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s u m m a r y

Recharge of urban runoff to groundwater as a stormwater management practice has gained importance
in semi-arid regions where water resources are scarce and urban centers are growing. Despite this trend,
the importance of land cover in controlling semi-arid catchment runoff quantity and quality remains
unclear. Here we address the question: How do land cover characteristics control the amount and quality
of storm runoff in semi-arid urban catchments? We monitored summertime runoff quantity and quality
from five catchments dominated by distinct urban land uses: low, medium, and high density residential,
mixed use, and commercial. Increasing urban land cover increased runoff duration and the likelihood that
a rainfall event would result in runoff, but did not increase the time to peak discharge of episodic runoff.
The effect of urban land cover on hydrologic responses was tightly coupled to the magnitude of rainfall.
At distinct rainfall thresholds, roads, percent impervious cover and the stormwater drainage network
controlled runoff frequency, runoff depth and runoff ratios. Contrary to initial expectations, runoff quality
did not vary in repose to impervious cover or land use. We identified four major mechanisms controlling
runoff quality: (1) variable solute sourcing due to land use heterogeneity and above ground catchment
connectivity; (2) the spatial extent of pervious and biogeochemically active areas; (3) the efficiency of
overland flow and runoff mobilization; and (4) solute flushing and dilution. Our study highlights the
importance of the stormwater drainage systems characteristics in controlling urban runoff quantity
and quality; and suggests that enhanced wetting and in-stream processes may control solute sourcing
and retention. Finally, we suggest that the characteristics of the stormwater drainage system should
be integrated into stormwater management approaches.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Groundwater recharge of urban runoff has gained importance
as a potential strategy to offset municipal water demands in arid
and semi-arid regions (Chralowicz et al., 2001; Crowley et al.,
2005; Decook and Foster, 1984). In these regions, water resources
are scarce, and population growth and urban expansion are ex-
pected to continue to increase (Berling-Wolff and Wu, 2004;
Norman et al., 2009). Moreover, projected climate changes are
likely to increase the uncertainty of future water resources with
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higher temperatures and more extreme patterns in rainfall (Gelt
et al., 1999; Serrat-Capdevila et al., 2007); thus, municipalities
are seeking alternatives to enhance groundwater recharge and
encourage water resources conservation.

Recharge in arid and semi-arid regions typically occurs along
mountain fronts and via infiltration in ephemeral stream channels
during the summer months, when high intensity rainfall generates
most of the annual runoff (Gochis et al., 2006; Goodrich et al.,
1997; Resnick et al., 1983). Because runoff quantity increases with
increasing rainfall magnitude and percent impervious cover in
some semi-arid catchments (Gallo et al., 2012), urbanization may
enhance runoff recharge in ephemeral waterways and augment
localized water resources. Indeed, recent work using groundwater
age tracers by Carlson et al. (2011) indicates recharge of new
waters in ephemeral channels and increases in groundwater ni-
trate in an urban semi-arid basin. Questions remain about the
sources of these new waters, the quality of urban runoff for poten-
tial recharge, and how land cover controls urban hydrology and
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hydrochemistry, information that is critical for management of
groundwater quality.

Numerous studies across a wide range of geographic locations
and climates show that urbanization can alter catchment hydrologic
responses and negatively impact surface and downstream waters
(for example: Athayde et al., 1983; EPA, 1997; Maestre and Pitt,
2006; Shuster et al., 2005; Smullen et al., 1999; Walsh et al.,
2005a; Wenger et al., 2009; Zampella et al., 2007). Early urban runoff
monitoring efforts such as Nation Wide Urban Runoff Program
(NURP, Smullen et al., 1999), the National Water Quality Assessment
Program (NAWQA, Brown et al., 2009) and the National Stormwater
Quality database (NSQD, Maestre and Pitt, 2006; Pitt et al., 2008)
aimed to identify urban runoff responses from distinct urban land
uses. However, the data showed mixed responses to land use, indi-
cating more complex controls on urban runoff responses. Some con-
ceptual models suggest that both, urban runoff quantity and quality,
are primarily controlled by percent impervious cover (Arnold and
Gibbons, 1996; Paul and Meyer, 2001; Schueler, 1994), while others
indicate that urban runoff quality and quantity are largely controlled
by the extent of catchment connectivity and the characteristics of
the stormwater drainage system (Carle et al., 2005; Hatt et al.,
2004; Meierdiercks et al., 2010; Ogden et al., 2011; Walsh et al.,
2009). However, few studies have specifically addressed how urban-
ization alters runoff responses in semi-arid regions (for example:
Asaf et al., 2004; Ishaq and Alassar, 1999; Jiries et al., 2001; Lewis
and Grimm, 2007) where runoff and subsequent streamflow occur
only in response to rainfall. A recent study by Gallo et al. (2012),
for example, showed that short term (hours) partitioning of rainfall
controls the temporal patterns of urban hydrologic responses in
semi-arid study catchments in Tucson, AZ. In contrast, the temporal
patterns in runoff quality were controlled by the magnitude, fre-
quency and timing of rainfall. However, the role of land cover and
its configuration in controlling runoff hydrology and hydrochemis-
try remains unclear.

In this study, we address the question: How do land cover char-
acteristics control storm runoff quantity and quality in semi-arid ur-
ban catchments? We monitored runoff quantity and quality in five
small (<4.7 km2) urban catchments in Tucson, Arizona during the
summer rainfall seasons of 2007 and 2008. We identified instances
of collinearity among land cover variables, and quantified the effect
of summertime rainfall and land cover characteristics on urban run-
off responses. We expected runoff quantity to increase and runoff
quality to decrease with increasing urbanization, specifically in re-
sponse to impervious cover and the characteristics of the storm-
water drainage system. We show that the effects of land cover on
some aspects of urban hydrology vary with the magnitude of rain-
fall; that runoff quality does not vary directly with urban land cover;
and we highlight mechanisms controlling runoff quality.
2. Study region and study period overview

The study catchments are located in the Tucson Metropolitan
area in southern Arizona, USA within an alluvial basin bounded
by the Tucson, Santa Catalina and Rincon mountains to the west,
north and east, respectively (Hoffmann et al., 2007). The Tucson
Mountains are primarily Late Cretaceous to Early Tertiary andesite
and dacite, and alluvium from this range is constrained to the west
of the Santa Cruz River and does not underlay our study catch-
ments (Ludington et al., 2007). The Catalina and Rincon Mountains
are primarily composed of Late Cretaceous to Early Tertiary granite
and pegmatite, and to a lesser extent early Proterozoic to Tertiary
gneiss and mylonite. Late Pliocene to early Pleistocene alluvial fans
comprise the Catalina and Rincon Mountain foothills, and quater-
nary granitic alluvium derived from these two ranges makes up
the basin fill east of the Santa Cruz River (Ludington et al., 2007).
The major Santa Cruz River tributaries, the Canada del Oro, Rillito
Creek, Pantano Wash and Tanque Verde Creek are ephemeral
waterways that flow to the northwest of the basin (Wilson et al.,
1998), and have been identified as areas of focused groundwater
recharge (Eastoe et al., 2004).

The regional climate is semi-arid; mean annual precipitation is
approximately 310 mm, potential evapotranspiration exceeds
1960 mm yr�1 (Gelt et al., 1999; Wilson et al., 1998), and evaporation
can exceed 250 mm yr�1 (Unland et al., 1996). The Tucson Metropol-
itan Area is located within the Sonoran Desert Ecoregion, the wettest
North American Desert (Arizona Game and Fish Department, 2006).
Precipitation in the Sonoran Desert is bimodally distributed with
approximately 48% of rainfall occurring during the summer months
as thunderstorms (i.e. the North American Monsoon, Gelt et al.,
1999) that follow an extended period (2–3 months) of hot and dry
conditions. Atmospheric convection generates monsoonal rainfall
(Gelt et al., 1999; Hoffmann et al., 2007), which is characterized by
its short duration, high intensity and high spatial heterogeneity
(Garcia et al., 2008; Morin et al., 2006; Syed et al., 2003). Data from
Morin et al. (2006) indicate that monsoonal thunderstorms can be
spatially isolated to a radius as small as 2 km. In contrast, winter pre-
cipitation events are longer in duration, lower in intensity, spatially
widespread, and evenly distributed. Winter rainfall accounts for most
mountain front recharge in non-urban settings (Coes and Pool, 2007;
Eastoe et al., 2004); however, a significant proportion of recharge oc-
curs via stream channel infiltration of runoff generated in response
to monsoonal rainfall (Baillie et al., 2007; Goodrich et al., 2004).
Therefore, urban rainfall–runoff responses may significantly impact
ephemeral channel recharge. This study was conducted between
June 15th and September 30th of 2007 and 2008, the official span
of the summer monsoon (Guido, 2008), when infiltration excess
overland flow of monsoonal rainfall generates most of the annual
runoff (Gochis et al., 2006; Goodrich et al., 1997; Stone et al., 2008).
3. Methods

3.1. Catchment characterization

We monitored urban runoff responses from 5 hydrologically
isolated catchments, each dominated by a specific type of urban
land use: (1) low density residential (LD), (2) medium density res-
idential (MD), (3) high density residential (HD), (4) mixed land use
(MX), and (5) commercial land use (CM, Fig. 1). The catchments
were delineated in ArcMap 9.0 using the stormwater drainage sys-
tem, which does not share any infrastructure with the sewer sys-
tem, and using 0.65 m elevation data provided by the City of
Tucson’s Office of Conservation and Sustainable Development
(Tucson OCSD) and the Pima County Department of Transportation
(http://www.dot.co.pima.az.us/gis/maps/). The percent low, med-
ium and high density residential housing, the percent commercial
development (commercial + roads), and the percent open space
(parks + undeveloped land + agricultural land) for each catchment
were determined from December 2006 parcel-level hydrologic
land use data provided by Tucson OCSD as follows:

faLCx ¼ 100 � aLCx

ac
ð1Þ

where faLCx is the catchment proportion of land cover x, ac is the
catchment size or area in km2 and aLCx is the area in km2 of land
cover x. Areas were calculated using the ‘‘Area Calculation by
Gauss’’ method in ArcMap 9.0. Percent impervious cover (IC) within
the catchments was determined as follows:

IC ¼
Xn

x¼i

faLCx � fICLCx ð2Þ

http://www.dot.co.pima.az.us/gis/maps/
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Fig. 1. Location of the five study catchments (LD, MD, HD, MX and CM), rainfall gauges (tipping bucket, TP, and manual Rainlog.org volunteer), and percent impervious cover
within the Tucson Basin in south-eastern Arizona. Small inset figures are land cover orthoimagery examples of each catchment.
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where fICLCx is the fraction of percent impervious cover of land cover x
obtained from Tucson OCSD. The ‘‘stormwater drainage system’’ is
comprised of natural and engineered pervious and impervious fea-
tures that, according to Tucson OCSD and the Tucson Department
of Transportation are meant to convey storm runoff. Given that there
are no stormwater retention ponds or basins in any of our study
catchments, ‘‘pervious stream channels’’ comprise the pervious fea-
tures of the stormwater drainage system. The impervious features
of the stormwater drainage system or ‘‘impervious channels’’ hence-
forth, include subsurface pipes, culverts, above ground concrete lined
channels and catch basins. The densities of roads, the stormwater
drainage system (pervious + impervious channels) and pervious
and impervious channels were determined by dividing the total
length of each by the catchment area. Finally, we used data from
the U.S. Geological Survey (Ludington et al., 2007) and the SSRUGO
database (Natural Resources Conservation Service, 2008) to identify
the underlying geologic material and soil types at our study sites.

Our study sites are not single land cover catchments. To charac-
terize land cover heterogeneity within each catchment we used the
Landscape Evenness Index (LE), which is analogous to the Shannon
Evenness Index (Shannon diversity:maximum diversity) and
describes the relative abundance of species in a community assem-
blage (Pielou, 1966). Similarly, LE describes the relative abundance
of land cover types with respect to the total number of land
covers (Weng, 2007; Zhang and Wang, 2006), and is calculated as
follows:
LE ¼ �
Pn

i¼1pi ln pi

ln n
ð3Þ

where n is the total number of land covers, and pi is the proportion
of land cover i. Values close to 1 indicate an even distribution of
land covers (more heterogeneous landscape); values close to 0 indi-
cate a skew towards one dominant land cover (more homogenous
landscape, Weng, 2007).
3.2. Monsoonal rainfall and runoff

Convective summertime monsoonal rainfall in the semi-arid
Southwest is spatially and temporally heterogeneous (Comrie
and Broyles, 2002; Gochis et al., 2006; Goodrich et al., 1997; Morin
et al., 2003, 2006). Extensive rainfall monitoring in the Southwest
shows that the spatial distribution of monsoonal rainfall is more
accurately characterized when a high spatial density of observa-
tions is available (Goodrich et al., 2008; Morin et al., 2003). In addi-
tion, rainfall intensities from a single tipping bucket rain gauge
may not accurately represent catchment wide rainfall intensities
(Morin et al., 2003). Therefore we used spatially distributed precip-
itation point data from Rainlog.org and from the Pima County Re-
gional Flood Control District Automated Local Evaluation in Real
Time System (ALERT, http://www.rfcd.pima.gov/wrd/alertsys/in-
dex.htm) to characterize monsoonal rainfall (Fig. 1).

http://www.rfcd.pima.gov/wrd/alertsys/index.htm
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At a minimum, three rain gauges were located within 2 km of
the outlet of each catchment, and the maximum distance between
a point in the catchment and the nearest rain gauge was less than
2.5 km. We set a threshold of a maximum of 30 min between con-
secutive tipping bucket rainfall gauge tips to identify individual
rainfall events. We used point rainfall depth values and the inverse
distance weighted method with a power of 3 as outlined by Garcia
et al. (2008) in ArcMap 9.0 to calculate the depth of precipitation in
mm (Pdepth) for each rainfall event during the study period at each
catchment. We calculated spatially and temporally averaged rain-
fall intensity by dividing Pdepth by the duration of rainfall obtained
from Rainlog.org and ALERT tipping bucket rain gauges. Rainfall
frequency at each catchment was calculated by dividing the num-
ber of monsoonal rainfall events by the number of days between
the first and last observed monsoonal rainfall event.

Hydrologic responses were characterized by monitoring stream
stage at the outlet of each catchment in 1-min time steps using
pressure transducers (Submerged Flow Module 720, Teledyne
ISCO, Lincoln, Nebraska, accuracy ±0.3 cm). The rapid rise in stage
height in response to rainfall and subsequent flash flood condi-
tions, and the nature of urban debris that accumulates in ephem-
eral waterways between runoff events presented undue risk in
generating stage-velocity rating curves for discharge calculations.
Therefore we used Manning’s equation to calculate instantaneous
discharge (Qt, L s�1):

Q t ¼ A
1000

n
R2=3

h s1=2 ð4Þ

where A is the cross sectional area of flow within the channel in me-
ters, n is the channel roughness coefficient, Rh is the hydraulic ra-
dius in m2 and s is the energy slope. We assumed that the energy
slope was approximately equal to the bed slope. Due to data losses
during download, we present hydrologic response data for 3 of our
5 study catchments for 2007, and all sites for 2008. Based on the
characteristics of the stream channel substrate we selected n values
of 0.02 for LD and MX, 0.024 for MD and HD, and 0.013 for CM
(ASCE, 1996). We calculated the event runoff depth in mm by sum-
ming Qt over the duration of the runoff event, multiplying by the
time step of our observations (60 s) and dividing by the area of
the catchment. The runoff ratio as a percent was calculated by
dividing runoff depth by Pdepth and multiplying by 100. Runoff dura-
tion in hours was calculated as the difference between the time
stamps at the end and onset of runoff. Time to peak discharge in
hours was calculated as the difference between the time stamp of
the event’s highest, or peak, Qt and the onset of runoff.

3.3. Runoff sample collection and analyses

We collected discrete runoff samples using automatic water
samplers (ISCO 6712, Teledyne Technologies, Lincoln, Nebraska)
installed at the outlet of each catchment. Samples were collected
in acid washed and combusted 1 L glassware and compared to field
blanks. Stormwater collections were triggered when stage height
exceeded 1 cm. Historical urban runoff quality data for catchments
of the Tucson Basin (Resnick et al., 1983) and runoff quality sam-
ples collected over a period of 9 h for a runoff event in the Tucson
Basin (Gallo, unpublished data) indicate that runoff chemistry is
largely invariable during the tail of flow recession (after 4 h). Based
on this information and space limitations inside the chamber of the
automatic water sampler, we collected one discrete runoff sample
every 20 min for a maximum of 4 h. We checked for runoff collec-
tions after every rainfall event. Runoff samples were placed in dark
chilled coolers (�4 �C) and immediately taken to the University of
Arizona for processing.

Sample aliquots were immediately poured off into sterile con-
tainers for fecal indicator bacteria (Escherichia coli) analyses and
immediately shipped to the USDA ARS Maricopa Agricultural Cen-
ter. Total E. coli analyses followed the US EPA method 1604 mem-
brane filter technique (EPA, 2002). All runoff samples were
processed within 24 h of collection. We used pre-combusted
0.7 lm glass fiber filters (Whatman GF/F) to filter aliquots for
nutrient analysis. Dissolved organic carbon (DOC) and total dis-
solved nitrogen (TDN) concentrations were determined using a
Schimatzu TOC Analyzer with TN module (Shimadzu, Columbia
Maryland, detection limit (DL) = 0.05 and 0.1 mg L�1, respectivley).
Analysis of ammonium-N (NH4) and orthophosphate-P (SRP) were
performed on a SmartChem Discrete Analyzer (Westco Scientific,
Brookfield, CT, DL = 0.002 and 0.001 mg L�1, respectively). Aliquots
for anion, cation and metal analyses were filtered through 0.45 lm
membrane filters (Millipore MF). Anion [chloride (Cl), nitrate-N
(NO3), nitrite-N (NO2) and sulfate-S (SO4)] analyses were per-
formed in a Dionex Ion Chromatograph ICS-3000 (DIONEX, San
Jose, CA, DL = 0.05 mg L�1). Aliquots for base cations [calcium
(Ca), sodium (Na), magnesium (Mg), potassium (K)] and metals
[lead (Pb), zinc (Zn), iron (Fe), copper (Cu), cobalt (Co), nickel
(Ni), aluminum (Al), manganese (Mn), vanadium (V), cadmium
(Cd), arsenic (As) and mercury (Hg)] were preserved with nitric
acid to approximately 1% and pH range 2–3. Cation and metal anal-
yses were performed on an inductively coupled plasma mass spec-
trometer (Elan DRC-II ICP-MS, DL = 0.001 lg L�1).

3.4. Statistical analyses

Statistical analyses were preformed in JMP 8.0.2 software (SAS
System, 2007). We used pairwise correlations to identify collinearity
among land cover characteristics (Lehman et al., 2005; Rosner,
1995). We used t-tests to determine if the characteristics of rainfall
varied significantly (p < 0.05) between the 2007 and 2008 summer
monsoon. We compared rainfall frequency, Pdepth, runoff depth,
runoff ratio, time to peak discharge, runoff duration and discrete sol-
ute concentrations (solute concentrations henceforth) across sites
using Tukey–Kramer means test (Hayter, 1984; Sall et al., 2007). If
necessary, data were log transformed to normalize the data distribu-
tion and to meet assumptions of homogeneity of variance. To iden-
tify how hydrologic responses varied with land cover and rainfall,
we regressed runoff depth, runoff ratio, time to peak discharge and
runoff duration against catchment size, percent impervious cover,
percent low, medium and high density residential housing, percent
commercial and open land cover, LE, slope, the density of roads, the
stormwater drainage system, pervious and impervious channels,
and Pdepth. Because we are interested in the direction of significant
(p < 0.05) relationships between two variables (positive or negative)
we report the correlation coefficient.

To identify response thresholds and potential rainfall and land
cover controls on runoff presence and absence, runoff depth, runoff
ratio, time to peak discharge and runoff duration across sites, we
developed decision trees using recursive partitioning and stepwise
multiple linear regression. Recursive partitioning, or classification
and regression tree analysis is a statistical method that splits, or
partitions, data into smaller groups (nodes) of increasingly homog-
enous variance to which simpler regression models can be applied
(Strobl et al., 2009; Zhang, 2004). Because we were interested in
maximizing the node variance explained by each partition, we
used grouped land cover variables as outlined in results Section 4.1.
We then used all the land cover variables in stepwise linear regres-
sion models to identify the land cover variables that explained the
most node variance. In the runoff presence and absence analyses,
we only included rainfall events during which stream stage heights
were monitored, including instances when the corresponding rain-
fall did not generate runoff.

We regressed solute concentrations against Qt, runoff ratio,
Pdepth and the aforementioned land cover variables to identify
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how solute responses varied in response to rainfall, runoff and land
cover. We then performed an exploratory factor analysis (DeCoster,
1998) on solute concentration to land cover correlations. Explor-
atory factor analysis follows the same steps as a principal compo-
nent analysis (PCA) in which orthogonal components with Eigen
values >1, and individually explaining at least 10% of the data var-
iance (or at least 85% cumulative data variance) were retained for
further interpretation. The retained principal components were
then transformed using a varimax rotation to produce orthogonal
factor vectors that highlighted the variables that weighed most
heavily into each component (Kaiser, 1958; Lehman et al., 2005).
The purpose of the factor rotation was to make the results of the
PCA easier to interpret. Land cover, rainfall and runoff characteris-
tics with factor loadings >0.5 were considered to heavily weigh
into that factor; those with factor loadings greater than 0.5 for
more than one factor vector were excluded from further interpre-
tation. We clustered the factor scores for each solute using a 2-way
Wards Clustering analysis (Sall et al., 2007; Tan et al., 2005) on
non-standardized correlations in order to identify groups of solutes
with similar loadings to each factor. Because cluster analysis is a
statistical pattern recognition approach, there are no data structure
requirements. Clustering identifies distinct groups of solutes that
within each group have similar hydrochemical responses, there-
fore enhancing our understanding of the mechanisms that control
runoff quality. The loadings indicate the direction and magnitude
of the response, and each factor represents a potential controlling
mechanism. For interpretation, we retained clusters showing a
minimum Euclidian distance of 2.9 between them, which was the
distance that most clearly separated the clusters.
4. Results

4.1. Catchment characterization

The LD site had the largest proportion of low-density residential
housing (87.6%) and the lowest percent impervious cover (21.8%),
while MD had the largest percent of medium-density residential
housing (80.6%) and the lowest stormwater drainage system
Table 1
Land cover characteristics of the study catchments.

Study catchment

Low density (LD) M

Catchment area (km2) 4.44 0

Geology (%)
Quaternary sand and gravel 17 1
Late Pliocene to early Pleistocene gravel and sand 60 0

Oligocene to middle Miocene conglomerate and sandstone 19 0
Late Cretaceous to early Tertiary granite and pegmatite 3 0

Impervious cover (%) 21.84 4

Land cover (%)
Residential housing

Low density 87.6 0
Medium density <1 8
High density 7.3 1

Commercial (office, retail, roads) 5.0 2
Open space (parks, agriculture, undeveloped) <1 0

Landscape evenness 0.29 0
Catchment slope (%) 5.6 1
Road density (km km�2) 6.58 1

Stormwater drainage system density (km km�2)a 2.81 1
Pervious channel density (km km�2) 2.56 0
Impervious channel density (km km�2)b 0.25 1

a Includes pervious and impervious channels and subsurface pipes and culverts.
b Includes impervious above ground waterways and subsurface pipes.
density (1.98 km km�2, Table 1). Here we note that the stormwater
drainage network in the Tucson Metro area is a stand-alone system
and does not share any structures with the sewer system. Catchment
HD had the highest percent high-density residential housing (68.7%),
road density (20.76 km km�2) and stormwater drainage system den-
sity (6.27 km km�2). The largest catchment was MX (4.70 km2), which
had the most even distribution of land uses (LE = 0.9), while CM was
the smallest catchment (0.33 km2) and had the greatest percent imper-
vious cover (90.7%), commercial land cover (95.7%) and impervious
channel density (4.44 km km�2 Table 1).

With the exception of LD, our study sites were all underlain by
Quaternary alluvium (Table 1). The greatest proportion of LD (77%),
and that closest to the outlet, consisted of Quaternary alluvium and
late Pliocene/early Pleistocene alluvial fans, while the remaining
23% farthest from the outlet was composed of conglomerate rock,
sandstone, granite and pegmatite (Table 1). Soils are predomi-
nately thermic calciargid aridisols and thermic calcerous entisols.

We identified many instances of significant (p < 0.05) collinearity
among the land cover characteristics. Specifically, percent impervi-
ous cover correlated positively with the percent commercial land
cover (r2 = 0.89) and impervious channel density (r2 = 0.91); percent
low density residential correlated positively with catchment slope
(r2 = 0.98); percent high density residential correlated positively
with road density (r2 = 0.95); and landscape evenness correlated
positively with percent open space (r2 = 0.86). Therefore, we re-
duced the number of land cover variables used in the recursive par-
titioning analyses to eight variables including: (1) catchment size;
(2) pervious channel density; (3) stormwater drainage system den-
sity; (4) percent medium density residential; and one variable in the
following groupings: (5) LE or percent open space; (6) road density
or percent high density residential; (7) percent impervious cover,
impervious channel density or percent commercial; and (8) slope
or percent low density residential.
4.2. Monsoonal rainfall and hydrologic responses

Our sampling spanned a range of rainfall depths throughout the
monsoon, with ephemeral runoff only occurring in response to
edium density (MD) High density (HD) Mixed (MX) Commercial (CM)

.45 0.35 4.70 0.33

00 100 100 100
0 0 0
0 0 0
0 0 0

0.64 54.48 45.78 90.70

.1 0.7 11.4 0.3
0.6 19.9 43.3 2.1
6.7 68.7 17.3 0

.6 6.4 19.8 95.7
4.2 8.3 1.9

.42 0.58 0.89 0.16

.2 2.2 1.9 1.5
3.30 20.76 11.68 6.19

.98 6.27 3.97 4.44
2.84 0.77 0

.98 3.42 3.20 4.44
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rainfall. No dry weather flows were observed. Cumulative rainfall,
runoff depth and water quality sampling events over the study per-
iod are illustrated in Fig. 2. The official duration of the Monsoon
Fig. 2. Cumulative rainfall (Cum P, mm) and runoff depth (mm) for the 2007 (gray) and 2
events during which water quality samples were collected. Runoff depth for 2007 at th
season is from June 15th to September 15th; however, the onset
and end of monsoonal rainfall can vary from year to year. Mon-
soonal rainfall events were observed earlier and ended later in
008 (black) summer monsoons at each of the study catchments. Stars indicate runoff
e medium and high density sites is not available.
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the season during 2008 compared to 2007 (Fig. 2). Across sites,
there were significantly more days between the first and last mon-
soonal rainfall events in 2008 (77.4 ± <0.1 days) than in 2007
(61.1 ± 2.2 days), and significantly more rainfall events in 2008
(28.4 ± 1.5) than in 2007 (22.2 ± 1.5), therefore, average seasonal
rainfall was significantly higher in 2008 (258.1 ± 37.3 mm, std
dev) than 2007 (186.3 ± 10.1 mm). However, we did not observe
significant differences across sites or years in monsoonal rainfall
event Pdepth (8.9 ± 10.3 mm), duration (0.95 ± 0.93 h), intensity
(14.9 ± 17.7 mm h�1) or frequency (0.37 ± 0.10 events day�1; Ta-
ble 2). In agreement with long-term regional data (Western Regio-
nal Climate Center), Pdepth ranged from 0.3 to 55 mm, with small
Pdepth (e.g. 0.3 mm) likely resulting from the spatial averaging of
highly spatially heterogeneous rainfall. The rainfall intensities that
we report here are comparable to those reported by Mendez et al.
(2003) for a 60 min rainfall event, which was the approximate
mean duration of rainfall at our sites. Because rainfall characteris-
tics were not significantly different between years, we pooled run-
off and rainfall observations made during runoff monitoring to
examine spatial controls on runoff quantity and quality. Temporal
controls on runoff quantity and quality are addressed in Gallo et al.
(2012).

Of 116 rainfall events during which rainfall and streamflow
were concurrently monitored, runoff was observed 65% of the time,
ranging from 61% to 81% of the time across sites, and did not show
distinct trends with land use (Table 2). Recursive partitioning anal-
ysis for ‘‘runoff/no runoff’’ responses (Fig. 3) showed that across
sites, when Pdepth P 6.4 mm, runoff was always observed. At
Pdepth < 6.4 mm, land cover variables coupled with rainfall depth
largely controlled the presence of runoff. For example, no runoff
was observed when Pdepth < 6.4 mm and pervious channel den-
sity P 2.84 km km�2. However, when pervious channel density
<2.84 km km�2 and Pdepth ranged between 3.2 and 6.4 mm, runoff
was observed 75% of the time and catchment size largely con-
trolled ‘‘runoff/no runoff’’ responses.

Runoff depth (mm) and runoff ratios (%) were significantly low-
er at LD (0.4 mm and 3.1%, respectively) than HD (10.0 mm and
34.4%) and CM (4.7 mm and 37.9; Table 2; Fig. 4a and b). We ob-
served significantly shorter runoff duration at LD (2.2 h) than at
MD (4.7 h) and CM (4.5 h, Table 2 and Fig. 4c), while time to peak
discharge was significantly different only between MX (0.8 h) and
CM (0.3 h, Table 2, Fig. 4d). Runoff depth, runoff ratio and runoff
Table 2
Mean rainfall depth, runoff depth (mm), runoff ratio, runoff duration and time to peak disch
columns are not significantly different from each other.

Low density (LD) Medium d

Rainfall
Days between first and last event 2007 62.4 61.5

2008 77.3 77.3

Total number of rainfall events 2007 23 22
2008 28 27

Frequency (events per day) 2007 0.37 0.36
2008 0.36 0.35

Depth (mm, min, max) 8.2 (0.1–55.8)A 9.3 (0.3–4
Duration (h�1) 1.1 (0.1–3.9)A 1.4 (0.1–5
Intensity (mm h�1) 14.8 (0.3–87.3)A 10.6 (0.3–

Total rainfall–runoff events monitored 31 21a

Runoff
Events where runoff depth = 0 11 (35%) 4 (19%)a

Events where runoff depth > 0 20 (65%) 17 (81%)a

Runoff depth (mm, min–max) 0.4 (<0.1–4.0)C 1.8 (<0.1–
Runoff ratio (%, min–max) 3.1 (<0.1–15.6)C 8.0 (0.6–2

Time to peak discharge (h, min–max) 0.5 (0.1–1.7)AB 0.5 (0.1–1
Runoff duration (h, min–max) 2.2 (0.3–7.4)B 4.7 (2.2–8

a Data available for 2008 only.
duration correlated significantly with a number of climate and land
use variables including Pdepth (r = 0.65, 0.33 and 0.39, respectively)
and percent impervious cover (r = 0.45, 0.71 and 0.30); while time
to peak discharge correlated significantly with LE (r = 0.41) and
road density (r = 0.26, Table 3) among others. However, less than
50% of the variance in runoff depth, runoff ratio, runoff duration
or time to peak discharge was explained by Pdepth or any other land
cover variable.

The recursive partitioning and stepwise linear regression analy-
sis showed that runoff depth responses to land cover characteris-
tics, specifically, percent impervious cover, varied at specific
Pdepth thresholds. At Pdepth > 35.4 mm, for example, 85% of the run-
off depth variance was significantly explained by percent impervi-
ous cover and catchment size; percent impervious cover
significantly explained 53% of the runoff depth variance when
Pdepth ranged between 10.8 and 35.4 mm; while at Pdepth < 10.8 mm,
percent impervious cover, road density and Pdepth significantly ex-
plained 65% of runoff depth variance (Fig. 5a). We identified similar
thresholds for runoff ratios, where at Pdepth > 10.7 mm, 56% of the
runoff ratio variance was explained by percent impervious cover
(Fig. 5b). At Pdepth < 10.7, the combined effect of percent impervious
cover and road density significantly explained 75% of the runoff ra-
tio variance (Fig. 5b). We did not identify any significant response
thresholds in runoff duration or time to peak discharge, and multi-
ple linear regression models did not explain any more time to peak
discharge and runoff duration variance than individual land cover
variables.

4.3. Runoff quality responses

Streamflow responses during our monitoring period were spa-
tially and temporally heterogeneous (Fig. 2). While streamflow
did not occur at all sites in response to the same rainfall event or
on the same date, over our 2 years of sampling we collected runoff
samples throughout the summer monsoon. Indeed, a total of 293
runoff samples were collected (Table 4) from 39 streamflow events
distributed throughout the two monsoon seasons (Fig. 2).

Across our sites, mean seasonal solute concentrations were
highly variable and did not display a single dominant water quality
pattern (Table 4). For example, concentrations of Cl, a conservative
hydrologic tracer, were significantly higher at CM (10.5 mg L�1)
compared to the other sites (Fig. 6a). Concentrations of Zn were
arge at each study catchment. Means sharing the same superscript (A, B or C) across site

ensity (MD) High density (HD) Mixed (MX) Commercial (CM)

57.3 61.6 62.4
77.3 77.3 77.3

20 24 22
27 30 26

0.35 0.39 0.35
0.35 0.39 0.34

4.5)A 10.6 (0.3–47.4)A 8.6 (0.3–48.3)A 8.3 (0.6–35.4)A

.7)A 0.7 (<0.1–3.5)A 1.1 (0.1–4)A 1.2 (0.1–4)A

45.1)A 16.4 (0.6–47.2)A 12.1 (0.5–58.2)A 14.7 (0.3–77.4)A

19a 29 16

11 (58%)a 11 (38%) 4 (25%)
8 (42%)a 18 (62%) 12 (75%)

9.9)BC 10.0 (0.1–23.9)A 2.2 (<0.1–11.3)BC 4.7 (0.8–16)AB

2.3)B 34.4 (2.0–76.7)A 9.6 (1.2–23.6)B 37.9 (18.5–61.8)A

.4)AB 0.8 (0.4–1.3)AB 0.8 (0.1–2.1)A 0.3 (0.2–0.6)B

.9)A 4.4 (2.4–8.7)AB 3.9 (0.9–7.5)AB 4.5 (1.5–6.4)A



Fig. 3. Partition tree for streamflow thresholds across our study sites. This decision model has r2 of 0.68.

(a) (b)

(c) (d)

Fig. 4. Event runoff depth (mm), runoff ratio (%), runoff duration (h) and time to discharge peak (h) at each of our study sites throughout the duration of the study period
(2007 and 2008 summer monsoons). The thick black line denotes the site mean, the thin lines denotes the site median. Box plots sharing the same letter (A, B, C or D) are not
significantly different from each other.
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also significantly higher at CM (and 112.2 lg L�1) compared to
other sites, but were significantly lower at HD and MX than at
LD of MD (Fig. 6b). DOC concentrations followed similar trends
to Zn but were not significantly different among LD, MD and CM
(Fig. 6c). Finally, concentrations of many solutes including NO3,
Pb and Ca (Fig. 6d–f), did not vary significantly across sites.



Table 3
Coefficient of correlation of runoff depth (mm), runoff ratio (%), runoff duration (h) and time to peak discharge (h) against land cover characteristics of our study sites. Significant
correlations at p 6 0.05 are shown, non-significant correlations are noted with a ‘‘/’’.

Runoff depth Runoff ratio Time to peak discharge Runoff duration

Catchment size �0.37 �0.48 / �0.34
Impervious cover (%) 0.45 0.71 / 0.30

Land cover (%)
Low density �0.35 �0.42 / �0.44
Medium density / / / 0.31
High density 0.26 / 0.25 /
Commercial 0.33 0.64 / /
Open space / / 0.35 /

Landscape evenness / �0.23 0.41 /
Catchment slope (%) �0.30 �0.38 / �0.45
Road density (km km�2) / / 0.26 /

Stormwater drainage system density (km km�2) 0.42 0.46 / /
Pervious channel density (km km�2) / �0.27 / �0.40
Impervious channel density (km km�2) 0.44 0.60 / 0.33

(a)

(b)

Fig. 5. Recursive partitioning for event runoff depth (decision tree, a) and runoff ratio (decision tree, b).
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Although 17 out of 24 solutes showed significant log–log corre-
lations of solute concentrations to Pdepth and Qt, we found that with
the exception of Hg (Pdepthr = �0.73), these correlations could only
explain up to 35% of the variance in solute concentrations (Table 5).
Land cover variables explained even less variation in solute con-
centrations, only as much as 17% (linear correlations, Table 5).
Most solute concentrations significantly decreased with increasing
Pdepth and Qt, with the exception of NO3 and SRP, which signifi-
cantly increased with Qt. Solutes, Ni and Hg, did not significantly
correlate with any catchment characteristic, while E. coli, which
did not vary with Qt or runoff ratio, was correlated significantly
and positively with percent open space and stormwater drainage
system density.
We used factor analysis to identify four main land cover group-
ings that could account for 95% of the variance in our data set (Ta-
ble 6). Road density, the percent medium and high density
residential and LE loaded onto Factor 1 (factor loadings = 0.97,
0.85, 0.94 and 0.92, respectively), while pervious channel density,
catchment size, slope and percent low density residential loaded
most heavily onto Factor 2 (factor loadings = 0.96, 0.94, 0.73 and
0.68, respectively). The stormwater drainage system density,
impervious channel density, percent impervious cover and the per-
cent commercial land cover loaded onto Factor 3 (factor load-
ings = 0.94, 0.84, 0.69 and 0.51, respectively), while runoff depth
and runoff ratio loaded onto Factor 4 (factor loadings = 0.80 and
0.87).



Table 4
Mean seasonal solute concentrations ± (SE) at our study catchments of the conservative hydrologic tracer chloride (Cl), biogeochemical solutes, E. coli, major cations and metals.
Solute concentrations sharing the same superscript (A, B or C) across site columns are not significantly different from each other (p > 0.05).

Solute Low density (LD) Medium density (MD High density (HD) Mixed (MX) Commercial (CM)

Number of events
2007 6, 21a 7, 45a 2, 24a 5, 29a 5, 36a

2008 3, 29a 3, 36a 2, 24a 3, 31a 3, 18a

Solute
Clb 7.0 (1.2–19.2)B 4.0 (1.4–12.5)B 2.6 (1.3–5.7)B 3.4 (1.2–6.6)B 10.5 (1.8–38.7)A

NO2
b 0.2 (<0.1–1.8)A 0.2 (<0.1–0.9)A 0.1 (<0.1–0.6)A 0.1 (<0.1–0.9)A 0.4 (<0.1–4.0)A

NO3
b 1.0 (<0.1–3.5)A 0.9 (<0.1–2.0)A 0.8 (<0.1–1.8)A 0.8 (<0.1–2)A 1.0 (<0.1–3.0)A

NH4
b 0.8 (<0.1–1.9)A 0.8 (0.2–2.6)A 0.5 (<0.1–1.4)A 0.5 (0.1–1.2)A 1.0 (<0.1–4.6)A

DONb 2.5 (<0.1–10)A 1.2 (<0.1–5.1)A 0.5 (<0.1–2.3)A 0.5 (<0.1–3.5)A 1.7 (<0.1–10.0)A

SRPb 0.1 (<0.1–0.2)B 0.1 (<0.1–0.2)AB 0.1 (<0.1–0.3)A 0.1 (<0.1–0.4)AB 0.2 (<0.1–0.9)A

SO4
b 6.0 (0.5–16.6)A 2.4 (<0.1–11.6)B 1.7 (0.9–4.3)B 1.9 (0.9–4.4)B 5.4 (1.0–17.9)A

DOCb 55.0 (5.3–203)A 24.0 (4.4–88.1)A 7.0 (2.2–18.6)B 10.2 (2.4–45.9)B 27.9 (6.5–147.0)A

E. colic,e 7.0 (<0.1–69.5)A 0.1 (<0.1–0.2)B n.a. 25.3 (0.3–73.9)A 13.1 (1.0–84.0)A

Cab 14.5 (8.0–38.8)A 14.6 (7.7–30.4)A 13.8 (10.6–17.8)A 12.7 (7.9–20.6)A 17.4 (6.0–63.9)A

Kb 4.1 (1.6–12.6)A 4.7 (2.0–12.1)A 2.7 (2.0–3.9)A 3.7 (1.4–9.1)A 4.1 (1.3–13.9)A

Mgb 1.4 (0.6–3.9)AB 1.6 (0.8–3)A 1.2 (0.8–1.7)AB 1.1 (0.6–2)B 1.5 (0.4–5.8)AB

Nab 5.7 (2.5–20.9)AB 4.0 (2.3–8.3)BC 3.6 (2.4–4.9)ABC 3.7 (2.0–7.4)C 10.5 (2.1–74.1)A

Alb 0.4 (0.2–1.1)AB 0.6 (0.2–1.7)A 0.4 (0.2–0.9)AB 0.5 (0.2–1.1)AB 0.4 (<0.1–1.2)B

Vd 5.6 (2.1–15.7)ABC 6.5 (2.3–17.4)AB 3.3 (2.5–4.4)C 4.5 (2.2–10.8)BC 7.7 (2.8–31.1)A

Asd 1.4 (0.2–2.9)A 1.7 (0.9–3.6)A 1.9 (1.0–2.7)A 1.9 (0.9–6.6)A 1.7 (0.6–4.7)A

Cdd 0.1 (<0.1–0.3)A 0.1 (<0.1–0.5)A <0.1 (0–0.1)B <0.1 (<0.1–0.3)B 0.2 (<0.1–0.7)A

Cod 1.0 (0.1–3.1)A 1.6 (0.1–4.6)A 0.9 (0.6–1.4)A 0.9 (0.2–2.4)A 1.3 (0.2–9.2)A

Cud 20.3 (3.7–61.3)B 16.2 (3.9–48.7)B 7.0 (4.5–15.5)C 9.9 (3.1–33.9)C 28.8 (8.7–69.5)A

Feb 0.7 (0.2–7.7)A 0.6 (0.3–1.1)A 0.5 (0.4–0.6)A 0.5 (0.2–1.2)A 0.5 (0.1–1.2)A

Hgd,e 1.5 (0.7–3.1)A 1.4 (0.3–3.6)A n.a. 0.9 (0.3–1.9)A 1.8 (0.6–5.4)A

Nid 5.6 (1.1–16.7)A 8.3 (1.3–50.7)A 6.9 (1.6–41.6)A 6.1 (0.8–22)A 7.3 (1.4–37.9)A

Pbd 1.2 (0.1–3.4)A 2.9 (0.2–39.2)A 0.7 (0.2–5.2)A 1.1 (0.2–5.1)A 1.5 (0.1–17.6)A

Znd 57.3 (5.0–248.5)B 51 (6.3–370.1)B 9.4 (3.8–19.1)C 14.5 (4.7–59.9)C 112.2 (22.6–467.9)A

a The numbers indicate the number of runoff events sampled and the total number of runoff samples collected through the season, respectively.
b Concentrations in mg L�1.
c Concentration in CFU ml�1.
d Concentrations in lg L�1.
e E. coli and Hg data are not available for HD.
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Cluster analysis of factor loadings for each solute identified five
specific solute response patterns (Fig. 7, Table 7). Cluster R1 was
comprised of Cl, Na and NH4 and the metals V, Cd, Cu and Zn. Clus-
ter R2 included E. coli and the biogeochemically active anions, NO2,
SRP and NO3; while R3 was comprised of the biogeochemically ac-
tive solutes DON, SO4 and DOC. Cluster R4 was comprised of the
base cations, K and Mg, as well as the metals, Fe, Pb, Co and Al,
while Ca, Ni, As and Hg comprised R5. The dominant solute behav-
ior patterns highlighted by the factor and cluster analysis indicate
that cluster R1 solute concentrations varied negatively with Factors
1 and 2, while cluster R2 solute concentrations varied positively
with Factor 4. Concentrations of R3 solutes varied negatively with
Factors 1 and 3, and positively with Factor 2, while concentrations
of R4 solutes varied positively with Factor 1 and negatively with
Factor 3 and concentrations of R5 solutes varied positively with
Factor 3 and negatively with Factor 4.
5. Discussion

5.1. Rainfall and hydrologic responses

Our findings suggest that in semi-arid catchments, urbanization
increases the frequency, magnitude and duration of runoff. Consis-
tent with runoff responses in undeveloped semi-arid catchments,
not all monitored rainfall events generated runoff (Houser et al.,
2000; Morin et al., 2006). However, measureable runoff was ob-
served up to eight times more frequently in our urbanized study
sites than in undeveloped catchments in the region (Gallo, 2011;
Resnick et al., 1983; Stone et al., 2008). It is likely that these re-
sponses are largely controlled by land cover, rainfall depth and
short term (event time scale) rainfall partitioning given that ante-
cedent conditions play a minor role in rainfall–runoff dynamics of
semi-arid environments (Gallo et al., 2012; Osborn and Lane, 1969;
Syed et al., 2003; Zhang et al., 2011).

Although it is well established that urbanization alters catch-
ment hydrology (for example: ASCE, 1996), few studies document
how land cover alters rainfall–runoff responses in arid and semi-
arid climates (for example: Resnick et al., 1983). Here, urban runoff
was always observed at a lower rainfall threshold (Pdepth > 6.4 mm)
than in semi-arid undeveloped catchments (Pdepth > 20 mm, Gallo,
2011). Lower rainfall–runoff thresholds and higher urban runoff
frequency are likely due to (1) higher percent impervious cover
which enhances runoff delivery to urban washes, (2) higher road
density which, in urban areas like Tucson where roads form part
of the overland flow conveyance system (http://rfcd.pima.gov/pro-
jects/missionview/), may increase above ground catchment con-
nectivity, and (3) the presence of impervious channels and a low
density of pervious channel which may reduce stream channel
storage and infiltration losses. Although percent impervious cover
and impervious channel density are significantly correlated and it
is not possible to separately address their effects on runoff re-
sponses, our results indicate that characteristics of the stormwater
drainage system have a large effect on the frequency of runoff gen-
eration, as has been reported elsewhere (Meierdiercks et al., 2010;
Ogden et al., 2011; Walsh et al., 2005a).

At smaller Pdepth (<6.4 mm), our study suggests that water losses
to catchment storage largely control the frequency of urban runoff
given that in undeveloped water limited catchments, runoff infil-
tration losses increase with catchment size, stream channel length

http://rfcd.pima.gov/projects/missionview/
http://rfcd.pima.gov/projects/missionview/


(a)

(c)

(e) (f)

(d)

(b)

Fig. 6. Select patterns of runoff quality across our study sites during the 2007 and 2008 monsoon showing the variability of solute concentrations across the study sites. The
thick horizontal black lines within each box represent the mean seasonal concentration; the thin black lines denote the median seasonal concentration and the bars represent
the 5th and 95th percentiles. Boxplots sharing the same letter (A, B or C) are not significantly different from each other.
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and distance from the catchment outlet (Loik et al., 2004). How-
ever, further work should assess how urban runoff frequency var-
ies in response to the spatial distribution of rainfall, an important
control of catchment hydrology in the semi-arid Southwest
(Goodrich et al., 1997; Morin et al., 2006).

The runoff depths and runoff ratios measured in this study are
comparable to those reported for urban catchments of the Tucson
Basin (Resnick et al., 1983) and other arid and semi-arid regions
(Gibson et al., 2008; Ishaq, 1992; McIntyre et al., 2007). Similar
to non-urbanized semi-arid catchments, runoff depths and runoff
ratios increased with Pdepth and percent impervious cover, and de-
creased with catchment size (Goodrich et al., 1997; Murphey et al.,
1977; Stone et al., 2008); however, rainfall and land cover could at
best explain 50% of the variance in runoff depths and runoff ratios.

Our data builds upon early urban runoff studies (for example:
Arnold and Gibbons, 1996; Paul and Meyer, 2001; Schueler,
1994) by showing that, consistent with results by Ogden et al.
(2011), the effects of land cover on runoff depths and runoff ratios
vary primarily with the magnitude of rainfall. For example, when
rainfall events are large (Pdepth > 35.4 mm), runoff depths vary in
response to (1) the efficiency of runoff mobilization, (2) reductions
of streamflow losses to infiltration due to higher catchment
percent impervious cover and impervious stream channel density,
and (3) shorter hydrologic flow paths, as would be expected as
catchment size decreases (Fig. 5a). At mid-range Pdepth (10.8–
35.4 mm) percent impervious cover explained only 50% of the run-
off depth variance indicating that factors other than land cover,
such as the spatial distribution of rainfall, may impart additional
controls on urban runoff quantity. At less than average Pdepth

(<10.8 mm), runoff depth and runoff ratios increased as road den-
sity decreased. This finding is counterintuitive if we consider that
street conveyance of overland flow forms part of Tucson’s storm-
water drainage system (http://rfcd.pima.gov/projects/mission-
view/), and is therefore likely to increase above ground
connectivity between impervious catchment patches. However,
these data suggest that when Pdepth is small: (1) the contributing
areas to runoff are small and are likely located adjacent to the
stormwater drainage system or the catchment outlet and (2) a
greater proportion of rainfall partitions into overland flow losses
to infiltration and/or transient storage.

In contrast to a large body of literature (for example: EPA, 1997;
Walsh et al., 2005b), the times to peak discharge we report (0.1–
2.1 h) are not shorter than in non-urbanized semi-arid catchments
(0.1–1.6 h as reported by Gallo, 2011; Morin et al., 2006). Our data

http://rfcd.pima.gov/projects/missionview/
http://rfcd.pima.gov/projects/missionview/


Table 5
Coefficient of correlation (r) between solute concentrations, rainfall depth (Pdepth, mm), instantaneous discharge (Qt, L s�1) and select catchment land cover characteristics,
including the stormwater drainage system (stormwater system). Only significant (p < 0.05) correlations are shown.

Solute Pdepth
a

(mm)
Qt

a

(L s�1)
Runoff
ratioa

Impervious
cover (%)a

Catchment size
(km2)b

Percent land cover Densities (km km�2)

Low
densityb

Medium
densityb

Openb Roadb Stormwater
systemb

Pervious
channelb

Impervious
channelb

Cl �0.43 �0.33 / 0.27 / / �0.30 �0.19 �0.41 / �0.12 /
NO2 / / 0.14 0.21 / / �0.12 / �0.21 / �0.15 0.12
NO3 0.16 0.34 0.22 / / / / / / / / /

NH4 �0.37 �0.27 �0.15 / �0.15 / / �0.30 �0.24 �0.16 �0.13 /
DON �0.59 �0.24 / / / 0.28 �0.17 �0.27 �0.29 �0.17 / �0.21
DOC �0.59 �0.48 �0.30 �0.15 0.12 0.36 �0.16 �0.30 �0.32 �0.23 / �0.31

SRP / 0.32 0.28 0.33 / �0.15 �0.19 / / 0.24 / 0.31
SO4 �0.52 �0.30 �0.17 / / 0.30 �0.32 �0.25 �0.40 / / �0.12
E. coli / / / / / / / 0.33 / 0.33 / /

Ca / �0.31 / 0.15 / / / / / / / /
K �0.20 �0.27 / / / / / / / �0.20 / /
Mg �0.32 �0.29 / / �0.17 / / �0.22 / / / /

Na �0.26 �0.35 / 0.29 / / �0.25 / �0.27 / / 0.17
Al / / / / / / 0.22 / / �0.17 / /
As / / / / / �0.16 / 0.15 / / / /

Cd �0.37 �0.47 �0.19 0.26 �0.30 / / �0.3 �0.24 / �0.26 /
Co �0.41 / / / �0.20 / 0.16 �0.2 / �0.18 �0.17 /
Cu �0.54 �0.32 / 0.28 �0.19 / �0.25 �0.29 �0.41 / �0.16 /

Fe �0.22 / / / �0.15 / / / / / / /
Hg �0.73 / / / / / / / / / / /
Ni / �0.23 / / / / / / / / / /

Pb 0.19 �0.24 �0.27 / / / 0.17 / / �0.17 �0.15 /
V �0.43 �0.31 / 0.17 �0.18 / / �0.20 �0.20 / �0.21 /
Zn �0.52 �0.46 / 0.3 �0.24 / �0.20 �0.27 �0.34 / �0.19 /

a Indicate log–log regressions.
b Indicate linear regressions.

Table 6
Vector values and factor values for rainfall depth, instantaneous discharge (Qt), runoff
ratio and land cover characteristics for the first four rotated factors of the factor
analysis on solute concentrations correlations (n = 25). The variables that most
heavily weight into each factor are noted in bold with a �.

Factor
1

Factor
2

Factor
3

Factor
4

Vector variance 5.90 3.70 3.40 2.20
Vector variance (%) 36.86 23.10 21.27 13.77
Cumulative variance (%) 36.86 59.96 81.23 95.00

Rainfall depth 0.66 �0.09 0.14 0.56
Qt 0.41 0.19 0.25 0.80�

Runoff ratio �0.09 �0.06 0.38 0.87�

Catchment size 0.07 0.94� �0.02 0.17
Percent impervious cover �0.50 �0.48 0.69� 0.19

Land cover
Low density �0.59 0.68� �0.40 �0.15
Medium density 0.85� �0.34 �0.39 �0.07
High density 0.94� �0.04 0.07 0.17

Commercial �0.81 �0.23 0.51� 0.13
Open space 0.58 0.23 0.66 0.37

Landscape evenness 0.92� 0.16 0.23 0.22
Catchment slope �0.60 0.73� �0.31 �0.13
Road density 0.97� �0.17 �0.01 0.08

Stormwater drainage system
density

0.03 0.12 0.94� 0.29

Pervious channel density 0.03 0.96� 0.07 0.01
Impervious channel density 0.03 �0.46 0.84� 0.29
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indicate that the flashiness of monsoonal runoff does not vary in
response to urbanization, suggesting that despite the characteris-
tics of urban development, the major runoff contributing areas
are those in close proximity to the stormwater drainage system
and the catchment outlet.
The runoff durations for the four most impervious catchments
(0.9–8.9 h) are longer than those observed in semi-arid non-urban-
ized catchments of similar size (0.6–2.5 h, Stone et al., 2008). Since
time to peak discharge remains invariant with respect to non-
urbanized catchments, significantly longer urban runoff duration
is likely due to longer streamflow recession, which given the ab-
sence of baseflow may result from changes in overland flow paths
due to urbanization. Impervious cover and a higher density of
impervious channels may decrease infiltration losses and increase
contributing areas to streamflow allowing runoff to travel longer
distances and reach the catchment outlet. Larger contributing
areas may enhance pervious stream channel wetting and bank
storage, which may subsequently drain and prolong streamflow
recession. Enhanced wetting of pervious stream channels is of par-
ticular importance to runoff quality given that biogeochemical pro-
cessing within stream channels can alter the magnitude of solute
stores available for mobilization during subsequent runoff events.
Finally, our findings suggest that urbanization in this semi-arid
environment increases the frequency and duration of runoff deliv-
ered to areas of focused recharge. However, the fate of this excess
urban water and whether it actually enhances recharge in these fo-
cused recharge areas remains unclear.

5.2. Runoff quality responses

Contrary to our initial expectations, solute concentrations were
not consistently related to urban land cover (Fig. 6, Table 4) with
runoff quality in the least urbanized catchment (LD) similar to
the most urban site (CM). This directly contrasts with literature
documenting higher concentrations of solutes in runoff from
highly urbanized land covers (Asaf et al., 2004; Choe et al., 2002;
Jiries et al., 2001; Lee and Bang, 2000; Lewis and Grimm, 2007;
Maestre and Pitt, 2006; Rose, 2002; Tiefenthaler et al., 2008). The
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Fig. 7. Box plots showing factor scores of solutes comprising clusters R1–R5. The
thick black line in each cluster box plot denotes the mean factor score, the thin gray
line denotes the median and the dashed line across each plot denotes a factor sore
of 0.
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observation that some solute concentrations (Cl, NO3, E. coli, SO4,
Ca, Mg, Na and K) measured in this study were similar to those
in protected national parks of the semi-arid Southwest, while other
solutes (NO2, NH4, SRP, Al, As, Cd, Co, Cu, Fe, Ni, Pb, and Zn) were
higher in runoff at our study sites (Brown, 2005) suggests multiple
controls on urban runoff quality.

The factor analysis highlights four distinct mechanisms control-
ling runoff quality: Factor 1 points to variable solute sourcing due
to catchment heterogeneity and the degree of above ground con-
nectivity of urban land covers; Factor 2 points to the spatial extent
of pervious and biogeochemically active areas, such as pervious
stream channels; Factor 3 points to efficient mobilization of storm
runoff from the catchment and a reduced biogeochemical poten-
tial; while Factor 4 points to solute mobilization (flushing and
dilution).

The factor scores and clustering analysis highlight five solute
groupings that vary distinctly with Factors 1, 2, 3, and 4. Solutes
clustering in R1 (Cd, Cu, Zn and V) are associated with rooftops,
as well as industrial, commercial and road land uses (Chebbo and
Gromaire, 2004; Davis et al., 2001; Gromaire et al., 2001; Pitt
et al., 1995; Tiefenthaler et al., 2008; Van Metre and Mahler,
2003). We expected the highest concentrations of R1 solutes in
catchments with high commercial land uses, road density and
imperviousness. However, the highest R1 concentrations occurred
in the least and most impervious catchments (LD and CM), which
also have the lowest road density. The negative Factor 1 scores of
R1 solutes indicate that as the variability of solute sources and
above ground catchment connectivity decrease, solute concentra-
tions increase. It is likely that the heavy use of a small number of
roads may enhance localized solute sourcing (Lu et al., 2003; Sabin
et al., 2005), which when mobilized during runoff, result in high
solute concentrations at the least and most impervious catch-
ments. In addition, areas in close proximity to the stormwater
drainage network or near the catchment outlet may contribute a
large fraction of overland flow and loads of R1 solutes to runoff,
explaining why the LD and CM had the highest R1 concentrations
despite their low road density.

Solutes associated with biogeochemical processes and redox
reactions (Schlesinger, 1997) cluster with R2 and R3 (DOC, NO3,
NO2, TDN, SRP and SO4). Common sources include organic matter
decomposition and soil biogeochemical processing (Austin et al.,
2004; Schade and Hobbie, 2005; Sponseller and Fisher, 2006), dry
and wet atmospheric deposition (Lohse et al., 2008), the incom-
plete combustion of fossil fuels (Chen and Mulder, 2007; Zielinska,
2005), fertilizers (Carpenter et al., 1998), and, for SRP and E. coli,
particulate transport and agricultural sourcing (Graves et al.,
2004; Schoonover and Lockaby, 2006; Servais et al., 2007; Surbeck
et al., 2006). Since there are no combined sewers in the Tucson Ba-
sin, overflow of untreated sewage is not a potential source of E. coli
(e.g. Arnone and Walling, 2007; Marsalek and Rochfort, 2004).

The positive loading of R2 solutes (NO3, NO2, SRP and E. coli)
onto Factor 4 suggests solute flushing. Given that the Sonoran des-
ert is nitrogen limited (Westerman and Tucker, 1978; Whitford,
2002), we expected to observe nitrogen retention at LD and there-
fore low NO3 and NO2 runoff concentrations. However, this was not
the case and the literature supports a two part explanation for the
high NO3 concentrations across sites, which can be extended to all
R2 constituents: (1) solutes deposited during dry conditions accu-
mulated within the catchment due to soil water limitations for bio-
geochemical activity, resulting in mobilization of accumulated
solutes during rainfall and subsequent runoff (Lewis and Grimm,
2007; McCrackin et al., 2008) and (2) biogeochemical processes
such as mineralization, nitrification and phosphorous retention in-
crease in response to soil wetting, leading to accumulation of sol-
utes in the soil between storm events and which are flushed
during subsequent runoff (Austin et al., 2004; Welter et al.,
2005). Both of these processes are likely to occur in the uplands
and ephemeral stream channels. However, mobilization of solutes
from upland soils may not control storm runoff quality if the spa-
tial extent of pervious areas is small, like at CM (9%). Studies show
that ephemeral streams concentrate solutes and runoff in space
and time, leading to extended periods of high soil moisture and
biogeochemical activity (e.g. McClain et al., 2003; Vidon et al.,
2010). Therefore, solute flushing from ephemeral waterways may
be of equal or greater importance than solute sourcing form the
uplands, particularly as percent impervious cover increases.

Factor scores of R3 solutes (DOC, DON, SO4) were negative for
Factors 1 and 3 but positive for Factor 2 (Fig. 7, Table 7). The Factor
1 scores suggest that, like R1 solutes, DOC, DON, SO4 are sourced
from small contributing areas. The Factor 2 and 3 scores indicate
that solute concentrations increased with the extent of pervious
area, and decrease with increasing percent impervious cover and
runoff mobilization efficiency. Gallo et al. (2012) show early sea-
sonal flushing and mobilization of R3 solutes at these sites. Their
findings combined with increasing discharge as the stormwater



Table 7
Mean factor loading (±SD) for each solute cluster. Factor loadings sharing the same superscript (A, B or C) in each column are not significantly different from each other. Loadings in
bold and superscripted with a � indicate factors controlling each solute cluster’s responses.

Cluster Solutes Factor 1 (road density,
residential housing, LE)

Factor 2 (pervious
channels, catchment
size and slope, % low
density residential)

Factor 3 (Percent impervious
cover, % commercial, stormwater
drainage system and impervious
channel density)

Factor 4 (Qt and
runoff ratio)

Solute behavior

R1 Cl, Na,
NH4, V,
Cd, Cu,
Zn

�1.00 (0.55)C� �0.81 (0.68)C 0.12 (0.71)AB �0.11 (0.45)B Metals, cations and Cl.
Concentrations vary inversely with
solute sourcing variability

R2 NO2,
SRP,
NO3,
E. coli

0.08 (0.34)AB 0.46 (1.04)AB 0.82 (1.53)A 1.73 (0.64)A� Biogeochemical solutes.
Concentrations vary in response to
the amount of water moving through
the catchment (solute flushing)

R3 DON,
SO4,
DOC

�0.85 (0.35)BC� 1.87 (0.35)A� �0.98 (0.59)AB� �0.5 (0.63)B Biogeochemical solutes.
Concentrations vary inversely with
solute sourcing variability and
efficiency of runoff mobilization; and
positively with catchment
perviousness

R4 K, Mg,
Fe, Pb,
Co, Al

1.00 (0.5)A� �0.33 (0.43)BC �0.76 (0.26)B� �0.07 (0.35)B Base cations and metals.
Concentrations vary in response to
solute sourcing variability and
inversely with the efficiency of
runoff mobilization

R5 Ca, Ni,
As, Hg

0.81 (0.9)A 0.04 (0.29)BC 0.84 (0.58)A� �1.04 (0.99)B� Base cations and metals.
Concentrations vary with the
efficiency of runoff mobilization and
inversely with the amount of water
moving through the catchment
(solute dilution)

50 E.L. Gallo et al. / Journal of Hydrology 485 (2013) 37–53
drainage system density increases (Table 3), and the Factor 2 and 3
scores point to solute dilution during runoff and solute sourcing
from pervious areas, such as pervious stream channels and the
riparian zone. These patterns are not entirely unexpected given
that catchments with extensive percent impervious cover and
impervious waterways may have limited stores of DOC, DON and
SO4; and given that pervious ephemeral streams are hotspots of
biogeochemical activity (McClain et al., 2003), where potentially
large solute stores can be mobilized during episodic runoff.

Solutes clustering as R4 (Al, Fe, Pb, Co, K and Mg) are generally
associated with disturbance due to urban development and resi-
dential housing construction (Tiefenthaler et al., 2008; Zampella
et al., 2007). Positive Factor 1 scores indicate increasing solute con-
centrations with solute sourcing variability; while negative Factor
3 scores indicate decreasing concentrations as catchment pervious-
ness increased. These solutes had variable responses to event rain-
fall and Qt (Table 5). It is likely that: (1) variable solute sourcing
due to land use heterogeneity and increased above ground catch-
ment connectivity, combined with (2) solute retention in pervious
areas, likely due to solute complexation in the soil matrix, explains
the invariance of Fe, Pb, Co, and K concentrations across sites, the
higher concentrations of Al and Mg at MD and the variable solute
concentration responses to rainfall and runoff.

Finally, R5 solutes Ca, Ni and As are associated with widespread
geologic sourcing in the Tucson Basin as the large extent of calciar-
gid aridisols and calcerous entisols indicates (NRCS-NCOSS, 1995;
Robertson, 1989; Tadayon, 1995a, 1995b), whereas Hg is primarily
sourced from coal and fossil fuel combustion, waste incineration,
long distance atmospheric transport and dry deposition (Ericksen
et al., 2005; Fang et al., 2009; Lyman and Gustin, 2008). Wide-
spread sourcing combined with positive Factor 3 and negative Fac-
tor 4 scores indicate that land cover has a small effect on runoff
concentrations of these solutes. Instead, solute concentrations are
controlled by solute mobilization and flushing as the efficiency of
runoff routing out of the catchment and magnitude of runoff
increased.
Our findings indicate that in this semi-arid environment, runoff
quality does not vary exclusively in repose to impervious cover or
land use. Rather, our data strongly suggest that the stormwater
drainage system characteristics are more important predictors of
runoff quality, and impart a strong control on runoff responses as
other studies suggest (e.g. Carle et al., 2005; Hatt et al., 2004;
Walsh et al., 2005a). Finally, the spatial extent of pervious areas
for biogeochemical transformations and solute sourcing and reten-
tion emerged as an important factor determining runoff quality in
these semi-arid catchments.
6. Conclusion

Our findings suggest that rainfall depth, the characteristics of
the stormwater drainage system and the variability of solute
sourcing due to catchment heterogeneity and above ground
connectivity have the most profound effects in controlling runoff
responses in our semi-arid study sites. Urbanization in this semi-
arid environment does not alter runoff depth, water yield, and time
to peak discharge of individual runoff events. However, urbaniza-
tion does substantially increase runoff frequency and duration
with potentially important implications for delivery of runoff to
areas of focused recharge. The effect of land cover on catchment
hydrologic responses varies with the magnitude of rainfall; specif-
ically, increased impervious channelization increases the likeli-
hood of runoff from small rainfall events while rainfall depth and
catchment characteristics have a greater control on runoff depths
and runoff ratios. Within this hydrologic context, solute chemistry
was explained by four mechanisms (1) variable solute sourcing due
to land use heterogeneity and above ground patch connectivity, (2)
the spatial extent of pervious and biogeochemically active areas,
(3) the efficiency of overland flow and runoff routing from the
catchment, and (4) solute flushing and dilution. Correlations
among some land cover elements, such as imperviousness and
impervious channel density, emphasize the effects of landscape
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structure on urban runoff quality and quality. Our analyses high-
light the importance of the stormwater drainage system character-
istics, specifically the density of pervious stream channels, in
controlling urban catchment hydrology and runoff quality in re-
sponse to monsoonal rainfall, and suggest that active modification
of washes may be an effective urban stormwater management
strategy. Finally, we suggest that storm runoff monitoring pro-
grams should be designed around the characteristics of the drain-
age system rather than focused on specific land uses.
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