another study 
found no correlation between FF and ADP (Lee et al. 2002). A highway runoff 
study done in Texas identified ADP as the most significant predictor of pollutant 
concentration but showed that the event mean concentration decreased with an 
increase in ADP (Li and Barrett 2008).  The LoVoTECS data and NOAA Climate 
Prediction Center data show that there was a rain event that produced 
approximately 25 mm of rain in the eastern White Mountains region of the state 
on October 20, 2012. Southern areas only received 2-16 mm and the central 
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region of the state received less than 2 mm on the same date.  It is unclear as to 
whether or not this event and/or the dry period after influenced the FF during the 
Sandy event. Therefore, no conclusions can be made about ADP pattern and the 
FF phenomenon. Similarly, there is no spatial pattern of the sites that show a FF. 
 
Sites that showed a FF were scattered from the southern central part of the state 
to the White Mountains and the seacoast (Figure 12). Soil types also did not 
seem to explain where FF occurs. Table 4 shows the soil type frequency 
associated with the sites that show a FF. The most dominant soil type at FF sites 
was NH023 (Table 5). It was the primary soil type at five of the nine FF sites. 
When comparing NH023’s characteristics to the range for all New Hampshire 
soils, most values fall near the middle of the range. Interestingly, OM is on the 
low end for this soil type, indicating no clear pattern between FF and soil types or 
percent organic matter.  
  
 
Table 5. List of soil attributes and associated values for soil type NH023. 
The range of found in NH is also shown for each attribute. 

Soil Attribute 
Soil Type NH023 

attributes 
Range for NH Soils 

AWC (in/in) 0.11 0.05 - 0.24 
Clay (% of soil <2mm) 4.7 2.1 - 18.3 
Erodibility 0.24 0.12 - 0.42 
Organic Matter (% by weight) 3 0 - 26.6 
Permeability (in/hr) 3.57 1.07 - 14.64 
Thickness (in) 57 36.5 - 72.9 
Hydrologic Group (1-4 scale) 2.6 1.7 - 3.8 
Drainage (1-4 scale) 3.1 1.5 - 6.5 
Slope (%) 15.5 2.6 - 32.7 
Liquid Limit (% moisture) 19 11.5 - 28.2 

 
 

Chapter IV: Conclusion 

Chemograph separation analysis was performed at 40 different sites throughout 
New Hampshire during the Tropical Storm Sandy event in October 2012. The 
storm metrics measured and assessed in this study were: percent new water, 
presence of first flush (FF) as well as magnitude and duration of FF.  
 
The watershed attribute that was most closely associated with percent new water 
was lentic cover.  New water significantly decreased as lentic cover increased.  
Lentic cover dampens the effects of water input from rain events. Gradual slopes, 
low hydraulic gradients and impermeable soil and vegetation all reduce 
discharge by spreading event water out over the adjacent areas, increasing lag 
time (Fagan 1981). Interestingly, this study did not show any strong relationships 
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between increased development and increased new water. Perhaps there are 
other variables not included here that are driving new water. For example, 
antecedent soil moisture and basin shape may be important variables that are 
missing from this analysis. Lentic cover seemed to dampen most of the storm 
metrics analyzed in this study. This provides further evidence that wetland 
conservation is crucial for proper flood control.  
 
Soil organic matter was the attribute that determined the presence of a FF. This 
may show an indirect impact of urbanization, as lower elevations have more 
organic matter and are more densely populated. Geographic location and soil 
type do not indicate strong FF spatial patterns. Results indicated that FF is site 
specific. Precipitation may be an important variable as to where FF occurs but 
more research on rainfall intensity, and ADP is needed to draw more general 
conclusions.  In preparation for future land-use changes in NH, these data will be 
helpful in mitigating contaminant transport during rain events.    
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Appendix A: List of Study Sites and Watershed Characteristics 

 
Table 6. Sites and associated land use attributes. 
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SITE Area DEV AG FOR OPEN WETLND Lentic Disturb CLEAR SUM_DIST ROAD 

BBD 24.14 12.83 3.34 76.77 0.43 2.77 3.2 0 3.85 20.02 5.04 

BBK 10.72 2.85 3.96 89.02 0.56 0.19 0.75 0 3.37 10.18 2.11 

BBU 16.99 5.127 2.87 86.4 0.44 2.84 3.28 0.06 3.47 11.527 3.14 

BBW 21.89 10.03 3.41 79.5 0.34 3.01 3.35 0 3.73 17.17 4.37 

BDD 33.39 1.83 5.86 87.01 0.12 0.85 0.97 0 3.35 11.04 1.67 

BDU 31.49 1.83 5.5 87.11 0.13 0.89 1.02 0.06 3.47 10.86 2.14 

BLD 6.35 2.95 0.14 83.81 0.4 9.03 9.43 0 4.192 7.282 9.18 

BLU 6.19 2.17 1.06 81.8 0.88 8.35 9.23 0 3.99 7.22 9.3 

BSW  100 0 0 0 0 0  0   

BWS 7.51 1.16 0 98.6 0 0 0 0 0.24 1.4 2 

CBT 11.14 2.51 5.05 86.78 0.34 3.03 3.37 0.04 2.086 9.686 2.44 

CBU 7.49 1.52 5.24 90.36 0.11 1.38 1.49 0 1.399 8.159 2.2 

CRD 2.15 7.35 11.55 70.72 0 0 0 0.56 9.82 29.28 6.97 

CRU 1.68 5.537 9.69 79.24 0 0 0 0 5.54 20.767 8.08 

HOB 5.23 37.8 3.8 11 0.1 1.63 1.73 11.3 34.23 87.13 7.35 

IRD 186.38 1.04 2.23 87.34 0.14 2.98 3.12 0 6.03 9.3 0.92 

IRU 53.38 0.46 0.28 95.61 0 0.56 0.56 0 2.26 3 0.64 

JOB 1.74 0 0 100 0 0 0 0 0 0 0 

MOU 15 2.14 0.4 90.8 0.01 1.6 1.61 0 5.05 7.59 1.02 

MRC 65.16 1.5 0.01 95.6 0.2 0.06 0.26 0.127 2.43 4.067 0.81 

MRL 15.51 0 0 99.4 0.32 0 0.32 0 0.24 0.24 0.18 

NEA 974.28 3.79 4.43 80.84 4.07 3.41 7.48 0.127 3.266 11.613 2.51 

NEB 976.38 3.82 4.44 80.81 4.07 3.41 7.48 0.13 3.27 11.66 2.62 

NED 976.28 3.85 4.44 80.77 4.03 3.4 7.43 0.13 3.27 11.69 2.52 

NEU 975.89 3.83 4.44 80.79 4.07 3.4 7.47 0.127 3.27 11.667 2.52 

NWD 3.62 43.3 2.6 6.7 0.3 1.6 1.9 12.86 32.578 91.338 5.11 

OBG 30.04 4.49 5.12 78.56 3.22 3.18 6.4 0.1 5.33 15.04 3.67 

PBD 140.98 2.7 5.26 85.07 1.24 2.99 4.23 0.153 2.579 10.692 2.77 

PBU 143.12 2.91 5.4 84.73 1.25 2.95 4.2 0.151 2.619 11.08 2.84 

PIN 227.3 3.14 1.88 76.71 3.85 8.22 12.07 1.052 5.143 11.215 2.08 

PRF 2646.46 2.39 2.6 87.03 3.35 1.2 4.55 0.13 3.152 8.272 1.69 

PWU 79.12 1.84 5.94 82.27 5.19 2.75 7.94 0.05 1.97 9.8 2.98 

SCD 217.17 0.02 0.01 91.76 0.57 3.35 3.92 0 4.27 4.3 0.17 

SHB 1.5 1.19 0.65 97.83 0 0 0 0 0.33 2.17 8.12 

SLB 103.63 0 0 96.18 0.7 2.64 3.34 0 0.34 0.34 0.36 

SQB 3.13 3.41 5.52 89.21 1.75 0 1.75 0 0.08 9.01 4.95 

SRN 210.98 3.11 4.43 82.36 2.56 3.18 5.74 0.07 3.34 10.95 2.93 

SRS 325.3 4.78 5.76 75.04 8.26 1.37 9.63 0.35 4.44 15.33 3.02 

SRU 12.02 1.68 0 97.69 0.2 0.06 0.26 0 0.37 2.05 1.42 

WBG 5.34 6.83 3.91 82.01 0.49 0.65 1.14 0 6.1 16.84 4.69 
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Table 7. Study sites and associated elevation, slope, and soil attributes. 

There are no values for the storm drain site in Keene (BSW).  

SITE ELEV SLOPE AWC CLAY KFFACT OM PERM 

BBD 279.70 6.25 0.11 4.74 0.24 2.76 3.71 

BBK 364.80 6.71 0.11 4.76 0.24 2.68 3.51 

BBU 311.00 6.74 0.11 4.81 0.24 2.76 3.50 

BBW 288.00 6.37 0.11 4.75 0.24 2.75 3.70 

BDD 439.50 7.43 0.11 5.97 0.27 0.97 3.69 

BDU 445.30 7.43 0.11 5.92 0.27 0.97 3.66 

BLD 484.50 4.60 0.12 6.47 0.26 1.32 3.08 

BLU 485.40 4.60 0.12 6.46 0.26 1.32 3.09 

BSW        

BWS 515.00 12.19 0.11 5.62 0.26 0.36 3.63 

CBT 316.80 7.78 0.10 4.85 0.23 1.76 4.26 

CBU 359.20 9.18 0.11 5.12 0.23 1.44 4.10 

CRD 246.10 4.72 0.10 4.66 0.24 0.70 5.96 

CRU 258.60 5.26 0.09 4.51 0.23 0.75 6.75 

HOB 20.60 2.14 0.13 11.64 0.25 5.17 7.48 

IRD 625.10 8.58 0.11 5.59 0.27 1.41 3.95 

IRU 742.30 11.30 0.12 6.01 0.29 1.49 3.43 

JOB 822.70 13.59 0.14 7.48 0.32 1.53 2.16 

MOU 589.20 10.55 0.09 4.54 0.25 0.84 3.47 

MRC 755.70 13.24 0.11 5.09 0.22 2.25 4.64 

MRL 807.80 15.01 0.12 5.93 0.21 1.90 3.93 

NEA 342.90 5.38 0.10 4.69 0.24 2.30 4.56 

NEB 342.60 5.38 0.10 4.69 0.24 2.30 4.58 

NED 342.60 5.38 0.10 4.69 0.24 2.30 4.58 

NEU 342.60 5.38 0.10 4.69 0.24 2.30 4.58 

NWD 22.20 1.16 0.11 12.50 0.28 0.50 5.22 

OBG 272.90 3.10 0.10 4.31 0.23 2.76 7.03 

PBD 258.90 5.38 0.10 4.71 0.23 1.99 5.88 

PBU 257.60 5.41 0.10 4.70 0.23 2.00 5.94 

PIN 234.40 5.09 0.10 4.24 0.22 3.52 7.88 

PRF 447.60 9.38 0.10 4.50 0.22 2.06 5.59 

PWU 284.10 5.30 0.11 4.89 0.24 2.04 3.39 

SCD 632.50 8.60 0.14 7.31 0.30 1.57 2.24 

SHB 333.20 6.84 0.10 5.01 0.25 1.47 3.28 

SLB 689.40 10.40 0.12 6.44 0.29 1.11 2.59 

SQB 233.10 4.38 0.11 4.70 0.24 3.00 3.57 

SRN 401.00 6.31 0.10 4.84 0.24 2.11 4.30 
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SRS 399.00 5.94 0.09 4.58 0.23 1.98 4.50 

SRU 781.80 12.74 0.12 5.46 0.22 2.04 4.10 

WBG 193.90 7.19 0.09 5.39 0.24 0.72 5.60 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7 Continued: sites and associated soil attributes. 

site THICK HYGRP DRAIN SLOPE_S LL IFHY AFDFREQ PRECIP 
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BBD 57.13 2.60 3.09 15.82 19.23 0.10 3.99 78.02 

BBK 57.08 2.64 3.13 15.19 19.18 0.10 4.00 105.83 

BBU 56.99 2.63 3.10 16.13 19.27 0.10 4.00 78.02 

BBW 57.13 2.60 3.09 15.87 19.25 0.10 3.99 78.02 

BDD 56.44 2.63 3.03 17.89 21.78 0.10 3.99 77.49 

BDU 56.52 2.65 3.04 18.18 21.70 0.10 3.99 77.49 

BLD 59.97 2.81 3.67 10.57 23.19 0.15 3.97 24.50 

BLU 59.99 2.81 3.67 10.56 23.20 0.15 3.97 24.50 

BSW         

BWS 56.55 2.77 2.97 23.78 22.35 0.10 4.00 101.14 

CBT 49.82 2.91 3.08 21.27 21.48 0.06 3.94 63.92 

CBU 46.17 3.07 2.98 22.23 21.70 0.05 3.97 68.88 

CRD 59.72 2.36 3.10 16.01 22.18 0.10 4.00 65.20 

CRU 60.31 2.21 3.05 16.82 22.67 0.10 4.00 65.20 

HOB 57.58 2.47 4.06 5.24 23.76 0.26 4.00 49.97 

IRD 57.12 2.75 3.27 14.80 20.20 0.10 3.98 87.17 

IRU 55.82 2.78 3.28 16.23 20.83 0.10 3.98 87.17 

JOB 53.26 3.05 3.45 18.47 21.72 0.10 4.00 33.47 

MOU 57.20 2.62 3.11 14.52 20.95 0.10 4.00 87.17 

MRC 52.58 2.67 3.20 21.18 20.93 0.07 3.92 69.60 

MRL 47.28 2.82 3.13 23.94 21.55 0.04 3.96 69.60 

NEA 58.24 2.55 3.11 14.21 18.77 0.10 3.93 95.15 

NEB 58.25 2.55 3.11 14.19 18.77 0.10 3.93 95.15 

NED 58.25 2.55 3.11 14.19 18.77 0.10 3.93 95.15 

NEU 58.25 2.55 3.11 14.19 18.77 0.10 3.93 95.15 

NWD 52.60 2.70 3.90 7.50 22.20 0.10 4.00 49.97 

OBG 61.34 2.36 3.12 11.97 17.32 0.10 3.91 105.83 

PBD 58.81 2.51 3.13 12.08 18.15 0.10 3.96 91.94 

PBU 58.82 2.50 3.13 12.03 18.12 0.10 3.96 91.94 

PIN 60.75 2.24 3.07 16.53 20.00 0.13 3.94 68.54 

PRF 53.92 2.48 2.98 19.14 20.01 0.08 3.84 60.38 

PWU 57.23 2.72 3.18 14.58 19.54 0.10 4.00 86.83 

SCD 56.49 2.99 3.65 14.50 22.70 0.14 3.99 37.99 

SHB 57.37 2.78 3.22 14.03 19.86 0.10 4.00 105.83 

SLB 55.12 2.96 3.37 16.24 21.19 0.10 4.00 43.67 

SQB 57.00 2.60 3.10 15.50 19.00 0.10 4.00 72.17 

SRN 61.57 2.50 3.16 11.77 20.11 0.10 3.99 74.77 

SRS 58.82 2.34 2.99 11.49 18.93 0.09 3.77 105.94 

SRU 50.12 2.76 3.18 22.64 21.42 0.06 3.94 101.14 

WBG 54.05 2.69 3.49 12.66 17.29 0.10 4.00 76.09 

Appendix B: Storm Metrics for Forty Study Sites 
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Table 8. Site and associated storm metrics for new water calculations. 

SITE PRE pre.beg pre.end CMIN NEW_SC NEW_H %Dilution 

BBD 355.2 1351123200 1351481400 100.9 84.48 72.53 19.03 

BBK 38.4 1351123200 1351537200 28.3 41.37 23.4 73.7 

BBU 136.65 1351123200 1351522800 70 54.7 51.06 51.23 

BBW 262 1351353600 1351512000 86.9 70.65 63.06 33.17 

BDD 130.6 1351249200 1351551600 42 76.16 67.49 32.16 

BDU 130.9 1351245600 1351548000 42.9 72.09 68.07 32.77 

BLD 86.6 1351123200 1351558800 67.4 26.67 25.14 77.83 

BLU 74.3 1351123200 1351270800 55.6 31.38 25.44 74.83 

BSW 1056.9 1351123200 1351499400 46.9 96.83 13.5 4.44 

BWS 18.9 1351123200 1351544400 17.9 21.42 0 94.71 

CBT 47.9 1351123200 1351530000 30 53.24 46.06 62.63 

CBU 36.4 1351123200 1351537200 23.1 59.13 51.56 63.46 

CRD 174.9 1351123200 1351526400 48.6 78.57 75.81 27.79 

CRU 85.2 1351123200 1351537200 49.6 90.05 54.43 25 

HOB 1104.75 1351123200 1351476000 126.5 89.71 89.44 11.45 

IRD 50.6 1351123200 1351544400 25.5 68.6 59.84848 50.4 

IRU 25.9 1351123200 1351548000 17.4 77.1 40.7 67.18 

JOB 24.8 1351123200 1351522800 22.2 20.2 7.246377 89.52 

MOU 64.7 1351123200 1351504800 20.9 100 83.6 16.85 

MRC 33.5 1351123200 1351497600 6.2 100 75.04 18.51 

MRL 23.5 1351123200 1351515600 5.8 100 65.72 24.68 

NEA 58.8 1351382400 1351555200 53.7 11.45 6.48 91.33 

NEB 59.8 1351382400 1351555200 48.3 25.54 21.33 80.77 

NED 62.5 1351382400 1351573200 49 27.78 24.65 78.4 

NEU 61.2 1351382400 1351530000 47.1 30.21 25.29 76.96 

NWD 780.4 1351123200 1351476000 93 68.33 76.83 11.92 

OBG 99.2 1351123200 1351519200 57.4 49.18 45.94 57.86 

PBD 89.1 1351123200 1351522800 38 68.81 30.99 42.65 

PBU 82.7 1351123200 1351526400 56.8 37.75 24.99 68.68 

PIN 54.6 1351123200 1351544400 38.3 40.41 21.78 70.15 

PRF 44.8 1351123200 1351555200 26.6 59.42 52.53 59.38 

PWU 55.4 1351123200 1351432800 54.5 2.2 1.8 98.38 

SCD 42.3 1351123200 1351612800 29.9 43.41 36.72 70.69 

SHB 40.8 1351123200 1351519200 29.8 40.81 28.3 73.04 

SLB 29 1351123200 1351558800 17.5 77.44 28.87 60.34 

SQB 100.6 1351123200 1351530000 67.6 45.86 33.36 60.54 

SRN 126.2 1351123200 1351533600 42.2 74.99 47.55 33.44 

SRS 182.1 1351123200 1351537200 52.8 77.08 73.8 29 

SRU 41.9 1351123200 1351533600 6.3 100 96.73 15.04 
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WBG 124.2 1351123200 1351526400 78 42.04 34.62 62.8 

 
 

Table 9 Site and associated metrics for First Flush (FF) Analysis.  Z.beg 

and z.end represent the start and end of the FF, respectively. 

SITE FF Diff z.beg z.end %FF FF_duration 
BBD 133.7 1.35E+09 1.35E+09 72.65 10.5 
BBK      
BBU      
BBW 37.9 1.35E+09 1.35E+09 87.77 2.75 
BDD      
BDU      
BLD      
BLU      
BSW      
BWS      
CBT 36.9 1.35E+09 1.35E+09 56.49 11 
CBU      
CRD      
CRU      
HOB 256.95 1.35E+09 1.35E+09 81.13 3 
IRD      
IRU      
JOB      
MOU      
MRC 6.3 1.35E+09 1.35E+09 84.17 8.5 
MRL      
NEA      
NEB      
NED      
NEU 8.6 1.35E+09 1.35E+09 87.68 17 
NWD      
OBG      
PBD 13.2 1.35E+09 1.35E+09 87.1 8.5 
PBU      
PIN      
PRF 12.3 1.35E+09 1.35E+09 78.46 29.5 
PWU      
SCD      
SHB      
SLB      
SQB 40.5 1.35E+09 1.35E+09 71.3 9 
SRN      
SRS      
SRU      
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WBG      

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix C: Spearman Correlation Results 

 

Table 8 Spearman Correlation table for New Water calculations. Red, 

bolded values are significant.  
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 New Water (SC) New Water (h) 
 rho p rho p 

Active Ag -0.120 0.462 0.085 0.603 
Area (km2) -0.137 0.407 -0.203 0.215 
AWC 0.053 0.747 0.051 0.756 
Clay 0.031 0.850 0.075 0.649 
Develop 0.057 0.726 0.125 0.441 
Disturbed 0.052 0.754 0.231 0.158 
Drain -0.042 0.798 -0.048 0.770 
Elevation 0.139 0.400 0.011 0.948 
Flood freq 0.015 0.649 0.041 0.803 
Forest -0.001 0.996 -0.062 0.702 
Hygrp -0.136 0.408 -0.138 0.399 
If Hydric -0.153 0.354 -0.109 0.511 
KF -0.158 0.337 -0.113 0.491 
LL 0.261 0.108 0.308 0.057 
OM -0.112 0.499 -0.130 0.427 
Open Water -0.446 0.003 -0.326 0.040 
Perm 0.180 0.274 0.229 0.160 
Precipitation -0.123 0.455 -0.155 0.345 
Road -0.135 0.413 0.038 0.821 
Slope 0.280 0.084 0.134 0.417 
Slope (soil) 0.260 0.109 0.117 0.478 
Lentic -0.458 0.003 -0.271 0.091 
Thick -0.229 0.169 -0.259 0.112 
Wetland -0.430 0.005 -0.241 0.134 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Table 11 Spearman correlation results for FF analysis. Red and bolded 

values are significant. 
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 FF (presence)  FF (magnitude)  FF (% pre) 

 rho p  rho p  rho p 

Active Ag 0.117 0.472   0.283 0.463   -0.200 0.613 

Area (km2) 0.070 0.671   -0.733 0.031   0.433 0.250 

AWC -0.003 0.987   0.433 0.250   -0.050 0.912 

Clay -0.162 0.324   0.317 0.410   -0.033 0.948 

Develop 0.220 0.172   0.783 0.017   0.167 0.678 

Disturbed 0.162 0.324   0.700 0.043   0.233 0.552 

Drain -0.154 0.349   0.000 1.000   0.433 0.250 

Elevation -0.249 0.127   -0.850 0.006   0.167 0.678 

Flood freq -0.154 0.348   0.870 0.002   -0.092 0.814 

Forest -0.112 0.493   -0.633 0.076   -0.267 0.493 

Hygrp -0.211 0.198   -0.217 0.581   -0.200 0.613 

If Hydric -0.155 0.346   0.740 0.023   0.235 0.543 

KF -0.238 0.145   0.817 0.011   0.100 0.810 

LL -0.162 0.324   0.200 0.613   -0.333 0.385 

OM 0.460 0.003   0.667 0.059   0.033 0.948 

Open Water 0.130 0.4239   -0.343 0.366   0.033 0.932 

Perm 0.243 0.136   -0.200 0.613   0.217 0.581 

Precipitation -0.119 0.470   -0.251 0.515   0.519 0.152 

Road 0.122 0.461   0.912 0.001   -0.067 0.880 

Slope -0.081 0.623   -0.619 0.075   -0.025 0.949 

Slope (soil) -0.059 0.719   -0.400 0.291   -0.333 0.385 

Lentic 0.094 0.566   -0.383 0.313   0.217 0.581 

Thick -0.124 0.451   -0.217 0.613   -0.200 0.133 

Wetland 0.0625 0.7016   -0.117 0.776   0.350 0.359 



44 
 

 

Table 12 Spearman correlation results for Percent dilution. Red and bolded 

values are significant. 

 

 
 
 
 
 
 
 
 
 
 
 
 
  

 Dilution (% pre) 

 rho p 

Active Ag 0.024 0.885 

Area (km2) 0.200 0.220 

AWC -0.001 0.994 

Clay -0.010 0.954 

Develop -0.301 0.059 

Disturbed -0.275 0.090 

Drain 0.029 0.859 

Elevation 0.095 0.564 

Flood freq -0.089 0.590 

Forest 0.225 0.162 

Hygrp 0.261 0.109 

If Hydric 0.045 0.785 

KF 0.179 0.275 

LL -0.220 0.178 

OM 0.056 0.734 

Open Water 0.384 0.014 

Perm -0.334 0.038 

Precip 0.137 0.404 

Road -0.062 0.708 

Slope -0.060 0.715 

Slope (soil) -0.086 0.603 

Lentic 0.380 0.015 

Thick 0.167 0.309 

Wetland 0.362 0.022 
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Appendix D: Supplemental Regression Tree 
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Appendix E:  R Codes  

 
The following code was used for defining pre-event water, extracting values and 
times of peak on the hydrograph and chemograph, as well as the Monte Carlo 
analysis for old water, which then uses those values in the new water 
calculations. 
 
#determine beg and end of pre-event values 
setwd("C:\\Users\\eahyde\\Google 
Drive\\Team\\Data\\Cond\\Processed\\Level_1_merged") 
 
beg.y= 2012 
beg.M= 10 
beg.d= 25  
beg.H= 00 
beg.m= 00 
beg.s= 00 
 
end.y= 2012 
end.M= 10 
end.d= 30 
end.H= 01 
end.m= 00 
end.s= 00 
 
beg = as.numeric(ISOdatetime(beg.y, beg.M, beg.d, beg.H, beg.m, beg.s)) 
end = as.numeric(ISOdatetime(end.y, end.M, end.d, end.H, end.m, end.s)) 
pre = median(subset(cond[,5], cond[,2]>beg & cond[,2]<end), na.rm=TRUE) 
pre 
pre1= subset(cond[,5], cond[,2]>beg & cond[,2]<end) 
plot(subset(cond[,5], cond[,2]>beg & cond[,2]<end)) 
 
#monte carlo for pre 
max.pre=max(pre1) 
max.pre 
min.pre=min(pre1) 
min.pre 
mc.pre=runif(1000, min.pre, max.pre)  
 
 
#to determine min EC 
c.beg.y= 2012 
c.beg.M= 10 
c.beg.d= 30 
c.beg.H= 01 
c.beg.m= 00 
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c.beg.s= 00 
 
c.end.y= 2012 
c.end.M= 11 
c.end.d= 01 
c.end.H= 00 
c.end.m=00 
c.end.s=00 
 
c.beg = as.numeric(ISOdatetime(c.beg.y, c.beg.M, c.beg.d, c.beg.H, c.beg.m, 
c.beg.s)) 
c.end = as.numeric(ISOdatetime(c.end.y, c.end.M, c.end.d, c.end.H, c.end.m, 
c.end.s)) 
c.min = min(subset(cond[,5], cond[,2]>c.beg & cond[,2]<c.end)) 
c.min 
 
##to extract time of min EC 
min.ec.time = subset(cond[,2], cond[,2]> c.beg & cond[,2]< c.end & cond[,5] == 
c.min) 
ec.time=median(min.ec.time) 
ec.time 
 
 
#to determine peak Q 
setwd("C:\\Users\\eahyde\\Google 
Drive\\Team\\Data\\Stage\\Processed\\Level_2_merged") 
#setwd("C:\\Users\\User\\Google 
Drive\\Team\\Data\\Stage\\Processed\\Level_2_merged") 
#setwd("/Users/mbgreen/Google 
Drive/Team/Data/Stage/Processed/Level_2_merged") 
stage=read.csv("WBG_H_L2.csv", header=T) 
 
s.beg.y= 2012 
s.beg.M= 10 
s.beg.d= 25 
s.beg.H= 00 
s.beg.m= 00 
s.beg.s= 00 
 
s.end.y= 2012 
s.end.M= 11 
s.end.d= 25 
s.end.H= 00 
s.end.m= 00 
s.end.s= 00 
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s.beg = as.numeric(ISOdatetime(s.beg.y, s.beg.M, s.beg.d, s.beg.H, s.beg.m, 
s.beg.s)) 
s.end = as.numeric(ISOdatetime(s.end.y, s.end.M, s.end.d, s.end.H, s.end.m, 
s.end.s)) 
peak.stage = max(subset(stage[,11], stage[,2]>s.beg & stage[,2]<s.end), 
na.rm=TRUE) 
peak.stage 
 
##to extract peak stage time 
pk.stage.time= subset(stage[,2], stage[,2]> s.beg & stage[,2]< s.end & stage[,11] 
== peak.stage) 
pk.stage.time 
 
lag=(pk.stage.time-ec.time) 
lag 
 
#to extract max % new water at min ec 
min.ec = min(subset(cond[,5], cond[,2]>c.beg & cond[,2]<c.end)) 
max.new = ((min.ec-pre)/(11-pre))*100 
max.new1 = max(max.new) 
max.new1  
max.new.time =subset(cond[,2], cond[,2]> c.beg & cond[,2]< c.end & cond[,5] == 
max.new1) 
max.new.time 
 
#to extract % new water at peak stage 
peak.q.ec = median(subset(cond[,5], cond[,2] < pk.stage.time + 240 & cond[,2]> 
pk.stage.time - 240), na.rm=TRUE) 
peak.q.new = ((peak.q.ec-pre)/(11-pre))*100 
median(peak.q.new) 
peak.q.new.mc = ((peak.q.ec-pre)/(11-pre))*100 
median(peak.q.new.mc) 
IQR(peak.q.new.mc) 
  
##monte carlo for NW 
NW = (subset(cond[,5], cond[,2]>c.beg & cond[,2]<c.end)) 
min.nw = min(NW) 
 
#new.w = runif(1000, 8, 14) 
NW. = ((min.nw-mc.pre)/(11-mc.pre))*100 
NW. 
median(NW.) 
IQR(NW.) 
hist(NW.) 
min(NW.) 
max(NW.) 
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