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ABSTRACT
Emler, Lorianne C. M.S. Hydrology, University of Arizona, 2020. Characterization of
hydrochemical evolution and transport of nitrogen species in semiarid urban catchments during
monsoon rainfall events using hysteresis analysis. Major Professor: Thomas Meixner.
The water quality of urban runoff is significant to arid and semiarid regions, such as
southern Arizona, which count urban runoff among the limited renewable resources for a
continued water supply. Despite the essential nature of this resource, the hydrochemical
evolution of urban runoff over the course of a storm and a rainy season overall is less well
understood. Improved understanding would help researchers and resource managers alike in
addressing water quality issues. Nitrogen species constitute a high priority water quality concern.
This research addresses the evolution and transport of nitrogen during eight individual storm
events that occurred over three summer monsoon seasons (2016-2018) in an urban catchment
in the semiarid city of Tucson, Arizona. Hysteretic storm behavior was analyzed for the solute
concentrations of nitrogen species and a conservative tracer (Cl-) to provide insight into the
catchment processes between the upstream and downstream sampling locations. Of the 94
performed analyses, 49 hysteresis analyses display clockwise behavior. Thirty-six analyses result
in counterclockwise loops, and 9 are linear (i.e., no hysteresis). All 9 of the linear responses are
total organic nitrogen (TON). In general, the upstream site has a more consistent clockwise
response, and the downstream site has a more varied response among the measured solutes.
The results indicate that solute flushing is the primary response of the gravel lined urban wash
during monsoon events, with some complexity in the response resulting from limited
biogeochemical processing and/or additional runoff/solute sources resulting from the managed
nature of the watershed. The linear TON response of many storms indicates that the nitrogen
species moving through the system are inorganic. The downstream site displays more varied
hysteresis responses due to the presence of a concrete lined section of the channel under a twolane residential road, which increases the discharge rate and alters transport of the dissolved
load.
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INTRODUCTION
Study Background
The expansion and continued development of urbanized regions requires concentrated
efforts that increasingly focus on developing a more robust understanding of urban
hydrochemical processes for the purpose of stormwater quality management. In arid and semiarid regions, such as southern Arizona, the quality, quantity, and unique urban hydrology is of
special significance for accurately assessing localized water resources. This focus of research is
likely to increase as water-scarce regions continue to expand, as is the importance of a detailed
understanding of the presence, evolution, and transport of known pollutants to water
managers and researchers.
One group of contaminants of high concern are nitrogen species, including nitrate (NO3),
nitrite (NO2), ammonium (NH4) and total organic nitrogen (TON). Detecting and managing an
excess of anthropogenically sourced nitrogen species is one of the highest priority water quality
objectives for water managers, as elevated concentrations contribute to eutrophication effects
across a wide variety of regions and climates (Koch et al., 2015). In arid and semiarid localities,
mitigating this phenomenon is important as stormwater runoff is considered a valuable
renewable resource (Gallo et al., 2012). Nitrate poses risks to human health in drinking water
and is a common contaminant in groundwater in the Southwest (Thiros et al., 2014). Sources of
nitrate and other nitrogen species in an urban environment include fertilizers, wastewater from
septic and sewer systems, and treated wastewater used for irrigation.
A complicated challenge to overcome is forming a better understanding of the
hydrochemical and biogeochemical processes at work within and unique to urban catchments.
Such catchments are influenced by a high percentage of impervious land cover, a multitude of
anthropogenic solute sources, and stormwater and flooding management approaches such as
the installation of green infrastructure. These factors, coupled with antecedent conditions,
influence a catchment’s hydrologic behavior during storm events. In terms of water quality, and
particularly nitrogen species, understanding the hydrologic response of a catchment during a

10

rainfall event and how solutes are mobilized and transported to larger water bodies and
aquifers becomes critical in ensuring safe water resources (Lloyd et al., 2016).
To provide some insight into these processes in an urban catchment in Tucson, Arizona,
this study examines the transport mechanisms of nitrogen species between an upstream and a
downstream sampling site in the watershed. The changes in solute concentrations are analyzed
using hysteresis, and a hysteresis index is applied to quantify hysteretic relations.

Hysteresis and Hydrologic Application
Hysteresis is a non-linear loop resulting from two or more dependent variables relating
to a single independent variable and is common in natural systems where a time lag exists
between the variables (Zuecco et al., 2016). Essentially, as one variable changes over time, such
as during a storm event, another variable changes as well, but not necessarily in the same
manner or to the same degree. When the variables are normalized and graphed on a bivariate
plot, the result is loop-like or complex behavior rather than a linear correlation. Thus, hysteresis
provides insight into the dependence of a response on the value of an independent variable as
well as its previous behavior (Zuecco et al., 2016).
Hysteretic behavior as it is applicable to hydrology originated with observations made
by Hendrickson and Krieger (1964) and Toler (1965) regarding the cyclical relationships
between discharge and solute concentrations. Their findings noted that solute concentrations
at a specific discharge on the rising limb of an event hydrograph differs from the same
discharge on the falling limb. Swistock et al. (1989) and Hooper et al. (1990) recognized that
hysteresis can result from component mixing processes as well as transport mechanisms. It was
also proposed that hysteresis patterns could be used to help determine chemical sources and
diffuse inputs (McDiffett et al., 1989). Expanding on this concept, Evans and Davies (1998)
developed hydrochemical models to test the predictability of actual hysteresis behavior with
respect to episodic hydrochemistry. As a result of these studies and others, hydrochemical
hysteresis is a recognized means of examining trends in total suspended solids, soil
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wetting/drying, infiltration, and solute concentration during discharge. In short, hysteresis
analysis offers a clearer understanding of non-linear responses that characterize runoff events.
In terms of water quality, generating a hysteresis loop by plotting normalized discharge
against normalized solute concentration provides a means of inferring potential solute sources
and flow pathways during a single storm event (Lloyd et al., 2016). Williams (1989)
characterized five classes of hysteretic loop behavior and their hydrologic indications:

Table 1. A generalized description of the five classes of hysteretic behavior as defined by Williams (1989) regarding
concentration-discharge relationships observed in single events in rivers.

Hysteresis loops can be challenging to classify and interpret, and thus there is a degree
of subjectivity in determining loop classification, especially when limited or noisy data is
available. Additionally, while hysteresis reveals underlying hydrological processes for different
events or sites, it provides a bird’s-eye view of these responses. Other analytical methods
and/or data sets are required to pinpoint specific factors affecting hysteretic behavior in a
catchment process. Several factors can affect a hysteresis response, including land use, soil and
rock mineralogy, antecedent conditions, spatial intensity, and the duration of rainfall (House
and Warwick, 1998). One type of loop could reoccur in different events or solutes for different
reasons, so a careful examination of the concentration data, field specifics, and antecedent
conditions are all required to characterize the hydrochemical evolution of a given catchment.
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To better quantify hysteretic relations, the development of an index to compare loops
at different spatial and temporal scales has been a focus in hysteresis analysis for over a decade
(Zuecco et al., 2016). The three metrics that are most significant to quantify in hysteresis
analysis are the shape of the loop (linear, circular, or complex/figure eight), the size of the loop,
and the directionality (clockwise or counterclockwise) (Figure 1).

Figure 1. Examples of common hydrological hysteresis loops based on the classes described in Table 1. (Lloyd et al.,
2016).

Study Objective and Scope
Seasonal variations are of special interest in arid and semiarid regions, as a smaller
number of rainfall events are relied upon as a primary water supply and recharge for aquifers.
Tucson, and southern Arizona as a whole, are subject to annual monsoons between the months
of July and September. These events are characterized by their generally short duration and
intense rainfall. Additionally, the majority of runoff in the region results from summer rainfall,
which constitutes an important contribution to alluvial aquifer recharge and biogeochemical
processes (Gallo et al., 2012). The hydrologic response in urbanized areas like Tucson is rapid.
This rapidity is influenced not only by the conditions of the storm, but by impervious surface
area, channel features such as concrete linings, and green infrastructure features. Winter
events tend to be less frequent, less intense, and often longer in duration than summer storms.
Like most of the Southwest region, groundwater in basin-fill aquifers in Tucson predominantly
results from mountain front and mountain block recharge of winter rainfall (Thiros et al., 2014).
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Due to the increased frequency and greater volume of runoff observed during summer events,
this study will focus on solute concentrations resulting from monsoon events.
The objective of this study is to characterize the hydrochemical evolution and transport
mechanisms of nitrogen species between upstream and downstream sampling sites in a highly
urbanized catchment in Tucson during summer monsoon events using hysteresis analysis and a
hysteresis index. Currently, there is a larger body of solute concentration hysteresis analysis
research in temperate climates with more frequent precipitation, such as Europe and the
eastern United States, than for arid and semiarid regions. This situation is due in part the more
rare and shorter duration rainfall events semiarid areas experience. The research objectives are
as follows:
1. Comparison of hysteresis analysis in a semiarid, urban environment to previous
studies.
2. Characterization of the behavior of the conservative tracer, chloride.
3. Examination of how nitrogen speciation evolves over the course of rainfall
events.
4. Determination, using hysteresis of the solutes, of whether the nitrogen
speciation evolution differs between the upstream and downstream sample sites
and what implications this may have for the watershed properties in each
location.
To address these objectives, eight monsoon storms occurring from 2016 to 2018 were
selected for characterization based on antecedent conditions and discharge. Water samples
collected at regular intervals during each storm were analyzed for changes in concentrations
between the upstream and downstream sites and hysteretic behavior. An interpretation of the
solute hysteresis using an index calculation concludes this examination of individual monsoon
storm behavior within this catchment.
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METHODS

Site Description
The catchment that is the focus of this study is High School Wash (NAD 83: 32.224357, 110.951477), located in the Lower Santa Cruz watershed in Tucson, Arizona, United States
(Figure 2). The Tucson metropolitan area is an alluvium basin consistent with Basin and Range
topography and is situated in a valley created by the Catalina, Rincon, and Tucson Mountains
(Gallo et al., 2013). High School Wash has a slope of approximately 0.66% and a drainage area
of 3.57 km2.

Figure 2. 2015 orthophoto imagery from Pima Association of Governments. The green outline delineates the
catchment of interest in this study, High School Wash.

Site Hydrology
High School Wash flows from the northeast to the southwest into the Santa Cruz River,
and is the larger of two watersheds in this area of Tucson. It is located immediately south of the
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University of Arizona and includes portions of the campus within the watershed (Figure 2). It
consists primarily of a natural stream channel with regular concrete lining structures where it
intersects with roads to allow flow underneath the street. Green infrastructure (GI) basin
installations occur parallel to the flow direction in the lower (western) portion of this
watershed. The GI types in this watershed consist of 53 flow-through systems, typically
chicanes that parallel the street, and 33 terminal basins, usually clustered on north/south
streets. Most of these systems were installed in 2009.
High School Wash is an ephemeral channel, only experiencing flow as a response to
stormwater runoff, most often during high intensity summer monsoon events. The intensity of
these rainfall events coupled with the high degree of urbanized land cover result in most runoff
being the product of the channel exceeding infiltration.

Climate
The Tucson Basin has a semi-arid climate characterized by mild winters and hot, dry
summers. Average temperatures range from 11 ◦C in December to 36 ◦C in July, and the
average annual potential evaporation is 1960 mm, respectively (Gallo et al., 2013; Gelt et al.
1999). The relative humidity is generally low, averaging 48.5 % in December and 42.5% in July
(Gelt et al. 1999). As Tucson continues to expand, the heat island effect resulting from the
increased area of impervious surfaces and infrastructure is expected to increase. Current
estimates indicate that the metropolitan area of Tucson averages approximately 0.22 ◦C higher
than the surrounding rural areas (Yang et al., 2017).
The region experiences two rain seasons: brief, intense, and localized convective rainfall
because of the North American Monsoon, and less intense, longer duration winter rainfall
(Gallo et al., 2012). The summer monsoon events occur between July and September and
account for approximately half of Tucson’s annual precipitation, which averages around 305
mm per year. These events result from warm, humid air from the Gulfs of California and Mexico
rising in response to thermal lows (Gelt et al., 1999). Like the temperature patterns in Tucson,
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the anticipated urbanization of more area in the region is expected to impact future
precipitation patterns, frequency, and intensity (Yang et al., 2017).

Stormwater Sample Collection
Each study site was equipped with a Teledyne Isco 6712 Full Size Portable Sampler at
selected upstream and downstream locations (Figure 3). The downstream sampler was located
approximately 1,049 m from the upstream sampling site. Pressure transducers located within
the channel at these sites transmit stage and flow data to the samplers. The sampling program
pumped pre-set volumes of water via an intake line when the transducer recorded a water
depth greater than 0.3 meters (Figure 4). A full set of runoff samples included 24 bottles plus
one field control blank. Each of the bottles collected by the autosamplers represented a time
point during the storm; the time interval between collection after the transducer detected
sufficient flow was programed in advance of the sampling event. The first 6 bottles were
collected at 5-minute intervals, and the remaining 18 bottles were collected at 15-minute
intervals. The field control bottle was left empty during sample collection and transport, then
filled with laboratory water for quality control sample processing.

Figure 3: The upstream and downstream locations of the Isco autosamplers in High School Wash, Tucson, AZ.
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Pressure transducer

Intake line

Figure 4: An example of pressure transducer and autosampler intake line placement in a concrete lined channel in
Tucson, AZ.

Laboratory Analysis
Runoff samples were processed within a 24-hour holding time following collection by
the Isco samplers. Each sample bottle provided enough volume for four analytical methods,
plus an archived sample. The samples were vacuum filtered via Nalgene filter holders and
funnels and placed in refrigerated storage according to the specific requirements of each
analytical protocol (Figures 5, 6 and Table 2). The filter holder and receiver were thoroughly
rinsed with deionized water between each sample filtration.
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Figure 5: Nalgene filter holder with receiver, used to process stormwater samples within 24 hours of sample
collection.

A

B

C

D

Figure 6: The four types of sample bottles for each analysis, further detailed in Table 2.
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Analysis

Bottle Type

Filter Type

Volume

Storage

Collected
NH4

Amber glass (A)

GF/F and

40 mL

0.45 um

Lab
refrigerator

membrane
TN/DOC

Clear glass (B)

GF/F only

25 mL

Lab
refrigerator

Anions

Large HDPE (C)

GF/F and

60 mL

0.45 um

Lab
refrigerator

membrane
Isotopes

Small HDPE (D)

GF/F and

30 mL

0.45 um

Lab
refrigerator

membrane
Archive

Borosilicate

GF/F and

glass (Not

0.45 um

pictured)

membrane

40 mL

Lab
refrigerator

Table 2. Summary of sample preparation and storage prior to analysis.

Sample water for total nitrogen (TN) and dissolved organic carbon (DOC) analysis was
filtered through glass fiber filters (GF/F) and collected in 25 mL clear glass vials, which were
filled to prevent head space. TN and DOC were measured via the University of Arizona
Department of Hydrology & Atmospheric Sciences’ RS-232C interface for the Shimadzu Total
Organic Carbon Analyzer (model TOC-5000/5050) and in accordance with the combustion
catalytic oxidation protocol.
Ammonium (NH4) samples were prepared by filtering the storm water sample first
through a GF/F, followed by filtration through a 0.45 µm membrane filter. The collected filtrate
was poured into a 40 mL amber glass vial without headspace. These samples were analyzed via
the University of Arizona Department of Hydrology & Atmospheric Sciences’ SmartChem 200
discrete chemical analyzer using the EPA Method for NH4 Ammonium 350.1.
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Filtered samples for anions and water isotopes were prepared following the same
sample filtration steps as the ammonium samples, and the filtrate was collected in 30 mL and
60 mL HDPE bottles, respectively. These bottles were filled to prevent head space. The Arizona
Laboratory of Emerging Contaminants (ALEC) provided ion chromatography analysis for anion
data.
A sample filtered through GF/F and 0.45 µm membrane filters was collected in a 40 mL
borosilicate glass vial for archival.
Total organic nitrogen (TON) was calculated based on the following:
𝑇𝑂𝑁 = 𝑇𝑁 − (𝑁𝑂2 + 𝑁𝑂3 + 𝑁𝐻4 )
where TON is total organic nitrogen, TN is the total nitrogen value provided by Shimadzu
analysis, NO2 and NO3 are the nitrite and nitrate values, respectively, determined by ion
chromatography analysis, and NH4 is the ammonium value measured by the discrete analyzer.

Hysteresis Analysis and Calculation of the Hysteresis Index
Hysteresis loops provide insight into the time delay relationships between discharge
rates and solute concentration. A solute hysteresis index methodology (Zuecco et al., 2016) was
applied to the chemistry data to analyze the mobilization and transport of the measured
nitrogen species. The data was normalized as follows:
𝑥(𝑡) = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑄 =

𝑄𝑖 − 𝑄𝑀𝑖𝑛
𝑄𝑀𝑎𝑥 − 𝑄𝑀𝑖𝑛
(1)

𝑦(𝑡) = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑𝑆𝑜𝑙𝑢𝑡𝑒 =

𝑆𝑖 − 𝑆𝑀𝑖𝑛
𝑆𝑀𝑖𝑛 − 𝑆𝑀𝑎𝑥
(2)

where 𝑆𝑖 and 𝑄𝑖 are the solute concentration and discharge at time i, respectively.
Normalized discharge plotted against the normalized solute concentration provides a
hysteresis loop for analysis. The time of each sample collection plays a critical role – the data
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must be organized in chronological order, which allows for the determination of loop
directionality – clockwise, counterclockwise, or a complex or figure eight loop, i.e., a loop that
changes direction over the course of the storm event. The loop direction, shape, and size
provide characterization of the solute transport behavior of each storm (Table 3).
A hysteresis index quantifies the metrics of the loops and is applicable to processes in
which the independent variable increases from an initial value, peaks, and then decreases. In
this case, each site’s hydrograph provides the independent variable data. The measured solute
concentrations at regular time intervals during the rainfall event are the dependent variables.
The dependent variables may increase, decrease, or display complex behavior during the event,
but it is assumed that the evolution of the dependent variable relates to the independent
variable (Zuecco et al., 2016).
Following the normalization of the discharge and solute concentration data, definite
integrals are calculated for the rising curve (the initial value to the highest observed value) and
the falling limb (the highest observed value to the last observed value). As a streamflow
hydrograph does not always return to the initial state, the last observed value on the
hydrograph is used in this calculation. Thus, hysteresis loops do not always close. The integrals
were calculated as follows:
𝑖

𝐴𝑟[𝑖,𝑗] = ∫ 𝑦𝑟 (𝑥)𝑑𝑥
𝑗

(3)
𝑖

𝐴𝑓[𝑖,𝑗] = ∫ 𝑦𝑓 (𝑥)𝑑𝑥
𝑗

(4)
where r and f indicate the rising and falling limbs of the hydrograph and i and j denote the
lower and upper limits of integration that define each limb, respectively. Clockwise loops have
larger integrals on the rising limb than the falling limb, while counterclockwise loops have larger
integrals on the falling limb. Figure eight or other complex-shaped loops occur when some
integrals on the rising limb are larger than those on the falling limb and others are smaller.

22

The difference between the integrals on the rising and falling limbs of the hydrograph
were computed as follows:
∆𝐴[𝑖,𝑗] = 𝐴𝑟[𝑖,𝑗] − 𝐴𝑓[𝑖,𝑗]
(5)
The calculated differences between the integrals verify the directionality of the
generated loops. When ∆𝐴[𝑖,𝑗] > 0, the loop direction is clockwise. ∆𝐴[𝑖,𝑗] < 0 indicates that
the loop direction is counterclockwise. If there is no hysteresis, i.e., a linear relationship, then
∆𝐴[𝑖,𝑗] = 0. Complex or figure eight shaped loops occur when the corresponding minimum and
maximum values of the integral differences are ∆𝐴𝑚𝑖𝑛 < 0 and ∆𝐴𝑚𝑎𝑥 > 0, respectively.
To obtain the hysteresis index, h:
𝑛

ℎ = ∑ ∆ 𝐴[𝑖,𝑗]
𝑘=1

(6)
where n is the number of integrals, i.e., the number of samples. Clockwise hysteresis loops are
denoted by ℎ > 0, counterclockwise loops have ℎ < 0, and ℎ ≈ 0 indicates complex, figure
eight loops or no hysteresis.
The calculation of the hysteresis index allows for the categorization of a given hysteresis
loop into one of eight classes (Table 3). Classes 1 and 5 are clockwise, classes 4 and 8 are
counterclockwise, classes 2 and 6 are figure eight/complex loops where the primary direction is
clockwise, and classes 3 and 7 are figure eight/complex loops where the primary direction is
counterclockwise. How close the h value is to zero quantifies the size of the loop. Classes 1-4
indicate that the solute concentration (dependent variable) mainly increased during the rising
limb of the hydrograph, and classes 5-8 show that the solute concentration mainly decreased
during the rising limb. If the concentration is relatively constant during the rising limb of the
hydrograph, then categorization is determined by the concentration behavior on the falling
limb.
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Table 3: The eight hysteresis classes for independent variables that increase from the initial state, peak, and
then decrease. The minimum and maximum integral difference values and the hysteresis index is included.
This table was provided by Zuecco et al., 2016.

When the discharge and solute relationship is synchronized, as in the case where a large
amount of sediment is transported during the storm event, the hysteresis analysis results in a
linear plot. In effect, the discharge and solute transport are strongly correlated, and no
hysteresis occurs. A clockwise loop typically denotes a solute flushing response; that is, the
solute concentration peaks early in the storm event and decreases as the discharge increases.
Conversely, a counterclockwise loop demonstrates a peak in the discharge prior to a peak in the
solute concentration, indicating differences in the transport times of the sediment versus the
water. There are several potential reasons for this behavior. The figure eight term describes a
hysteresis loop that changes directionality over the course of the storm, either from clockwise
to counterclockwise or counterclockwise to clockwise. A figure eight or complex shaped loop
highlights a change in the concentration-discharge relationship over the course of the storm
event. This can result from several factors, including new point sources of the solute, changes in
flow pathways, physical obstructions in the channel, etc.
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In this study, hysteresis analysis and hysteresis index calculations were performed for
the following solutes: chloride (Cl-), nitrite (NO2-), nitrate (NO3-), non-purgeable organic carbon
(NPOC), and total organic nitrogen (TON). Chloride data represents a conservative tracer in the
water chemistry. Data normalization, hysteresis analysis, and statistics calculations were
conducted in Microsoft Excel 365 and Version 16.0.0 of JMP statistical software. The hysteresis
index was calculated using the Hysteresis Java Script produced by the Hydrology and Climate
section of the Department of Geography at the University of Zurich, and is directly based on the
2016 publication by Zuecco et al.
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RESULTS

Eight monsoon events were sampled during the summers of 2016 – 2018: three events
during 2016 and 2017, and two events during 2018. A total of 233 samples were analyzed over
the course of the three-year period. While additional monsoon rainfall occurred during the
study years, the events were not sampled due to minimal discharge responses that did not
meet the 0.3 m depth criteria as measured by the pressure transducers in the channel. It is for
this reason that most of the sampled events do not have more than one day since the most
recent rainfall event; in these cases, rainfall occurred the day prior to the sampled event but did
not produce enough runoff to trigger the sampling program. This pattern of minimal rainfall
preceding an event that produced measurable runoff accounts for the overall lack of variation
in the antecedent conditions for all events.
In several cases, the samplers did not collect the full capacity of 24 sample bottles. This
is typically the result of either a low intensity event in which the discharge dropped below the
minimum depth threshold in the channel, or the rainfall event was much shorter in duration
than the sampling program.
As is common in monsoon rainfall events, the total precipitation of each event varies
from other events in the season, sometimes quite significantly. Given the proximity of the
sampler locations, the total precipitation measured for each event is generally consistent
between the upstream and downstream sites. All the sampled events produced single peak
hydrographs. Each sample collection location is designated with the acronym HSU or HSD for
High School Upstream and High School Downstream, respectively. Hydrographs and solute
concentrations for each event are available in Appendix A.
The hysteresis loop patterns are more open and frequently more complex than in
similar studies conducted in regions with more consistent and predictable rainfall patterns.
Directionality is nevertheless apparent in the loops generated for this research and is classified
into the following categories: predominantly clockwise, predominantly counterclockwise, all or
most data equals zero, and two cases in which not enough data was available for the analysis.
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Complex or figure eight shaped loops are classified as either clockwise or counterclockwise
based on their most prominent directionality as determined by the calculation of the hysteresis
index, and the presence of complexity in the loops is noted when characterizing the site
behavior for a given event (Table 4 and 5). Appendix B provides all hysteresis loops for each site
per rainfall event.
It is important to note that hysteresis index calculations were unable to be performed
for certain sites during certain events, or occasionally for a specific solute within an event (the
blank gray cells in Table 4). The reason for this lack of integral data relates to the high degree of
uncertainty in the calculations when only one or two measurements were available for the
rising limb. In these cases, the hysteresis loop direction is determined by the chronological
sampling time of each measurement. Examination of the raw measurements in chronological
order determines whether the concentrations generally increase or decrease from their initial
state. The loops are then classified based on the similarities shared with other patterns within
the event that can be determined using a hysteresis index (Figure 7).
A. Event 9/28/2016, HSU Site, NH4
Falling limb data only – Class 2

Beginning of storm

B. Event 9/28/2016, HSD Site, NH4
Complete data for rising limb - Class 2

Beginning of storm

Figure 7. Comparison of hysteresis loops for NH4 evolution during the 9/28/2016 event. The HSU site (loop A)
collected only falling limb data, and thus the hysteresis index could not be calculated with confidence. The HSD site
(loop B) had both rising and falling limb data and the index was calculated. The HSU loop increases from the initial
state and displays figure 8 clockwise behavior based on chronological sampling time, and the same is observed in
the calculated HSD loop, thus the loop with limited data is also classified as Class 2 hysteresis.
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Antecedant Conditions
# of Collected Date of 1st Days Since
Samples
Monsoon
Precip

Hysteresis Index Analysis
Total
Precip (in)

Event

Site

Hydrograph

7/26/2016

HSU

Single peak,
falling limb
data only

12

7/1/2016

0

0.6839925

7/26/2016

HSD

Single peak,
falling limb
data only

10

7/1/2016

0

0.6321634

7/31/2016

HSU

Single peak

9

7/1/2016

0

0.6102977

7/31/2016

HSD

Single peak

11

7/1/2016

0

0.6167873

9/28/2016

HSU

Single peak,
falling limb
data only

21

7/1/2016

0

0.0975897

9/28/2016

HSD

Single peak

11

7/1/2016

0

0.1360407

7/12/2017

HSU

Single peak,
falling limb
data only

16

7/9/2017

1

0.1591451

7/12/2017

HSD

Single peak

9

7/9/2017

1

0.1821376

7/19/2017

HSU

Single peak,
falling limb
data only

13

7/9/2017

0

1.0877392

7/19/2017

HSD

Single peak

13

7/9/2017

0

1.1004893

8/13/2017

HSU

Single peak

24

7/9/2017

0

1.0840854

8/13/2017

HSD

Single peak,
rising limb
data only

13

7/9/2017

0

0.9665021

Solute
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON

Hyst. Class Min ∆ A
5
6
2
4
5
0
4
2
2
4
5
0
5
0.003
2
-0.004
5
0.003
6
-0.011
5
0.002
0
3
-0.007
2
0.000
3
-0.025
2
0.000
1
0.001
0
2
6
2
2
5
0
8
-0.019
1
0.000
4
-0.022
2
-0.021
7
0
4
4
4
4
2
7
5
0.000
1
0.002
4
-0.007
2
5
5
4
4
4
8
N/A
N/A
4
-0.009
6
-0.003
3
-0.003
8
-0.032
7
0
1
0.000
3
-0.006
5
0.001
6
-0.003
5
0.000
4
-0.026
7
7
3
7
7
0

Max ∆ A Index (h)

0.028
0.005
0.042
0.032
0.045

0.037
0.016
0.500
0.290
0.577

0.002
0.041
0.011
0.048
0.019

-0.082
0.343
-0.131
0.341
0.144

-0.001
0.033
0.000
0.014

-0.139
0.206
-0.108
0.031

0.023
0.047
0.000

0.075
0.452
-0.064

0.000
0.006
0.000
-0.001

-0.073
0.046
-0.005
-0.274

0.034
0.003
0.044
0.028
0.024
-0.001

0.187
-0.080
0.395
0.043
0.199
-0.267

Loop Direction
Clockwise
Complex clockwise
Figure 8 clockwise
Counterclockwise
Clockwise
No hysteresis
Counterclockwise
Figure 8 clockwise
Figure 8 clockwise
Counterclockwise
Clockwise
No hysteresis
Clockwise
Complex clockwise
Clockwise
Figure 8 clockwise
Clockwise
No hysteresis
Figure 8 counterclockwise
Figure 8 clockwise
Figure 8 counterclockwise
Complex clockwise
Clockwise
No hysteresis
Figure 8 clockwise
Figure 8 clockwise
Figure 8 clockwise
Figure 8 clockwise
Clockwise
No hysteresis
Counterclockwise
Clockwise
Counterclockwise
Figure 8 clockwise
Figure 8 counterclockwise
No hysteresis
Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
Complex clockwise
Complex counterclockwise
Clockwise
Clockwise
Counterclockwise
Complex clockwise
Clockwise
Clockwise
Counterclockwise
Counterclockwise
Counterclockwise
Counterclockwise
No data
No data
Counterclockwise
Complex clockwise
Figure 8 counterclockwise
Counterclockwise
Figure 8 counterclockwise
No hysteresis
Clockwise
Complex clockwise
Clockwise
Complex clockwise
Clockwise
Counterclockwise
Figure 8 counterclockwise
Figure 8 counterclockwise
Figure 8 counterclockwise
Figure 8 counterclockwise
Figure 8 counterclockwise
No hysteresis

Solute Behavior
Decreases from initial state
Decreases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
All data = 0
Increases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
All data = 0
Decreases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
All data = 0
Increases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
All data = 0
Increases from initial state
Decreases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
All data = 0
Decreases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
All data = 0
Increases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
No data
No data
Increases from initial state
Decreases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Most data = 0
Increases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Most data = 0
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7/12/2018

HSU

Single peak

16

7/4/2018

0

0.3444905

7/12/2018

HSD

Single peak

15

7/4/2018

0

0.3274947

8/24/2018

HSU

Single peak

22

7/4/2018

1

0.5428177

8/24/2018

HSD

Single peak

18

7/4/2018

1

0.6738595

Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON
Cl
NO2
NO3
NH4
NPOC
TON

3
2
6
4
5
4
6
2
1
1
5
7
6
6
7
6
5
0
5
2
4
3
5
6

-0.025
-0.010
-0.024
-0.029
0.003
-0.044
-0.038
0.000
0.001
0.006
0.000
-0.013
0.000
-0.003
-0.009
-0.012
0.001

0.003
0.009
0.029
-0.001
0.014
0.000
0.033
0.037
0.034
0.039
0.043
0.014
0.006
0.032
0.014
0.032
0.033

-0.234
0.062
0.066
-0.169
0.134
-0.411
0.123
0.088
0.109
0.434
0.389
-0.001
0.062
0.092
-0.002
0.051
0.117

0.010
-0.012
-0.034
-0.022
0.007
0.000

0.049
0.027
-0.001
0.005
0.044
0.039

0.632
0.100
-0.288
-0.183
0.528
0.264

Figure 8 clockwise
Complex clockwise
Figure 8 clockwise
Counterclockwise
Clockwise
Counterclockwise
Figure 8 clockwise
Complex clockwise
Clockwise
Clockwise
Clockwise
Figure 8 counterclockwise
Figure 8 clockwise
Figure 8 clockwise
Figure 8 counterclockwise
Figure 8 clockwise
Clockwise
No hysteresis
Clockwise
Figure 8 clockwise
Counterclockwise
Figure 8 counterclockwise
Clockwise
Complex clockwise

Increases from initial state
Increases from initial state
Decreases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
Decreases from initial state
All data = 0
Decreases from initial state
Increases from initial state
Increases from initial state
Increases from initial state
Decreases from initial state
Decreases from initial state

Table 4: Summary of sample events, antecedent conditions, and hysteresis analysis results. Gray shaded areas
indicate limited data on the rising limb of the hydrograph, thus introducing a high degree of uncertainty that
prevented accurate integral calculations.

There are notable differences in the solute concentration transport behavior between
the upstream and downstream sites, despite their relative proximity (Table 5). Of the 94
performed analyses (excluding the two solutes for the 7/19/2017 event which did not have
enough data for analysis due to sample vial breakage in storage), 49 hysteresis analyses display
clockwise behavior. 36 analyses result in counterclockwise loops, and 9 are linear (i.e., no
hysteresis). All 9 of the linear responses are TON. The downstream site more frequently
responded with counterclockwise directionality, and in only two rainfall events (7/12/2017 and
7/19/2017) did the upstream site produce predominantly counterclockwise loops. In general,
the upstream site has a more consistent clockwise response, and the downstream site has a
more varied response among the measured solutes.
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Event

Site

Cl

NO2

Hysteresis Class
NO3
NH4

NPOC

TON

Summary of Site Behavior

HSU

5

6

2

4

5

0

Most solutes flush through the site, while NH4 concentration peaked later than the discharge. NO2, NO3, and NH4 have complexity in the
concentration-discharge relationship. The NO3 and NH4 concentrations increase and the other solutes decrease during the event. Nitrogen is
distributed among inorganic species.

HSD

4

2

2

4

5

0

NPOC has a strong flushing response, while the other solutes have a complex concentration-discharge relationship. Cl and NH4 concentration peaks
occurred later than the discharge peak. All solutes concentrations increase during the event, except NPOC. Nitrogen is distributed amoung inorganic
species.

HSU

5

2

5

6

5

0

All solutes display a flushing response, with complexity in the concentration-discharge relationship for NO2, NH4 and TON. Nitrogen is distributed
among inorganic species.

HSD

3

2

3

2

1

0

General flushing response except for Cl and NO3, for which the discharge peaked before the solute concentration. With the exception of NPOC, all
solutes display complexity in the concentration-discharge relationship. All solute concentrations increase during the event. Nitrogen is distributed
among inorganic species.

HSU

2

6

2

2

5

0

General flushing response of all solutes, with complexity in the concentration-discharge relationship occuring for all solutes except for NPOC. NO2 and
NPOC concentrations decrease during the event, while the others increase. Nitrogen is distributed among inorganic species.

HSD

8

1

4

2

7

0

Solute concentration peaks lagged behind the discharge peak of this event for most solutes, while NO2 and NH4 had a flushing response. For NH4, the
flushing had complexity in the concentration-discharge relationship. NPOC also displayed complexity in the response. NO2, NO3, and NH4
concentration increase during the event, while the others decrease. Nitrogen is distributed among inorganic species.

HSU

4

4

4

4

2

7

For all solutes except NPOC, the concentration peaks occur later than the discharge peak. NPOC has a complex flushing response. All concentrations
increase during the event, except for TON.

HSD

5

1

4

2

5

5

Cl, NO2, NPOC, and TON have a strong flushing response. NO3 and NH4 concentrations peaked later than the discharge, and the NH4 response was
more complex. NO2, NO3, and NH4 concentration increase during the event, while the others decrease.

HSU

4

4

4

8

N/A

N/A

HSD

4

6

3

8

7

0

For all solutes except NO2, the concentration peaks occur later than the discharge peak. NO3 and NPOC have complexity in the concentrationdischarge relationship. Cl and NO3 concentrations increase during the event, while the others decrease. Nitrogen is distributed among inorganic
species.

HSU

1

3

5

6

5

4

General flushing response except for TON, for which the discharge peaked before the solute concentration. NO2 and NH4 have complexity in the
concentration-discharge relationship. Cl, NO2, and TON concentrations increase during the event, while the other solutes decrease.

HSD

7

7

3

7

7

0

For all solutes, the concentration peaks occur later than the discharge peak. All solutes display complexity in the concentration-discharge relationship.
Only NO3 concentration decreases during the event. Nitrogen is distributed among inorganic species.

HSU

3

2

6

4

5

4

General flushing response except for TON, for which the discharge peaked before the solute concentration. All solutes except NPOC have complexity
in the concentration-discharge relationship. Cl, NO2, NH4 and TON concentrations increase during the event, while the other solutes decrease.

HSD

6

2

1

1

5

7

A flushing response for all solutes, with complexity in the concentration-discharge relationship for Cl and NO2. The concentrations of NO2, NO3, and
NH4 increase during the event, while the other solutes decrease. TON solute concentration peaks after the discharge.

HSU

6

6

7

6

5

0

Most solutes flush through the site, while the NO3 concentration peaked later than the discharge. Cl, NO2, NO3, and NH4 have complexity in the
concentration-discharge relationship. All solute concentrations decrease during the event. Nitrogen is distributed among inorganic species.

HSD

5

2

4

3

5

6

Cl, NO2, NPOC, and TON have a flushing response, with NO2 and TON displaying complexity in the concentration-discharge relationship. NO3 and NH4
concentrations peaked later than the discharge, and the NH4 response was more complex. NO2, NO3, and NH4 concentration increase during the
event, while the others decrease.

7/26/2016

7/31/2016

9/28/2016

7/12/2017

7/19/2017

For all solutes, the concentration peaks occur later than the discharge peak. No complex responses occurred. NH4 concentration decreased during the
event, while the other solute concentrations increased.

8/13/2017

7/12/2018

8/24/2018
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Table 5: Summary of
general site behavior
based on hysteresis
analysis and colorcoded by hysteresis
loop direction.
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The frequency of each hysteresis class provides information about the consistency of
response (Figure 8). Chloride, the conservative tracer, is evenly split between the concentration
increasing during the rising limb and concentrations decreasing. Nitrite concentrations more
often increase on the rising limb and display more complex behavior. Nitrate behaves more
similarly to chloride. Ammonium displays a high degree of complexity and variability in loop
directionality and whether the concentration increased or decreased on the rising limb.
Conversely, non-purgeable organic carbon shows little variability or complexity; it
predominantly displays clockwise behavior and decreasing concentrations. Total organic
nitrogen typically displays no hysteresis, with some instances of complex behavior that is either
clockwise or counterclockwise.

Figure 8. Frequency of each hysteresis class for the solutes analyzed.
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When the hysteresis analysis results are presented organized based on total
precipitation for the rainfall event, the general trend is more clockwise for events that have less
than 2.5 cm of precipitation (Table 6). The first category shown in Table 6 is rainfall events with
less than 1.3 cm of total precipitation, and the results show an almost equal percentage of
clockwise hysteresis as events that experience greater than 1.3 cm and less than 2.5 cm total
precipitation but not significantly so (55.6% of hysteresis loops are clockwise versus 57.1%,
respectively). However, the counterclockwise loops for events with less than 1.3 cm of total
precipitation display less complex behavior, denoted by more class 4 and 8 hysteresis loops.
There are more class 3 and 7 counterclockwise hysteresis loops (i.e., more complex or figure
eight loops) in events that received between 1.3 cm and less than 2.5 cm of rainfall. The
instances in which there is no hysteresis for TON are more than doubled for the 1.3 – 2.5 cm
total precipitation category. When the total rainfall exceeded 2.5 cm for the event, the
hysteresis analysis results are consistently more often counterclockwise, with 62.5%
counterclockwise loops compared to 31.3% clockwise. The counterclockwise loops are more
often not complex.
Total Precipitation: <1.3 cm
Event
Site
HSU
9/28/2016
HSD
HSU
7/12/2017
HSD
HSU
7/12/2018
HSD

Cl
2
8
4
5
3
6

NO2
6
1
4
1
2
2

Hysteresis Class
NO3
NH4
2
2
4
2
4
4
4
2
6
4
1
1

NPOC
5
7
2
5
5
5

TON
0
0
7
5
4
7

Total Precipitation: 1.3 - 2.5 cm
Event
Site
HSU
7/26/2016
HSD
HSU
7/31/2016
HSD
8/13/2017
HSD
HSU
8/24/2018
HSD

Cl
5
4
5
3
7
6
5

NO2
6
2
1
2
7
6
2

Hysteresis Class
NO3
NH4
2
4
2
4
5
6
3
2
3
7
7
6
4
3

NPOC
5
5
5
1
7
5
5

TON
0
0
2
0
0
0
6

Total Precipitation: >2.5 cm
Event
Site
HSU
7/19/2017
HSD
8/13/2017
HSU

Cl
4
4
1

NO2
4
6
3

Hysteresis Class
NO3
NH4
4
8
3
8
5
6

NPOC
N/A
7
5

TON
N/A
0
4

Table 6: Hysteresis analysis results categorized by total precipitation during the rainfall event. The three categories
are defined as less than 1.3 cm, between 1.3 and 2.5 cm, and over 2.5 cm total precipitation.
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Appendices C and D contain compiled statistics for all solutes and discharge. Appendix C
shows statistics and distribution of discharge and solute concentrations for each site for all
collected data (2016 – 2018). Appendix D provides the statistics and distributions based on site
(HSU or HSD) per rainfall event. The average discharge rate is consistently higher in the
downstream site than the upstream. During only two events, 7/26/2016 and 9/28/2016, is the
discharge velocity higher in HSU. The rate of discharge can vary widely at each site, with
velocities ranging from 0.01 to 23.6 m3/sec in HSU and 0.03 to 95.8 m3/sec in HSD. The chloride
distributions for HSU and HSD are similar, as are the maximum and average concentrations.
Likewise, nitrite concentration distribution, maximum, and average values display strong
similarity between the two sampling locations. Nitrate is on average a higher concentration in
HSU than HSD, with a much higher maximum concentration in the upstream site. The USEPA set
a Maximum Contaminant Level (MCL) of 10 mg/L for nitrate in drinking water and noted the
frequent exceedance of nitrate levels in Southwest basin-fill aquifers in agricultural and urban
areas (Thiros et al., 2014). In HSU, the average nitrate concentration for all three sampled
monsoons seasons was 2.54 mg/L, while HSD had an average of 1.99 mg/L. The distribution of
ammonium follows a similar pattern for both HSU and HSD, and for both sites this distribution
is also notably like the total organic nitrogen response. NPOC tends to have slightly higher
concentrations in HSD than HSU, and in HSD the distribution is somewhat like that of chloride.
TON distribution and concentration statistics are extremely similar between sites.
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DISCUSSION

Comparison of Hysteresis in Tucson, AZ to Previous Studies
One of the primary objectives of this study is to determine how solute hysteresis
analysis compares in characterizing the hydrochemical evolution of nitrogen species in a
semiarid urban environment to trends observed in previous studies. Comparatively few studies
apply concentration/discharge solute hysteresis analysis to semiarid or arid urban
environments. Most studies of this nature focus on rural watersheds in climates such as the
subtropics, northern latitudes, and in the mountains (Long et al., 2017). In contrast, the study
watershed discussed here is in semiarid southern Arizona, within the city of Tucson and very
near the downtown area, and in an alluvial basin. The site is subject to both lower intensity,
longer duration storms during the winter months and shorter, more intense monsoon storms
during July – September. Unlike the more rural, less anthropogenically impacted watersheds in
previous studies, High School Wash is both surrounded by a high degree of impervious land
cover and actively managed via the installation of green infrastructure systems. It was
hypothesized that the hysteresis response of the analyzed solutes would be notably different
than hysteresis loops produced in previous studies.
A few factors contribute to the hypothesized differences: 1) The number of samples
collected per rainfall event at each site are notably lower than the number of samples that can
be collected in regions with longer duration storms. The maximum number of samples possible
for each sampling site is 24 due to the capacity of the auto samplers, and in many cases the
storm ended, or the discharge became too low to sample, before the sampling program
completed. 2) During a robust monsoon season, the time between storm events can be very
short, and indeed in the case of this study, the time between rainfall events was never more
than one day. For subtropical and temperate regions, the antecedent conditions can be
significantly varied. 3) Like most semiarid and arid watersheds, discharge rates can become
extremely high in a short period of time. Such rapid responses and quick resetting of moisture
conditions differ greatly from the conditions in previous studies. 4) Finally, the actively
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managed nature of High School Wash alters its hydrological response from the pre-urbanized
state in terms of runoff sources, solutes sources, and biogeochemical processing.
In general, the hysteresis response of the nitrogen species in High School Wash displays
frequently complex and open loop shapes. This differs somewhat from results in studies such as
Lloyd et al. (2016) (Figure 9), which was conducted in a rural watershed in the United Kingdom
that experienced long duration, lower intensity rainfall. This allowed for the collection of ~200
samples to be analyzed for hysteresis. The short duration, high intensity behavior of the
monsoon response in High School Wash shares some similarities to that of the hysteresis
response of solute concentrations observed during thunderstorms in the eastern United States
(Figure 9).
A. Lloyd et al., 2016

B. McDiffett et al., 1989
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C.
HSU (9/28/2016)

HSD (9/28/2016)

HSU (7/12/2017)

HSD (7/12/2017)

HSU (8/24/2018)

HSD (8/24/2018)

Figure 9. A) An example of hysteresis loop results for NO3 from the Lloyd et al. (2016) study, conducted in a rural,
temperate watershed in the United Kingdom. B) Hysteresis loops results for NO 3 concentration during
thunderstorm events from McDiffett et al. (1989). The study was conducted in a rural watershed in Pennsylvania. It
should be noted that neither the concentration nor the discharge is normalized. C) NO 3 hysteresis loop results
from one monsoon storm per year in this study in High School Wash, Tucson AZ.

The closed loops of the Lloyd et al. study indicate that the discharge returned to an
initial state (or very close to the initial state). More open loops are observed in the McDiffett et
al. study on thunderstorms and the current study on monsoons because the discharge does not
return to an initial state. In the case of High School Wash, this is partly an artifact of the
autosampler programming and partly due to the hydrological response of the channel. The
autosamplers are programmed to begin sampling when the pressure transducer in the channel
detects a water depth of 0.3 meters. Upon initiation of the sampling program, samples are
Copyright © Lori C. Emler 2021
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collected in five-minute intervals. After the first five samples are collected, the sampling
interval is increased to 15 minutes. The autosamplers are programmed this way to capture the
rising limb of the hydrograph, as the runoff response can be extremely rapid in this region.
Given that monsoon events, like thunderstorms in the eastern U.S., tend to be shorter in
duration, on several occasions the storm ended before the sampling program had cycled
through all 24 samples. The sudden drop in runoff, coupled with rapid infiltration and
evapotranspiration, results in the discharge data terminating abruptly rather than gradually
returning to the initial state.
While the monsoon events discussed here are notably like thunderstorms in different
climates in terms of general hysteresis loop characteristics, specific hydrochemistry varies
based on other watershed factors. McDiffett et al. (1989) examined solute responses in a
nutrient dense watershed within a forested region, whereas the urban environment of Tucson
will have significantly different ecosystem dynamics, solute sources, and runoff sources.
Additionally, it is expected that winter storms in a semiarid urban environment would have a
different hysteresis response and may be more like the hysteresis loop characteristics observed
in lower intensity, longer duration storms such as those presented by Lloyd et al. (2016).
Further examination of the distinct seasonal differences in solute transport and evolution is
suggested.

Hysteresis Patterns of Chloride
This research uses chloride as a conservative tracer. Given that streamflow in High
School Wash occurs only in response to rainfall, the possible Cl- sources are pre-event soil
moisture and evaporated deposits (Gallo et al., 2012). While Cl- present in soil moisture can
affect the Cl- concentration and composition in runoff, this study does not analyze soil moisture
content/composition, and rather focuses exclusively on stormwater samples. The contribution
of pre-event soil moisture is unlikely due to the rapid resetting soil moisture conditions in the
semiarid climate (Gallo et al., 2012). Even though the antecedent conditions reflect
precipitation one day or less prior to the sampled event, semiarid environments retain little to
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no soil water. Additionally, groundwater interaction/contribution is not considered in this study
due to the significant depth of the water table in the study area.
The even distribution of clockwise versus counterclockwise hysteresis results and the
higher number of less complex loops suggests that chloride transport in the wash is highly
correlated with discharge and transport of evaporated deposits during the given storm. In the
clockwise hysteresis events, the chloride reaches its peak early in the storm and is flushed from
the system. The counterclockwise events indicate differential transport between water and
solutes, which may also be affected by receding time as runoff drains from the furthest reaches
of the catchment. In both cases, the results suggest that the Cl- being transported through the
system is predominately that found in evaporative deposits. The more complex Cl- hysteresis
loop classes indicate changes in the concentration-discharge relationship due to additional
source contributions or changes in flow pathways, the former of which is highly probable in an
urban environment with increased runoff. Additionally, the hysteresis behavior of chloride was
predominately counterclockwise in events that had over 2.5 cm of precipitation, which resulted
in higher discharge and more solute transport.
Previous studies examining the use of Cl- as a conservative tracer have noted that
variability in concentrations commonly results from the temporal and spatial variability of
evaporation and evapotranspiration (Kirchner et al., 2010). This is especially important to
consider in an arid or semiarid system like the HSU and HSD study areas. Given the rapidity of
summer monsoon events in terms of discharge generation, evaporation due to the heat of the
climate, and evapotranspiration by highly water efficient vegetation, the diverse chloride
hysteresis results become somewhat less cryptic. During storms with greater discharge, the
opportunity for solute transport exceeded the uptake by vegetation to a degree and prolonged
the time before evaporation.

Hysteresis Patterns and Implications for Nitrogen Species Evolution
The first sampled event in 2016 and 2018 occurred later in the monsoon season than
the first sampled event in 2017. In 2017, the first two sampled events are three and ten days
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from the beginning of the monsoon season, respectively, and display predominantly
counterclockwise behavior. This result suggests an accumulation of material in the stream
channel over a long period of dry conditions that impacted the solute concentrations and
transport. Given that the study site is an urban environment, the hysteresis response is just as
likely to be influenced by anthropogenic sources such as litter and debris as natural sediment
accumulation and evaporative deposits. The 2016 and 2018 storms occurred later in the
monsoon season, and the more clockwise, flushing responses of these two years may be due in
part to earlier storms conveying deposit and debris build up out of the system.
Ammonium
In small watersheds like High School Wash, NH4 concentration is strongly correlated
with the season and amount of precipitation (Lewis and Grimm, 2007). The export of NH4
during monsoons tends to be greater than in winter storms, as with other N species. When
hysteresis results are grouped by total precipitation amount, NH4 has a highly varied response
(Table 6). Equally varied is the hysteresis class and whether the concentration increases or
decreases during the rainfall event.
The complexity and variation indicate the reactivity of NH4 and emphasize that the
impact even small storms can have on the responses of specific solutes can vary significantly.
NH4 is somewhat more likely to display counterclockwise hysteresis near the beginning of the
monsoon season when more sediment has accumulated in the channel.
Nitrite
NO2 in surface water is generally the result of the oxidation of ammonia and organic
nitrogen as part of the nitrogen cycle. Given that hysteresis results indicate a lack or very
limited amount of total organic nitrogen in the sampled storms (i.e., there was little to no
hysteresis for TON), ammonium concentration in the produced runoff is more likely affecting
the nitrite response.
NO2 generally flushes from the system but has a significantly complex response
(predominantly class 2), suggesting reactivity and/or additional sources during the storm,
Copyright © Lori C. Emler 2021

39

potentially from varied runoff sources. When precipitation exceeds 2.5 cm, NO2 increases from
the initial state in a counterclockwise fashion. The peak in discharge before the peak in NO 2
concentration suggests interaction in the system increases during the event.
The complex and varied hysteresis response of ammonium seems to have some
influence on the complex response of nitrite. In five of the eight sampled storms, the hysteresis
direction of nitrite was consistent with ammonium for HSU. For HSD, the hysteresis direction
for these two solutes was consistent in four of the eight storms. The complex response of NO2
may suggest additional sources of ammonium during a storm from varied runoff sources; as the
ammonium is introduced, the oxidation process producing nitrite is initiated, adding to the
concentration of nitrite produced from previous ammonium sources. Though the overall
response of nitrite is flushing, these changes in concentration complicate the process.
Nitrate
NO3 is counterclockwise in approximately half of the hysteresis analyses. Given that
some events have significantly reduced sediment mobilization and that solute concentrations in
an urban gravel channel respond similarly to an impervious concrete channel, it seems
reasonable to expect that events with little sediment transport NO3 will flush as in a flowthrough system. However, in low intensity events (total precipitation less than 1.3 cm), which
were unlikely to have dramatic sediment transport, NO3 displayed as many clockwise hysteresis
patterns as counterclockwise.
Nearly all the NO3 hysteresis loops were complex rather than having a strong clockwise
or counterclockwise pattern, which suggests that additional sources of NO3 and reactivity within
the channel are primary factors in the hysteresis response. Previous studies have demonstrated
that nitrate in stormwater is often sourced from fertilizers, atmospheric deposition, and
microbial activity, and that nitrate concentrations are consistently higher in urban
environments (Hale et al., 2014). Importantly, the common sources for nitrate in urban
environments are related to the land cover and infrastructure features of urban environments,
not hydrologic factors. Impervious cover increases the hydrological responsiveness of this NO3
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(Lewis and Grimm, 2007). Thus, the heterogeneity of human activity coupled with land cover
likely accounts for the highly varied NO3 hysteresis response between storms.
Non-Purgeable Organic Carbon
Like NO2, NPOC is more often clockwise and indicates flushing from the system. NPOC
has a notably strong flushing response (predominately classes 1 or 5) with infrequent
complexity in the hysteresis loops, suggesting that typically most organic carbon is flushing
through the system and not being made available to fuel biogeochemical reactions. When the
NPOC hysteresis response is counterclockwise, the site tends to have a more counterclockwise
pattern in general for that event, indicating that there is more drainage occurring in the wash
and there is a higher potential for biogeochemical reactions.
Total Organic Nitrogen
The frequent lack of hysteresis for TON suggests that nitrogen is often distributed
among inorganic species. According to the “Build and Flush” hypothesis proposed by Lewis and
Grimm (2007), there is little to no biological processing of atmospheric or intentional N
deposition from semiarid urban surfaces such as roads and xeriscaped yards and public spaces.
When TON does show hysteresis, it is more often counterclockwise, indicating drainage.

Flushing Response in High School Wash
The expectation that the study site would have a predominate flushing response proved
to be only partially correct. The results were more complex and variable. All eight classes of
hysteresis as defined by Table 3 are present in the analysis of High School Wash, though the
majority are clockwise, flushing responses of varying complexity. A consistent exception is TON,
which often displays no hysteresis. These trends have several implications:
1) High School Wash experiences varied sediment responses; sometimes very little
sediment is moved through the channel, and other events resulted in the pressure
transducer needing to be unearthed from several inches of deposited sediment. The
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events with counterclockwise hysteresis are correlated with events that have greater
sediment transport.
2) The mostly gravel channel is acting much like a flow-through system, comparable to a
concrete lined channel. As discharge increases, the concentration of most solutes
decreases, indicating that retention is not significant. This trend in hysteresis patterns
may also be due to the rapidity of monsoon runoff events in semiarid environments; the
reaction time for solutes is limited by storm duration and swift infiltration and
evapotranspiration. Longer duration storm events may produce more complex
responses as the catchment has more time to drain. Though the more complex
clockwise loops suggest the potential of additional sourcing as the catchment drains, the
comparison to a flow-through system generally supports the similarity in solute
concentration responses in gravel versus concrete channels identified by Gallo et al.
(2012).
3) The complexity exhibited in both clockwise and counterclockwise loops for the N species
in each storm, and the fact that no species is purely clockwise or counterclockwise
across all events (including the conservative tracer), is a strong indicator that every
storm is unique in terms of solute transport and evolution responses in an urban
semiarid system.
4) The “Build and Flush” hypothesis proposed by Lewis and Grimm (2007) is a possible
explanation for the varied flushing responses, as it is a model that emphasizes channel
scale processes over catchment scale processes in environments like High School Wash.
Like many semiarid urban channels in the region, the study site has been modified and
heavily impacted by humans, both in terms of urbanization in general as well as
targeted management tactics like green infrastructure. During long dry periods, soils
desiccate in the channel and reduce biogeochemical cycling (Gallo et al., 2012). When
enough rainfall occurs to generate runoff, the solutes are rapidly mobilized and flushed
from the system.

The Watershed Properties of HSU and HSD
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Perhaps the most significant finding of this research is the consistent differences
between the upstream and downstream sampling locations within High School Wash. The
downstream site is consistently more counterclockwise and has more variability in solute
hysteresis results (Table 5). Most counterclockwise results for chloride are in the downstream
site, and when the conservative tracer is counterclockwise, the other solutes were more likely
to display this pattern as well. NO2 behaves similarly in each site, with a frequently complex
clockwise flushing response. NO3 and NH4 are both more often counterclockwise with some
complexity. NPOC is more often strongly clockwise, and when it does display counterclockwise
behavior, it is always complex/figure 8 and decreasing from the initial concentration. TON is
more likely to flush through the downstream site if there is hysteresis, otherwise it is linear.
In contrast, the upstream has significantly more clockwise patterns, implying that
flushing processes are more dominant there. NPOC exclusively flushes through this site. Two
events, near the start of the monsoon season in 2017, display strong counterclockwise
behavior. Otherwise, most solutes in most events are flushing. When counterclockwise results
occur, they tend to be classes 4 or 8, which are not considered complex. Table 7 compares the
hysteresis results by site.
A. HSU
Hysteresis Class
NO3
NH4

Event

Site

Cl

NO2

7/26/2016

HSU

5

6

2

7/31/2016

HSU

5

2

9/28/2016

HSU

2

7/12/2017

HSU

7/19/2017

NPOC

TON

4

5

0

5

6

5

0

6

2

2

5

0

4

4

4

4

2

7

HSU

4

4

4

8

N/A

N/A

8/13/2017

HSU

1

3

5

6

5

4

7/12/2018

HSU

3

2

6

4

5

4

8/24/2018

HSU

6

6

7

6

5

0
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Summary of Site Behavior
Most solutes flush through the site, while NH4 concentration peaked later than the discharge. NO2, NO3, and NH4 have
complexity in the concentration-discharge relationship. The NO3 and NH4 concentrations increase and the other
solutes decrease during the event. Nitrogen is distributed among inorganic species.
All solutes display a flushing response, with complexity in the concentration-discharge relationship for NO2, NH4 and
TON. Nitrogen is distributed among inorganic species.
General flushing response of all solutes, with complexity in the concentration-discharge relationship occuring for all
solutes except for NPOC. NO2 and NPOC concentrations decrease during the event, while the others increase. Nitrogen
is distributed among inorganic species.
For all solutes except NPOC, the concentration peaks occur later than the discharge peak. NPOC has a complex flushing
response. All concentrations increase during the event, except for TON.
For all solutes, the concentration peaks occur later than the discharge peak. No complex responses occurred. NH4
concentration decreased during the event, while the other solute concentrations increased.
General flushing response except for TON, for which the discharge peaked before the solute concentration. NO2 and
NH4 have complexity in the concentration-discharge relationship. Cl, NO2, and TON concentrations increase during the
event, while the other solutes decrease.
General flushing response except for TON, for which the discharge peaked before the solute concentration. All solutes
except NPOC have complexity in the concentration-discharge relationship. Cl, NO2, NH4 and TON concentrations
increase during the event, while the other solutes decrease.
Most solutes flush through the site, while the NO3 concentration peaked later than the discharge. Cl, NO2, NO3, and
NH4 have complexity in the concentration-discharge relationship. All solute concentrations decrease during the event.
Nitrogen is distributed among inorganic species.
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B. HSD
Hysteresis Class
NO3
NH4

Event

Site

Cl

NO2

NPOC

TON

7/26/2016

HSD

4

2

2

4

5

0

7/31/2016

HSD

3

2

3

2

1

0

9/28/2016

HSD

8

1

4

2

7

0

7/12/2017

HSD

5

1

4

2

5

5

7/19/2017

HSD

4

6

3

8

7

0

8/13/2017

HSD

7

7

3

7

7

0

7/12/2018

HSD

6

2

1

1

5

7

8/24/2018

HSD

5

2

4

3

5

6

Summary of Site Behavior
NPOC has a strong flushing response, while the other solutes have a complex concentration-discharge relationship. Cl
and NH4 concentration peaks occurred later than the discharge peak. All solutes concentrations increase during the
event, except NPOC. Nitrogen is distributed amoung inorganic species.
General flushing response except for Cl and NO3, for which the discharge peaked before the solute concentration. With
the exception of NPOC, all solutes display complexity in the concentration-discharge relationship. All solute
concentrations increase during the event. Nitrogen is distributed among inorganic species.
Solute concentration peaks lagged behind the discharge peak of this event for most solutes, while NO2 and NH4 had a
flushing response. For NH4, the flushing had complexity in the concentration-discharge relationship. NPOC also
displayed complexity in the response. NO2, NO3, and NH4 concentration increase during the event, while the others
decrease. Nitrogen is distributed among inorganic species.
Cl, NO2, NPOC, and TON have a strong flushing response. NO3 and NH4 concentrations peaked later than the discharge,
and the NH4 response was more complex. NO2, NO3, and NH4 concentration increase during the event, while the
others decrease.
For all solutes except NO2, the concentration peaks occur later than the discharge peak. NO3 and NPOC have
complexity in the concentration-discharge relationship. Cl and NO3 concentrations increase during the event, while the
others decrease. Nitrogen is distributed among inorganic species.
For all solutes, the concentration peaks occur later than the discharge peak. All solutes display complexity in the
concentration-discharge relationship. Only NO3 concentration decreases during the event. Nitrogen is distributed
among inorganic species.
A flushing response for all solutes, with complexity in the concentration-discharge relationship for Cl and NO2. TON
solute concentration peaks after the discharge. The concentrations of NO2, NO3, and NH4 increase during the event,
while the other solutes decrease.
Cl, NO2, NPOC, and TON have a flushing response, with NO2 and TON displaying complexity in the concentrationdischarge relationship. NO3 and NH4 concentrations peaked later than the discharge, and the NH4 response was more
complex. NO2, NO3, and NH4 concentration increase during the event, while the others decrease.

Table 7: A) Summary of hysteresis results for the upstream sampling site compared to B) the results for the
downstream site.

The hysteresis results between sites disprove the hypothesis that the two sampling sites
would show similar solute concentration behavior given the proximity of the sampling
locations, the same antecedent conditions, and little variation in the total precipitation. Both
sampling locations are within residential neighborhoods and/or commercial development, thus
land use is also consistent. Additionally, both sites have natural channel conditions, with mostly
gravel substrate. The most significant difference between the two sites is that the downstream
sampler is located immediately downstream from a road that crosses over the wash. Beneath
the road are concrete features that support the infrastructure and promote flow through. The
concrete lined section of the channel under the road results in increased discharge velocity,
different imperviousness, and changes in sediment transport rates and pathways.
Though urban gravel channels behave like concrete lined channels in terms of solute
sourcing and retention, it is clear from the changes in solute hysteresis that even the brief
change in the substrate contributes to the alteration of the concentration-discharge
relationship, at least for a short period. The channel characteristics have a more significant
impact on solute hydrochemistry than imperviousness (Gallo et al., 2012). Thus, it is possible
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that the channel experiences some sort of sediment back up when the discharge velocity
reduces over the gravel substrate. There is not a notable increase of counterclockwise or
complex behavior based on precipitation amount, which implies that even small events may
result in lag time in sediment transport when the discharge transitions from higher velocity
over the concrete surface back to the natural gravel channel.
While both the upstream and downstream sampling locations are in residential
neighborhoods and commercial areas, and both are close to two lane roadways, the
downstream site is especially close to the road. Thus, it may be experiencing a change in N
species concentrations at this location due to vehicular traffic. Additionally, the area under the
bridge is commonly occupied by transient individuals for varying periods of time during dry
conditions, which creates an additional anthropogenic point source of N species in the wash.
These factors reinforce the importance of considering the channel versus catchment scale
processes as proposed in the “Build and Flush” hypothesis (Lewis and Grimm, 2007).
The Telescoping Ecosystem Model (TEM) developed by Fisher et al. (1998) highlights the
interaction of subsystems within a stream. Multiple flow paths exist between the surface water,
parafluvial, and hyporheic regions in a channel, and exchanges and interactions between these
regions include solutes as well as water. This model emphasizes the heterogeneity of solute
interactions because of the interconnected subsystems and notes the influence of disturbance
on a stream. Arid and semiarid regions are subject to extreme disturbance in the form of
intense, rapid rainfall events. Given that this study exclusively focuses on such events, the TEM
is a viable model to assist in explaining the diverse hysteresis response of High School Wash.
The processing length, the distance in the channel required for biogeochemical processes,
expands or contracts in response to disturbance. Disturbance can include total precipitation,
discharge, changes in flow rate over varied surfaces, and heterogenous anthropogenic solute
sources. The difference between the hysteretic responses of each site and between storms
within the same monsoon, even when occurring only days apart, year speaks to the rapid
expansion and contraction of the system. The differences between HSU and HSD suggest that
processing times change between the two sites due to changes in how the subsystems interact
in each area.
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CONCLUSION

The hysteresis analysis of the semiarid urban watershed of High School Wash
demonstrates that solute concentration-discharge relationship is highly variable among
monsoon events within the same season and from year to year. Additionally, a high degree of
variability is present within the same channel as discharge transports sediment and solutes over
changing substrate present due to active management of the watershed and flooding
mitigation.
In general, the monsoon season solute transport mechanism is predominately flushing,
in which the gravel substrate channel acts generally like a flow-through system. However, the
hysteresis loops often show a degree of complexity or figure eight behavior, suggesting
additional runoff sources and/or changes in the flow path. When a large amount of sediment is
transported through High School Wash, particularly with precipitation events exceeding 2.5 cm
in total, the discharge peaks prior to the solute concentrations, indicating possible
hydrochemical interaction and/or sediment backlog where the channel changes from concrete
back to natural substrate downstream of the roadway. Additionally, the proximity of the
downstream sampling site to the road may also be subject to higher concentrations of N
species from vehicular traffic and/or homeless activity.
As in previous studies, the hysteresis analysis presented here emphasizes that the
response, transport, and evolution of N species does not respond in the same manner for any
two storms or even for any two points along the same channel during the same storm. The
amount of sediment being transported through the channel clearly plays a role in determining
the fate of N species in this watershed, and more research is needed to quantify this effect.
Additionally, it would be extremely useful to perform a similar hysteresis and sediment
transport analysis during the longer duration, lower intensity winter storms that the watershed
also experiences. Given the high degree of variability among monsoon storms, it is expected
that watershed water quality management would need to develop seasonal strategies based on
the transport and evolution differences of N species. Hysteresis analysis can provide useful
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insight into the broad scale characteristics of semiarid urban watersheds and help develop a
better understanding of solute transport characteristics and responses to disturbance alongside
future research.
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APPENDIX A
Appendix A provides the hydrograph, solute concentration over time, and solute concentration compared to NPOC concentration for
each site per rainfall event.
Event

Site

7/26/2016 HSU

HSD
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7/31/2016 HSU

HSD

9/28/2016 HSU
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HSD

7/12/2017 HSU

HSD
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7/19/2017 HSU

HSD

8/13/2017 HSU
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HSD

7/12/2018 HSU

HSD
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8/24/2018 HSU

HSD
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APPENDIX B
Appendix B provides the hysteresis plots for each solute for the upstream and downstream sampling sites during each rainfall event.
Directionality of the hysteresis loop is indicated by the sample time color overlay (purple being the earliest measured sample and
red being the latest measured sample).
Event

Site

Cl-

7/26/2016

HSU

HSD

9/28/2016

7/31/2016

HSU

HSD

HSU
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NO2

NO3

NH4

NPOC

TON

54
HSD

7/12/2017

HSU

HSD

8/13/2017

7/19/2017

HSU

HSD

HSU
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HSD

7/12/2018

HSU

HSD

8/24/2018

HSU

HSD
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APPENDIX C
Appendix C provides discharge and solute statistic for all three sample years (2016 – 2018) for each sampling site.

High School Wash Upstream (HSU) Statistics:
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High School Wash Downstream (HSD) statistics:
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APPENDIX D
Appendix D provides solute statistics for each site during each rainfall event.

High School Wash statistics by site and event:
7/26/2016 HSU
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7/26/2016 HSD
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7/31/2016 HSU
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7/31/2016 HSD
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9/28/2016 HSU
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9/28/2016 HSD
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7/12/2017 HSU
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7/12/2017 HSD
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7/19/2017 HSU

Copyright © Lori C. Emler 2021

67

7/19/2017 HSD
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8/13/2017 HSU
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8/13/2017 HSD
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7/12/2018 HSU
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7/12/2018 HSD
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8/24/2018 HSU
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8/24/2018 HSD
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