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s u m m a r y

Urban streamflow is commonly characterized by increased peak discharges and runoff volumes. Slow-
flow integrates altered storage and transit times affecting urban recharge and drainage, resulting in a
highly variable indeterminate urban slowflow response. This study introduces the use of multiple base-
flow metrics to characterize and interpret the dominant processes driving urban slowflow response.
Slowflow characteristics derived from USGS streamflow records are used to quantify the patterns of
hydrologic alteration across the rural-to-urban landuse gradient in the Piedmont watersheds of the Bal-
timore Ecosystem Study (BES), an NSF Urban Long Term Ecological Research (LTER) site in the Baltimore
Metropolitan area. We interpret multimetric slowflow response from a top-down perspective, learning
from data, in order to draw dominant process inferences from observed slowflow. When characterized
by a single slowflow metric such as the baseflow index, urban slowflow response can exhibit equifinality
and is not reliably predicted a priori. Multimetric analysis quantifies distinct differences in urban slow-
flow response, framing testable hypotheses and refined experimental designs to elucidate the dominant
processes driving urban slowflow. Multimetric fingerprinting offers a consistent framework for interpret-
ing urban slowflow response, constrained by the equifinality of single slowflow metrics and the inherent
limitations on process inferences that can be drawn from gauged streamflow alone. Heterogeneity of
observed slowflow belies the simple paradigm of a single consistent type of urban slowflow response.
In contrast, we suggest a conceptual typology of urban slowflow response, framing a conceptual mixing
model of dominant process endpoints that shape the slowflow fingerprints of urban hydrology.

! 2014 Elsevier B.V. All rights reserved.

1. Introduction

Urbanization can change basin water budgets by (a) altering the
distribution of vegetation, pervious and impervious landuses, and
the overall landscape drainage pattern; (b) increasing withdrawals
from surface and groundwater systems that support human needs;
and (c) re-engineering the water budget through water and waste-
water infrastructure and interbasin water transfers that can alter
both recharge and subsurface drainage (Claessens et al., 2006;
Dougherty et al., 2007; Elmore and Kaushal, 2008; Hibbs and
Sharp, 2012). The cumulative effect of these interacting processes
changes watershed-scale storage and transit times, imprinting
the hydrologic signature of human activities on urban streamflow
response. Conceptually, the hydrologic impact of urbanization is
most commonly associated with an intensified quickflow response
attributed to the combined effects of increased runoff from imper-
vious surfaces and efficient drainage infrastructure, with accompa-

nying decreases expected in infiltration, recharge, soil moisture,
and baseflow (Boggs and Sun, 2011; Brander et al., 2004; Burns
et al., 2012; Walsh et al., 2005). Changes among the processes driv-
ing urban hydrologic response can be highly variable and uncer-
tain. In contrast to the process-based characterization implied by
the terms runoff and baseflow, the components of the observed
hydrograph are commonly referred to as quickflow and slowflow,
acknowledging the uncertain mixture of processes generating
observed streamflow (Carey and Woo, 2001; Hansen et al., 1996;
Post and Jakeman, 1996). Here and throughout we refer to quick-
flow and slowflow to distinguish distinct fast response and slow
response components of observed streamflow, independent of
any inferences or assumptions about underlying hydrologic
processes.

Slowflow response integrates the changes in dominant
watershed processes that accompany urbanization. Shallow
groundwater pumping can lower the water table impairing base-
flow, even as return flows from deep groundwater withdrawals
can introduce recharge originating outside the watershed bound-
ary, effectively creating an interbasin transfer through deep aqui-
fers. Steady return flows from wastewater discharges can enhance
observed baseflow response without affecting the groundwater
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system. The hydrologic response to urbanization is not reliably pre-
dicted a priori, without catchment-specific understanding of the
dominant processes driving observed discharge.

This study introduces the use of multiple baseflow metrics to
characterize and interpret the observed slowflow response of
urban watersheds. In contrast to traditional ‘‘bottom-up’’ reduc-
tionist modeling approaches we embrace a top-down perspective
(Sivapalan et al., 2003), inferring the dominant processes driving
the heterogeneity of urban slowflow. Observed slowflow differ-
ences are identified and interpreted using a consistent multimetric
fingerprint derived from USGS daily streamflow data. We demon-
strate multimetric slowflow analysis for the Piedmont watersheds
along the rural-to-urban landuse gradient of the Baltimore Ecosys-
tem (BES) Long Term Ecological Research (LTER) site (Pickett and
Cadenasso, 2006). The slowflow response of a set of representative
reference watersheds selected from the USGS GAGES-II database
(Falcone, 2011; Falcone et al., 2010) provides a regional physio-
graphic and hydroclimatic template for comparable watersheds
that are least impacted by human alteration. Slowflow metrics
standardized to the mean reference set response, define multimet-
ric fingerprints of the BES watersheds.

The following section reviews urbanization’s effects on both
quickflow and slowflow, motivating the interpretation of slowflow
response using multiple streamflow metrics. Section 3 describes
the multimetric framework used to characterize the slowflow
response of the BES watersheds. Section 4 presents the results of
this multimetric analysis, elucidating the heterogeneity and equif-
inality of slowflow responses manifested by the BES watersheds.
The inference and expression of the dominant processes driving
urban slowflow response is discussed in Section 5. We propose a
typology of urban slowflow response, framing the interpretation
of observed slowflow through a conceptual hydrologic mixing
model of dominant process endpoints. Conclusions are presented
in Section 6.

2. Background

2.1. Hydrologic effects of urbanization

Urbanization is commonly expected to alter quickflow, increas-
ing the runoff ratio (the fraction of precipitation producing runoff)
and peak discharge (Beighley and Moglen, 2002; Farahmand et al.,
2007; Huang et al., 2008). For closed water budgets, increased
urban runoff is usually expected to decrease baseflow and the
baseflow index (BFI, the ratio of baseflow to discharge) due to
reduced recharge (Leopold, 1968). Indeed, low BFI values are com-
monly ascribed to urbanized streams.

Dramatic changes in quickflow response defined engineering
hydrology’s historical focus on urban flooding, drainage, and
changes in peak flows and flood frequencies (Beighley and Moglen,
2002, 2003; Fok et al., 1975; Hollis, 1975; James, 1965; Konrad,
2003; Kuichling, 1889; Lloyd-Davies, 1906; Ramey, 1959; Wilson,
1967). Yet even the early urban hydrology literature (focused on
drainage, increased peak discharges, and urban flooding) also recog-
nized changes in infiltration, evapotranspiration (ET), and interbasin
transfers as significant hydrologic impacts that accompany urbani-
zation and mediate urban hydrologic responses (Fok et al., 1975;
Waananen, 1969). Leaking infrastructure, interbasin transfers, and
both hydroclimatic and anthropogenic influences (sensu Brandes
et al. (2005)), contribute to the heterogeneity of urban hydrologic
response. In practice, widely varying baseflow responses integrate
and reflect the inherent variability of hydrologic storage and transit
times in urbanwatersheds. The simple conceptual model of a single
distinctive urban baseflow response is not consistently observed in
urban watersheds (Brandes et al., 2005; Hubbart and Zell, 2013;

Meyer, 2005). Rather, urbanization yields an indeterminate base-
flow response (Hamel et al., 2013; Price, 2011) that cannot be reli-
ably predicted from simple measures of urbanization such as
impervious area (Arnold and Gibbons, 1996).

The direct effects of urbanization are accompanied by second-
ary development impacts associated with distributed water and
wastewater infrastructure (Lerner, 2002; Pluhowski and Spinello,
1978; Wittenberg and Aksoy, 2010). The secondary effects of water
and wastewater infrastructure can moderate urban hydrologic
response through leaking infrastructure, wastewater discharges,
interbasin transfers through both municipal water supply and
regional wastewater systems, and groundwater withdrawals. Leak-
age and exfiltration from aging infrastructure can significantly
increase effective annual recharge, raising regional water tables
and increasing baseflow (Lerner, 2002). Low to moderate density
development with significant disconnected impervious areas can
increase concentrated recharge (Brandes et al., 2005; Holman-
Dodds et al., 2003).

Baseflow is commonly conceptualized as groundwater drainage
from a linear or non-linear lumped parameter reservoir (Botter
et al., 2009; Buytaert et al., 2004; Datta et al., 2012; Fenicia et al.,
2006; Harman et al., 2009; Wittenberg, 1999). A more nuanced
conceptual model considers baseflow as the cumulative response
of the coupled groundwater-surface water system, integrating
both hydrologic changes to the water balance and hydraulic
changes to drainage characteristics. Hydrologic changes can
include reduced evapotranspiration (ET) (Wang and Cai, 2010) as
impervious surfaces replace vegetated landcover; groundwater
pumping that lowers the water table; and both recharge and drain-
age from leaking water infrastructure that commonly create regio-
nal interbasin water transfers. Slowflow response also integrates
processes such as steady wastewater discharges that alter the
observed slowflow response but bypass the groundwater system
entirely. Beyond these hydrologic effects, infiltration and inflow
to unpressurized sewer infrastructure can accelerate groundwater
drainage, altering the watershed’s effective hydraulic response and
changing the observed baseflow recession constant.

Baseflow integrates watershed-scale hydrologic forcings and
cumulative landscape changes. No single baseflow measure – such
as the BFI or regional recharge estimates – can fully capture or
uniquely resolve the complex hydrologic changes that accompany
urbanization. Different combinations of dominant processes can
yield similar responses in a single slowflow metric (equifinality)
even as the heterogeneity of urban watersheds yields an indeter-
minate slowflow response (Hamel et al., 2013; Price, 2011). We
embrace the perspective that dominant process information can
be inferred from the observed discharge hydrograph (Wagener
et al., 2007), interpreting the heterogeneity and equifinality of
urban slowflow response through a consistent set of slowflowmet-
rics derived from gauged streamflow.

2.2. Multimetric baseflow analysis

Sawicz et al. (2011) used multivariate streamflow signatures to
group hydrologically similar catchments in the Eastern United
States, focusing on differences between the process controls and
variability of empirical streamflow signatures. We similarly use
multiple baseflow metrics to distinguish multivariate differences
in urban baseflow response. Like Sawicz et al. (2011), we recognize
the inherent limitations of using streamflow analysis alone to fully
resolve the dominant processes controlling observed discharge.
Complementary methods using, e.g., stable isotopes and other
chemical tracers (Burns and Kendall, 2002; Christian et al., 2011;
Gremillion et al., 2000; Kaushal et al., 2011; Kracht et al., 2007;
Nolan et al., 2007) can enrich the process-based understanding of
baseflow sources, residence times and flow paths in ways that
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streamflow signatures alone cannot. Yet, like Sawicz et al. (2011),
we also recognize the value of characterizing and interpreting
the distinct patterns of hydrologic response that are discernible
using more generally available streamflow data. The analysis of a
multivariate set of baseflow metrics – herein referred to as multi-
metric analysis – provides a broadly applicable first-order tool to
elucidate the heterogeneity and equifinality of urban baseflow
response, mindful of the inherent limitations on the process-based
inferences that can be drawn from streamflow alone.

2.3. Baseflow and slowflow

Schwartz (2007) described the traditional engineering treat-
ment of baseflow separation as the disaggregation of quickflow
(generally interpreted as surface runoff) from slowflow (inter-
preted as subsurface flow or drainage from groundwater) implic-
itly reflecting a process-based interpretation of flow components.
More generally, quickflow and slowflow refer to relative time con-
stants for characteristic components of observed streamflow
response. Though widely used to describe low flow conditions,
the definition and operational identification of baseflow variously
refers to the source (groundwater, bank storage), chemical signa-
ture, residence time (event vs. pre-event water), flow path, or char-
acteristic response time of basin discharge (Liu et al., 2013;
Schwartz, 2007). In practice, observed recession flows can include
drainage from shallow soil water, alluvium, regolith, and even rou-
ted upstream runoff or snowmelt, contributing to the ambiguity in
identifying baseflow as groundwater discharge, using only
observed streamflow (Halford and Mayer, 2000; Hall, 1968). This
ambiguity led Hall (1968) to suggest:

‘‘. . .baseflow should either be defined in a meaningful way, or the
term should be abandoned and the same should be done for what
is commonly called interflow. A more useful way of defining the
hydrograph might be in terms of the delay or lag times of the com-
ponents, without implication of origin’’.

In general the unique flow paths, dominant flow processes, and
varying sources of runoff in a particular basin cannot be unambig-
uously identified from the analysis of the discharge hydrograph
alone (Anderson and Burt, 1980). Despite this ambiguity, heuristic
baseflow separation algorithms (Liu et al., 2013; Schwartz, 2007;
Szilagyi, 2004) provide reproducible slowflow time series from
gauged streamflow that consistently characterize the low flow
response of observed streamflow. Here and throughout we refer
to the time series derived from observed streamflow using heuris-
tic baseflow separation algorithms as slowflow, to emphasize the
consistent estimate of the low-flow component of gauged stream-
flow with a characteristic response time.

3. Methods

3.1. Study domain: the Baltimore Ecosystem Study

The Baltimore Ecosystem Study (BES) is one of 26 Long Term
Ecological Research (LTER) sites supported by the National Science
Foundation and one of only two urban sites in the LTER network
(Hobbie et al., 2003; Pickett and Cadenasso, 2006). BES supports
diverse interdisciplinary research on the form and function of
urban ecosystems, grounded in long-termmonitoring and data col-
lection. The BES monitoring network is anchored by a core network
of USGS streamflow gauges along a rural-to-urban gradient span-
ning the subwatersheds of the Gwynns Falls watershed in the
Maryland Piedmont (Fig. 1). The quality of the USGS gauge records
used in this analysis is generally described as fair to good. The
USGS designation of daily discharge record quality as good signifies

95% of the published approved values are expected to be within
10% of the true discharge (Novak, 1985). Individual gauged sub-
basins within the BES network span rural catchments dominated
by forest and agricultural landuses (with no significant impervious
area) through ultra-urban landscapes with more than 95% devel-
oped area. The range of landuses and development patterns found
in the BES watersheds is described by Groffman et al. (2004) and
summarized in Table 1.

The development history of each watershed imprints the land-
scape with a path-dependent mosaic of development forms and
styles, corresponding to distinct eras of development described by
Groffman et al. (2004). The landscapemosaic is also imprinted with
distinct infrastructure systems reflecting the history of regulatory
requirements and land development practices at the time of devel-
opment and construction. For example, the Delight watershed was
developed during an era inwhich stormwatermanagement focused
on detention ponds. The pervasive use of stormwater detention
ponds throughout the watershed resulted in a distinctive ‘‘storm-
water pond’’ quickflow signature (Meierdiercks et al., 2010) that
is absent from BES watersheds developed in earlier eras.

3.2. Multimetric fingerprinting

Recognizing the diversity of process changes that can accom-
pany urbanization, we use multiple slowflow metrics to character-
ize urban slowflow response. A wide variety of metrics and
streamflow indices have been developed to characterize natural
and human-altered hydrologic response (Gao et al., 2009; Gunn
et al., 2012; Olden and Poff, 2003; Richter et al., 1996; Weiskel
et al., 2007; Yadav et al., 2007). Ecologically motivated streamflow
metrics distinguish discharge characteristics that are expected to
drive the biological response of aquatic ecosystems (Arthington
et al., 2006; Bunn and Arthington, 2002). In contrast, we focus on
a set of four commonly used slowflow metrics to characterize the
observed changes in discharge, and interpret the underlying
changes in watershed-scale processes driving urban slowflow
response. Although this analysis focuses on fingerprinting process
change from observed slowflow response, the approach described
here is readily applied to streamflow metrics developed as indica-
tors of ecologically significant changes in discharge, or the sustain-
ability of blue vs.-green water use (Falkenmark and Rockstrom,
2004, 2006).

Slowflowresponse of the BESwatersheds is characterizedby four
slowflow metrics derived from observed daily streamflow. Along
withmean annual discharge (Q), slowflow response is characterized
by mean annual slowflow (SF) estimated with Nathan and
McMahon’s (1990) digital filter; the baseflow index (BFI) computed
as the ratio of slowflow to discharge (SF/Q); Vogel and Kroll’s (1992)
baseflow recession constant Kb; and a watershed-scale estimate of
recharge (RORA) using a variation of Rutledge and Daniel’s (1994)
recession displacement methods. These slowflowmetrics are read-
ily computed from USGS daily streamflow data and have been
widely used in regional hydrologic characterization and resource
assessment (Bwalya, 2007; Coes et al., 2007; Delin et al., 2007;
Flynn and Tasker, 2004; Thomas et al., 2013). Together they define
a multimetric fingerprint of watershed-scale slowflow response.

3.3. Slowflow metrics

3.3.1. Slowflow (SF)
Slowflow derived from gauged streamflow provides an objective

(albeit heuristic) time series that can be consistently compared
between watersheds. Common methods to automate heuristic
graphical baseflow separation include USGS HYSEP (Sloto and
Crouse, 1996), and PART (Rutledge, 1998) algorithms, and varia-
tions of the digital filter (Eckhardt, 2005; Nathan and McMahon,
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1990; Spongberg, 2000). Slowflow time series derived using the
USGS HYSEP algorithms and Nathan and McMahon’s (1990) digital
filter are compared in Fig. 2. Partington et al. (2012) compared ten
variations of common baseflow separation algorithms and found
that no single algorithm gave consistently superior results. The
slowflow metrics described in this paper were derived using USGS
HYSEP, PART, and digital filter algorithms. Although numerical
results from each algorithm varied, the choice of slowflow heuristic
made no significant difference in the results presented here. The
slowflow results used in this analysis are all derived using Nathan
and McMahon’s (1990) digital filter, due to its computational

simplicity, favorable comparisons with observations of groundwa-
ter storage (Arnold and Allen, 1999), and the absence of abrupt dis-
continuities in the resulting slowflow time series.

Nathan andMcMahon’s (1990) implementation of the digital fil-
ter heuristically separates quickflow on day t, qq(t), from observed
discharge on day t, Q(t), yielding slowflow on day t, qs(t) as:

qs!t" # Q!t" $ qq!t" !1"

qq!t" # aqq!t $ 1" % !1% a"
2

&Q!t" $ Q!t $ 1"' !2"
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Fig. 1. BES watersheds.

Table 1
BES watershed characteristics. Landuse is based on NLCD 2006 data. Developed 1 combines NLCD landuses classified as low, medium, and high intensity developed land. Developed
2 includes Developed 1 landuses plus the NLCD landuses classified as developed open space.

Gauge name USGS stream gauge Water year POR Landuse Area (sq km) Developed 1% Developed 2% Forested % Agricultural % Impervious %

GF Carroll Park 01589352 1999–2012 Mixeda 170.7 56.1 73.0 20.7 5.9 26.7
GF Villa Nova 01589300 1999–2012 Mixeda 84.2 42.7 61.1 27.2 10.9 19.1
GF Glyndon 01589180 1999–2012 Suburban 0.83 42.9 72.5 21.5 5.9 17.7
Scotts Level 01589290 2006–2012 Suburban 8.37 57.9 79.0 16.0 4.9 21.8
Baisman Run 01583580 2000–2012 Forested 3.81 1.7 23.1 73.8 3.1 1.0
Pond Branch 01583570 1999–2012 Forested 0.31 0.0 0.0 99.5 0.5 0.0
McDonogh 01589238 2000–2012 Agricultural 0.08 0.0 0.0 9.8 90.2 0.0
Powder Mill 01589305 2007–2012 Urban 9.43 76.2 88.2 11.5 0.3 35.6
Moores Run 01585230 1999–2012 Urban 9.12 81.8 97.0 2.9 0.1 32.4
Dead Run 01589330 1999–2012 Urban 14.30 75.7 93.8 5.5 0.4 39.0
GF Delight 01589197 1999–2012 Suburban 10.96 45.1 76.0 21.4 2.5 16.7

a Mixed landuse designates mainstem watersheds that aggregate the more homogeneous landuses of their embedded subwatersheds.
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with constraints:

0 6 qs!t" 6 Qt t # 1;2; ( ( ( T !3"

Nathan and McMahon (1990) recommend implementing the
digital filter with a user specified filter parameter of a = 0.925.
Alternate implementations, and more detailed treatment and
interpretation of slowflow from digital filtering can be found in
Arnold et al. (1995), Spongberg (2000), Schwartz (2007),
Eckhardt (2005) and Santhi et al. (2008).

3.3.2. Baseflow index (BFI)
The BFI is commonly used to characterize regional low flow

hydrology as the fraction of discharge derived from slowflow. BFI
derived from daily streamflow lends itself to regionalization
(McCabe and Wolock, 2008; Santhi et al., 2008) and is widely used
to summarize low flow behavior for resource assessment and
hydrologic characterization (Bloomfield et al., 2009; Holman
et al., 2011; Longobardi and Villani, 2008). In this analysis BFI is
computed as the ratio of slowflow to discharge: SF/Q.

3.3.3. Hydraulic recession (Kb)
Slowflow response is mediated by hydrologic fluxes and

watershed, soil, and aquifer characteristics. Baseflow recession
constants integrate both hydrologic and hydraulic responses
(Krakauer and Temimi, 2011) that reflect the distribution of stor-
age and transit times affecting slowflow. ‘‘Effective’’ characteristics
of aquifer systems can be estimated from recession analysis of
gauged streamflow (Dewandel et al., 2003; Troch et al., 1993).
Vogel and Kroll (1992) derived a physically-based baseflow reces-
sion constant from observed streamflow that implicitly embodies
effective information on basin-scale hydraulic conductivity and
drainable soil porosity. The operational estimate of Vogel and
Kroll’s (1992) dimensionless recession constant, Kb, can be

computed fromm pairs of consecutive daily discharge observations
from the recession segments of stream gauge records as:

Kb # exp $exp
1
m

Xm

t2T
ln!Q!t$1"$Q!t""$ ln!!Q!t$1"%Q!t""=2"

( )( )

!4"

where T = {t1, t2, ( ( (tm} is the set of m recession segment time indi-
ces used to estimate Kb.

Physical properties of regional flow systems such as hydraulic
conductivity and the thickness and extent of unconfined aquifers
implicit in Kb are generally not expected to change with urbaniza-
tion. Significant changes in Kb can therefore support the inference
of change in the hydraulic characteristics of slowflow response,
complementing hydrologic inferences about changing fluxes and
stores in the slowflow signature of land transformation. We auto-
mated the consistent calculation of Kb from gauged streamflow,
with an implicit interpretation of effective basin-scale drainage
response characteristics.

3.3.4. Recharge (RORA)
Under long-term dynamic steady state conditions the expected

value of groundwater storage is unchanging, and groundwater
inflow and outflow are in balance. If lateral flow and ET from
groundwater are negligible, long-term recharge is approximately
equal to long-term baseflow (Risser et al., 2005; Szilagyi et al.,
2003). Slowflow (SF) therefore provides a first-order estimate of
long-term recharge. The steady state assumption inherent in esti-
mating recharge from slowflow avoids the consideration of aquifer
parameters such as the distance to the groundwater drainage
divide or the extent of recharge areas.

Groundwater recharge is also commonly estimated from
observed streamflow with standard recession displacement meth-
ods (Rutledge and Daniel, 1994). Recession-displacement methods
have been widely used for resource characterization studies (Delin
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Fig. 2. Heuristic baseflow separation for the GAGES-II reference watershed Western Run at Western Run, USGS gauge 01583500. Baseflow estimated with HYSEP (a) fixed
block (b) local minimum (c) sliding block and with (d) Nathan and McMahon’s digital filter.
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et al., 2007; Risser et al., 2005) including regional recharge estima-
tion in the USGS Appalachian RASA study domain (Rutledge and
Mesko, 1996) that includes the BES watersheds. Although full real-
ization of the idealized assumptions underlying recession displace-
ment methods is uncommon (Halford and Mayer, 2000), they
nevertheless provide readily interpreted estimates of effective
basin-scale groundwater recharge that can be consistently derived
and meaningfully compared between watersheds (Arnold and
Allen, 1999).

Rutledge and Daniel’s (1994) recession displacement methods
are traditionally implemented with manual user selection of ‘‘rep-
resentative’’ recession periods from which a single basin-specific
baseflow recession constant, K, is derived and used for heuristic
baseflow separation. The recession constant K is computed as the
average slope dt/d(ln(Q)) for the selected set of recession events,
and is distinct from Kb and the familiar semi-logarithmic slope of
graphical recessions. Rutledge and Daniel (1994) acknowledge
the subjective nature of operator-dependent decisions in reces-
sion-displacement methods. We therefore automated a modified
version of the USGS RECESS-RORA algorithms to parameterize
more consistent reproducible estimates of the baseflow recession
constant, K, and annual recharge (Schwartz et al., 2012). The auto-
mated algorithm parameterizes the selection of recession events
from the full period of record based on user specified values of
the minimum recession length, s, and the minimum coefficient
of determination, R2, of the regression of t on log(Q(t)) for each can-
didate recession period.

3.4. Reference gauges

Slowflow metrics are also computed for a set of reference
gauges identified from the USGS GAGES-II database (Falcone,
2011). GAGES-II provides a consistent database of several hundred
watershed attributes derived from national data sets, for a set of
9322 USGS gauges with at least 20 complete years of high quality
daily discharge data. The GAGES-II database also identifies a subset
of watersheds, designated as reference gauges, that can be inter-
preted as USGS daily discharge records that are least impacted
by human disturbance. GAGES II reference watersheds are
screened to have low road densities and less than 5% impervious
area, and to be least affected by dams, water withdrawals, irriga-
tion diversions, and permitted wastewater discharges. GAGES-II
reference watersheds have been further screened by manual exam-
ination of watershed imagery to identify any evidence of signifi-
cant impoundments, ponds, diversions, or other human
alterations to streamflow that may not already be noted in the
USGS Annual Water Data Reports for each gauge.

We identified a set of 63 reference gauges within the Chesa-
peake Bay watershed that had complete continuous discharge
records for water years 1999–2012, spanning the period of record
of the BES gauges. Cluster analysis on a subset of watershed phys-
ical attributes, (excluding landuse and watershed attributes
derived from gauged streamflow) identified a coherent set of 18
Chesapeake Bay reference gauges with watershed attributes most
similar to the BES watersheds. Hierarchical cluster analysis on
the baseflow metrics of the 18 gauge reference set identified 4
slowflow outliers, leaving a 14 gauge reference set with a homog-
enous slowflow signature and watershed attributes most similar to
the BES watersheds. The reference set provides a hydrologic tem-
plate for slowflow response of similar watersheds least affected
by human impacts during water years 1999–2012. Here and
throughout, we refer to this homogenous set of 14 GAGES-II refer-
ence gauges as the reference set, distinct and separate from the lar-
ger set of reference gauges in the GAGES-II database.

3.5. Standardized anomalies

For each BES watershed the observed value of slowflow metric i
in watershed j, xij, was standardized as a Z-score: zij # !xij $ !xi"=si
where zij is the standardized value of xij, and !xi and si are respec-
tively, the sample mean and sample standard deviation of baseflow
metric i for the reference set. Standardized baseflow metrics simi-
lar to the mean response of the reference set thus take values close
to zero. Baseflow metric values significantly above (or below) the
mean reference set response yield positive (or negative) anomalies
that can be interpreted as differences (in standard deviations) from
reference watersheds least impacted by human activities. We note
the standardized BES anomalies are a simple linear transformation
of the raw baseflowmetric values. The multimetric pattern of stan-
dardized slowflow anomalies will therefore be invariant (up to a
location-scale transformation) regardless of the reference set to
which they are normalized.

Not all of the BES gauges have complete discharge records for
water years 1999–2012. The values of the reference metrics used
to standardize slowflow anomalies are therefore computed individ-
ually for each BES gauge, using only reference set discharge data cor-
responding to the specific period of record for eachBES gauge. In this
waywe control for interannual hydroclimatic variation, standardiz-
ing each BES metric to hydroclimatically consistent reference set
metrics. Standardizing slowflow anomalies to the reference set use-
fully highlights the magnitude and direction of slowflow change in
human altered watersheds. The heterogeneity of multimetric stan-
dardized anomalies also provides a robust contrast to the conven-
tional notion of ‘‘increasing runoff and declining baseflow’’ as the
standard hydrologic response of urban watersheds.

4. Results: BES slowflow fingerprints

4.1. BES slowflow anomalies

The slowflow metrics described in Section 3 were computed
from USGS daily streamflow time series for each of the BES water-
sheds in Table 1, and for the reference set. For the period 1999–
2012 the average reference watershed generates 34.7 (±5.2) cm
of discharge, 20.0 (±4.3) cm of slowflow for a BFI of 0.57 (±0.07),
annual estimated recession-displacement recharge of 27.0
(±5.1) cm, and a baseflow recession constant Kb of 0.942 (±0.011).
Descriptive statistics for the reference set baseflow metrics are
summarized in Table 2.

Table 3 summarizes the standardized anomalies in baseflow
metrics for the BES watersheds. Subtle differences in slowflow
response are evidenced by the heterogeneous combinations of
standardized metrics in each watershed. The pattern of slowflow
anomalies in Table 3 demonstrates distinct differences between
urban and rural slowflow responses, as well as heterogeneous mul-
timetric responses among both urban and rural watersheds. Princi-
pal components analysis of the slowflow metrics highlighted the
differences between the BES watersheds and the reference set.
The first two principal components explained 86% of the variance
in the slowflow metrics, and clearly distinguish BES urban and
rural watersheds, and a group of three BES watersheds with slow-
flow fingerprints most similar to the reference set (Fig. 3). Subtle
differences among the multimetric fingerprints of each of these
distinct groups inform a more refined interpretation of slowflow
response, and are described in greater detail in the following
section.

4.1.1. Urban watersheds
As detailed in Table 3, the urban Dead Run watershed manifests

‘‘expected’’ urban slowflow response, with a significant positive
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discharge anomaly Q(+4.6) and a negative annual slowflow anom-
aly more than 1.7 standard deviations below the reference set
mean. The resulting BFI anomaly ($5.4) is dramatically lower than
the mean reference BFI, consistent with an urban endpoint domi-
nated by impervious runoff and efficient drainage that shifts the
water balance to amplify quickflow and reduce recharge and slow-
flow. Significant negative BFI anomalies are also apparent in the

Powder Mill ($3.8) and Moore’s Run ($5.4) watersheds, the other
highly urbanized BES watersheds. Slowflow in these urban core
watersheds (Groffman et al., 2004) is also substantially lower than
mean reference slowflow. In contrast, the positive discharge anom-
aly from Moores Run (+1.8) is substantially lower than Dead Run
(+4.6) even though their BFI anomalies are virtually identical. The
extreme negative BFI anomaly in Moores Run is dominated by
lower slowflow rather than increased runoff. These differences
illustrate how substantial heterogeneity in watershed responses
can nevertheless yield equifinality in the response quantified by
a single slowflow metric, such as the BFI.

Table 3 also reveals significant negative Kb anomalies in both
Dead Run ($3.6) and Powder Mill ($5.6) which contrast sharply
with the modestly lower Kb anomaly in Moore’s Run ($0.2). The
Moore’s Run watershed is an urban endpoint, with one of the flash-
iest quickflow responses in the USGS national stream gauging net-
work (Smith et al., 2005). Nevertheless, the Kb anomaly indicates
that the rate at which Moores Run sustained slowflow recedes is
comparable to least impacted reference watersheds, even though
the magnitude of slowflow is far below the mean reference
response. The combination of a large negative slowflow anomaly
SF($2.4) with a small Kb anomaly ($0.2) in Moores Run highlights
differences between hydrologic and hydraulic urban responses
that can be resolved with multiple slowflow metrics.

4.1.2. Suburban watersheds
The partially suburban Glyndon watershed also has a significant

negative BFI ($4.3) anomaly. Annual anomalies in slowflow ($2.3)
and recharge ($2.1) are both substantially below the reference
mean, but are associated with a small discharge anomaly (+0.1),
not the significant positive discharge anomaly that might other-
wise be ‘‘expected’’ to accompany increased impervious runoff
from urbanization – again underscoring equifinality in the BFI
response. Slowflow characteristics of the suburban Gwynns Falls
at Delight watershed are consistently most similar to the mean ref-
erence response, with modest positive anomalies in discharge
(+1.5) and slowflow (+0.2). The BFI anomaly ($1.2) is the smallest
negative BFI anomaly among all the developed BES watersheds.

4.1.3. Rural watersheds
Positive BFI anomalies from the three rural watersheds: Bais-

man Run (+2.5), Pond Branch (+2.7), and McDonogh Tributary
(+1.2), all indicate a BFI substantially greater than the reference
set. These similarities are driven by positive slowflow anomalies
for the forested Baisman Run (+1.7) and Pond Branch (+2.6) water-
sheds, but a negative discharge anomaly ($0.5) for the agricultural
McDonogh watershed. These differences illustrate how multimet-
ric slowflow fingerprints can help distinguish differences in domi-
nant processes that can nevertheless yield similar single-metric
slowflow responses.

4.1.4. Scale and mixture effects
Across the BES rural-to-urban gradient, the nested BES stream-

gauge network also captures scale and mixture effects in observed
slowflow. Strikingly low Kb anomalies for both the suburban Glyn-
don ($8.6) watershed and agricultural McDonogh Tributary ($5.5)
stand out because these watersheds are not heavily urbanized
(Table 1). These are among the smallest watersheds in the BES net-
work, with drainage areas less than 2.59 km2 (1 mi2). During non-
storm events the gauged discharge from these watersheds rarely
exceeds 0.028 cms (1 cfs) and periods with zero discharge have
been recorded under extreme dry conditions such as the drought
of 2002, suggesting a distinct drainage fingerprint from catchments
with extremely limited storage and short transit times.

At the largest scale, the Villa Nova and Carroll Park watersheds
that gauge the main stem of the Gwynns Falls watershed display a

Table 2
Descriptive statistics for slowflow metrics of GAUGES-II reference gauges in the
Chesapeake Bay Watershed used as a reference set for the BES watersheds. Statistics
are computed from USGS daily discharge records for water years 1999–2012.

Kb BFI Q (cm) SF (cm) RORA recharge (cm)

Mean 0.942 0.57 34.7 20.0 27.0
Median 0.944 0.56 35.4 19.9 26.8
Standard deviation 0.011 0.07 5.2 4.3 5.1
Coeff. of var. 0.012 0.12 0.2 0.2 0.2
Minimum 0.923 0.47 24.3 14.1 17.8
Maximum 0.964 0.71 43.7 27.6 35.7

Table 3
Slowflow metric standardized anomalies for the BES watersheds. The null hypothesis
that the reference set metrics are normally distributed could not be rejected at the
p = 0.001 significance level. Standardized anomalies are annotated if their sample
non-exceedance probability was less than a/2 or greater than (1 $ a/2) for (a) a = 0.05
or (b) a = 0.01. Sample non-exceedance probabilities computed from Student’s t-
distribution with 13 degrees of freedom.

Gauge name Landuse Z score

Kb BFI Q SF RORA

GF Carroll Park Mixed $0.2 $2.0 2.6a 0.3 $0.8
GF Villa Nova Mixed $0.4 $1.3 2.3a 0.6 $0.3
GF Glyndon Suburban $8.6b $4.3b 0.1 $2.3a $2.1
Scotts Level Suburban $2.9a $3.4b 1.7 $1.0 $1.7
Baisman Run Forested 0.4 2.5a 0.4 1.7 1.3
Pond Branch Forested $1.8 2.7a 1.3 2.6a 2.4a

McDonogh Agricultural $5.5b 1.2 $0.5 0.2 0.1
Powder Mill Urban $5.6b $3.8b 2.8a $1.0 $1.8
Moores Run Urban $0.2 $5.4b 1.8 $2.4a $3.3b

Dead Run Urban $3.6b $5.4b 4.6b $1.7 $2.6a

GF Delight Suburban 0.5 $1.2 1.5 0.2 $0.6
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mixed slowflow response, blending the slowflow response charac-
teristics of their upstream sub-watersheds. Both of these mixed
watersheds display negative BFI anomalies with positive anoma-
lies in both discharge and baseflow (Table 3). Single metric analysis
would readily interpret the negative BFI anomalies as the
‘‘expected’’ urban response from increased impervious runoff and
decreased baseflow. In contrast, the multimetric fingerprints for
Carroll Park and Villa Nova distinguish the counterintuitive
increase in both discharge and slowflow anomalies. In both water-
sheds, the positive discharge anomalies are proportionally much
greater than the positive slowflow anomalies, accounting for the
negative BFI anomaly, even as slowflow and mean annual dis-
charge both exceed mean reference values. These multimetric
slowflow fingerprints suggest interbasin transfers into the
watershed that supplement the precipitation-driven water budget
and sustain slowflow, even with significant positive anomalies in
mean annual discharge. The RORA and Kb anomalies for these
watersheds are also among the smallest negative anomalies
observed in all the developed BES watersheds (Table 3), consistent
with sustained slowflow from extra-basin sources such as leaking
infrastructure.

5. Discussion

5.1. Multimetric slowflow analysis

The contrasting combinations of baseflow metrics summarized
in Table 3 provide a multimetric characterization of slowflow
response in the BES watersheds. Heterogeneity of the observed
responses helps structure dominant process inferences. For exam-
ple, Kb is uniformly lower in developed BES watersheds compared
to the reference watersheds, indicating less sustained baseflow.
This response is consistent with both lower recharge (reducing
the hydrologic capacity to sustain long recessions) and more rapid

recession rates, indicating changes in subsurface drainage hydrau-
lics that can accompany urbanization (such as infiltration and
inflow into leaky sewer infrastructure). Joint comparison of
hydraulic recession, Kb and the RORA estimate of annual recharge,
can help discriminate drainage vs. recharge dominated responses,
suggesting well-defined hypothesis-based data analysis (such as
source fingerprinting with stable isotopes (De Benedittis and
Bertrand-Krajewski, 2005; Kracht et al., 2007)) that could resolve
the relative significance of leaky infrastructure and interbasin
transfers through water and wastewater systems.

Fig. 4 compares standardized drainage–recharge metrics for BES
and reference watersheds. The variation within the reference
watersheds is generally bounded from below by the most urban-
ized BES watersheds, and bounded from above by the BES rural
(agricultural and forested) watersheds. Interestingly, the aggregate
response of the Villa Nova and Carroll Park watersheds in Fig. 4
consistently exhibit a mixed or intermediate slowflow response
similar to the reference watersheds, bounded by urban and rural
endpoints. Their multimetric slowflow fingerprints present a mix-
ture of the distinct baseflow signals of their individual upstream
contributing subwatersheds. The gradient of slowflow fingerprints
in Fig. 4 suggests a mixture of urban and rural endpoints, analo-
gous to endpoint mixing of chemical discharge signatures
(Hooper, 2003) or the quickflow endpoints suggested by
Meierdirks et al. (2010).

Like the Villa Nova and Carroll Park watersheds, the slowflow
characteristics of the Gwynns Falls at Delight are also consistently
bounded by urban and rural endpoints, along with the reference
watersheds (Fig. 4). As noted earlier, the suburban Delight
watershed was identified by Meierdirks et al. (2010) as a BES
watershed in which the era of maximum development was accom-
panied by the construction of stormwater detention ponds, that
store and slowly release quickflow throughout the watershed.
Within the limits of process-based inferences that can be made
from gauged streamflow, these results suggest that the cumulative
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effects of stormwater detention strategies have significantly miti-
gated the fast response of urban runoff, incrementally shifting
quickflow to an extended discharge response more closely resem-
bling slowflow.

The Delight watershed’s slowflow anomalies for Kb(+0.5),
SF(+0.2) and RORA($0.6), (which would reflect the extended
release of stormwater) most closely resemble the slowflow
response of reference watersheds and are associated with
BFI($1.2) and discharge Q(+1.5) anomalies that are most similar
to the reference set among the developed BES watersheds. This
similarity should not however be interpreted as equivalent to the
restoration of a pre-development natural flow regime. Detention
ponds throughout the watershed are designed to control peak dis-
charges from their local contributing drainage areas. At the
watershed scale, the release of increased urban runoff volumes
through detention ponds that are individually designed for local
peak discharge control can cumulatively exacerbate, rather than
mitigate, downstream channel erosion, flooding, and peak dis-
charge duration, (Bledsoe, 2002; Bledsoe and Watson, 2001;
Emerson et al., 2005; McCuen and Moglen, 1988). A corollary of
the equifinality and heterogeneity of urban slowflow response is
that near-reference slowflow fingerprints can be realized without
necessarily restoring the critical discharge-driven fluvial processes
that drive aquatic ecosystem response (Booth and Jackson, 1997;
Lapointe et al., 2013).

5.2. Conceptual model of urban slowflow response

Diverse slowflow responses reflect the variety of mechanisms
and processes through which urbanization alters the distribution
of hydrologic storage and transit times. Interpreting multimetric
slowflow fingerprints calls for a comparably diverse conceptual
model of slowflow. Differences among the dominant processes
accompanying urbanization may be expressed as distinct qualita-
tive responses of slowflow metrics. Changes in the dominant pro-
cesses accompanying urbanization may increase (+), decrease
($), or have no change ()) in the observed response of each slow-
flow metric (Fok et al., 1975); these responses may be moderated
by secondary impacts. For example, groundwater withdrawals
would be expected to lower the water table, expressed as a
decrease in slowflow SF($). However, deep groundwater pumping
may exploit groundwater that is not contributing to observed
slowflow. A secondary expression of deep groundwater with-
drawal could therefore be expected to have no net slowflow effect
SF()). The more common primary response to groundwater with-
drawals with a potential secondary effect from deep groundwater
pumping is designated by the qualitative response SF($/)). Con-
sidering urban slowflow response as an endpoint mixing model
suggests a typology of qualitative fingerprints for distinct domi-
nant process endpoints.

5.3. Dominant process endpoints: a slowflow typology

5.3.1. Connected impervious runoff and drainage
Increased runoff (quickflow) from connected impervious area

and storm drainage infrastructure is the most common, though
not universal (Brandes et al., 2005; Meyer, 2005; Rose and Peters,
2001) expected hydrologic response in urbanizing basins. In closed
catchments with no interbasin transfers, continuity implies
increased runoff production must decrease ET or recharge fluxes.
The fingerprint of a basin dominated by impervious runoff and
drainage is expected to combine increased runoff Q(+) with com-
plementary decreases in recharge RORA($), slowflow SF($) and
the baseflow index BFI($). The observed rate of recession – a
hydraulic characteristic of groundwater systems - is not expected
to change a priori Kb()). However a persistently lower water table

from reduced recharge can limit the support for baseflow to deeper
strata in the soil/bedrock profile. The decline of transmissivity with
depth (Daniel et al., 1997; Godsey et al., 2009; Rupp and Woods,
2008) could result in less sustained baseflow recession, resulting
in a secondary decline in the recession response: Kb()/$).

5.3.2. Leaking infrastructure: recharge
Distributed water infrastructure can contribute to recharge

(Lerner, 2002) through leakage of so-called ‘‘unaccounted water’’
from pressurized water supply systems (Buie, 2000; Jones, 2006;
Kunkel, 2003). Regional municipal water supplies commonly rep-
resent interbasin transfers from source waters beyond the
watershed boundary and can fundamentally alter urban water
budgets. Municipal water supply in the Gwynns Falls watershed
comes from the Baltimore City water system that draws raw water
from the Gunpowder, Patapsco and, during severe drought, Sus-
quehanna River Basins, altering the basic water budget for the
BES catchments. The signature of recharge from leaking infrastruc-
ture can therefore differ significantly between watersheds with
older leaking municipal water systems, newer systems with mini-
mal losses, and exurban self-supplied homes dependent on
groundwater pumping (Jones, 2006; Lambert et al., 1999). Leaking
water and wastewater infrastructure can result in stable or
increasing discharge Q()/+), increasing slowflow SF(+) and the
baseflow index BFI(+) with the signature of increased recharge
RORA(+) and more sustained recessions Kb(+).

5.3.3. Leaking infrastructure: drainage
Leaking infrastructure can also enhance the drainage of shallow

groundwater systems, through infiltration and inflow to unpres-
surized sewer lines (De Benedittis and Bertrand-Krajewski, 2005;
Kracht et al., 2007; Pluhowski and Spinello, 1978; Rutsch et al.,
2006). The ‘‘dewatering’’ of shallow groundwater may be mani-
fested as so-called dry weather flow from storm sewers with a
response resembling slowflow, or as declining surface flows as
infiltration and inflow are conveyed to wastewater treatment
plants (Brandes et al., 2005). As free water from shallow aquifers
rapidly infiltrates into leaking sewer lines, the signature of infra-
structure drainage could be manifested as stable or declining dis-
charge Q()/$) with lower slowflow SF($), a less sustained rate
of recession Kb($), reduced recharge RORA($), and lower baseflow
index BFI($).

5.3.4. Wastewater discharges
Steady discharges from wastewater treatment plants can mod-

ify the observed slowflow response as well as the catchment water
budget. Regional wastewater collection and treatment systems
commonly represent an interbasin transfer (Brandes et al., 2005)
creating a net loss for exporting watersheds (Pluhowski and
Spinello, 1978) while catchments in which they discharge effec-
tively gain streamflow. Imported infrastructure water from low
steady wastewater discharges may be disproportionately
expressed in slowflow metrics even though they make no hydro-
geologic contribution to the regional groundwater system support-
ing baseflow. Significant sustained wastewater discharges would
be expected to increase discharge Q(+), slowflow SF(+), the base-
flow index BFI(+), baseflow recession Kb(+), and estimated recharge
RORA(+).

5.3.5. Groundwater pumping
Shallow ground water pumping can deplete groundwater stor-

age, producing a hydrologic fingerprint expressed as anomalously
low slowflow SF($), BFI($), and recharge RORA($), with modest
or declining effects on annual discharge Q()/$) and Kb()/$), that
would vary with the rate of groundwater extraction. Deep ground-
water pumping may be mining old water recharged decades or
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centuries (or more) earlier (Plummer et al., 2012) that is not con-
tributing to observed slowflow. Deep pumping from regional aqui-
fers with distant recharge areas beyond the surface water drainage
divide can result in a net interbasin transfer. Deep groundwater
pumping can increase slowflow if discharged within the basin
SF(+), appearing as increased recharge as well RORA(+). Minor
pumping of deep groundwater would have modest effects on dis-
charge and slowflow metrics, but substantial deep groundwater
pumping and discharge to the surface water system could produce
secondary effects increasing slowflow SF()/+), the baseflow index
BFI()/+), recharge RORA ()/+), recession Kb()/+) and, if large
enough, even annual discharge Q()/+).

5.3.6. Disconnected impervious area
Connectivity (through drainage and conveyance) of impervious

area has been embraced as a useful discriminator of impervious
landuse effects (Boyd et al., 1993; Roy and Shuster, 2009). Subur-
ban/exurban landscapes can have significant disconnected imper-
vious area (e.g. floodplain parks). Indeed a principal approach to
low impact development hydrology attempts to disconnect imper-
vious area (Arnold and Gibbons, 1996; Brander et al., 2004;
Holman-Dodds et al., 2003) to enhance the infiltration of runoff
from impervious surfaces. Rainfall from small frequent storm
events disproportionately satisfies interception and soil tension
water demands in the root zone, from which it is returned to the
atmosphere by evapotranspiration. Disconnected impervious areas
can transform the precipitation from frequent small storms to con-
centrated recharge that may extend below the root zone, enhanc-
ing groundwater recharge (Brandes et al., 2005). A slowflow
fingerprint dominated by disconnected impervious area could
show no change in discharge Q()) or baseflow recession Kb()),
with stable or slight increases in slowflow SF()/+) and recharge
RORA()/+), resulting in a stable or slightly increasing baseflow
index BFI()/+).

5.4. Endpoint mixtures

The qualitative fingerprints summarized in Table 4 suggest an
initial set of urban slowflow endpoints. Endpoint responses may
be masked or confounded in watersheds with heterogeneous mix-
tures of coincident endpoint processes – the rule rather than the
exception in many urban watersheds (Hubbart and Zell, 2013).
Urban watersheds exhibiting the pure response of a single end-
point are not common. Nevertheless, urban slowflow endpoints
inform the process-based interpretation of slowflow fingerprints,
and the formulation of testable hypotheses to resolve the domi-
nant processes driving observed slowflow response.

Slowflow response of the Gwynns Falls at Villa Nova, Carroll
Park, and Delight watersheds all suggest endpoint mixtures with
multimetric fingerprints most similar to the reference set. The
multimetric fingerprints of these three BES watersheds are consis-
tently bounded by urban and rural slowflow fingerprints (Figs. 3
and 4). All three watersheds present positive discharge anomalies

Q(+) and negative BFI($) anomalies, with recession rate Kb()),
slowflow SF()), and recharge RORA()) anomalies that differ insig-
nificantly from the reference set. The combination of increased dis-
charge and decreased BFI would be unremarkable for urban
slowflow response were it not also part of a multimetric finger-
print with sustained slowflow and recharge comparable to the ref-
erence set. These multimetric fingerprints suggest an extra-basin
input supporting baseflow, such as interbasin transfers through
leaking water infrastructure. Leaking infrastructure is quite plausi-
ble given the aging infrastructure within the Gwynns Falls
watershed. Recalling the detention pond signature in Delight,
extended detention could also be responsible for this qualitative
fingerprint. Indeed the Delight watershed is the only developed
BES watershed with a positive recession anomaly Kb(+0.50), consis-
tent with extended releases of quickflow from detention ponds
during recession events.

Both interbasin transfers through leaking infrastructure, and
engineered changes of slowflow response from stormwater infra-
structure could explain the distinctive multimetric fingerprints of
these three watersheds. Further resolution of these dominant pro-
cess alternatives will likely require additional information and
analysis using complementary methods and techniques (such as
chemical tracers and stable isotopes). This example of the limita-
tions on process-based inferences that can be drawn from observed
streamflow, also suggests the way in which multimetric slowflow
analysis can help frame and inform testable hypotheses and refined
experimental designs. A slowflow fingerprint consistent with both
stormwater management and leaky infrastructure effects, informs
the choice of methods used to further resolve the dominant slow-
flow processes through, e.g., the selection of chemical signatures
selected to specifically distinguish leaks from wastewater and
drinking water systems, or the use of an urban hydrology model
with sufficient detail and resolution to quantify the catchment-
scale effect of stormwater management infrastructure.

Observed slowflow does not demonstrate a single consistent
type of ‘‘urban’’ slowflow response. Rather, Table 4 suggests an ini-
tial slowflow typology for urban slowflow response, distinguishing
hydrologic and hydraulic effects accompanying landuse change,
groundwater pumping, and water and wastewater infrastructure
effects. Multimetric fingerprinting offers a consistent framework
for interpreting urban slowflow response, constrained by the equif-
inality of single slowflow metrics and the inherent limitations on
process inferences that can be drawn from gauged streamflow
alone.

6. Conclusion

Slowflow integrates the changes in watershed processes that
accompany urbanization. The hydrologic response to urbanization
has commonly been characterized by increased runoff volumes,
larger peak discharges and decreased baseflow. The simple concep-
tual model of a single distinctive urban baseflow response is not
consistently observed in urban watersheds. A more nuanced con-
ceptual model considers slowflow as the cumulative response of
the coupled groundwater-surface water system, integrating both
hydrologic changes to the water balance and hydraulic changes
to drainage characteristics. Heterogeneity and equifinality of urban
slowflow response reflect the inherent variability of hydrologic
storage and transit times that accompany urbanization.

Urbanization changes the dominant processes driving observed
streamflow, yielding an indeterminate slowflow response that is
not reliably predicted a priori. Recognizing the diversity of process
changes that can accompany urbanization, we characterize the
multimetric fingerprint of urban slowflow response using a consis-
tent set of slowflow metrics, drawing dominant process inferences

Table 4
Urban slowflow typology. Dominant process effects may result in an increase (+),
decrease ($), or insignificant change ()) to each slowflow metric.

Kb BFI Q SF Recharge RORA

Imp. runoff and drainage )/$ $ + $ $
Infrastructure recharge + + )/+ + +
Infrastructure drainage $ $ )/$ $ $
Wastewater discharge + + + + +
Shallow groundwater pumping )/$ $ )/$ $ $
Deep groundwater pumping )/+ )/+ )/+ )/+ )/+
Disconnected impervious area ) )/+ ) )/+ )/+
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from observed slowflow. Multimetric fingerprints can distinguish
differences in urban slowflow response that are not evident using
only a single metric, such as the baseflow index. Multimetric anal-
ysis provides a broadly applicable first-order tool to elucidate the
heterogeneity and equifinality of urban baseflow response, mindful
of the inherent limitations on the process-based inferences that
can be drawn from streamflow alone.

We illustrate multimetric slowflow analysis for the watersheds
along the rural-to-urban gradient of the BES Urban LTER. Distinct
differences in slowflow response are evidenced by the different
combinations of standardized slowflow anomalies in each BES
watershed, capturing the inherent heterogeneity of urban slow-
flow. Slowflow fingerprints of the BES watersheds suggest mixing
of urban and rural endpoint responses, mediated by infrastructure
effects, interbasin transfers, and the relative dominance of hydro-
logic and hydraulic changes to watershed processes.

Equifinality and heterogeneity of observed hydrologic response
belie the appealing idea of a single type of urban slowflow
response. In contrast, we consider a typology of urban slowflow
response, framing a mixture model of dominant process endpoints.
The initial slowflow typology suggested here differentiates hydro-
logic and hydraulic effects, distinguishing distinctive slowflow
endpoints dominated by impervious runoff and conveyance; sepa-
rate recharge and drainage effects from leaking infrastructure;
wastewater discharges; groundwater pumping; and disconnected
impervious area. Though neither exhaustive nor unique, the pro-
posed typology frames the interpretation of multimetric slowflow
fingerprints in the context of urban watershed processes. Process-
based inferences drawn from observed slowflow help structure
testable hypotheses and refined experimental designs that can fur-
ther elucidate the dominant processes accompanying urbanization.

Diverse urban slowflow responses demand a comparably
diverse process-based conceptual model supporting the refined
interpretation of slowflow as the integrated response of the cou-
pled surface water-groundwater system. Multimetric fingerprints
offer a consistent framework for interpreting urban slowflow
response, constrained by the equifinality of individual slowflow
metrics and the inherent limitations on process inferences that
can be drawn from gauged streamflow alone. Despite these limita-
tions, process-based inferences interpreted through a typology of
urban slowflow endpoints can advance a more refined understand-
ing of urban hydrologic systems, through the slowflow fingerprints
of urban hydrology.
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