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Abstract 
In arid and semi-arid environments such as the southwestern United States, water availability is 

the limiting factor in the stability and growth of environmental and human systems. This project 

addresses a fundamental challenge of cities located in semi-arid urban environments, where 

water managers must address the paradoxical issue of both drought and flooding. To address 

these challenges, cities such as Tucson, Arizona are implementing solutions such as green 

stormwater infrastructure in a decentralized manner throughout neighborhoods as street-scale 

basins and curb cuts with the goals of harnessing additional sources of water for societal use, 

reducing flood control issues, offsetting potable water use, and reducing urban heat island 

impacts.  

 

Taking advantage of the City of Tucson, Arizona as a living laboratory, this observational study 

investigates the opportunities and influence of green stormwater infrastructure on stormwater 

runoff and biogeochemical cycling on the urban subwatershed (neighborhood) scale via the 

development and analysis of runoff and hydrochemical datasets typically underrepresented in 

semi-arid urban environments, using a paired watershed study design. This project also invokes a 

coupled natural-human systems lens to characterize and evaluate the motivation, potential, and 

evolution of green stormwater infrastructure in Tucson.  This study highlights the difficulties in 

assessing small-scale decentralized features influence on runoff responses in semi-arid urban 

watersheds with many complex and interacting landscape factors. The magnitude of differences 

of runoff response between the paired watersheds compared to the range of current green 

stormwater infrastructure implementation levels indicates there is likely a higher order control on 

this runoff response such as unlined channel reach between monitoring sites. Despite the short 

duration of storm runoff and the small watershed size, it appears that biogeochemical 

transformations like rapid soil microbial activity and respiration alter solution chemistry during 

episodic runoff.  In addition,  solute sourcing to runoff within the watershed area to the stream 

reach appear to contribute to changes in solution chemistry through solute additions. 

Investigations into the natural-human system of GSI in dryland cities describe a system in which 

a range of perceived benefits motivate a diverse set of stakeholders to collaborate and experiment 

with GSI implementation, leading to iterative changes in ecosystem provisioning and social 

learning.  
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Chapter 1: Introduction 
 
In arid and semi-arid environments such as the southwestern United States, water availability is 

the limiting factor in the stability and growth of environmental and human systems. In Southern 

Arizona, flooding events interrupt periods of dryness, resulting in complex challenges related to 

moderating hydrologic extremes for water managers and regional utilities that are intensified by 

population growth and climate change impacts (Elder & Gerlak, 2019; Grimm et al., 2008; 

Norman et al., 2009; Walsh et al., 2005). To address these water management issues that are 

tightly coupled to urban land use, cities in arid and semi-arid regions are dedicating efforts to 

holistic water management that include beneficial use of stormwater via the use of green 

stormwater infrastructure (Daigger et al., 2019; Marlow et al., 2013; McPhillips & Matsler, 

2018). Broadly, green stormwater infrastructure (GSI) includes a set of practices that utilize 

vegetation, soils, and other ecological systems to alter the movement, detention, retention, and 

infiltration of stormwater to minimize adverse water quality, quantity, and water resource 

challenges in cities (Geberemariam, 2017; Lieberherr & Green, 2018). GSI can encompass 

several different practices including “passive” systems such as bioswales retention and detention 

basins green spaces, wetlands, green roofs, permeable pavements and deep infiltration wells that 

are implemented to reduce flooding, improve water quality, to retire more natural stream flow 

conditions, or to reduce the use of potable water for irrigation purposes (Jiang et al., 2015; 

Matsler et al., 2021; Prudencio & Null, 2018).  

 

Implementation of GSI has increased in semi-arid cities such as Tucson, Arizona; however, the 

data-limited nature of semi-arid urban areas hinders the ability of scientists to assess water 

redistribution at the catchment scale, or hydrologic responses and shifts in solute transport 

resulting from GSI implementation upon catchment. Few empirical studies have been conducted 

on the hydrological impacts of green stormwater infrastructure basin networks at the catchment 

scale (Bell et al., 2016; Bhaskar et al., 2017; Jarden et al., 2016). Of the limited studies that have 

assessed catchment scale effects of green stormwater infrastructure implementation, focus has 

been on paired watersheds (e.g. Dietz & Clausen, 2008; Hager et al., 2017) or are typically 

conducted using spatial, stream gage, and/or water quality data provided by municipalities and 

government agencies (e.g. USGS; Bell et al., 2016; Pennino et al., 2016). Difficulties in 
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conducting urban hydrologic studies arise from a lack of availability of reliably collected data at 

small spatial and temporal resolution, highly spatially heterogeneous land uses in urban 

environments, and the issue of “scale effects” due to the description of catchments at a variety of 

levels, varying from: the lot level, street level, and neighborhood levels to the watershed level 

(Delleur, 2003; Niemczynowicz, 1999; Schirmer et al., 2013). 

 

This study uses the City of Tucson as a strategic and living laboratory to understand how 

stormwater runoff is distributed throughout arid and semi-arid urban landscapes in order to 

provide emergent ecosystem services. Observational information was developed to understand 

the influence of GSI performance in terms of influence upon watershed responses (runoff, solute 

transport) in semi-arid urban environments to advance scientific understanding and address 

policy-relevant questions in the region. In addition to developing scientific understanding of 

urban hydrological processes, this study characterizes socioecological linkages between 

scientific knowledge of natural system processes and local governance via a coupled-natural 

human systems framework focused on GSI implementation and performance. Research questions 

aligned with the objectives of this study are summarized below. 

 

Research Questions 
RQ1. How does degree of GSI implementation alter hydrologic responses at neighborhood 

scale? 

 

RQ2. How do water quality and solute dynamics during storm runoff compare across 

subwatersheds with distinct stream channel characteristics? 

 

RQ3. How do interactions and feedbacks between the hydrologic and social context of GSI in 

semi-arid cities affect GSI implementation? 

 

To address research questions RQ1 and RQ2, this study developed and analyzed multi-year 

observational datasets of hydrologic and material fluxes that include conservative tracers and 

biogeochemically active compounds in nested watersheds located within Tucson, Arizona. The 

research questions RQ1 and RQ2 are summarized in Chapters 2 and 3, respectively. To address 
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RQ3, this study coupled physical field surveys and hydrologic data sets with stakeholder survey 

data, analyses of local governance attitudes towards GSI, and GSI collaboration case studies.  

The research question RQ3 is summarized in Chapter 4 via an interdisciplinary synthesis of the 

coupled-natural human system specifically addressing GSI in Tucson, Arizona. An overall 

summary of results and findings, with suggestions for future work, are summarized in Chapter 5 

in the form of dissertation conclusions. By addressing fundamental questions of hydrologic and 

biogeochemical processing in semi-arid regions, and linking these processes with the broader 

social context that includes activity in the form of social interaction and governance, this study 

aims to improve understanding of the potential benefits and performance of GSI that can be 

translated to additional arid and semi-arid regions grappling with multi-dimensional water 

sustainability questions.   
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Chapter 2: Hydrological Evaluation of Influence of Green Stormwater 
Infrastructure on Neighborhood-Scale Semi-Arid Nested Catchments 

 

Abstract 
The objective of this study was to understand the cumulative impact of green stormwater 

infrastructure (GSI) installation upon hydrological response in semi-arid urban neighborhoods, 

as a function of the magnitude of wetting events, urban landscape characteristics (including 

imperviousness and road metrics), and GSI implementation levels via the observation of two 

separate (paired) nested catchments. Nested catchments displayed coherence between upstream 

and downstream subcatchments in terms of runoff response (peak discharge, runoff volume, 

runoff ratio) based on slope significance and correlation coefficients of linear regressions. Data 

had high variability with bias towards small precipitation and runoff events. Significant 

differences observed between the two paired catchments in peak flow and volumes point to 

larger scale influences such as stream channel characteristics.  natural channel design (aka 

unlined channel) compared to impervious, concrete channels. This study highlights the 

difficulties in assessing the impact of small-scale decentralized GSI features on runoff responses 

in semi-arid urban watersheds with many complex and interacting landscape factors. 

Recommendations for increasing the watershed-scale runoff influence of GSI include 1) 

increasing GSI implementation within catchments (beyond maximum in observed watersheds) 

and 2) consideration of pervious channels as GSI that can promote infiltration and channel 

transmission losses in arid and semi-arid systems.  

 

2.1. Introduction  
Interventions in the form of green stormwater infrastructure (GSI) have been increasing in semi-

arid cities such as Tucson, Arizona where the annual bimodal rainfall distribution creates an 

opportunity to supplement local water resources and mitigate wet weather impacts (Elder & 

Gerlak, 2019; Yang & Li, 2013).  Installation of GSI requires fewer disturbances than an upgrade 

of traditional stormwater management infrastructure, occurring within interstitial urban spaces 
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and corridors throughout cities such as roadways (Gill, Handley, Ennos, & Pauleit, 2007; Martin-

Mikle et al., 2015).   

 

A number of modeling and empirical studies have investigated the combined influence of a GSI 

network with no clear consensus with regards to performance in reducing stormwater quantity 

(e.g. peak flows, runoff volumes) or pollutants as summarized in multiple reviews (Eckart et al., 

2017; Jefferson et al., 2017; Sohn et al., 2019). There is a limited but growing number of 

empirical, observational catchment scale studies assessing the cumulative hydrological impacts 

of GSI networks. These studies can be difficult to translate across scales, environments, and 

varying GSI definitions. Study design is a crucial factor for assessing cumulative impacts of GSI 

installations on an aggregate level, with many studies adopting before-after-control-impact 

(BACI) or paired watersheds study designs (Dietz & Clausen, 2008; Hager et al., 2017; Jarden et 

al., 2016; Li et al., 2017; Selbig & Bannerman, 2008). Observational studies often experience the 

added difficulty of separating the effect of GSI implementation from confounding factors such as 

the separation of innate watershed characteristics and impacts from urbanization that arise in the 

comparison of geographically separate watersheds (C. D. Bell et al., 2016; Eckart et al., 2017; 

Jarden et al., 2016; Jefferson et al., 2017; Li et al., 2017; Sohn et al., 2019). Despite the 

complexities of observational studies, it is important to compile observational data that accounts 

for and integrates the confounding factors of real-world environments to support the evolution of 

planning and design of GSI installation efforts and support stormwater modeling efforts by 

developing datasets for model calibration and parameterization.  

 

Limited observational, catchment-scale studies have been conducted in semi-arid urban 

environments to assess the cumulative influence of GSI on hydrological response (Jefferson et 

al., 2017). This lack of studies can be generally attributed to the ephemeral nature of stormwater 

generation and runoff, as well as the lack of robust monitoring networks;  many catchment scale 

studies conducted in temperate and humid regions invoke spatial, stream gage, and/or water 

quality data provided by municipalities and government agencies that are limited in semi-arid 

urban environments (C. D. Bell et al., 2016; Jefferson et al., 2017; Loperfido et al., 2014; 

Pennino et al., 2016; Selbig & Bannerman, 2008). Regional studies report the runoff response of 

watersheds are primarily affected by urban landscape, rainfall, and watershed characteristics 
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such as watershed size, total imperviousness, and road density (Gallo et al., 2013a; Goodrich et 

al., 1997; Renard et al., 1993). It has been established that in semi-arid regions there is a 

decreasing runoff response with increasing watershed size in undeveloped catchments due to the 

strong effects of channel transmission losses that occur as the flood wave moves through 

unsaturated ephemeral channels (Goodrich et al., 1997; Renard et al., 1993).    

2.2. Study Description 
The objective of this study was to understand the cumulative impact of GSI installation upon 

hydrological response in semi-arid urban neighborhoods, as a function of the magnitude of 

wetting events, urban landscape characteristics (including imperviousness and road metrics), and 

GSI implementation levels. Specifically, this study sought to (a) compare changes in 

hydrological response in nested subcatchments that bound a region of GSI implementation to 

characterize catchment-scale influence of GSI implementation; and (b) identify catchment 

characteristics that influence runoff response across the monitored urban catchment. Urban 

stormwater management practices can vary widely in definition and design, this study is focused 

on passive GSI practices installed along or within roadways to detain, retain, and/or infiltrate 

stormwater runoff, specifically small bioretention and bioretention basins. 

 

2.2.1 Study Region  
This study took place in the Tucson Metropolitan area located in Southeastern Arizona, USA. 

This area is an urbanized region located within the alluvium-filled Tucson Basin. The Tucson 

Basin lies within the Basin and Range physiographic province of southern Arizona and is 

bounded by the Santa Catalina, Rincon Mountains, Tucson, and Santa Rita Mountains 

(Ludington et al., 2007; Wilson et al., 1998). This semi-arid region experiences a mean annual 

temperature of 20.2° C and mean annual precipitation (MAP) of approximately 270 mm per year, 

while potential evapotranspiration is approximately 1,960 mm in the region (National Weather 

Service, n.d.; Wilson et al., 1998). Rainfall is generally distributed between two distinct rainy 

seasons: the summertime North American Monsoon and the winter rainy season. The summer 

monsoon season is characterized by tropically derived, highly localized, intense convective 

rainfall events that deliver approximately 52% of MAP from June to September. The winter 

rainy season is characterized by pacific frontal systems that deliver 28% of MAP in longer, less-

intense events with broader spatial distribution. The spring (March through May) and fall 
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(October through November) seasons are usually characterized by dry periods that can 

experience occasional rainfall as a result of lingering winter frontal storms in the spring or 

dissipating tropical cyclones in the fall (Gelt et al., 1999; Pool, 2005; Wilson et al., 1998). 

Stream channels in the region are dry for most of the year and experience flow as a result of 

rainfall and snowmelt. Significant infiltration losses observed from stream channels may 

contribute to groundwater recharge (Hoffmann et al., 2007; Pool, 2005).  

 

The stormwater drainage system in the City of Tucson is comprised of streets that convey 

surface runoff to a subsurface stormwater drainage network and open ephemeral stream channels 

(Korgaonkar et al., 2021).  There are no dry weather flows in these ephemeral stream channels, 

and no combined sewer and stormwater infrastructure. 

 

2.3. Methods 

2.3.1  Site Characterization 
This study monitored two separate (paired) catchments with two nested subcatchments withing 

each to investigate the cumulative, catchment-scale influence of small-scale GSI implementation 

at the neighborhood-level. A nested approach was used to reduce confounding results that can 

arise in the comparison of geographically disparate paired watersheds (Scarlett et al., 2019). The 

nested watershed design involved an upstream/downstream study design with an upstream area 

with no or less green stormwater infrastructure implementation (“control”) and a downstream 

portion with relatively high green stormwater infrastructure implementation (Figure 2.1). This 

monitoring approach was deployed in the High School Wash (Watershed 1) and the Bronx Wash 

(Watershed 2) located in central, urbanized City of Tucson. Both washes are channels that 

experience ephemeral flow in response to rainfall and drain primarily urban residential areas 

(single and multifamily housing). Watershed 1 also drains the southern portion of the University 

of Arizona campus, while Watershed 2 drains a portion of a commercial development. The 

control portion of Watershed 2 had no recorded GSI sites, while the control portion of Watershed 

1 was recorded to have 34 out of 162 recorded sites (Table 2.1). The stream channel between the 

upstream and downstream monitoring locations is primarily comprised of an channel with 

earthen substrate that allows for runoff infiltration (91%) in Watershed 1, and a concrete lined 

channel that does not allow for runoff infiltration in Watershed 2. 
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In order to delineate and characterize the study catchments, spatial information in the form of 

LiDAR data and land cover data was obtained from local agencies (Pima County Regional Flood 

Control District). Study partners provided watershed boundaries that LiDAR-derived digital 

elevation models (DEMs) that were developed using the AGWA Urban tool within the 

KINEROS2 model with 0.5 m resolution in combination with the City of Tucson stormwater 

drainage network (Korgaonkar et al., 2018, 2021). Counts of the number of GSI sites in each 

subcatchment and road length were normalized by watershed and were used as a measure of 

spatial decentralization of GSI practices. Land cover data and road shapefiles used to calculate 

metrics characterizing urbanization within the catchments were acquired from Pima County and 

the City of Tucson (Table 2.1). 

Figure 2. 1 Map of a) Watershed 1 and 2) Watershed 2 boundaries within Tucson, AZ.  Points represent GSI features located on 

roadways that were identified during field reconnaissance. Shaded areas delineate the “upstream” monitored watershed areas, 

and areas bounded by the solid line represent the total or “downstream” watershed areas.  

 
 

GSI implementation within monitored catchments was primarily characterized via field 

reconnaissance which was used to develop GSI counts and dimensional characteristics. This 

study located and measured passive practices installed along or within roadways to detain, retain, 

and/or infiltrate stormwater runoff (Figure 2.2). These decentralized features are small in area 

and volume compared to areas drained by regional waterways (0.03-0.06%) though they 

represent neighborhoods with notable initiative and/or investment related to GSI installation. 

Roadways are used as primary stormwater conveyance features in the City of Tucson. GSI 

features located on private property were not captured by the field reconnaissance. Metrics 

developed to characterize GSI installation (GSI area, GSI sites) were normalized by watershed 

area and road length to compare features between watersheds.  
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Figure 2. 2 Types of GSI installed in residential areas in Tucson, Arizona. These features capture stormwater runoff that flows 

alongside or within roadways during episodic rainfall-runoff events, and are often used to support vegetation growth.  

 
 

Table 2. 1 Watershed characterization including landscape and GSI metrics. Standard error of GSI dimensions recorded during 

field reconnaissance are included in parentheses.  

Metric Description 
Watershed 1 Watershed 2 

Upstream Downstream Upstream Downstream 

Drainage Area (km2) 
Total watershed area 

2.3 3.6 0.38 0.98 

Total channel length 
(km)  

Total length of channel to 
monitoring point  2.28 3.34 0.67 1.49 

Percent Unlined 
Channel  

Percent of unlined channel 
along channel length  0.89 0.90 0 0 

Percent Unlined 
between Nested Sites 

Percent of unlined channel 
between upstream and 
downstream monitoring 
point 

0.91 0 

TI (%) 
Total imperviousness (total 
impervious area/total area) 0.50 0.55 0.61 0.53 

Mean GSI Dimension 
L/W/D (m/m/m) & 
(standard error) 

Mean dimensions of GSI 
features measured 7.4/1.8/0.17  

(+/- 1.4/0.2/1.9) 
7.5/1.9/0.16 

(+/- 0.5/0.1/0.4) 

0 
4.5/1.8/0.29 

(+/- 0.7/0.1/0.5) 

GSI Sites N recorded GSI sites during 
field reconnaissance  

34 162 
 

47 

Cumulative GSI Area 
(m2) 

Cumulative area of GSI 
features measured 652  2067 

0 
392 

GSI Density (sites/ km2) 
Total number of discrete GSI 
sites observed/total 
watershed area 

14 45 
0 

53 

GSI Area: Watershed 
Area  (%) 

Cumulative GSI Area/total 
drainage area 0.03 0.06 

0 
0.05 
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2.3.2. Rainfall Characterization 
Rainfall in the study region can be highly spatially and temporally heterogeneous, and is best 

characterized by observations with a high spatial density (Gallo et al., 2013a; Garcia et al., 2008; 

Goodrich et al., 1997, 2008; Pool, 2005). This requirement is amplified by the relatively small 

sizes of catchments monitored in this study.  Ground observations of daily rainfall totals were 

obtained from the Rainlog.org citizen science network. This rainfall source was chosen due to its 

high spatial resolution compared to local rain gauge networks (e.g. Pima ALERT system) and 

NEXRAD data. Daily rainfall totals reported by Rainlog.org gauges that were located within 3.5 

km of the watershed boundary (Figure 2.3) were spatially interpolated using inverse-distance 

weighting method with a power of 3 (ArcMap 10.6.1), in accordance with previous studies 

conducted in the region (Gallo et al., 2013b; Garcia, Peters-Lidard, & Goodrich, 2008). This 

interpolation was conducted in order to develop representative daily rainfall values within the 

watershed boundaries for each site. Rainfall intensity was not available through the Rainlog.org 

database and was not directly included as a metric in this study. Rainfall events were categorized 

based on seasonality of rainfall and the quantile distribution of rainfall depth across sites for use 

in data analyses (Table 2.2). Seasonality was defined broadly within two seasons: events that 

occurred between June through October were characterized as “Summer/Fall” events driven by 

monsoonal thunderstorms and dissipating tropical cyclones, while events that occurred from 

November through May were characterized as “Winter/Spring” storms driven by frontal and 

cutoff low-pressure systems (Pool, 2005).   

 

Figure 2. 3. Locations of Rainlog.org locations (yellow dots) used in rainfall interpolations in relation to watershed boundaries. 
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Table 2. 2. Rainfall Event Categorization for Monitoring Events in which Runoff was Recorded 

Rainfall 
Category 

Precipitation 
Range (mm) 

n Events 
Summer/Fall  

n Events 
Winter/Spring  

n Events 
Watershed 1  

n Events 
Watershed 2  

(A) Low 2.26-6.38 13 3 15 1 
(B) Low – Med 6.54-10.14 11 6 10 7 
(C)Med - High 11.28-18.30 10 7 12 5 
(D) High 19.02-55.84 11 5 9 7 

 

2.3.3. Runoff Data Collection 
Stage data were collected in discontinuous, seasonal intervals from July 2016 through April 

2019. A vented pressure transducer (Teledyne ISCO, Flow Module 720) with a data logging rate 

of 1 stage height observation per minute (Figure 2.4) was installed at the outlet of each nested 

catchment (n=4). 

 

Due to the ephemeral nature of streamflow and the dangers associated with urban debris present 

during episodes of flow, stage-discharge rating curves were generated using Manning’s equation 

(Equation 2.1) to calculate instantaneous discharge (Q; m3/s) where R is the hydraulic radius 

(m2), A is the cross-sectional area of flow (m), s is the energy slope, and n is the roughness 

coefficient. Channel survey data collected at monitoring locations in July 2017 was used as input 

for Manning’s equation parameters. Three of the monitored sites had outlets comprised of 

concrete trapezoidal channels and one site had an outlet comprised of a concrete box culvert 

(Watershed 1 – Downstream). The pressure transducers were bolted onto these concrete 

structures to prevent shifting positions of the monitoring equipment during runoff. Stage heights 

recorded at or above 1 cm (0.010 m) were included in analyses based on laboratory testing of 

instruments.  

 

   

Equation 2.1. 

 

 

 

3 2A R SQ
n

=
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Figure 2. 4. Examples of paired runoff event hydrographs from August 24, 2018 event. Each point represents runoff data 

collected at 1-minute intervals. Light blue points represent upstream locations and dark blue points represent downstream 

locations. 

 

 

Storm runoff events occur in response to rainfall in the monitored ephemeral channels. Runoff 

events were summarized into daily runoff totals to allow comparison to daily rainfall events. 

Storm-runoff volumes were calculated via the summation of 1-minute instantaneous discharge 

calculations over the duration of the runoff event. Runoff response metrics of interest were 

runoff ratio, normalized peak discharge (cm/s), and runoff depth (mm). Peak discharge and 

runoff volume were divided by watershed area to calculate normalized peak discharge (NPQ) 

and runoff depth (Qdepth) to allow comparisons of hydrological response between watersheds. 

Runoff ratio (RR) was calculated as runoff depth (Qdepth) divided by the depth of precipitation 

(Pdepth) over the watershed area.  

 

2.3.4. Statistical Analyses 
Statistical analyses were performed using JMP (SAS Institute Inc. JMP 14.0.0). Upstream sites 

are considered “control” sites while downstream sites represent the “total” or aggregate of the 

control and treatment drainage area. Runoff characteristics were log-transformed and tested for 

normality using the Shapiro-Wilk test. Due to the lack of consistent normality across all 

monitored sites, nonparametric tests were used for data analyses in which distributions were 

compared. The influence of seasonality upon linear regressions and distribution comparisons was 

also assessed across paired events by grouping runoff events that occurred in the Summer/Fall 

season and in the Winter/Spring season as described in Section 2.3.2.  Runoff response was 
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compared across nested watershed sites (a) across paired watersheds (e.g. Watershed 1 vs 

Watershed 2) and (b) within watersheds (e.g. upstream vs downstream).  

 

Paired runoff events for which runoff was recorded at both the upstream and downstream 

monitoring location were used to compare runoff responses between nested sites via linear 

regressions and the calculation of differences of stormwater runoff volumes and peak flows. 

Runoff volume differences and peak flow differences were compared across paired watersheds, 

while linear regressions (x = upstream, y = downstream) were developed for runoff depth, 

normalized peak discharge, and runoff ratios using upstream versus downstream data to 

characterize the differences in runoff response within nested catchments. Slopes of regressions 

were compared across paired watersheds to compare runoff responses of above/below nested 

sites across seasons.   

 
2.3.4.1. Runoff comparison of nested catchments 
Paired runoff events were used to calculate the difference in runoff volume and normalized peak 

discharge between the upstream and downstream sites. These metrics were calculated to assess 

whether runoff “flashiness” (peak flow, volumes) were higher/lower at the downstream locations 

that account for a “treatment” area. These differences, denoted as Vdu (Vdown-Vup) and NPQdu 

(NPQdown-NPQup), were normalized by the difference in watershed area between the two nested 

sites as the watershed area bounded by the upstream and downstream location was not consistent 

across Watershed 1 and Watershed 2. Differences were  compared across paired watersheds 

using the nonparametric analysis of variance (ANOVA) on ranks test, also known as the 

Kruskal-Wallis test, which was also used to assess differences in the populations of runoff depth, 

normalized peak discharge, and runoff ratios for paired runoff events within watersheds 

 

Linear regressions were developed for runoff depth, normalized peak discharge, and runoff ratios 

using upstream(x) versus downstream (y) data to characterize the differences in runoff response 

within nested catchments. Features of linear regressions, including slopes and measures of fit 

(e.g. correlation coefficient), were used to infer on the predictive relationship of the unit response 

of downstream sites compared to upstream sites. Data were transformed to values above 1 via the 

calculation of runoff ratio as percent values and values of runoff depth and peak discharge were 
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transformed by a simple consistent addition of one (+1) to values. Values were then log-

transformed to develop regressions.  

 

2.4.  Results 
A total of 66 paired runoff events were recorded across the study period, with the majority of 

events recorded in Watershed 1 (46/66 events) and in the Summer/Fall season for both 

watersheds (45/66 events), as summarized in Table 2.3. Distinctions reported for Watershed 2 in 

the Winter/Spring are partially influenced by the low n of values reported for Watershed 2 in this 

season (5 paired events).  Six runoff events1 that occurred in Watershed 1 were calculated to 

have a runoff ratio approximately or larger than 1 (0.99-1.39) that were observed to occur during 

the intense, localized summer events, and primarily occurred in the upstream/control region 

(5/6). This result is attributed to uncertainty of precipitation values due to the spatial variability 

of precipitation, spatial disperse network of precipitation data, and the small size of the study 

watersheds. These values were removed from calculations due to their lack of reliability and 

physical impossibility. Hydrologic data collected from the monitored watersheds were 

summarized via distributions of runoff differences across nested sites, within nested sites, and 

via linear regressions.  

 

 

 

Table 2. 3. Event summary of paired runoff events captured in monitoring conducted within this study. 

Site 

n 

Paired Runoff Events  

(n Summer/Fall Events,  

Winter/Spring Events) 

  

Range Event 

Rainfall 

Max Total 

Runoff Depth 

Max Peak 

Q 

 

Range Normalized 

Peak Q 

mm mm 
m!

s  
"!

($∙&'")  

W1-U 
46 (30, 16) 

2.0 - 52.6 35.8 21.4 9.2 x 10-6 -8.6 x 10-3 

W1-D 2.5 - 59.1 24.3 47.2 4.7 x 10-6 -1.3 x 10-2 

W2-U 
20 (15, 5) 

3.1 – 36.1 10.2 2.4 1.2 x 10-5 -6.3 x 10-3 

W2-D 2.5 – 39.9 7.6 6.2 4.5 x 10-5 -7.1 x 10-3 

 

 
1 August 21, 2016; September 1, 2018; September 2, 2018; October 7, 2018, October 13, 2018; October 15, 2018 
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2.4.1 Runoff Differences Across Paired Watersheds 

The primary difference observed between nested sites across paired watersheds was differences 

in runoff volume (Vdu = Vdown – Vup) calculated for runoff events in which data was recorded at 

both the upstream and downstream site (Figure 2.5). Parameter estimates of Vdu were found to be 

significantly different (p<0.01) across annual and seasonal comparisons of Watershed 1 to 

Watershed 2 using ANOVA on ranks testing. Decreases in total flood volumes at the 

downstream site relative to the upstream site (considered as negative values of Vdu) were 

observed to account for almost 80% of recorded paired flood events (36/46 events) within 

Watershed 1, with all events displaying negative volumes in the winter/spring season (16/16 

events), and the majority (67%) of summer/fall events following the same pattern (20/30 events). 

In contrast, negative runoff volumes accounted for 10% of paired runoff events in Watershed 2 

(2/20 events), with one event recorded in the summer/fall season (15 total events) and in the 

winter/spring season (5 total events). 

 

Distributions of event runoff volume difference estimates displayed varying patterns across 

paired catchments across rainfall regimes.  ANOVA on ranks testing was not sufficient to 

capture population differences across rainfall regimes due to the low n of values captured in 

Watershed 2. A review of distributions indicates a pattern in which Vdu values have increased 

magnitude and spread with increasing rainfall in Watershed 2, while Watershed 1 appears to 

have increasing spread but both positive and negative values for Vdu reported with increasing 

rainfall.  

 

Figure 2. 5. Difference in volume (Vdownstream-Vupstream) exported between nested sites during paired runoff events. Volumetric 

differences are normalized by total watershed area to allow comparison between paired watersheds across seasons. Significant 

differences were observed across annual and seasonal populations between Watershed 1 and Watershed 2.  
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Peak flow differences, represented by estimates of NPQdu, followed a different pattern in which 

populations of annual and summer/fall event values were not statistically different (Figure 2.6) 

between catchments.  Distributions across the Winter/Spring season were found to be statistically 

different between catchments (p<0.01). Decreases in peak flow downstream relative to upstream 

(considered as negative values of NPQdu) were observed to account for almost 85% of recorded 

paired flood events (39/46 events) within Watershed 1, with all events displaying negative 

NPQdu values in the winter/spring season (16/16 events), and the majority (77%) of summer/fall 

events following the same pattern (23/30 events). Watershed 2 displayed attenuated peak flow 

downstream relative to upstream sites in 60% of paired runoff events in Watershed 2 (12/20 

events), with 67% of values reported negative in in the summer/fall season (10/15 total events) 

and 40% of recorded events in the winter/spring season (2/5 total events). Across rainfall 

regimes, both watersheds displayed increasing range and magnitudes of distributions in the 

Summer/Fall season and minimal ranges in the Winter/Spring seasons, which aligns with the 

flashy nature of runoff derived from monsoonal precipitation in the summer compared to the 

frontal storms that generate winter runoff.  

 

Figure 2. 6. Distributions of peak flow differences of nested sites (NPQdu) of paired watersheds across seasons. Significant 

differences were only observed between Watershed 1 and Watershed 2 in the Winter/Spring season.  

 

 
2.4.2. Distribution of Runoff Responses of Nested Sites Within Watersheds   
The distribution of runoff responses of upstream sites generally had larger ranges and 

magnitudes that downstream locations, which had elevated hydrologic responses captured as 

outliers (Figure 2.7). The upstream Watershed 1 monitoring location reported a large range of 

runoff depth (0.03-35.84 mm) and the largest interquartile range of runoff ratio (0.32), as the 
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downstream location had the largest overall range in runoff ratio (0.82) with the larger events 

captured as outliers with an interquartile range of 0.16. Results of one-way ANOVA ranks tests 

on upstream and downstream runoff depth and runoff ratio (considered as control-treatment 

pairs) at Watershed 1 indicate significant differences across nested sites annually and across both 

seasons (p< 0.05), while normalized peak discharge was significantly different between sites 

annually and in the winter/spring season with the upstream site reporting a larger range (p< 

0.05). Normalized peak discharge was not significantly different in the summer/fall season in 

Watershed 1. There were no significant differences in the runoff response metrics in Watershed 2 

in any of the seasons assessed (p > 0.05).  

 

Figure 2. 7. Distributions of runoff responses across nested sites. No significant differences were observed between nested sites 

in Watershed 2 across metrics and all seasons of interest (annual, summer, winter). Populations of runoff depth and runoff ratio  

1 were significantly different between the upstream and downstream site in Watershed 1, while peak discharge was only 

significantly different in Watershed 1 in the winter/spring season. Populations were not significantly different between 

upstream and downstream sites in Watershed 2 across response metrics and seasons.  
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2.4.3. Regressions of Paired Runoff Events Indicate High Coherence Among Nested Sites Within 
Watersheds 
Linear regressions between upstream (x) and downstream (y) sites were used to assist in the 

evaluation of a specific region of increased neighborhood GSI implementation in the catchment 

area between the monitoring locations.  Linear regressions of log-transformed variables between 

upstream (log x) and downstream (log y) were used to inform on the nature of the relationship 

between upstream and downstream sites (e.g. rapid increase, rapid attenuation, incremental; 

Figure 2.8). Slopes of regressions provide insight into the nature of relationship (increasing, 

decreasing, linear) and can be used to infer the nature of processes occurring within the 

watershed area between the nested monitoring points (Spooner et al., 2014). Log-transformation 

of data assist with regression residual spread and results in linear regressions with power model 

relationships between the upstream and downstream sites (y =xk) in which the slope of the log-

transformed linear regression (k) indicates the power relationship between dependent and 

independent variables.  When the slope of the log-log regression is approximately equal to 1 

(k=1), it means that the variable downstream varies in a linear fashion with the variable 

upstream.  When slope values are greater than 1 (k>1), the variable downstream will increase by 

k powers of the upstream value, meaning a much more rapid increase downstream as compared 

to upstream, and when the slope is less than 1 (k<1), the variable downstream will diminish by k 

powers of the upstream value, meaning a rapid decrease in the downstream variable as compared 

to the upstream value. The coefficient of determination provides insight to the spread of data and 

strength of association of linear regressions between sites.  Taken together, features of the log 

transformed linear regression give a measure of coherence (unit increase, exponential 

increase/decrease) between upstream and downstream monitoring locations (Table 2.4). Data 

collected during this study period were strongly biased towards smaller runoff events (Figure 

2.8). Details of significant relationships, considered as regressions with statistically significance 

slopes (p<0.05) between nested sites (upstream-downstream pairs), are summarized below. 

Linear regressions developed for nested sites in Watershed 2 generally had higher coefficients of 

determination associated with regressions than Watershed 1. This result may be partially an 

artifact of more runoff data recorded for Watershed 1 than Watershed 2, for example Watershed 

2 only has five paired events recorded for the winter/spring season due to equipment failures 

during data collection periods. 

 



 29 

Table 2. 4. Details of regressions conducted on log-transformed runoff data between upstream (x) and downstream (y) in 

monitored catchments (* p<0.05 **p<0.001)  

 

 
 

Figure 2. 8. Linear regressions between upstream (x) vs downstream (y) sites for normalized peak discharge, runoff depth, and 
runoff ratio. Black line denotes 1:1 slope, red line displays regression of Watershed 1, and blue line displays regression of 
Watershed 2. 

 

 

 Watershed 1 Watershed 2 
Season: Annual Summer/ 

Fall 
Winter/ 
Spring 

Annual Summer/ 
Fall 

Winter/ 
Spring 

Runoff 
Depth (mm) 

Slope 0.52* 0.35 1.24* 1.35** 1.20** 2.32 
R2

 0.09 0.08 0.44 0.60 0.78 0.46 
Normalized 
Peak 
Discharge 
(cm/s) 

Slope 0.99** 0.99* 0.52** 0.96** 0.98** 0.93* 

R2
 0.71 0.69 0.80 0.93 0.93 0.91 

Runoff Ratio Slope 0.26 0.12 1.14* 0.69* 0.91* 0.47 
R2

 0.03 0.01 0.27 0.44 0.73 0.16 
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Coefficients of determination for linear relationships ranged widely from 0.01- 0.80 and from 

0.16-0.93 across runoff metrics and seasonality in Watershed 1 and Watershed 2, respectively . 

Watershed 2 generally reported higher coefficients of determination and higher slopes than 

Watershed 1, with the exception of slopes for peak discharge slope in the summer/fall and runoff 

ratio in the winter/spring. The relative increase in slope and coefficient of determination in 

Watershed 2 (relative to Watershed 1) is interpreted as indicating less variability and an 

increasing relationship of stormwater runoff at the downstream location relative to the upstream 

location (i.e. limited to no runoff retention in the downstream location relative to upstream).  

 

Linear relationships developed for the winter/spring seasons show a higher slope in Watershed 1 

for runoff ratio and runoff depth, while Watershed 2 only displays this pattern with runoff depth. 

Consistently significant relationships were observed in regressions of normalized peak discharge, 

though patterns varied across seasons and sites. This metric had higher slopes relative to other 

metrics for the same site and season, in which relationships generally indicate a linear 

relationship (slope of approximately 1) between nested sites, with the exception of winter/spring 

season in Watershed 1 that produced a slope of 0.52, with the highest coefficient of 

determination  observed in regressions for Watershed 1 (R2 = 0.80, p<0.001). This pattern is 

generally consistent with evaluation of runoff metric populations described in above sections.    

 

Runoff depth appears to be more attenuated, considered as lower slope values, between nested 

sites in Watershed 1 compared to Watershed 2. Across all seasons, runoff depth in Watershed 1 

was related with a slope of 0.52 (R2 = 0.09, p<0.05) compared to a slope of 1.35 in Watershed 2 

(R2 = 0.60, p<0.001). Regressions for Watershed 1 produced slopes above 1, interpreted as an 

increasing relationship in the winter/spring seasons (slope =1.24, R2 = 0.44, p<0.05). In 

Watershed 2, runoff depth appears slightly attenuated at the downstream site in the summer/fall 

season (slope =1.20, R2 = 0.78, p<0.001) relative to annual pattern (slope =1.35, R2 = 0.60, 

p<0.001). Regressions of runoff depth were not found to have statistical significance for the 

summer/fall season in Watershed 1 and the winter/spring season in Watershed 2.  

 

In Watershed 1, peak discharge was related between nested sites with a slope of 0.99 (R2 = 0.69, 

p<0.05) in the summer/fall and 0.52 (R2 = 0.80, p<0.001) in the winter/spring seasons, with a 
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slope of  0.99 (R2 = 0.71, p<0.001) across all seasons. This pattern is considered as peak 

discharge increasing at a decreasing rate at the downstream site in the winter/spring season that 

experiences gentler, longer lasting rainfall events than the summer/fall season, marked by 

flashier precipitation events, where slopes indicate an approximately linear relationship between 

nested sites.  A similar but less notable pattern was observed in Watershed 2 in which the slope 

of peak discharge was approximately 1 annually (slope =0.96, R2 = 0.93, p<0.001) and in the 

summer/fall (slope =0.98, R2 = 0.93, p<0.001), and slightly less than 1 in the winter/spring (slope 

=0.93, R2 = 0.91, p<0.05), indicating that peak discharge follows an approximately linear 

relationship between nested sites of Watershed 2 across the year.  

 

Regressions of runoff ratios between nested sites were stronger in Watershed 2 as compared to 

Watershed 1 where the R2  value and p-values for regressions were much lower. Comparisons of 

runoff ratio across sites are hindered by consistency of statistically significant relationships. 

Watershed 1 only had significant relationships predicted for the winter/spring season (slope 

=1.14, R2 = 0.27, p<0.05), while Watershed 2 only had significant relationships predicted 

annually (slope =0.69, R2 = 0.44, p<0.05) and for the summer/fall season (slope =0.91 R2 = 0.73, 

p<0.001).  

2.5. Discussion 

Runoff data collected from monitoring sites were highly variable and reflected a strong bias 

towards small precipitation and runoff events. The flashy and variable nature of runoff in urban 

semi-arid environments and limited amount of study sites leads to difficulty in applying higher 

order landscape controls to interpret results of this study. This appears to be characteristic to the 

region, where studies have associated smaller watersheds with greater streamflow variability and 

steeper hydrograph rise/fall rates, and semi-arid ephemeral streams are notorious for spatial and 

temporal variability compared to watersheds in more humid regions (Levick et al., 2008b; 

McPhillips et al., 2019; Tooth, 2000). The generation of this dataset has allowed for unique 

insight into runoff responses to infer on the nature of runoff processes occurring at high temporal 

and small spatial scales within these watersheds.  
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Watershed 1 Has Greater Runoff Reduction 

The magnitude of differences of runoff response between the paired watersheds compared to the 

range of current GSI implementation levels indicates there is likely a higher order control on this 

runoff response such as unlined channel reach between upstream and downstream monitoring 

sites. This is particularly evident when comparing differences of runoff volumes between 

Watershed 1 and Watershed 2, which have a relative similar level of total GSI implementation 

(0.05%-0.06%). A potential explanation is that these differences across paired watersheds are 

associated with channel transmission losses into the stream bed, as 91% of the reach 

(approximately 0.96 km of channel length) between the upstream and downstream site in 

Watershed 1 is unlined and typically unsaturated as an ephemeral stream. In contrast, there are 

no impervious channel areas between monitoring sites in Watershed 2. There has been a history 

of documentation of the influence of pervious channels that increase channel storage and 

infiltration losses, particularly when exposed to occasional wetting (Gallo et al., 2013a; Goodrich 

et al., 1997; Tooth, 2000).  However, the influence of pervious channels did not appear to 

influence peak flows in Watershed 1, particularly during the summer/fall seasons dominated by 

high-intensity monsoonal rainfall.  

 

The general outcomes of this observational study align with the outcomes of a companion study 

that simulated the watershed outlet of Watershed 1 using KINEROS2 modeling software using a 

GIS-based Automated Geospatial Watershed Assessment (AGWA) tool. Part of this study’s 

efforts were to model current implementation levels of GSI in Watershed 1 across 3 design 

storms (5 year, 25 year, 100 year – 1 hour) that attributed small changes to GSI implementation 

such as reduction in runoff volume (-0.75% to -1.47%) , and a small percent increase (0.23% to 

0.75%) in peak flow (Korgaonkar et al., 2021). These results are in contrast to a recent study 

conducted in the region that reported links between presence of stormwater control measures 

(SCMs), considered analogous to GSI, with reduced flashiness measured as streamflow 

variability and zero-flow days (McPhillips et al., 2019).   

 

Peak Discharge Highly Related Across Nested Sites  

Nested sites displayed coherence with regards to peak discharge between upstream and 

downstream sites, in terms of runoff response, based on slope significance and coefficients of 
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determination of linear regressions. Regressions developed for watersheds resulted in slopes 

ranging from 0.52-0.99 in Watershed 1 and 0.93-0.96 in Watershed 2 indicating that downstream 

runoff metrics vary in a linear fashion with runoff metrics assessed at the upstream location, with 

the exception of winter/spring in Watershed 2 in which peak discharge appears slightly 

attenuated (decrease with increasing values).   

 

Log-linear regressions for other runoff response metrics did not result in comparable consistency 

across sites and seasons. For example, runoff depth did not produce consistently significant 

regressions in Watershed 1 or Watershed 2, and coefficients of determination for runoff depth 

were lower for both watersheds compared to peak discharge (W1: 0.08-0.44, W2: 0.46-0.78). 

Similarly, runoff ratios did not display a consistent pattern across watersheds where runoff ratios 

in Watershed 1 did not appear to have strong association between upstream and downstream sites 

based on the low coefficient of determination  (R2=0.01-0.27) and lack of statistical significance 

(with the exception of the winter/spring season) for linear regressions. Watershed 2 had similar 

results in which coefficients of determination were lower than other metrics (0.16-0.73) and the 

regression developed for the winter/spring season lacked statistical significance. Due to 

incorporation of rainfall data into this metric, some of the uncertainty associated with rainfall 

values may have filtered into the runoff ratio term due to the small size of catchments and highly 

localized nature of rainfall. 

 

Urban Drainage as GSI 

This study highlights the difficulties in assessing the influence of small-scale decentralized 

features influence on runoff responses in semi-arid urban watersheds with many complex and 

interacting landscape factors. Results from Watershed 1 bring in further consideration of 

pervious channel influences on attenuating runoff response than the current scale of 

implementation of small-scale, neighborhood GSI features. This is supported by regional studies 

that indicate channel transmission losses can result in downstream hydrograph attenuation and 

decreases in total downstream flood volumes, an early study conducted in the region and 

summarized in a drylands review reported 57% decrease in total flow volume and 63% decrease 

in peak flow attributed to channel transmission losses (Tooth, 2000). Studies conducted in the 

Walnut Gulch Experimental Watershed in southeastern Arizona report decreasing flood response 
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with watershed area that was generally attributed to channel infiltration losses (Goodrich et al., 

1997). While the influence of impervious area upon runoff flashiness is well-established (Walsh 

et al., 2005; Yang & Li, 2013), there is mounting evidence that urban semi-arid regions may 

experience less flashiness related to runoff than surrounding undeveloped areas compared to 

more mesic urban environments (Hopkins et al., 2015; McPhillips et al., 2019; Poff et al., 2006). 

Flashiness, considered as peak discharge in this study, appears to be consistently related between 

upstream and downstream sites across watersheds, with the exception of the winter/spring 

season. This is likely associated with less flashy runoff responses that occur in response to the 

gentler, longer-lasting frontal storms that drive winter and spring precipitation in the region.  

 

Increased Scales of Implementation Needed for Catchment-Scale Empirical Results 

The lack of attributable catchment-scale runoff influence of GSI implementation efforts in this 

study highlights the necessity to increase GSI implementation to affect broader runoff responses. 

This study’s design limits attributions of runoff reductions or peak flow changes to landscape 

features due to the limited number of watersheds. Significant differences observed between the 

two paired watersheds related to differences in peak flow and volumes point to larger scale 

features such as the natural channel design (aka unlined channel) of Watershed 1 compared to 

the concrete channel of Watershed 2. This study and companion modelling study conducted by 

partners highlight the need to scale up pervious areas within urban semi-arid catchments 

(Korgaonkar et al., 2018, 2021). Modeling efforts conducted at the downstream outlet of 

Watershed 1 point to the promise of increased runoff impact with increasing GSI installation, 

where simulations of increased installation, considered as “Current” levels multiplied by 5 

(“Current x 5”) reduced peak flow up to 22% and runoff volume up to 7%. The study found 

small-scale benefits at current implementation levels related to increased infiltration and xeric 

vegetation support (Korgaonkar et al., 2021). This highlights the tension of the multi-benefits 

nature of GSI installation, where small, distributed features can promote vegetation growth and 

residential water conservation while large GSI features such as pervious channels may assist 

more in promoting riparian growth and flood control benefits. Increased scales of GSI 

implementation will also benefit monitoring studies via increased signal to support statistical 

analyses and minimized influence of nuisance or interacting effects such as total imperviousness 

(C. D. Bell et al., 2016; Eckart et al., 2017; Li et al., 2017; Sohn et al., 2019).  
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2.6. Conclusion and Implications 
The objective of this study was to compare hydrological responses in semi-arid urban 

neighborhoods, as a function of the rainfall depth and seasonality, within and across nested 

watersheds that bound a region of GSI implementation to characterize catchment-scale influence 

of GSI implementation. Results indicate there are significant differences in runoff responses 

between nested sites in Watershed 1, which is also primarily unlined (91%) with riparian 

vegetation growing within the channel. Significant differences were not observed in Watershed 1 

related to peak flow in the summer/fall season, which is attributed to the flashy nature of runoff 

in the region during the summer monsoon seasons. Watershed 2, with less overall GSI 

implementation and a channel reach between monitoring sites that was completely concrete-

lined, did not display significant differences between any metrics characterizing runoff responses 

between nested sites and had higher coefficients of determination for linear regressions, 

indicating higher strengths of association between runoff response metrics.  

 

The monitored watersheds were very similar in terms of land cover, landscape metrics, 

topography, and stormwater drainage systems. Due to a limited gradient of landscape complexity 

across the watersheds, the primary difference between runoff responses is generally attributed to 

the increased contact of stormwater runoff with pervious channel length in Watershed 1 relative 

to Watershed 2.  Recommendations for watershed-scale runoff influence of GSI in the region 

should therefore focus on 1) increasing GSI implementation within catchments (neighborhoods) 

where possible to increase contact of stormwater with pervious areas and 2) considering unlined 

stormwater conveyance channels as GSI themselves and adopt more “natural” or non-concrete 

channel designs that can promote infiltration and channel transmission losses as a runoff 

reduction measure.   
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Chapter 3. Evaluation of Solute Transport and Biogeochemical 
Transformation in Neighborhood-Scale Semi-Arid Nested Catchments 

Abstract 

In the arid and semi-arid southwestern United States, stormwater is generated during monsoonal 

events characterized by flashy and rapid peak flows that influence the runoff and solute transport 

responses.  This study seeks to characterize solute transport and infer moderation and 

biogeochemical transformation processes that may be occurring within catchments comprised of 

two nested subcatchments, one upstream and one downstream. Runoff and water quality data 

were collected from an urban wash in a semi-arid environment during the highly temporally and 

spatially variable summer monsoon season. Laboratory data was combined with stormwater 

runoff data to calculate solute loads and infer solute transport processes occurring in the 

watersheds. Concentrations and loads of analytes were used in regressions with rainfall and 

runoff data to understand watershed controls on solute transport. A total of nine runoff events 

were sampled during monsoon seasons from 2016-2018.  The statistical relationships developed 

support a conceptual model in which dissolved organic carbon and total nitrogen are driven by 

physical mobilization of solutes during runoff events. Runoff depth and peak discharge appeared 

to be a consistent influence on event solute load export as compared to precipitation metrics. 

This system appears to be dominated by rapid, flashy dynamics in which peak discharge was 

highly related between the two sampling sites, and to maximum event concentrations of multiple 

solutes. Despite the rapid nature of runoff and the small watershed size, it appears that 

biogeochemical transformation is occurring within runoff and are likely moderated by addition 

of solutes to the system within the area draining to the reach, rapid soil microbial activity and 

respiration, and transmission losses via infiltration that affect downstream channel runoff 

volumes. This study provides a snapshot into solute transport in arid and semi-arid systems 

where highly variable dynamics are known to play a crucial role in physical transport and 

biogeochemical processing.  

3.1. Introduction 
In the arid and semi-arid southwestern United States, stormwater is increasingly being viewed as 

a valuable addition to local water management portfolios via interventions designed to capture 
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stormwater. However, little is known about solute transformations that occur within stormwater 

that can affect water quality, such as biogeochemical transformation, that occur during monsoonal 

events characterized by flashiness and rapid peak flows (Carlson et al., 2011). In addition, 

hydrologic flashiness can influence a dynamic runoff and solute transport response, particularly in 

systems with no baseflow that experience rapid wetting as a result of monsoonal flash flood events 

that are highly temporally and spatially (D’Odorico et al., 2010; Gallo et al., 2013a; Levick et al., 

2008a; Tooth, 2013).  This can include sourcing and retention of nitrogen solutes, which can 

influence local ecosystem activity and/or act as a contamination source. 

 

Hydrology in dryland regions tend to be characterized by pulsed runoff events that occur in 

ephemeral streams with no baseflow. Due to the rapid runoff generation, it is generally expected 

that evaporative losses are relatively minimal within the span of a runoff event. Biogeochemical 

activity in dryland urban systems represent a modification of the trigger-transfer-reserve-pulse 

framework (Figure 3.1), described by Belnap et al (2005), describing biogeochemical activity 

driven by pulsed rainfall (“trigger”) dynamics that occur in dryland systems. This is supported by 

multiple studies in semi-arid environments that link characteristics of wetting events (frequency, 

magnitude) as drivers of solute transport (including sourcing and retention) (Gallo et al., 2013b; 

Meixner et al., 2007; Welter et al., 2005).  

 

Figure 3. 1. Conceptual model of runoff and solute transport in semi-arid urban environments, modified from the trigger-

transfer-reserve-pulse framework described in Belnap et al. (2005). In this model, 1) rainfall falls during episodic events, 2) 

generates stormwater runoff that flows through the urban environment and 3) through pervious areas with vegetation that 

ultimately drains to 4) ephemeral drainageways that become temporarily connected to larger drainageways during rainfall-

runoff events.  
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Within the urban context, the trigger-transfer-reserve-pulse framework indicates that…..Rainwater 

falls in episodic events that result in temporary hydrologic connectivity and material transfers by 

expanding the reach and connectivity between patches within catchment highlands and receiving 

waterways (Belnap et al., 2005; Carlson et al., 2011; Meixner et al., 2007). Overland flow generally 

occurs as a result of rainfall rate exceeding infiltration rate, particularly during high-intensity 

summer monsoon events, resulting in stormwater runoff that flows throughout the urban system, 

including over a series of impervious surfaces (e.g. spouts, gutters, streets, roofs) where solutes 

accumulate during dry periods due to anthropogenic sourcing (e.g. nitrogen from fertilizer use) 

and atmospheric deposition and are less likely to be retained.. Urbanization has been associated 

with increased sourcing of solute species such as organic carbon and nitrogen that influence local 

biogeochemical cycling, and can result in direct inputs of nutrients into neighboring waterways 

and enhance primary production (Carlson et al., 2011; Gallo et al., 2012; Lohse et al., 2008). 

Stormwater also encounters urban vegetation and pervious areas that can trigger rapid plant 

responses and nutrient transformations that include nitrogen mineralization, microbial 

immobilization, and gaseous loss of N and C via processes such as the Birch Effect in which 

rewetting of dry sediments via rainfall leads to nitrogen mineralization and carbon dioxide flux 

(Gómez-Gener et al., 2016; Welter et al., 2005). The presence of vegetation and pervious areas 

also results in heterogeneity in hydraulic properties throughout the catchment (e.g. roughness 

coefficients) and areas where water can pond and sediment is deposited (Mayor et al., 2008; Tooth, 

2000). Stormwater runoff aggregates into ephemeral drainageways that become hydrologically 

connected to regional waterways during flood events. The delivery of water, sediment, and 

nutrients to riparian areas, such as unlined urban channels with riparian vegetation, results in pulses 

of microbial and/or plant activity that occurs on a variety of time scales; microbial activity can 

result in rapid respiration of organic matter, releasing carbon and nitrogen (via denitrification) into 

the atmosphere and the water column (Belnap et al., 2005; Meixner et al., 2007). Antecedent 

conditions have been noted to play a strong role in influencing nutrient transport; wetter antecedent 

conditions are expected to result in increased microbial respiration (CO2 release) and nitrogen 

mineralization and nitrification (Meixner et al., 2007) though regional studies have also noted a 

lack of evidence to support denitrification occurring during urban runoff events (Hale, Turnbull, 
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Earl, Childers, et al., 2014). Regional studies have also noted that solute transport is characterized 

by decreasing export of carbon and nitrogen as catchment scale increases (Meixner et al., 2012).  

 

Study Objective 

The objective of this study was to understand if significant differences exist with regards to solute 

concentrations and transport processes between two nested watersheds.  We used empirical data 

to characterize catchment responses, including the influence of 1) upstream watershed process, 2) 

precipitation and runoff behavior, and 3) biogeochemical transformations upon observed runoff 

and solute transport export at the watershed outlet. An input/output, nested watershed design was 

used to infer on solute transport and transformation that may be occurring within the reach of the 

urban wash bounded by the two sampling locations to better understand watershed and ecosystem 

processes (Dressing and Meals, 2005; Groffman et al., 2004).  

 

3.2. Methods 

3.2.1 Study Region & Site Description 
The site is located within the Tucson metropolitan area, situated in the Basin and Range 

physiographic province of  semi-arid Sonoran desert region of southeastern Arizona. Mean annual 

precipitation is 310 mm, though precipitation varies widely between years (Carlson et al., 2011; 

Gelt et al., 1999). Precipitation is available in the form of discontinuous rainfall events that are 

primarily distributed between a summer monsoon season and a winter rainy season. Drainage in 

the region is characterized by ephemeral waterways that flow in response to rainfall events or 

snowmelt. The amount of moisture available for groundwater recharge during monsoonal events 

is limited by high evapotranspiration rates and episodic runoff events (Carlson et al., 2011; Gelt et 

al., 1999). The metropolitan region of the City of Tucson is a rapidly growing urban area with 

heavily modified hydrologic systems. Stormwater is typically conveyed as surface water via a 

network of urban washes and transportation channels, and to a lesser degree by engineered 

subsurface conveyance systems (Gallo et al., 2013b; Hale, et al., 2014). The study monitoring site 

locations are located within a predominantly unlined (i.e. no concrete channelization with pervious 

surface), ephemeral waterway. Stormwater that drains into the channel is sourced from primarily 

residential areas, as well as a portion of the southern footprint of the University of Arizona (Figure 
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3.2). Land cover in the watershed is a combination of impervious cover (roads, rooftops, parking 

lots) and pervious cover.  

 

Figure 3. 2.  Site map of High School Wash Watershed in Tucson, AZ. 

 
 

 

 

3.2.2. Monitoring & Data Collection 
This observational study used an above-below paired watershed monitoring approach in which the 

nested watershed (Site 1) was considered the “control” site while the watershed outlet (Site 2) was 

considered the “combination” site in which stormwater interventions were applied (Dressing et al., 

2016; Meals et al., 2013).  

 

3.2.2.1. Catchment Characterization 
Watershed boundaries were developed using the AGWA Urban tool within the KINEROS2 model 

by study partners using digital elevation models (DEMs) derived from LiDAR data (0.5 m 

resolution) in combination with the City of Tucson stormwater drainage network (Korgaonkar et 

al., 2018, 2021). The distance of lined/unlined portion of the channel was measured via satellite 

data measurements using aerial imagery.  
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3.2.2.2. Rainfall 
Samples were collected during the summer monsoon season, characterized by highly spatially 

localized, intense, short duration precipitation events. To characterize the rainfall of the region, 

multiple data sources were combined. Daily rainfall totals were obtained from the high-resolution 

Rainlog.org citizen science network. Daily rainfall totals reported by Rainlog.org gauges were 

spatially interpolated in accordance with previous studies conducted in the region using inverse-

distance weighting method with a power of 3 in ArcMap 10.6.1 (Gallo et al., 2013b; Garcia et al., 

, 2008). This approach was used in order to develop representative daily rainfall values within the 

watershed boundaries for each site; rain gauges used for interpolation were located within 3.5 km 

of the watershed boundary. Data was obtained from RADAR to obtain sub-daily (5-minute) 

representative rainfall totals to use in calculations of precipitation intensity. The interpolated daily 

rainfall values were used to conduct a mean field bias (MFB) adjustment to bias correct estimates 

of RADAR precipitation data that was obtained from NOAA NEXRAD Level XYZ data (Ochoa-

Rodriguez et al., 2019). The gage-corrected RADAR data was used to calculate precipitation 

metrics used in this study.  

  

3.2.2.3. Runoff Data and Sample Collection 
Runoff was collected using pressure transducers (Teledyne ISCO, Flow Module 720) connected 

to autosamplers on 1-minute time intervals. Pressure transducers were anchored to concrete 

structures of the High School Wash. Due to the flash flood nature of channels in the Southwest, 

stage-velocity rating curves were generated using Manning’s equation to calculate instantaneous 

discharge using channel survey data collected from concrete channels where pressure transducers 

were anchored (Gallo et al., 2013b). Discharge data was summarized into hydrological metrics 

(Table 3.1).  

 

Stormwater samples were collected within 1-liter plastic bags installed within autosamplers 

(Teledyne ISCO, 6700) co-located with pressure transducers. Samples were collected as water 

levels exceeded a predefined minimum threshold during a runoff event. The first six samples of 

an event were collected in 6-minute increments, while the remaining eighteen samples were 

collected in 15-minute increments until flow receded or sample collection finished. Blank samples 

were collected via the placement of a sample bag within the sampling chamber that did not receive 
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stormwater and was processed with deionized water along with the stormwater samples. Samples 

were vacuum-filtered and refrigerated within 24-48 hours of sample collection.  

 

Stormwater samples were analyzed for dissolved organic carbon (DOC), nitrogen species (TN, 

NH4-N, NO3 -N, NO2-N), and chloride in order to characterize water quality and solute transport. 

Laboratory analyses were conducted using a SmartChem Discrete Analyzer (Westco Scientific, 

Brookfield, CT) to analyze NH4-N and a Shimadzu TOC/TN Analyzer (Shimadzu, Columbia, 

MD) for dissolved organic carbon and total nitrogen (TN) (Bocquier et al., 2019; Gallo, 2011; 

Gallo et al., 2013b; Hale, et al., 2014). An Ion Chromatograph was used by the Arizona Lab of 

Emerging Contaminants (ALEC) to analyze anions including chloride, NO2-N, and NO3-N. 

Laboratory data was combined with stormwater runoff data to calculate solute loads and infer on 

solute transport processes occurring in the watersheds. Concentrations of analytes were  used in 

regressions with rainfall and runoff data to understand watershed controls on solute transport. 

Mass of constituents, expressed as load, were computed via the integration method of discrete 

sample concentrations over the storm hydrograph (Dressing et al., 2016; Meals et al., 2013)  

3.2.3. Data Analysis 
The primary objective of this analysis was to infer on physical solute transport and biogeochemical 

transformation processes occurring in the region bounded by the nested monitoring location (Site 

1) and the monitoring location at the watershed outlet (Site 2). This approach included assessing 

whether data from the paired watersheds displayed a statistical difference in runoff and solute 

transport behavior. The secondary goal of this analysis was to understand whether there was a 

systematic solute transport response to precipitation drivers and runoff responses. The reasoning 

behind this phased analysis is to understand whether observed catchment responses could be used 

to inform a qualitative, conceptual model of runoff behavior and solute transport within the paired, 

nested watersheds. Due to the largely overlapping land area (i.e. Site 2 includes Site 1), landscape 

characteristics were not included within the analysis. Statistical analyses were performed in Jmp 

14.0 software (SAS Systems, 2018).  

 

Precipitation and discharge metrics (Table 3.1) were compared with hydrochemical metrics 

(described below) to describe solute transport across the paired watersheds. Metrics compiled to 
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describe event precipitation characteristics include total precipitation (PT), peak precipitation 

intensity (PImax), mean precipitation intensity (PImean), antecedent dry time, and seasonality, defined 

as number of days after first rainfall of the monsoon season. Metrics used to describe runoff event 

characteristics include runoff depth (QD; calculated as total runoff volume divided by watershed 

area) normalized peak discharge (NPQ; calculated as peak discharge divided by watershed area), 

and runoff ratio (RR; calculated as QD/PT).  

 

Concentrations of analytes of interest (summarized in Table 3.1) were summarized on an event 

basis in terms of maximum concentration (Cmax), mean concentration (Cmean). Solute loads (Load) 

were calculated using a time integrated discharge-concentration method according to:  
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Equation 3.1. 
 

Solute load was calculated as a series of time-integrated discharge (q) and concentration (c) 

measurements collected over a storm event, where load estimate is calculated as the summation of 

n-products of discharge (qi), concentration(ci), and the time interval (Δt) over which measurements 

of concentration and flow were collected (Equation 3.1.). Loads were calculated on an event basis 

to reflect total solute export (Meals et al., 2013). 

 

Table 3. 1. Metrics used in analyses 

Abbreviation/Name Metric  Unit 

Precipitation 
PT Total event precipitation mm 
PImax Peak event precipitation intensity mm/hr 
PImean Mean event precipitation intensity mm/hr 
Duration Duration of precipitation event hr 
Seasonality Day after first day of monsoon rainfall number of days 

Antecedent Dry Days Number of no-rain days before event number of days 

Hydrology 
QD Runoff Depth (runoff volume/watershed 

area)  
mm 
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NPQ Normalized Peak Discharge (maximum 
instantaneous unit discharge/watershed 
area) 

cm/s 

RR Runoff Ratio (fraction of rainfall converted 
to runoff) 

% 

Hydrochemical 
Cmax Maximum event concentration  mg/L 
Cmean Mean event concentration mg/L 
Load  Total event load  mg 
Load Ratio Load Upstream/ Load Downstream unitless 

 

Primary assumptions included in analyses were that surface runoff is the primary source and 

mechanism of runoff (i.e. no baseflow or groundwater contributions). Rainfall concentrations of 

solutes were assumed to be relatively evenly distributed across the watershed and therefore did not 

impart an additional source of variance into the hydrochemical data. Data were  transformed where 

necessary to meet the condition of normality and generate parameter estimates. Normality was 

assessed using the Shapiro-Wilk W test; using power (log, square root) transformations (Pennino 

et al., 2016; Taylor et al., 2005).  

 
3.2.3.1. Watershed Response: Precipitation and Discharge Controls 
Hydrochemical response metrics from the two nested monitoring locations were aggregated and 

used in Pearson product moment correlation to understand the strength of influences of 

precipitation and runoff upon systematic solute transport responses to precipitation and/or runoff 

as there is limited empirical data collected from urban semi-arid environments. An evaluation of 

drivers of runoff response was conducted via correlation matrices developed with precipitation 

drivers. Due to the largely overlapping land area due to the nested site design (Site 2 includes 

Site 1), the use of landscape characteristics was not included within data analysis. Correlations 

were used due to the high multicollinearity across precipitation and runoff metrics, respectively 

(Bell et al, 2016). To determine strength and direction of relationships, correlations were 

developed for hydrochemical response metrics with precipitation and runoff metrics transformed 

for normality. The metric with the highest correlation coefficient was considered as a key 

relationship. This analysis was used to understand whether relationships developed for observed 

catchment responses could be used to inform a qualitative, conceptual model of runoff behavior 

and solute transport within the paired, nested watersheds.  
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3.2.3.2. Solute transport evaluation across nested catchments  
This analysis included assessing whether data from the paired watersheds displayed a statistical 

difference in runoff and solute transport behavior. In order to assess whether a statistical 

difference existed between the populations, the means of population metrics for runoff and 

hydrochemical metrics were compared across Site 1 and Site 2 using independent t-tests 

(Dressing and Meals, 2005; Meals et al., 2013). A comparison of event responses between nested 

sites was conducted to understand whether runoff and solute transport behavior of the 

downstream watershed outlet (Site 2) could be predicted based on responses observed within the 

upstream catchment (Site 1) using regressions of runoff and hydrochemical metrics of interest 

using normalized distributions. Correlation coefficients were used to infer the strength and nature 

of relationships, ANOVA was used to infer the statistical significance of regressions, and the 

slope of the regression (where significant) was used to infer transport and/or transformational 

processes that may be occurring in between Site 1 and Site 2. Ratios of solute load exports 

between biogeochemically active species (DOC, N species) and the physically conservative 

solute chloride were calculated by dividing total solute load export values for each event to 

understand if biogeochemical processes are occurring relative to physical transport. The ratios 

were log-normalized for select solutes (NO2-N, NH4-N) to promote normality and used in 

regressions between sites to infer on the relative presence of each solute compared to the 

distribution of chloride.   

 

To characterize transport of biogeochemically active species, ratios of solute load export were 

calculated by dividing upstream event load export by downstream event load export (Site 1/Site 

2). Ratios less than 1 indicate decreased load export at the downstream site relative to the 

upstream site. Correlations of log-normalized solute ratios were evaluated across solutes to infer 

on biogeochemical transformation processes occurring in the catchment and channel reach in 

between monitoring locations understand how the relationship of solutes between the two 

locations varies across solutes.  

 

 To evaluate biogeochemical transformations relative to physical solute transport, correlation 

matrices and linear regressions were developed with event load sums of biogeochemically active 

species (nitrogen species, DOC) and chloride. These analyses were used to infer on the strength, 
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direction, and potential predictability of solute relationships. Relationships were assessed by 

monitoring location to assess changes in biogeochemical relationships across nested sites.  

3.3. Results  

Nine runoff events were sampled from monsoon seasons spanning 2016-2018 (Figure 3.3 and 

Figure 3.4; Table 3.2 and Table 3.3). Antecedent dry days and was excluded from further 

analysis due to a narrow range (0 -1 days), considered an artifact of sampling related to the high 

unpredictability of summer monsoonal rainfall. Results are summarized in terms of analysis in 

terms of nested catchment evaluations and characterization of runoff and hydrochemical 

relationships to environmental drivers (P, Q).  

 

Table 3. 2. Summary of precipitation and runoff characteristics for storm events of study.  

Event  Precipitation Runoff  

Total 
Precip 
(mm) 

Peak 
Precip 
Intensity 
(Pi) 
(mm/hr) 

Avg Pi 
(mm/hr) 

Duration 
(hr) 

Season-
ality 

Antece-
dent Dry  
days 

Site Total 
Runoff 
Volume 
(m3) 

Peak 
Q 
(m3/s) 

Runoff 
Depth 
(mm) 

Normalized 
Peak Q  
(mm/s) 

Runoff 
Ratio 

2016A 14.57 22.81 10.81 9.72   
17 

0 Site 1 17,970 3.92 7.46 1.63E-01 0.51 

2016A Site 2 6,248 3.53 1.73 9.76E-02 0.12 

2016B 7.82 25.35 7.8 3.85 20 0 Site 1 3,635 0.71 1.51 2.97E-02 0.19 

2016B Site 2 153 0.04 0.04 1.14E-03 0.01 

2016C 12.67 20.28 9.53 3.8 21 0 Site 1 16,459  5.73 6.83 2.38E-01 0.54 

2016C Site 2 10,104 5.96 2.80 1.65E-01 0.22 

2016D 1.69 10.14 10.14 0.17 41 0 Site 1 4,262 1.99 1.77 8.26E-02 1.05 

2016D Site 2 1,067 0.72 0.30 2.00E-02 0.17 

2017A 2.11 8.45 5.91 0.7 4 1 Site 1 3,312 0.85 1.37 3.55E-02 0.65 

2017A Site 2 352 0.05 0.10 1.38E-03 0.05 

2017B 27.04 24.53 8.71 2 11 0 Site 1 11,882 12.09 4.93 5.02E-01 0.18 

2017B Site 2 66,066 46.13 18.29 1.28 0.68 

2017C 18.59 30.42 12.51 2.15 26 0 Site 1 32,525 9.09 13.5 3.77E-01 0.73 

2017C Site 2 22,891 10.01 6.34 2.77E-01 0.34 

2018A 3.8 20.28 5.97 4.92 11 0 Site 1 3,456 1.41 1.43 5.84E-02 0.38 

2018A Site 2 6,607 1.99 1.83 5.51E-02 0.48 

2018B 11.83 16.9 6.85 3.17 30 1 Site 1 13,480 4.4 5.6 1.83E-01 0.47 

2018B Site 2 12,641 2.98 3.5 8.26E-02 0.3 
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Figure 3. 3. Hydrographs with sampling times (noted as pink marker) for runoff events analyzed in this study. A) Hydrograph 

plotted on linear scale, b) hydrographs plotted on log scale to allow for better visualization of low flow values.  
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Table 3. 3. Summary of hydrochemical metrics for storm events of study 

  
  

Total Event Load (kg) Mean Event Concentration (mg/L) 
+/- (standard error) 

Peak Event Concentration (mg/L) 

Event 
ID 

Site Cl TN NO3-N NO2-N NH4-N DOC Cl TN NO3-
N 

NO2-
N 

NH4-
N 

DOC Cl TN NO3-
N 

NO2-
N 

NH4-
N 

DOC 

2016A Site 
1 9.55E-01 2.53E-01 1.73E-01 2.88E-02 1.38E-01 3.47E+00 3.86 

(0.79) 
1.81 

(0.19) 
0.64 

(0.15) 
0.10 

(0.01) 
0.27 

(0.04) 
25.60 
(2.75) 

15.14 2.43 2.83 0.16 0.85 38.97 

Site 
2 2.33E-02 1.24E-02 1.55E-03 3.08E-03 5.20E-02 1.39E-01 2.56 

(0.34) 
2.16 

(0.11) 
0.43 

(0.11) 
0.27 

(0.03) 
0.50 

(0.10) 
17.24 
(2.07) 

4.23 2.70 1.07 0.45 1.61 34.07 

2016B Site 
1 NA 3.03E-01 NA NA 3.00E-02 5.04E+00 NA 1.48 

(0.05) 
NA NA 0.13 

(0.02) 
23.67 
(0.76) 

NA 1.81 NA NA 0.25 29.79 

Site 
2 NA 1.94E-02 NA NA 1.11E-03 4.05E-01 NA 1.14 

(0.13) 
NA NA 0.09 

(0.04) 
21.11 
(0.92) 

NA 1.65 NA NA 0.22 25.85 

2016C Site 
1 4.40E+00 2.66E+00 1.49E+00 7.55E-02 1.31E-01 2.60E+01 3.58 

(0.28) 
1.19 

(0.10) 
1.20 

(0.28) 
0.04 

(0.01) 
0.08 

(0.01) 
12.14 
(0.77) 

5.04 3.08 3.19 0.12 0.25 25.30 

Site 
2 3.06E+00 1.04E+00 6.81E-01 5.66E-02 2.40E-02 1.33E+01 2.93 

(0.19) 
0.91 

(0.05) 
0.65 

(0.11) 
0.04 

(0.00) 
0.07 

(0.05) 
12.00 
(1.25) 

4.31 1.16 1.17 0.08 0.83 24.87 

2016D Site 
1 2.70E+00 7.95E-01 3.15E-01 1.95E-02 1.40E-01 1.14E+01 5.19 

(0.23) 
1.47 

(0.03) 
0.65 

(0.03) 
0.04 

(0.01) 
0.19 

(0.03) 
20.99 
(0.37) 

6.24 1.74 0.81 0.20 0.35 23.49 

Site 
2 3.40E-01 1.20E-01 5.08E-02 2.61E-03 2.32E-02 2.19E+00 3.80 

(0.21) 
1.40 

(0.07) 
0.45 

(0.06) 
0.02 

(0.00) 
0.29 

(0.03) 
20.93 
(0.92) 

4.94 1.61 0.67 0.05 0.38 25.28 

2017A Site 
1 2.09E+00 7.14E-01 1.06E-02 1.80E-02 2.12E-01 8.60E+00 10.51 

(0.49) 
3.16 

(0.07) 
0.04 

(0.01) 
0.06 

(0.03) 
0.94 

(0.03) 
39.43 
(1.11) 

12.21 3.57 0.13 0.30 1.06 45.10 

Site 
2 1.47E-01 6.72E-02 3.40E-03 3.19E-03 1.77E-02 1.04E+00 5.23 

(0.62) 
2.38 

(0.15) 
0.11 

(0.04) 
0.11 

(0.03) 
0.61 

(0.09) 
35.36 
(1.01) 

8.23 3.20 0.61 0.37 1.01 40.12 

2017B Site 
1 1.99E+00 NA 3.30E-01 1.26E-02 3.95E-02 NA 7.29 

(0.97) 
NA 1.15 

(0.15) 
0.04 

(0.01) 
0.09 

(0.03) 
NA 10.95 NA 1.84 0.09 0.19 NA 

Site 
2 1.28E+01 5.01E+00 1.98E+00 7.94E-02 6.12E-02 4.91E+01 7.50 

(1.70) 
1.17 

(0.10) 
0.67 

(0.08) 
0.03 

(0.01) 
0.04 

(0.01) 
13.19 
(0.77) 

20.32 1.90 1.02 0.11 0.10 19.42 

2017C Site 
1 7.77E+00 2.11E+00 6.93E-01 1.25E-01 1.41E-01 2.50E+01 3.53 

(0.24) 
0.89 

(0.05) 
0.26 

(0.06) 
0.05 

(0.01) 
0.05 

(0.01) 
10.92 
(0.94) 

6.35 1.37 0.88 0.28 0.19 24.19 

Site 
2 3.12E+00 6.04E-01 4.08E-01 5.31E-02 1.68E-02 1.37E+01 3.52 

(0.33) 
0.95 

(0.09) 
0.61 

(0.09) 
0.05 

(0.01) 
0.03 

(0.01) 
15.34 
(1.24) 

5.71 1.26 0.98 0.16 0.08 22.09 

2018A Site 
1 3.69E+00 6.96E-01 3.12E-01 4.07E-02 1.31E-01 1.14E+01 7.66 

(0.45) 
1.82 

(0.06) 
0.41 

(0.13) 
0.19 

(0.10) 
0.48 

(0.04) 
30.54 
(1.89) 

10.80 2.16 1.25 1.15 0.77 51.62 

Site 
2 6.21E+00 1.64E+00 3.62E-02 4.72E-02 4.56E-01 2.59E+01 7.74 

(0.27) 
2.11 

(0.13) 
0.04 

(0.01) 
0.06 

(0.02) 
0.61 

(0.07) 
32.34 
(3.25) 

9.61 3.27 0.18 0.23 1.30 72.86 

2018B Site 
1 2.62E+00 1.32E+00 6.57E-01 8.84E-02 2.58E-02 1.71E+01 3.22 

(0.28) 
1.30 

(0.05) 
0.65 

(0.02) 
0.09 

(0.00) 
0.02 

(0.01) 
17.73 
(1.06) 

5.36 1.89 0.72 0.11 0.08 27.73 

Site 
2 4.47E+00 1.74E+00 7.87E-01 1.44E-01 3.89E-02 3.20E+01 3.07 

(0.14) 
1.15 

(0.03) 
0.57 

(0.04) 
0.09 

(0.01) 
0.02 

(0.00) 
20.58 
(1.59) 

4.76 1.54 0.72 0.17 0.04 43.53 
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Figure 3. 4. Concentration over event duration for sampling events included in this study. 

 

 
 

3.3.1. Watershed Response 
Watershed response was considered in the context of runoff and hydrochemical behavior (Table 

3.8 and Table 3.9). Metrics of interest were transformed for normality and used to develop 

regressions and correlation matrices. 

 

3.3.1.1. Runoff Response 
An analysis of runoff metrics displayed a strong relationship with other runoff metrics compared 

to precipitation metrics (Table 3.4). Peak discharge and runoff ratio appeared to primarily be 

influenced by runoff depth (r =0.87, r =0.52), indicating that larger fractions of rainfall converted 

to runoff are observed with increasing runoff values. Total precipitation was related to peak 

discharge (r =0.72) and runoff depth (r =0.79).  Peak precipitation intensity was related to runoff 

depth, following peak discharge and total precipitation (r =0.54). Runoff ratio did not appear to 

be significantly related to precipitation drivers considered in this study, which was notable as the 

calculation of runoff ratio includes a precipitation term.  
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Table 3. 4. Results of significant  pairwise correlations for runoff response metrics to understand strengths of relationships with 

precipitation metrics that are anticipated to function as drivers (*log-transformation of metric; **square-root transformation of 

metric). 

Metric Highest significant 
correlation (r) 

Additional Significant 
Relationships (r) 

NPQ*  QD ** (0.87) PT (0.72), RR (0.51) 

QD **  NPQ* (0.87) PT (0.79), PImax (0.54), RR (0.52) 
RR QD ** (0.52)  NPQ*(0.51) 

 
3.3.1.2. Assessment of Drivers of Hydrochemical Response  
Hydrochemical response metrics evaluated via regression correlations include the event-scale 

summary of maximum concentration, mean concentration, total load export, and ratio of 

upstream: downstream load export (Table 3.5). These hydrochemical response metrics were 

regressed with precipitation and runoff response metrics, considered as drivers, that include total 

precipitation, peak precipitation intensity, mean event precipitation intensity, event precipitation 

duration, seasonality, runoff depth, peak discharge, and runoff ratio.  

 

Table 3. 5. Results of significant Pearson product moment correlations considering precipitation and runoff drivers across 

hydrochemical response metrics (*log-transformation of metric; **square-root transformation of metric) 

Solute Metric Highest significant correlation 
coefficient (r) 

Additional significant 
correlation coefficients (r) 

Cl Cmax* Seasonality (-0.62) None 
Load** QD** (0.71) NPQ * (0.64), RR (0.56) 

DOC Cmax* PImean (0.64) PT (-0.51) 
Cmean PT (-0.72) PImean (-0.70), QD ** (-0.58), 

NPQ* (-0.575), PImax (-0.57), 
Seasonality (-0.54) 

Load** QD ** (0.73) NPQ * (0.71), RR (0.58) 
TN Cmax* Seasonality (-0.63) None 

Cmean* PT (-0.57) and PImax (0.57) Seasonality (0.56), PImean (0.54) 
Load* NPQ * (0.70) QD ** (0.68), RR (0.67) 

NO2-N Cmax* None 
Cmean* PDuration (0.65)   
Load* QD ** (0.67) NPQ * (0.62) 

NO3-N Cmax** None 
Cmean NPQ * (0.59) PT (0.57) 
Load** QD** (0.77) NPQ * (0.72), PT (0.58)  

NH4-N Cmax* None 
Cmean* PT (-0.61) QD ** (-0.57) 
Load* RR (0.67) none 
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Overall, total load export had a primary relationship with runoff depth (positive) and secondarily 

with peak discharge, as displayed by the solutes Cl, DOC, NO2-N, and NO3-N. The solute TN 

was primarily related to peak discharge, and secondarily to runoff depth. Regressions of 

maximum concentrations of solutes did not display a consistent relationship across solutes. 

Maximum concentrations of Cl and TN were primarily related to seasonality (inversely), while 

DOC was primarily related to average precipitation (inversely). No significant relationship of 

maximum concentration was demonstrated via regression correlations for the nitrogen species 

NH4-N, NO2-N, and NO3-N. Mean event concentrations of DOC and TN were primarily related 

to total precipitation (inversely). The nitrogen species NO2-N showed a positive relationship 

with precipitation duration while NO3-N displayed a positive relationship with peak discharge.  

 
3.3.2. Nested Catchment Evaluation 
Upstream vs downstream responses were evaluated using paired t-test. The null hypothesis of 

equal means between the two locations was upheld for all metrics, across all solutes, except for 

runoff ratio. In some cases, the p-value of tests was high (e.g. p=0.96), indicating no difference 

between population means. While populations were overall the same, regressions matching event 

responses were insignificant, and highly variable. Significant predictive linear relationships 

between the upstream (x) vs. downstream (y) monitoring locations were developed via linear 

regressions (Table 3.6) with regards to mean event concentration (TN, NH4-N, DOC), maximum 

event concentration (NH4-N, DOC), and event sum load export (TN only). No significant 

predictive relationships were observed between sites for the solutes NO2-N, NO3-N, and Cl,  

though significant relationships between up and downstream locations were observed for the 

load export of nitrogen species NH4-N, NO3-N, and NO2-N when normalized by chloride load 

export. This transformation allowed for comparison of the relative occurrence of 

biogeochemically active species compared to conservative species such as the tracer chloride. 

Significant relationships were not observed with the solute ratios with chloride for DOC and TN.  
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Table 3. 6. Details of significant regressions (p<0.05) between nested sites. Hydrochemical metrics detailed in Table 3.1.  upheld 

the null hypothesis for t-tests of populations. Metrics listed with an asterisk were log-transformed for normality. 

Solute Upstream (x) vs Downstream (Y) Regression  
Slope  R2 (p-value) 

NPQ* 2.17 0.89 (0.0001) 
TN – Cmean* 0.92 0.77 (0.0043) 
TN – Load* 0.78 0.65 (0.015) 
NH4-N – Cmean* 1.11 0.89 (0.0001) 
NH4-N – Cmax* 1.39 0.81 (0.0009) 
DOC - Cmean 0.77 0.81 (0.0022) 
DOC – Cmax* 1.08 0.67 (0.013) 
Load NH4-N:Cl* 2.09 0.79 (0.003) 
Load NO2-N: Cl* 1.28 0.66 (0.01) 
Load NO3-N: Cl 0.57 0.61 (0.02) 

 

The slope of regressions was used to help infer processes that may be occurring between the two 

nested monitoring sites. Slopes of approximately 1 represent a linear relationship between 

metrics at the downstream site (Site 2) relative to the upstream site (Site 1). Slopes above 1 

indicate an increased rate of change at the downstream outlet compared to the upstream location, 

considered as the “addition” of the solute in question to the system in between the two locations, 

and slopes less than 1 indicate there may be retention or transformation processes occurring 

between the two sites. With regards to the solute DOC, the slope of regressions for maximum 

event concentration and mean event concentration were 1.08 and 0.77, respectively, indicating a 

higher maximum concentration and lower overall mean event concentration observed 

downstream. With regards to the solute NH4-N, the slope of regressions for maximum event 

concentration, mean event concentration, and event load export ratio with chloride were 1.39, 

1.11, and 2.09, respectively, indicating higher concentrations and loads at the downstream 

location. With regards to the solutes NO2-N and NO3-N, the slope of regressions for event load 

export ratio with chloride were 1.28 and 0.57, respectively. With regards to the solute TN, the 

slope of regressions for maximum event concentration and mean event concentration were 0.92 

and 0.78, respectively, indicating lower concentrations at the downstream site.  
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3.3.2.2. Biogeochemical Interactions 
Hydrochemical relationships were assessed via regressions of solute ratios to solute ratios, 

calculated as total event load export (Site 1/Site 2), and potential hydrological drivers in order to 

infer on how upstream/downstream relationships varied across solutes for storm events (Table 

3.5). This approach allows for the comparison of relative occurrence of solutes (i.e. direct or 

inverse) at downstream relative to upstream monitoring locations. The load ratio of chloride, 

considered an indicator of physical transport processes, demonstrated a significant relationship 

with solutes DOC (R2 = 0.99), TN (R2 = 0.97), NO2-N (R2 = 0.97), and NO3-N (R2 = 0.79). The 

relatively high predictive relationship between Cl and these solutes indicates a relatively 

influence of physical transport processes in moderating relative upstream-downstream transport.  

Results of regressions reported in this study (Table 3.7) indicate that discharge metrics (runoff 

depth, peak discharge, and runoff ratio) are significantly related to the event load of chloride, 

supporting the use of chloride as an indicator of physical transport.  

 

Table 3. 7. Summary of solute load ratio (U/D) Pearson product moment correlation coefficients, high values (ie close to 1) are 

interpreted as having similar relative occurrences across nested sites. Solute load ratio values were log-transformed for 

normality 

 

Solute 
Ratio 
(U/D) 

Primary Correlation  Additional Significant Relationships 

Cl  DOC (0.99)  TN (0.97),  NO2-N (0.97),  NO3-N (0.79) 
TN  DOC (0.98)  Cl (0.97),  NO2-N (0.94),  NH4-N (0.80) 
NO3-N  Cl (0.79)  NO2-N (0.78) 
NO2-N  Cl (0.97)  TN (0.94),  DOC (0.94),  NO3-N (0.78), 

QD** (-0.80), RR (0.76) 
NH4-N  TN (0.80) None  
DOC  Cl (0.99)  TN (0.98),  NO2-N (0.94) 

 

The total nitrogen ratio was significantly related to the load ratios of DOC (R2 = 0.98), Cl (R2 = 

0.97), NO2-N (R2 = 0.94), and NH4-N (R2 = 0.80). The relationship with DOC was observed to 

be the strongest. Interestingly, a significant relationship was not observed with NO3-N, perhaps 

indicating that TN is strongly controlled by physical transport processes while NO3-N is 

influenced by transformations. The load ratio of DOC, considered an indicator of active carbon 
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in the system, was significantly related to DOC related to Cl and TN, as reported above, as well 

as NO2-N (R2 = 0.94). A significant relationship was not observed with NH4-N or NO3-N. 

 

Among the nitrogen species, NO2-N and NO3-N load ratios reported the strongest relationship 

with chloride (R2 = 0.97 and R2 = 0.79, respectively; Table 3.7). NO2-N load ratios were also 

significantly related to TN (R2 = 0.94), DOC (R2 = 0.94), and NO3-N (R2 = 0.78) as well as the 

hydrological drivers runoff depth (R2 = -0.80) and runoff ratio (R2 = 0.76). The load ratio of 

NO3-N was additionally related to NO2-N, as reported, while NH4-N only displayed a 

significant (p<0.05) relationship with TN as reported above.  

 
Solute loads exported were compared via correlation matrices to infer on the role of 

biogeochemical transformation relative to physical solute transport, and the potential 

predictability of relationships via linear regressions (Table 3.8 and Table 3.9).  

Correlation matrices indicate that the physical tracer chloride was significantly related to TN, 

NO2-N, and DOC across both sites (Table 3.6). Chloride was not found to be significantly 

related to NH4-N, supporting the idea that transport of NH4-N may be moderated by 

biogeochemical reactions compared to physical transport processes.  Total nitrogen was 

significantly related to DOC across both sites and was only related to NO3-N at Site 1 and NO2-

N at Site 2. DOC was found to be significantly related to NO2-N across both sites, and to NO3-N 

at Site 1.  

 

Table 3. 8. Results of significant (p<0.05) correlations of solute event load exports, listed by site (Site 1, Site 2). 

 

  Cl** TN* DOC** 

TN* 0.82, 0.96 --, -- 0.99, 0.97 

DOC** 0.87, 0.98 0.99, 0.97 --, -- 

NO3-N** --, -- 0.77, -- 0.82, -- 

NO2-N* 0.71, 0.85 -- , 0.89 0.79, 0.91 

NH4-N* --, -- --, -- --, -- 
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Linear regressions developed for solutes indicate significant predictive relationships between Cl 

(x-axis) and the solutes TN (R2 = 0.67, 0.90), NO3-N (Site 2: R2 = 0.67), NO2-N (R2 = 0.51, 

0.74), and DOC (R2 = 0.75, 0.96), as summarized in Table 3.9. DOC displayed a significant 

linear relationship with TN (R2 = 0.98, 0.93) and the nitrogen species NO3-N(R2= 0.67, 0.68), 

NO2-N (R2 = 0.62, 0.83) but not NH4-N. TN was only found to have a significant predictive 

relationship with NO3-N (R2 = 0.59, 0.64) at both sites, and with NO2-N at Site 2 (R2 = 0.81). 

Overall, it appears there is a strong link between chloride, DOC, and TN and little connection to 

NH4-N occurrence during storm events.  

 

Table 3. 9. Results of significant linear regressions developed for solute event load exports, (*log-transformation of metric; 

**square-root transformation of metric). 

Solute 

(y-axis) 

Solute 

(x-axis) 

Site 1 R2 

(p-value) 

Site 2 R2 

(p-value) 

Equation Site 1 Equation Site 2 

TN* Cl** 0.67 

(0.02) 

0.90 

(0.0003) 

log (y)= 11.729131 + 
0.0011443*sq rt(x) 

log (y) = 10.334333 + 
0.0016248*sq rt(x) 

NO3-N** Cl** -- 0.67 

(0.01) 

sq rt(y)  = 16.289752 + 
0.3557318*sq rt(x) 

-- 

NO2-N* Cl** 0.51 

(0.048) 

0.74 

(0.006) 

log (y) = 8.6387303 + 
0.0010965*sq rt(x) 

log (y) = 7.9943665 + 
0.0012288*sq rt(x) 

DOC** Cl** 0.75 

(0.01) 

0.96 

(<0.0001) 

sq rt(y)  = 532.03269 + 
1.7649092*sq rt(x) 

sq rt(y) = 316.88658 + 
1.9852789*sq rt(x) 

TN* DOC** 0.98 

(<0.0001) 

0.93 

(<0.0001) 

log (y) = 11.175436 + 
0.0007002*sq rt(x) 

log (y) = 9.8798493 + 
0.0008545*sq rt(x) 

NO3-N** DOC** 0.67 

(0.02) 

0.68 

(0.01) 

sq rt(y)  = -282.6472 + 
0.2514503*sq rt(x) 

sq rt(y)  = -57.55703 + 
0.1690701*sq rt(x) 

NO2-N* DOC** 0.62 

(0.04) 

0.83 

(0.002) 

log (y) = 8.7863273 + 
0.0005202*sq rt(x) 

log (y) = 7.7243869 + 
0.0006401*sq rt(x) 

NO3-N** TN* 0.59 

(0.04) 

0.64 

(0.02) 

sq rt(y)  = -4102.739 + 
344.62515*log(x) 

sq rt (y)  = -1979.351 + 
194.25283*log(x) 

NO2-N* TN* -- 0.81 

(0.002) 

log (y) = 1.2010285 + 
0.6898961*log(x) 

-- 
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3.4. Discussion 
Rainfall and runoff  drivers of solute transport 

Rainfall depth appears to influence peak discharge and runoff depth, which in turn are highly 

related. This supports the idea that, in the context of monsoonal storms, largest storms tended to 

have highest peaks for storm events sampled in this study. Runoff depth demonstrated a 

secondary significant relationship with peak precipitation intensity, while a relationship was not 

observed for peak discharge.  

 

Hydrochemical relationships varied across solutes, though runoff depth and peak discharge 

appeared to be a consistent influence on total load export as compared to precipitation metrics. 

There was not a consistent response to precipitation metrics across solutes. Mean concentrations, 

in general, appeared to respond to precipitation depth except for NO2-N which only showed a 

response to precipitation duration. Seasonality appeared to be a control on maximum 

concentration of both chloride and total nitrogen, indicating maximum nitrogen concentrations 

may be influenced, and potentially limited, by physical transport or the total available solute pool 

in a catchment. There was no consistent response observed for maximum concentration across 

nitrogen species, indicating speciation is likely influenced by biogeochemical processes instead 

of rainfall and runoff drivers. Maximum concentration of DOC was inversely related to 

precipitation intensity and precipitation depth, indicating DOC may be more affected than 

nitrogen by unique precipitation event characteristics. The lack of a predictive relationship of 

NH4-N with the physically conservative tracer chloride implies there may not be a consistent 

physically based process linking solute transport between the up and downstream sites. The lack 

of consistent pattern of chloride transport in upstream-downstream regressions (Table 3.6) may 

also be influenced by the wetter nature of antecedent conditions (0-1 days) that can result in 

flushing of the watershed and solutes that have built up during dry periods (Meixner, 2007; 

Gallo, 2012).  

 

System driven by flashy dynamics 

Of the significant relationships observed in regressions between nested sites, results generally 

fell into two categories – relative increase downstream (slopes above 1) and relative decrease 

downstream (slopes less than 1). All Cmax regressions that demonstrated significance (NH4-N, 
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DOC) had slopes above 1, as did peak discharge with the highest slope (2.17). A review of 

drivers of these metrics indicates that peak discharge is primarily associated with total 

precipitation, while maximum concentrations of DOC were inversely related to peak 

precipitation intensity and rainfall amount. In the case of NH4-N, no drivers were found to have 

significant influence upon maximum concentrations, though total rainfall was found to have an 

inverse relationship with mean concentrations of NH4-N, indicating increasing rainfall was 

associated with lower mean concentrations. There appears to be a higher slope for maximum 

concentration as compared to mean event concentration for species including DOC, TN, and 

NH4-N (Table 3.6). This result is likely a product of related peak discharge, with absorption to 

sediment particles likely occurring throughout the event duration. This situation is especially 

pronounced for the solute DOC, with a slope above 1 for maximum concentration but below 1 

for mean concentration regressions.  

 
Biogeochemical transformations expected despite rapid turnover 

Concentrations of DOC appeared to be influenced by rainfall characteristics, in which higher 

precipitation amounts was inversely related with mean event concentrations, while precipitation 

intensity was inversely related to peak event concentrations. The ratio of DOC was consistent 

with the occurrence of Cl, TN, and NO2-N at both monitoring sites.  

 

The concentration of total nitrogen (TN) was found to have little difference between sites, with a 

slope of average event concentration of approximately 1, though solute load was found to differ 

downstream with potential attenuation associated with a slope of 0.78. Load was significantly 

related to peak discharge and is considered to be highly affected by event runoff characteristics 

(Table 3.5). Maximum event concentrations were related to seasonality, while mean event 

concentrations were related to total rainfall and inversely related to peak precipitation intensity. 

This is interpreted as nitrogen being sourced elsewhere in the catchment and mobilized (via 

flushing) during events based on rainfall and runoff attributes.  

 

The nitrogen specie NO2-N appears more strongly linked to physical transport than other 

nitrogen species, though evaluation of the ratio with chloride indicates an increase relative to 

chloride at the downstream location (slope of 1.28). Average event concentrations were 
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significantly related to the duration of the rainfall event, which supports the interpretation of 

sourcing via biogeochemical transformation, potentially via denitrification, though further 

isotopic evaluation is warranted as previous studies in the region did not find denitrification 

processes occurring in urban runoff events (Hale, 2014).  

 

The nitrogen species NO3-N and NH4-N appeared to be the most elusive in terms of links to 

physical transport mechanisms. Regressions of ratios of NO3-N with chloride indicate a decrease 

in the downstream location (slope = 0.57), and regressions of upstream/downstream ratios 

indicate significant relationships with chloride and NO2-N. Regressions of NO3-N with total 

nitrogen were developed for both monitoring locations and mean event concentrations and event 

load export were primarily related to peak discharge and runoff depth, respectively. This is 

interpreted as a combination of the importance of NO3-N sourcing via TN availability and the 

influence of runoff characteristics on solute transformations. The relationship of NH4-N to other 

solutes and metrics consistently deviates from other solute behaviors and appears to increase 

downstream in terms of ratio with chloride, maximum event concentration and mean event 

concentration. This pattern may be a function of total nitrogen available in the system and is 

moderated by biogeochemical transformations, including dissolved organic matter respiration, 

occurring within the water column. This result was notable yet unsurprising as a few studies have 

linked the importance of antecedent conditions to the availability of NH4-N in urban runoff 

(Gallo et al., 2013a; Welter et al., 2005). 

 

Taken together, these relationships appear to support a conceptual model in which DOC and TN 

are primarily driven by solute availability through the catchment and physical mobilization 

during runoff events. The occurrence of nitrogen species NO2-N and NO3-N are a secondary 

occurrence based on TN availability, with NO2-N being the favored specie potentially due to 

denitrification processes occurring during runoff events. NO3-N appears to be less present 

downstream relative to physical transport tracers, while NH4-N appears to be increased 

downstream. A potential interpretation is rapid microbial activity that promotes denitrification 

via the consumption of NO3-N to produce NO2-N, and eventually results in gaseous loss of 

N2O, which has been observed to occur in semi-arid regions (Hale, et al., 2014;  McPhillips & 

Walter, 2015). The presence of NH4-N may potentially be due to mineralization due to microbial 
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activity and interaction with organic matter present in stormwater, as there were not clear 

relationships developed that explain the relative increases in NH4-N presence downstream. The 

consistent presence of DOC and its consistent relationships with chloride are interpreted as an 

indicator of limited oxidation processes occurring in stormwater, and potentially oxygen 

consumption, which is consistent with the pattern of nitrogen speciation observed in runoff.  

3.5. Conclusion 
This study represents an aggregated snapshot of a system during monsoon seasons of 2016-2018 

that allows for inference into processes that are occurring in the reach bound by the nested 

monitoring locations, which receives runoff sourced from the catchment area as well as in-stream 

runoff. Water quality data was collected and interrogated via comparative tools that include 

linear regression and pairwise correlations. Linear regressions allowed for comparison of the 

relationship of solutes and runoff responses at the downstream location compared to the 

upstream location, and of ratios of solutes (upstream/downstream) to one another to assess 

consistent or diverging occurrences of solutes at nested monitoring locations. Results from 

regressions indicate coherent peak behavior across nested sites (e.g. peak discharge, maximum 

concentrations). Pairwise correlations allowed for inference into the strength and nature of 

hydrochemical relationships and for comparison to runoff and precipitation drivers in a manner 

that reduced complexity of confounding or interacting variables. Results of pairwise correlations 

show a consistent relationship between runoff depth, peak discharge, and total precipitation upon 

hydrochemical metrics. Pairwise correlations also demonstrate consistent relationships between 

event load exports of chloride, dissolved organic carbon, and total nitrogen.  

 

Research consistently demonstrates a link between antecedent conditions and the presence and 

transport of biogeochemically active species such as nitrogen within semi-arid watersheds in line 

with the “build and flush” framework (Austin et al., 2004; Meixner et al., 2012). The sampling 

scheme of this study inadvertently controlled for antecedent conditions by having a limited range 

of 0-1 days, much tighter than ranges displayed in related studies, resulting in a “flushed” urban 

system. In the absence of this high-level control, a significant predictive relationship was not 

observed for the conservative tracer chloride between Site 1 and Site 2, indicating a 

heterogeneous transport environment within a relatively small spatial scale. In the context of the 

modified trigger-transfer-reserve-pulse framework, the absence of significant flushing of the 
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urban system may result in a relatively stronger influence of biogeochemical processing and 

solute retention throughout the catchment and along the drainage channel.  This is a potential 

explanation to explain why few patterns were observed with regards to NH4-N, where previous 

studies have found a strong influence of antecedent conditions, which were not represented in 

this study (Welter, 2005). 

 

This system appears to be dominated by rapid, flashy dynamics in which peak discharge 

appeared to be highly related between the two sampling sites, and to maximum event 

concentrations of multiple solutes. Despite the short duration and ephemeral nature of runoff and 

the small watershed size, it appears that transformation is occurring within runoff and is likely 

moderated by addition of solutes to the system within the area draining to the reach and rapid 

soil microbial activity including respiration. Future research on this topic would benefit from 

multiple nested watersheds in urban environments to better control for spatial heterogeneity 

throughout the watershed, spatial and temporal variation in rainfall, and variable sourcing of 

runoff across the watershed area.   
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Chapter 4: Coupled Natural-Human Systems Evaluation of Green 
Stormwater Infrastructure in Semi-Arid Cities such as Tucson, Arizona 

Abstract 

Green stormwater infrastructure (GSI) is being used to assist in solving various aspects of 

the problems cities have with water - too much (flooding), not enough (water resources), 

and not the right kind (e.g. water quality).  The implementation of GSI has been viewed 

as a way to directly and indirectly reduce flooding risk, increase water supply, and/or 

improve water quality.  This study characterizes GSI implementation in the semiarid city 

of Tucson, AZ  via the characterization of components, exchanges, and co-evolution of 

natural and social processes.  This city has two precipitation seasons (winter and summer 

monsoon), is restricted in local water resources, and experiences seasonal flash flooding 

events.  GSI has potential to offset local water demands, and is considered a solution for 

water resources and flood risk challenges the city experiences.  These motivations differ 

from more humid regions where flooding and water quality problems generally drive GSI 

implementation.  These differences stem from several natural and social system factors 

that can incentivize GSI implementation to harness stormwater for ecosystem services 

and water resource concerns.  GSI implementation has occurred despite financial, policy 

and educational barriers to GSI adoption by individuals, municipalities and other 

stakeholders.  Feedbacks in the coupled human-natural system are observed where 

previous successes at GSI implementation (considered as desired changes in the natural 

environment, or overcoming institutional and social barriers) have advanced social 

learning and coordination, resulting in increased GSI implementation in the region.  
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4.1. Introduction 
Dryland cities face unique water resource and climatic challenges that make them useful 

examples to explore how human and hydrologic systems interact in the context of sustainability 

challenges (Hoover et al., 2020; Reynolds et al., 2007). The urban population of the Southwest 

boomed after World War 2 (Logan, 1995), sharpening conflicts between and within water 

sectors. Responses from state, municipal, and district governance initially focused on increasing 

supply and supporting conservation and efficiency programs, while more recent efforts have 

included developing unconventional water resources such as stormwater and waste water 

(Radonic, 2019a). In the case of stormwater, there is a broad focus on how to utilize green 

stormwater infrastructure (GSI) to expand the use of stormwater as a relevant urban water 

resource.  

Broadly, GSI includes a set of practices that utilize vegetation, soils, and other ecological 

systems to alter the movement, detention, retention, and infiltration of stormwater to minimize 

adverse water quality, quantity, and water resource challenges in cities (Geberemariam, 2017; 

Lieberherr & Green, 2018).  GSI can encompass several different practices that are implemented 

to reduce flooding, improve water quality, to retire more natural stream flow conditions, or to 

reduce the use of potable water for irrigation purposes (Jiang et al., 2015; Matsler et al., 2021; 

Prudencio & Null, 2018). GSI application in cities has differed by place due to variation of 

environmental issues and cultural, economic, legal and historic context of cities implementing 

GSI as a solution to perceived problems (McPhillips & Matsler, 2018).   

This study is focused on the exploration of how environmental conditions and constraints shape 

decision making and governance in drylands.  Furthermore, how those perceptions and decisions 

in turn alter the structure and function of urban systems with respect to hydrology and ecology 

and thus affect the adoption and evolution of GSI in xeric urban systems. Specifically, water 

scarcity has shaped the social response to GSI and the performance of GSI has in turn reshaped 

the social community that produced GSI.  This coupled human natural system is interesting due 

to the way key interface and feedback loops drive the evolution of GSI perception and 

implementation. We offer this system as an example of a coupled human natural system that is 

co-evolving, as the development of GSI in Tucson and our study also exist within the context of 
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wider discussion of socio-hydrology, nature based solutions, and social technical-ecological 

systems.   

 

4.1.1. Framework and Methodology 
This synthesis is one of the outcomes from a large interdisciplinary team, including natural and 

social scientists, that have been investigating GSI in urban systems via a coupled human-natural 

systems approach to evaluating ecosystems services in an applied and active context (Figure 

4.1).  To conduct this broad, interdisciplinary assessment approach, the team has pursued 

research that furthers knowledge related to GSI function, social learning, and implementation. 

Specifically, this research includes characterization of GSI influence upon urban ecosystem 

services and characterization of the policy and social context of GSI at multiple scales.  The 

questions we investigated are: 

a. How does GSI implementation address hydrologic risks and provide ecosystem 

services in arid and semi-arid cities? 

b. How has social learning around GSI implementation evolved in arid and semi-

arid cities such as Tucson, AZ? 

c. How do interfaces and feedback loops link GSI ecosystem services and learning 

to influence implementation? 

 

Figure 4. 1. Conceptual model of coupled natural human system and alignment with questions of synthesis paper that seek to 

characterize and integrate components and interactions of coupled natural human system  including existing context, responses 

to activity, and evolution of GSI in Tucson Arizona.  
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We draw on frameworks that explicitly link ecological structure and function, ecosystem 

services, information flows, and decision-making (Figure 4.2). We modify the ecosystem service 

cascade to emphasize the role of people and decision-making in rendering ecosystem services 

(Manning et al., 2018) and also the iterative nature of our work. This framework illustrates the 

connections between ecosystem properties and aspects of governance (learning, coordination, 

and decision-making) as they affect and respond to ecosystem services across scales in the urban 

landscape – by connecting science with decision-making, planning, and policy.  

 

Figure 4. 2. Linkages and exchanges across coupled natural human system components in relation to GSI efforts in Tucson, 

Arizona. Ecosystem functions, services, and governance are continuously related through iterations of learning and 

experimentation of GSI implementation efforts and associated ecosystem function responses.  

 

 
 

 

This synthesis integrates a number of research studies conducted to investigate and characterize 

GSI in the urban system of Tucson, Arizona from multiple disciplinary lenses within physical 

and social sciences to develop an interdisciplinary summary and framework of GSI that 

integrates hydrology, landscape architecture, social learning and perceptions, and policy and 

governance. Research studies were conducted at multiple scales that aligned with discipline-

specific scales of activity. For example, hydrological investigations were conducted at the basin 

and neighborhood scale, while policy and governance studies were conducted at the municipal or 

regional governance scale.  

 

This synthesis additionally summarizes results from a series of science-policy dialogues held in 

2019 (March 15 and November 15) with local GSI stakeholders to discuss priorities, barriers, 
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and desired pathways for GSI innovation in Tucson, Arizona. Workshop participants represented 

a diverse pool of stakeholders from government organizations (City of Tucson, Pima County), 

non- governmental organizations, neighborhood associations, and private sector (e.g. building) 

who are active in efforts related to GSI planning, design, and/or implementation. Data were 

collected via survey instruments and polls during workshops and were analyzed using qualitative 

content analysis (Braun & Clarke, 2006).  Results from stakeholder workshops are used to 

inform questions related to social perceptions of barriers, priorities, and solutions related to GSI 

implementation in Tucson, Arizona.  

4.2. Coupled Approach to Water Resource Management 

4.2.1. Water Issues in Society  
Societies essentially have three water related problems: not enough water, too much water, and 

water that is not the right kind.  Not enough water (i.e. water scarcity) results in various societal 

responses to make water available for social needs, including efficiency and conservation efforts 

to match the water supply and demand. These efforts range from improved technologies, dams, 

diversions,  educational programs, pricing structures, and rebates for water conserving or 

efficient practices and technologies. 

 

Similarly, problems of too much water or flooding create threats to society. In response, society 

has developed several adaptations to these threats, ranging from drainage of agricultural lands to 

provide crops with adequately aerated soils, to flood works to protect urban centers, to efforts to 

limit development at risk of flood damage, and to promote development that is coherent with 

flood risk.  In circumstances where water that is not available at the right time and place, society 

develops adaptations to alter water’s occurrence through storage facilities and changes in water 

withdrawals and discharges to provide the desired benefits. Large infrastructure projects play a 

role, such as dams built for flood control and other purposes that include floodway construction 

to allow large flows to be diverted around high value properties.  These efforts are not without 

their social interactions, for example the well noted levee effect where dam building and levee 

construction actually places more people in harms way through a false sense of security  (Di 

Baldassarre et al., 2013, 2015).  
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Finally, society experiences issues related to water that is not of the right kind, including water 

that has inappropriate quality for the intended use.  This adverse water quality might be related to 

water that does not meet drinking water standards set by the United States Environmental 

Protection Agency, or water that is too salty for wildlife, agriculture, or livestock.  Water of not 

the right kind might also mean water that does not vary with the right timing and placement such 

as with the alteration of streamflow due to impoundment, irrigation, or electricity generation 

(Boisjolie et al., 2020; Sabo et al., 2005).  In response, society develops structures and policies to 

either improve water quality or prevent incorrect uses for water of a given quality.  

 

4.2.2. Integrating Science into Decision Support  
Governance decisions aimed at enhancing ecosystem services related to water sustainability, 

such as decisions about infrastructure development or incentive programs for consumers, need to 

be based on scientific evidence to be effective. However, barriers remain to integrating scientific 

knowledge into decision-making processes  (Jacobs et al., 2016; Van Kerkhoff & Lebel, 2006). 

Closing the gap to affect change in urban ecosystems often is a matter of learning, which is a 

complex process, especially in the context of water sustainability (Henry, 2009). Many factors 

can act as impediments to learning, including: the linked and complex nature of natural systems 

(Liu et al., 2007); the lack of quality communication between scientists and decision-makers 

(Cash et al., 2003; Mitchell et al., 2006); and the tendency to confound empirical facts with 

normative beliefs and values (Lackey, 2006; Sabatier & Weible, 2014). These, and other factors, 

underscore the need to continually refine and assess theories of learning, or the process by which 

humans seek out, assimilate, and act on information (A. K. Gerlak & Heikkila, 2011; Henry, 

2009).  

4.3. Synthesis 

4.3.1 How does GSI implementation address hydrologic risks and provide ecosystem services in 
arid and semi-arid cities? 

 The natural system context of Tucson is characterized by limited annual rainfall (283 mm), 

distributed bimodally via summer monsoon and winter rainy seasons, and intense summer heat 

with extreme heat events that are exacerbated by urban heat island (UHI) impacts (Gelt et al., 

1999; Luketich et al., 2019; Yang et al., 2016). The City of Tucson experiences flash flooding, 

particularly in response to summer monsoonal rainfall. Stormwater in the region involves 
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minimal subsurface drainage, with a majority of stormwater routed via streets into ephemeral 

drainageways that are both natural and man-made (Korgaonkar et al., 2021). This results in 

nuisance flooding, particularly during intense monsoonal precipitation events, that also provides 

opportunity for capture and reuse via GSI implementation. In this context, GSI is considered 

primarily in the context of augmenting limited water supplies and reducing flash flood impacts, 

in contrast to the eastern United States where water quality concerns related to combined sewer 

overflow (CSOs) reduction serves as a large driver of GSI implementation, particularly in older 

cities (McPhillips & Matsler, 2018). 

The co-benefits aspect of GSI provides opportunities to address interacting urban hydrologic and 

ecosystem issues whose management spans the jurisdiction of multiple government agencies 

and/or departments. For example, management of too much water (ie flooding) falls under the 

county agency Pima Regional Flood Control District while management of not enough water 

occurs via water conservation effects primarily coordinated via the city water utility, Tucson 

Water. Water of not the right kind is largely managed by municipal separate storm sewer system 

(MS4) permits coordinated by the county agency Pima Department of Environmental Quality.  

The uptake of GSI has increased rapidly in recent years (late 2000s-onward) due to this potential 

to address multiple types of water problems in Tucson while enhancing urban livability via 

increased vegetation, local traffic calming, and reduction of UHI impacts (Gerlak et al., 2021a; 

Staddon et al., 2018). The strategy of using GSI as a way to capture an underutilized water 

resource in arid and semi-arid environments is very different from approaches to GSI pioneered 

in more humid locations where stormwater is viewed as a nuisance and hazard related to 

flooding and water quality (McPhillips & Matsler, 2018).  These problems also exist in arid and 

semi-arid cities but the chief motivation for GSI in drylands is to use it and other strategies to 

deal with the water resource limitations in these settings (Gerlak et al., 2021b; Radonic, 2019b). 

In this semi-arid region, watershed runoff responses have been observed to decrease with 

increasing watershed size due to the influence of channel transmission losses and fractional 

rainfall coverage across a watershed (Goodrich et al., 1997). Analysis of differences in runoff 

volumes and generation in cities versus surrounding range and wildlands provides a perspective 

on past hydrologic change, while a modelling study of potential GSI implementation in an urban 
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watershed offers a perspective on potential futures of hydrologic change in Tucson.  Runoff data 

available for watersheds within and nearby to Tucson, AZ indicate that runoff is significantly 

higher in urbanized watersheds versus the natural rangeland, desert scrub, and forested 

watersheds of the region, with the greatest discrepancies (i.e. increases) at the smallest spatial 

scales of a plot size (1 m2) or that of a roof (100 m2) (Figure 4.3; Korgaonkar et al., 2018; 

Letcher & Huckelberry, 2009).  This particular pattern of relatively larger runoff ratios in urban 

systems at small spatial scales, with decreasing disparity at larger spatial scales, may explain 

why efforts at stormwater harvesting through GSI implementation have focused on solutions at 

the parcel (0.1 ha) to neighborhood scale (200 ha) with goals of reducing urban flood hazards, 

improving water quality, and mitigating the paucity of water resources in the region.   

Figure 4. 3. Runoff ratio across catchment area in and around Tucson, AZ. This figure supports the concept of increased 

harvestable water at small spatial scales in semi-arid urban areas. Figure developed by Dr. Evan Canfield and Dr. Erika Gallo  

(Korgaonkar, 2018). 

 
 

The potential and performance of GSI upon hydrologic performance at the small watershed scale 

(approximately 1-3 km2) was explored in modeling studies supplemented with empirical, 

observational data.  Simulation of possible GSI scenarios by Korgaonkar et al. (2021) 

demonstrate the potential impact of GSI on flood mitigation and water availability in a small (~2 

km2), urbanized watershed in Tucson, Arizona. Model results indicate greatest impact at small 

scales (parcel and street), with up to 40% reduction in street runoff accumulation, largely due to 

water captured within street side basins (average of 8.5m3) and household cisterns (average of 

3.6 m3) that can be used to supplement vegetation growth and mitigate heat-island effects. 

Current levels of GSI implementation did not appear to significantly influence runoff flashiness 

and duration, water budget, or flood risk at the scale of the watershed; analysis indicated 

significantly (at least doubling) greater implementation to realize these benefits. This evaluation 
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of impact of current level of GSI implementation is supported by an empirical, observational 

study conducted in this watershed in which current GSI features was observed to occupy 

approximately 0.06% of the total watershed area and was not considered sufficient to account for 

runoff differences observed across two nested, paired watersheds (Gupta, 2022).  

 

Investigations of basin-level scale soil characteristics to assess basin performance found a large 

variation in soil infiltration rates across basin classification schemes that was attributed to the 

role of vegetation growth in supporting microscopic and macroscopic flow paths throughout soil 

columns (Anderson, 2018). Basin infiltration rates were also assessed via air permeability 

experiments and compared with a subjective classification of basin maintenance levels using 

metrics including the presence of trash, presence of weeds, vegetation health, and inlet/outlet 

clogging as a proxy for volunteer maintenance efforts of nearby residents. The study detailed a 

relationship in which mean infiltration rates increased (aka increased basin “performance”) as 

basin maintenance got worse (great, fair, poor). This was attributed to the buildup of organic 

matter to support local biota and soil structure, that is often at odds with aesthetic preferences of 

local residents that can find overgrown vegetation in basins distasteful (Swartz, 2019).  

 

Figure 4. 4 Graph depicting results of air permeability experiments in which average infiltration rates increase as basin 

maintenance level decreases (Swartz, 2019). 
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4.3.2. How has the perception of GSI implementation evolved in arid and semi-arid cities such as 
Tucson, AZ? 

While the natural system context plays a role in GSI selection and implementation, the specific 

social context also plays a role via risk perceptions as well as legal, cultural, and economic 

factors.  Increased GSI uptake in Tucson is due to a unique combination of Tucson’s large scale 

water resource concerns,  history of urban stormwater infrastructure development, opportunities 

due to urbanization, and social context (i.e. leadership, collaboration, and entrepreneurial 

approaches) that has moved GSI from a fringe activity to a practice driving collaboration 

between local government agencies, communities, and organizations (Bell et al., 2020; Elder & 

Gerlak, 2019; Gerlak et al., 2021a). The interaction of social and policy efforts with complexities 

of the natural system has provided opportunities for iterative learning and experimentation that 

have supported the evolution of GSI efforts in Tucson. The perception of GSI in Tucson, 

including learning processes, collaboration, and evolution over time, were assessed to gain an 

understanding of social dynamics operating at multiple spatial and temporal scales.  

The initiation of GSI adoption was instigated in 2003 when a local rainwater harvesting activist 

began making illegal (at the time) curb cuts, leading to discussions and negotiations with the City 

of Tucson that would ultimately result in the first legal curb cuts made by the same activist in 

2007. These discussions drew interest and participation from a range of local actors including 

nongovernmental organizations (NGOs), and led to the development of institutional manuals 

detailing best practices for stormwater runoff (Elder & Gerlak, 2019; Gerlak et al., 2021a). 

Strategic efforts such as engaging city council offices and installing demonstration sites across 

the city, including at city council offices, helped bridge the link between do-it-yourself urbanism 

(DIY Urbanism) approaches and environmental policy and governance spaces (Bell et al., 2020; 

Elder & Gerlak, 2019). These efforts eventually led to the formal implementation of policies by 

local governance, including Pima County and the City of Tucson, that required first flush 

retention and commercial stormwater harvesting via GSI efforts (Elder & Gerlak, 2019; Gerlak 

et al., 2021a; Gerlak et al., 2021b). The perceived benefits of GSI implementation drive 

adoption, ranging from reduced stormwater pollution, recharging the aquifer, increased physical 

and mental health, traffic calming in neighborhoods, the ability to grow food, community 

building, reduced crime, increased wildlife habitat, and more efficient use of water (Gerlak et al, 
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2021). Collaboration was documented to increase over time, including via knowledge-sharing 

events, highlighting a diverse and complex network centered around GSI planning and 

implementation. Collaboration was encouraged by increased initiatives related to GSI manuals, 

demonstration projects, trainings, regulations, and funding mechanisms (Gerlak et al., 2021b). 

This collaboration is notable as management of natural resources and hydrologic issues has 

traditionally occurred in a fragmented nature with highly specific institutional missions, though 

there is an increasing recognition of the necessity to coordinate towards holistic management 

approaches. This paradigm shift is additionally visible in the adoption and coordination of local 

water management leaders towards the One Water movement occurring nationwide (Daigger et 

al., 2019).  

 

4.3.2.1 Stakeholder Engagement 
Engagement with regional GSI stakeholders provided multiple opportunities for co-production of 

knowledge and underscored the need to generate integrated, synthesized knowledge related to 

GSI.  Science-policy dialogues were held as workshops and included surveys understand 

stakeholder preferences, motivations, and barriers associated with GSI implementation. 

Responses indicate that stakeholders prioritized GSI benefits related to vegetation, water 

conservation, and heat reduction (Figure 4.5). Response examples in these categories include 

“enhance tree canopy”, “mitigation of vulnerable neighbors to urban heat islands”, and 

“reduction of potable water for landscape use and toilets.” Many benefits described by 

stakeholders couple two or more benefits (e.g. growing trees to provide shade and thus cooling 

the city or using rainwater for irrigation thus reducing freshwater use for irrigation).  
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Figure 4. 5. Frequency of benefits identified by stakeholders as rationales GSI implementation in their neighborhood, agency, 

organization, or company. 

 
 

Popular strategies identified were also among the most common currently employed in Tucson 

(infiltration basins and cisterns) indicating a preference of established strategies (Figure 4.6). 

Preferences expressed by stakeholders reflect efforts to convert challenges associated with semi-

arid cities into opportunities, such as the beneficial use of stormwater runoff to supplement water 

portfolios and mitigate UHI impacts.  

 

Figure 4. 6. GSI strategies that the stakeholders identified to achieve the benefits identified in Figure 4.4.. 
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Participants were asked to identify among the barriers most prevalent in the earlier results the 

two barriers that they consider most difficult to overcome. This resulted in the identification of 

16 types of barriers (Table 4.1) and 15 types of solutions (Table 4.2). Most barriers and solutions 

relate to social and economic conditions such as costs, knowledge, priorities, political will, 

regulation, and communication. The most frequently mentioned barriers were cost and 

knowledge, including knowledge about GSI implementation of GSI. This response was 

consistent with follow-up questions regarding the identification of the most difficult barriers, 

where stakeholders generally agreed on the difficulty of cost and knowledge (Figure 4.7). 

Variations across stakeholder groups, categorized as non-governmental organizations (NGO), 

neighborhoods, local governance (city and county), and private sector (builders), appear to align 

with organizational focus and perception of difficulty, reflecting a tendency to prioritize barriers 

central to stakeholders’ organizational missions compared to barriers that others encounter. 

Figure 4. 7. Barriers to GSI adoption most often cited by various stakeholders when asked to select only two barriers. The y-axis 

represents the percentage of stakeholders from each category that selected the barrier described on the x-axis.  

 
 

Table 4. 1. Barriers to GSI implementation 

Category Explanation 

Costs (18) Implementing and maintaining GSI is costly.  
Communication (4) Lack of or bad communication within neighborhoods and neighborhood and government.  
Knowledge about GSI (11) People do not know about GSI, its benefits, and maintenance. 
Knowledge on 
implementation of GSI (3) 

People do not know how to properly implement GSI.  

Knowledge (other) (3) Other knowledge related things such as knowledge of water systems and knowledge of 
alternative paths or ways to do things.  
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Community interest and 
support (5) 

Community is not interested in GSI and does not support it.  

Priorities (7) GSI is not a priority, especially in relation to other needs such as fixing potholes.  
Rentals (3) Landlords and residents of rentals tend to be disengaged.  
Lack of political will (2) Elected officials lack political will to foster GSI.  
Path dependency (4) The way we have been doing things and the institutions associated with it determine how we do 

things in the future. There are many barriers to do things differently.  
Regulation (9) Regulatory requirements hinder GSI implementation and/or rare inconsistent.  
Urban form and design (4) Characteristics of city planning such as dependence on imperviousness, design constraints, and 

lack of space constrain GSI implementation.  
Fragmentation and 
coordination (4) 

There is a lack of coordination, particularly among different government departments and 
between government and neighborhoods. This leads, among other things, to under-exploitation 
of existing knowledge. 

Suspicion (5) There is a lack of trust, particularly between neighborhoods and government.  
GSI maintenance (3) Maintenance of GSI can be challenging.  
GSI construction phase (2) Construction of GSI can lead to disruption (e.g., traffic).  

 

 

Table 4. 2. Solutions to overcome stated barriers to GSI implementation 

Category Explanation 
Money (20) Having more money available to spend on GSI.  
Administration of funding 
(7) 

Administer funding in a way that corresponds with GSI needs and ensure continuous funding.  
This is often related to developing innovative funding and administrative vehicles such as 
funding lifetime maintenance up front or federal funding for GSI.  

Communication (5) Improve communication within neighborhoods, government, and between neighborhoods and 
government by means of new information outlets (e.g., newsletter), requirements (e.g., 
mandatory communication) as well as better communication (e.g., more transparent 
explanation of decisions).  

Education (18) Educational outreach to teach people about GSI and its benefits.  

Practical training (5) Train people in implementing GSI and make professional services regarding design and 
construction available.  

GSI demonstration (2) Establishment of GSI demonstration projects for educational purposes.  

Research (3) Use research to identify barriers to GSI implementation.  

New regulation (9) Implement new regulatory requirements that foster GSI such as mandatory GSI training for 
certain professional groups.  

Change regulation (6) Change existing regulation that hampers GSI implementation.  

Regulation (other) (2) Category contains other regulatory aspects such as state regulations. This category is rare.  

Leadership (4)  Leadership from communities and governments who advocate for GSI.  

Awards and certificates (3) Using awards (e.g., reward for innovative site) and certificates (e.g., a certificate system similar 
to SATES or LEED) as a means to foster GSI.  
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Integration of functions (6) Better integration of different water-related projects and functions. For example, combine road 
fixing with installation of GSI.  

Integrative collaboration 
(13) 

Bringing different stakeholders together and foster closer collaboration, particularly between 
people with different interests and priorities.  

Public support (2) Public wanting and demanding GSI.  

 

 

4.3.3. How do interfaces and feedback loops link GSI ecosystem services and learning to 
influence implementation? 
Local decision makers in Tucson have seen opportunity in the increased stormwater runoff due 

to urbanization as a tool to address water resource and urban heat challenges in a dry climate. 

GSI provides opportunities to harness stormwater for beneficial use and mitigate some of the 

flood hazard associated with dryland regions and potentially exacerbated by urbanization. A key 

question is how can and how have these decisions around stormwater runoff and GSI 

implementation influenced the hydrology and ecology of Tucson as a city. Areas of intersection 

between natural and social systems include regulatory drivers and association regulations as well 

as agreement/coordination around GSI implementation, vegetation selection, maintenance, and 

funding.  

 

Water harvesting in Tucson interacts with vegetation choices and strategies through an 

interaction of physical, biological, and social processes.  A key in any environment is that the 

plants used must be matched to societies expectations for ecosystem services and to the physical 

environment.  Successful implementation of GSI is based on selection of the optimal vegetation 

composition to best perform the desired ecosystem services for regional climate settings 

(Barradas et al., 2016; Vogel et al., 2015). The design components including its type, 

distribution, vegetation species, and available resources depend on a broad range of requirements 

from local stakeholders (Kremer et al., 2016; Madureira & Andresen, 2014). In particular, 

selection of the optimal vegetation species composition is important to hydrologic adaptation of 

cities where plant selection and distribution is based on regional hydrology and climate, which 

are linked to demands on the ecosystem services by stakeholders including residents (Nocco et 

al., 2016; Zhang et al., 2018). For example, water conservation is prioritized in vegetation 

selection and design in xeric environments such as Tucson, AZ where vegetation features such as 

tolerance to drought and high water use efficiency promote plant growth (biomass gain) and are 
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preferred for ecohydrologic benefits and maintenance considerations due to the scarcity of water 

resources (Figure 4.8) (Goedhart & Pataki, 2012; Jiang et al., 2015; McCarthy et al., 2011; Yang 

et al., 2016). 

 
Figure 4. 8. Conceptual diagram of plant species selection in GSI for hydrologic adaptation in regional climate. 

 
Regulatory drivers in the water-stressed region tend to focus on retaining and infiltrating water 

onsite for stormwater management Municipal Separate Storm Sewer (MS4) permitting 

established via the Clean Water Act, as well as local regulations in the City of Tucson and Pima 

County that require new developments for “first flush capture” of 0.5 inches of rainfall to support 

flood and stormwater management (Gerlak et al., 2021b). Challenges include coordination across 

organizations that have fragmented management responsibilities financing mechanisms that can 

support GSI implementation and maintenance as well as lower investments in public 

infrastructure in lower income and minority communities (Gerlak et al., 2021b; Gerlak & 

Zuniga-Teran, 2020).  

 

These interfaces, and the feedback loops between them, have ultimately driven the evolution of 

GSI perception and implementation in the region, functioning as a complex adaptive system that 

is continuously responding to feedback and highlights the importance of continued dialogue, 

monitoring, and coordination. Evolution of GSI efforts is seen in 1) the passage of the inter-

departmental Green Stormwater Infrastructure (GSI) fund passed by the City of Tucson that 

establishes funding for personnel and efforts related to GSI implementation and maintenance, 2) 

increased discussions and coordination of collaborative network including the Low Impact 

Development Working Group and Santa Cruz Watershed Collaborative’s One Water Working 

Group, and 3) an increase in university-city-community partnerships and projects such as the co-

development of a GSI maintenance manual. Increased interest and maturation of GSI approaches 
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explored by local water managers have led to the consideration of GSI efforts as adaptive 

strategies explored by larger federal planning studies such as the Lower Santa Cruz River Basin 

Study, initiated by the United States Bureau of Reclamation with multiple local partners. Recent 

extreme events, including record-breaking monsoon seasons, and climatic disruptions have also 

deepened understanding of GSI opportunities and challenges amongst stakeholders and water 

managers. 

4.4. Discussion 

Priorities for ecosystem services research in cities to support sustainability transitions include 

developing an understanding of and clear indicators for ecosystem service provision in cities, 

understanding the “non-ecological mediators” of ecosystem service provision (such as culture, 

infrastructure, technology, management), and assessing how these ecological, social, and 

technical processes vary and interact across scales (Kremer et al., 2016; Luederitz et al., 2015).  

GSI implementation efforts in cities facilitate aspects of social-ecological resilience through 

processes of learning, memory, and social connection. Although they are one of the more 

difficult ecosystem services to assess and monitor, these ‘cultural’ ecosystem services may be the 

most important benefits that urban dwellers get from urban greenspace (Andersson et al., 2014; 

Connolly et al., 2014).  

 

In Tucson, GSI is seen as an exemplar of a coupled natural human system or social ecological 

system where undeveloped landscapes are urbanized, resulting in modified hydrologic and 

ecological functions that highlight the need to increase or provision ecosystems services (Figure 

4.9). GSI implementation provides opportunities to capture rainwater and stormwater for 

multiple uses that include reducing flooding impacts, offsetting potable water used for irrigation, 

and supporting vegetation growth to increase shade. These perceived benefits motivate a range of 

local actors and stakeholders to increase GSI installation and coordinate around barriers and 

identify solutions to GSI implementation. GSI installation results in experimentation that triggers 

a continuum of exchange between actors and the natural system in which the natural system 

responses (e.g. changes in vegetation growth, shade provision, flooding, soil structure) are 

observed and discussed amongst actors motivated in this space. This exchange is primarily 

initiated via series of experimentation and learning in which responses in the natural system 

based on experimentation of GSI implementations are observed and incorporated into future 
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efforts. Actors collaborate on reducing barriers to implementation, clarifying barriers, developing 

relationships, and implementing novel funding mechanisms. Key areas of intersection between 

the natural system responses and social actors are found in topics such as vegetation selection 

which involves a combination of aesthetic preference and ecosystem function and suitability, as 

well as regulatory drivers that provide incentives to further moderate natural system responses to 

reduce nuisance to human society. These areas of intersection can be considered collectively as a 

broader issue of maintenance that ultimately mediates social coordination, policy efforts, and 

natural system responses. This continuum of exchange between the natural and social systems 

have been observed in the context of Tucson, AZ to ultimately result in strategies and approaches 

to increase GSI. This is observed via a continual processes of evaluation and dialogue that has 

resulted in increased development of resources, standards, and policies to guide and incentivize 

GSI implementation. Modeling of GSI potential and monitoring of GSI impact assist in 

evaluation of GSI planning and implementation efforts, and provide opportunity to refine GSI 

design and installation locations to maximize desired benefits and identify priority areas to focus 

efforts such as GSI maintenance resources (e.g. protocols, personnel, funding). Implementation 

of GSI across scales becomes another iteration of human alteration upon existing landscapes. 

This process is not necessarily deterministic or pre-ordained. For example, negative experiences 

with natural system responses (e.g. reduced shade, nuisance insects) and/or persistent barriers 

(e.g. funding, collaboration) that are not able to be overcome amongst regional actors can result 

in negative feedbacks with reduced GSI implementation and its abandonment as a viable water 

resource adaptation strategy.  
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Figure 4. 9. Conceptual diagram of coupled natural-human system interactions of GSI implementation in Tucson, AZ in which 

human alteration of landscapes in water-scarce regions can initiate a diverse pool of stakeholders to implement water resilience 

solutions with multiple co-benefits. Iterativ  experimentation and learning efforts (considered as dotted lines in bottom square) 

moderate continual exchanges between natural and social actions and responses. In the context of Tucson, Arizona, this has 

been observed to result in increased GSI implementation, becoming another iteration of human alteration upon the landscape.  

 

 

4.5 Conclusion 
This interdisciplinary synthesis of GSI function, perception, and implementation in the City of 

Tucson seeks to inform current and ongoing dialogue with regards to what is possible and what 

is practical when it comes to implementing GSI for water sustainability in dryland cities. The 

impact of urbanization in regions that experience flash flooding, water resource limitations, and 

extreme heat events provide unique opportunities to harness stormwater for beneficial use and 

provisioning of ecosystem services via GSI implementation. Experiments in coordination and 

GSI implementation have resulted in a positive feedback loop in Tucson, AZ in which natural 

system responses and social system interactions appear to support increased GSI implementation 

efforts.  

 

This research has been conducted in a highly applied and engaged process via coordination with 

stakeholders, community members, nongovernmental organizations utility representatives, 

neighborhood associations, local government representatives, and others engaged in the GSI 

deployment and/or policy development.  Science-policy dialogues and continual interactions 

amongst researchers supported integration efforts across disciplines and with ongoing GSI policy 

activity and implementation efforts. However, research investigations conducted across multiple, 

discipline-aligned scales complicated efforts to integrate results within socio-hydrological 
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models (Di Baldassarre et al., 2013; Troy et al., 2015). This synthesis is an effort to develop an 

initial theory from which future model development and corresponding empirical research 

collection may be conducted and used to inform on trajectories that other dryland cities may 

follow based on their hydrological and social context (Di Baldassarre et al., 2015; Sohn et al., 

2019). Future coupled natural human systems studies would benefit from 1) strategic alignment 

of research investigation scales and 2) design of conceptual, integrated model to identify areas 

where integration may require novel and/or creative approaches.  
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Chapter 5: Conclusions 

This study aims to improve understanding of the potential and performance of green stormwater 

infrastructure that can be translated to additional arid and semiarid regions grappling with multi-

dimensional water sustainability questions.  In Tucson, GSI is seen as an exemplar of a coupled 

natural human system or social ecological system where undeveloped landscapes are urbanized, 

resulting in modified hydrologic and ecological function. Urban areas are natural laboratories for 

analysis of these types of systems and can be used to understand a number of policy-relevant 

issues including the impact of stormwater infrastructure upon hydrological functioning. This 

study developed and analyzed multi-year observational datasets of hydrologic and material 

fluxes that include conservative tracers and biogeochemically active compounds in nested 

watersheds located within Tucson, Arizona in order to assess the influence of current stormwater 

management features (i.e. GSI) installed within the catchment.  

This study represents an aggregated snapshot of a system during monsoon seasons of 2016-2018 

that allows for inference into catchment scale processes through the monitoring of nested 

subcatchments , which receive runoff sourced from the adjacent hillslopes as well as in-stream 

runoff. Hydrological and water quality data was collected and interrogated via comparative tools 

that include linear regression and pairwise correlations to allow for comparison of nested 

watersheds. Results indicate there are significant differences in runoff responses between nested 

sites in the primarily unlined watershed (91%) that includes riparian vegetation growing within 

the channel, though differences did not translate to peak flow in the summer/fall season, which is 

attributed to the flashy nature of runoff in the region during the summer monsoon seasons. The 

watershed that was completely concrete-lined channel reach between monitoring sites with less 

overall GSI implementation did not display significant differences between any metrics 

characterizing runoff responses between nested sites. Overall, stormwater runoff appears to be 

dominated by rapid, flashy dynamics in which peak discharge appeared to be highly related 

between the two sampling sites, and to maximum event concentrations of multiple solutes. 

Despite the ephemeral and short duration of runoff and the small watershed size, it appears that 

biogeochemical transformations occur during streamflow and are likely moderated by addition of 

solutes to the system within the area draining to the reach, rapid soil microbial activity including 

respiration. 
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This study additionally compiled and synthesized interrogations made using sets of field, survey, 

and workshop experiments developed over multiple years by an interdisciplinary team with 

expertise in both natural and human sciences. GSI installation results in novel implementation 

that triggers feedbacks in communication and implementation between actors and the natural 

system in which the natural system responses (e.g., changes in vegetation growth, shade 

provision, flooding, soil structure) are observed and discussed amongst actors motivated in this 

space. Key areas of intersection between the natural system responses and social actors are found 

in topics such as vegetation selection which involves a combination of aesthetic preference and 

ecosystem function and suitability, as well as regulatory drivers that provide incentives to further 

moderate natural system responses to reduce nuisance to human society. This continuum of 

exchange between the natural and social systems ultimately results in strategies and approaches 

to increase GSI via the continual processes of evaluation and dialogue that result in increased 

development of resources, standards, and policies to guide and incentivize GSI implementation.  

 

While GSI implementation is increasing in the region, a strong signal was not observed on the 

neighborhood catchment scale with regards to influence on stormwater runoff responses. This is 

primarily attributed to the relatively small area covered by GSI relative to catchment area 

(maximum 0.06% observed). Recommendations for increasing watershed-scale runoff influence 

of GSI in the region include a focus on 1) increasing GSI implementation within catchments 

(neighborhoods) where possible and 2) considering channels as GSI themselves and adopt more 

“natural” or non-concrete channel designs that can promote infiltration and channel transmission 

losses as a runoff reduction measure.   

 

Future research on these topics would benefit from an urban experimental watershed that allows 

for the evaluation of multiple nested watersheds in urban environments to better control for 

spatial heterogeneity throughout the watershed, spatial and temporal variation in rainfall, and 

variable sourcing of runoff across the watershed area.   
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