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Abstract Given the critical role of the streamflow regime for instream, riparian, and floodplain ecosystem

sustainability, modeling the long-term effect of urbanization on streamflow is important to predict possible

changes in stream ecosystems. Since flow duration curves are largely used to characterize the streamflow

regime and define indices for stream ecosystem health, we present two stochastic models, with different

levels of complexity, that link the key physical features of urbanized basins with rainfall variability to deter-

mine the resulting flow duration curves. The two models are tested against 11 basins with various degrees

of urban development, characterized by the percentage of impervious areas in the basin. Results show that

the more complex model needs to be used to reproduce accurately the entire flow duration curve. The anal-

ysis performed suggests that the transformation of green (i.e., water used in evapotranspiration) to blue

(i.e., streamflow) water in urbanized basins is an important long-term source of ecohydrological alteration.

The modeling scheme also provides useful links between rainfall variability, urbanization levels, and some

streamflow indices of high and low flows.

1. Introduction

The health and integrity of instream, riparian, and floodplain ecosystems depend strongly on the full

dynamic range of streamflow fluctuations, i.e., the streamflow regime [Ceola et al., 2013; Poff and Zimmer-

man, 2010; Poff et al., 1997; Richter et al., 1996]. Because of this dependency, streamflow has been labeled

the ‘‘master variable’’ that limits the distribution and abundance of riverine species [Power et al., 1995]. The

streamflow regime is a crucial determinant of physical habitat in streams [Bunn and Arthington, 2002], it

drives ecological processes and successional evolution of riparian plant communities [Nilsson and Svedmark,

2002], and it influences nutrient fluxes and cycling [Pinay et al., 2002]. Specific findings regarding the strong

interdependence between stream ecology and the natural streamflow regime are summarized elsewhere

[Konrad and Booth, 2005; Poff and Zimmerman, 2010; Poff et al., 1997]. The streamflow regime is also, directly

or indirectly, an essential component of theories in stream ecology (e.g., river continuum [Vannote et al.,

1980], flood and flow pulse [Tockner et al., 2000], and nutrient spiraling [Doyle, 2005]) that seek to connect

the abiotic and biotic functions of streams.

The implications of anthropogenic perturbations on streamflow regime have been studied in the context of

both direct instream perturbations, e.g., dams and diversions [Botter et al., 2010; Poff et al., 2010; Richter

et al., 1996], and land-use change, urbanization in particular [Hamel et al., 2013; Poff et al., 2006]. There is

growing evidence that the streamflow regime can be very relevant and useful for understanding the impli-

cations of urbanization on stream ecology and ecosystems [Braud et al., 2013; Hamel et al., 2013; Hejazi and

Moglen, 2008; Smakhtin, 2001]. Although most of the focus of past research has been on the effect that high

flows, enhanced by urbanization, have on stream ecology, low flows might also play an important role. Gen-

erally, the observation that instream invertebrate diversity and overall invertebrate abundance decrease

with increasing urbanization [Klein, 1979; Paul and Meyer, 2001] is attributed to the increased frequency of

higher flows in urbanized basins [Paul and Meyer, 2001]. On the other hand, modification of low flows can

have important impacts, as discussed by Groffman et al. [2003], who suggested that lowering water tables

can lead to the presence of a greater proportion of upland tree as opposed to wetland species in the ripar-

ian zone. Additionally, in urbanized basins, the streamflow regime can help characterize the interaction

between streamflow and water quality [Nilsson and Renofalt, 2008; Shields et al., 2008], where streamflow
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conditions can be associated with stream physicochemical states [Shields et al., 2008]. This has important

ecological and societal implications in terms of stream health and the availability of freshwater resources

[Falkenmark, 2003].

To characterize the streamflow regime and its environmental implications, many stream ecohydrological

indices have been considered and utilized (e.g., indicators of hydrologic alteration [Richter et al., 1996], index

of biotic integrity [Karr, 1991], ecosurplus and ecodeficit indices [Gao et al., 2009], and flashiness index

[Baker et al., 2004]). However, the interpretation of some of these indices might be difficult, and many of

these indices are developed using interrelated quantities, so that their combined use might become redun-

dant [Gao et al., 2009; Olden and Poff, 2003]. For the sake of simplicity, flow duration curves (FDCs) can be

used to represent the streamflow regime and its associated ecological fingerprint [Smakhtin, 2001; Vogel

and Fennessey, 1994]. FDCs have been used extensively in hydrology [Smakhtin, 2001], and many of the pro-

posed stream ecohydrological indices can be related to FDCs [Gao et al., 2009].

Our aim here is to employ FDCs to describe the streamflow regime of urbanized basins. Botter et al. [2007c]

presented a stochastic model to derive the statistical properties of streamflow from basins composed by

sub-basins with different physical and recession properties. In this study, we apply this model to urbanized

basins by differentiating the contribution to the streamflow from pervious and impervious areas. The model

permits the derivation of FDCs as a function of parameters associated with rainfall frequency and depth,

and coefficients for the recession from the two different areas of the basin. We use the model proposed by

Botter et al. [2007c] because, for the case of homogeneous natural basins, it has shown good performance

and wide applicability for a variety of physical basin-scale conditions. For example, the model has success-

fully been used to study and characterize the probability distribution of streamflow [Botter et al., 2007a,

2007b], flow regimes [Botter et al., 2013], flow duration curves and annual minima [Botter et al., 2008; Pumo

et al., 2013], the effect of dams on streamflow variability [Botter et al., 2010], the capacity and economic

profitability of run-of-river power plants [Basso and Botter, 2012; Lazzaro et al., 2013], the effect of flow

regimes on invertebrate grazing under controlled conditions [Ceola et al., 2013], interannual variability in

the water balance of a basin [Zanardo et al., 2012], annual nutrient load-discharge relationships [Basu et al.,

2010], and recharge and interflow in the unsaturated zone of a basin [Thompson et al., 2011]. Our aim is

both theoretically and practically relevant. Theoretically, the model can help synthesize information at the

basin scale regarding the interaction between urbanization and hydrologic variability, and thus serves as a

unifying framework for understanding change under various macroscopic conditions (climate, geomorphol-

ogy, terrestrial vegetation, and urbanization). From a practical standpoint, the model permits the quantifica-

tion of the perturbations induced by the urbanization process on the streamflow regime, and thereby

allows a more direct connection between urbanization and environmental degradation.

2. Model Description

Our model builds on the framework proposed by Botter et al. [2007c] for the stochastic characterization of

base flow in heterogeneous natural basins. In what follows, we briefly present the seasonal model of daily

rainfall, and its relationship to recharge events from pervious areas and runoff events from impervious

areas. We then use this framework in two models, hereinafter referred to as M1 and M2, which differ in the

description of the contribution of impervious areas to the streamflow. The models M1 and M2 are described

in sections 2.2 and 2.3, respectively.

Two of the main assumptions of M1 and M2 are that (1) rainfall, and thus streamflow, are described at the daily

time scale and for a given season (e.g., spring) and (2) urbanized basins can be represented as a combination

of pervious and impervious areas, where both areas contribute to the daily generation of streamflow at the

outlet of a basin. The pervious areas allow infiltration of rainfall and recharge to the groundwater storage. The

amount of recharge is determined by the soil moisture dynamics. In contrast, the presence of impervious areas

(e.g., roads, rooftops, parking lots, and sidewalks) can severely restrict soil infiltration and evaporation, and

allow for rapid removal of excess rainfall through conventional (connected) storm water infrastructure (SWI)

[Leopold, 1968;Walsh et al., 2012, 2005]. We assume that at the daily time scale the conventional SWI has the

main effect of translating the rainfall falling on impervious areas directly to the basin outlet.

By utilizing the daily time scale, the focus here is primarily in changes in the magnitude and timing of

streamflow volumes, rather than on the detailed representation of hydrographs or instantaneous peak flows
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associated with extreme events. The emphasis on daily streamflow is useful as storm water management is

evolving toward the consideration of a wider range of temporal scales [Petrucci et al., 2013]. In addition,

storage controls for flood events, incorporated as part of the SWI, usually aim for drawdown times no longer

than a day; thus their effect can be safely ignored at the daily time scale. Indeed, many studies have found

the daily time scale useful in modeling urbanized basins [Brun and Band, 2000; Grimmond et al., 1986; Isik

et al., 2013; Mitchell and Diaper, 2006; Mitchell et al., 2001; Voinov et al., 1999].

2.1. Urbanized Basins as Stochastic Dynamical Systems

Following Botter et al. [2007c], we begin by modeling the series of daily rainfall, nðtÞ, as a marked Poisson

process, which reads

nðtÞ5
X

NðtÞ

n51

yndðt2tnÞ; (1)

where the sequence tnf g n51; 2; :::ð Þ represents the instants of occurrence of n events of the Poisson

counting process NðtÞ t � 0ð Þ with mean frequency kR (T
21), and ynf g is the sequence of independent ran-

dom rainfall depths Y (L), identically distributed as hðyÞ, and independent of the Poisson process NðtÞ. Rain-

fall events generate effective rainfall only if the depth of the event, Y, is larger than di (L), whose value is

different for pervious and impervious areas. The pervious threshold dP (the subscript P denotes pervious

conditions), which is related to the soil and vegetation conditions in the basin [Botter et al., 2007c], indicates

that not all rainfall events contribute to groundwater recharge, while the impervious threshold dI (the sub-

script I denotes impervious conditions) can be used to represent the fact that small rainfall events may not

contribute to the generation of urban runoff. Accordingly, since we assume the effective daily rainfall to be

equal to daily rainfall when it exceeds a constant threshold, the effective rainfall is still a marked Poisson

process, with events occurring at a frequency ki ðT
21Þ that reads [Laio, 2006; Verma et al., 2011]

ki5kR 12

ðdi

0

hðyÞdy

� �

; (2)

and the effective rainfall depths are distributed as

h’ðyÞ5
hðy1diÞ

ð

11

di

hðxÞdx

: (3)

Equations (2) and (3) do not make any assumptions about the probability density function (PDF) for the

rainfall depths Y and different PDFs may be considered [see, e.g., Daly and Porporato, 2010; Verma et al.,

2011]. Here we assume that this PDF is exponential [Botter et al., 2007c; Laio et al., 2001; Rodriguez-Iturbe

et al., 1999]. Accordingly, the frequency of effective rainfall events in equation (2) is given by

ki5kRexp ð2dicRÞ, where c21
R ðLÞ is the mean rainfall depth, and the effective rainfall depths in equation (3)

remain exponentially distributed with parameter cR. In the following, the frequency of recharge events

from pervious areas is denoted by kP while the frequency of runoff events from impervious areas is

denoted by kI .

Thus, rainfall events with magnitude larger than di generate spikes of daily streamflow, which then

decreases between runoff events at rates dependent on basin properties. At the outlet of an urbanized

basin, the total streamflow, Q (L3/T), is then determined by the sum of the contributions due to pervious, QP

(L3/T), and impervious, QI (L
3/T), areas. We will describe the dynamics of these different areas as basins with

different thresholds di and streamflow recession rates. We will use two different models, M1 and M2, to

represent the contribution from impervious areas.

2.2. Model M1

We represent the dynamics of the contributions from both pervious and impervious areas within a season

using the stochastic differential equation

Water Resources Research 10.1002/2013WR014834

MEJ�IA ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 3



dQi

dt
52fiðQiÞ1DiniðtÞ; (4)

where i5P for pervious and i5I for impervious contributions. The deterministic term, fiðQiÞ, drives the behav-

ior of the two contributions to streamflow between effective rainfall events; we assume that this term is linear,

such that fiðQiÞ5kiQi ðki>0Þ. For the pervious contribution, this means that the groundwater storage is mod-

eled as a linear reservoir, where 1/kP (T) takes the meaning of the mean response time. In the case of the

impervious contribution, we expect the parameter kI (T
21) to reflect the fast response time typical of conven-

tional storm water drainage. Other studies have successfully made similar storage assumptions for the pervious

and impervious contributions [Coutu et al., 2012a; Hejazi and Moglen, 2008; McCuen and Snyder, 1986], but typi-

cally within a deterministic context. The constant Di is equal to kPAð12UÞ and kIAU for the pervious and imper-

vious contributions, respectively, where A (L2) is the total drainage area of the basin and U is the impervious

fraction. Di (L
2/T) accounts for the effect of the recession parameter ki on the jump size and transforms the

rainfall depths into volumes using the contributing drainage area. In essence, equation (4) says that the time

evolution of streamflows follows a deterministic trajectory perturbed by jumps of random amplitudes given by

YiDi . The frequency kP and kI of events occurrence of the marked Poisson processes nP and nI , respectively,

are obtained using the threshold dP for pervious areas, while dI is assumed here to be zero, so that every rain-

fall event contributes to streamflow in proportion to the surface of the impervious areas in the basin.

With the pervious and impervious contributions each defined according to the stochastic dynamics in equa-

tion (4), it is possible to obtain the forward master equation for the process, as well as the steady state

moment generating function (mgf) for Q5QP1QI [Botter et al., 2007c; Cox and Miller, 1965; Isham et al.,

2005]. The steady state mgf is given by [Botter et al., 2007c]

p�ðuÞ5exp

(

2ðkI2kPÞ

ð1

0

12
12exp ½2dPðcR1kIAUue

2kItÞ�

12exp ð2cRdPÞ

cR
cR1kIAUue2kI t

� �� �

dt

2kP

ð1

0

12
cRexp ð2kIAUdPue

2kI tÞ

cR1uðkIAUe2kI t1kPAð12UÞe2kP tÞ

� �

dt

)

;

(5)

where u is a complex variable in the Laplace domain. The derivation of equation (5) is described in Botter

et al. [2007c]. It does not seem possible to obtain an exact solution for equation (5) and a numerical inver-

sion of the Laplace transform is complicated by the integral terms. The most feasible approach for accessing

the PDF in equation (5) is through Monte Carlo simulation. This approach will be used in section 4.

Equation (5) does allow exact solutions for the moments of Q. For instance, following the approach in

Appendix A, the mean of Q (hQi1 ðL3=TÞ) is given by [Botter et al., 2007c]

hQi15
kP

cR
Að12UÞ1

kI

cR
AU: (6)

Based on the marginal distribution for QP and QI , equation (6) states that hQi1 is equal to the sum of the

mean pervious, hQPi15kPc
21
R Að12UÞ, and impervious, hQIi15kIc

21
R AU, contributions. Figure 1a illustrates

the behavior of equation (6) as a function of the impervious fraction U, which is used to represent changes

across an urbanization gradient. Figure 1a shows that hQPi1 / ð12UÞ and hQIi1 / U. Thus, hQIi1 decreases

with increasing loss of storage capacity as implied by 12U. Relevantly, it has been suggested that the loss

of storage capacity is the primary cause behind the various manifestations of hydrological alteration in

urbanized basins [Konrad and Booth, 2005].

The variance of Q ðvar 1ðQÞ½ðL
3=TÞ2�Þ is given by [Botter et al., 2007c]

var 1ðQÞ5
kPkPð12UÞ2A2

c2R
1
kIkIA

2U2

c2R
1
2kPkIkPA

2Uð12UÞ

c2R

cRdP12

kI1kP

� �

; (7)

where the first term represents the pervious contribution, var 1ðQPÞ ððL3=TÞ2Þ, the second term the impervi-

ous contribution, var 1ðQIÞ ððL3=TÞ2Þ, and the third term reflects the interaction between the pervious and
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impervious contributions. Figure 1b illustrates the behavior of equation (7) using different values of kI . In

this figure, when kI � kP , the variance is dominated by var 1ðQIÞ and as the difference between kI and kP

diminishes, the dominance of var 1ðQIÞ reduces. Notice that in Figure 1b, the interaction term in equation

(7) has an almost negligible effect on var 1ðQÞ. Overall, Figure 1b indicates that for growing levels of urban-

ization, streamflow variability increases due to the variability induced by impervious areas while the pervi-

ous contribution tends to become more uniform or less variable. In Figure 1b, the trend of increasing

variability with increasing U corresponds qualitatively with the flashiness condition characteristic of many

urbanized basins [see, e.g., Baker et al., 2004].

We also determine the skewness of Q, s1ðQÞ, which is often used as an indicator of hydrologic alteration

when characterizing stream ecological conditions [Olden and Poff, 2003]; s1ðQÞ is given by
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Figure 1. (a) Mean, (b) variance, and (c) skewness for M1 as a function of the imperious fraction in the basin. The solid lines correspond to

kP=kI50:01, the dashed lines to kP=kI50:1, and the dotted lines to kP=kI51, where kP is kept constant at 0.05 days21. The mean does not

depend on kI or kP , hence only solid lines are shown in Figure 1a. var ðQPÞ in Figure 1b depends only on kP while sðQPÞ in Figure 1c

depends on both kI and kP . For the remaining parameters, the following values were used: kP50:18 days21 , kI50:3 days21 , and

aR50:9 cm .
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s1ðQÞ5
hQ2hQii31

var 1ðQÞ
3=2

; (8)

where the third central moment of Q, hQ2hQii31 ððL=TÞ3Þ, can be determined from equation (5) (see

Appendix A) to yield

hQ2hQii315
2kPk

2
PA

3ð12UÞ3

c3R
1

2kIk
2
I A

3U3

c3R
1

3kPkIkPA
3Uð12UÞ

c3R

2kPð12UÞð31dPcRÞ

ðkI12kPÞ
1

kIUð614dPcR1d2Pc
2
RÞ

ð2kI1kPÞ

� �

:

(9)

We use the ratio between the first term in equation (9) and var 1ðQÞ
3=2

as the pervious contribution to the

skewness, s1ðQPÞ. Likewise, the impervious contribution, s1ðQIÞ
1

, is defined as the ratio between the second

term in equation (9) and var 1ðQÞ
3=2

. The last two terms in equation (9) represent the interaction between

the pervious and impervious contributions. This way of separating the skewness does not account for the

individual effects of var 1ðQIÞ and var 1ðQPÞ on s1ðQÞ, but it allows comparison of the relative contribution of

the different terms in hQ2hQii31 on the basis of var 1ðQÞ
3=2

. Figure 1c illustrates s1ðQÞ as a function of U

using different values of kI . In Figure 1c, the streamflow is positively or right skewed. It becomes increasingly

right skewed with increasing urbanization. s1ðQÞ is dominated by the contribution from s1ðQPÞ and s1ðQIÞ
1
,

while the interaction terms have an almost negligible contribution. Further, the marginal distribution of QI ,

as well as QP , is known to be a gamma PDF [Porporato et al., 2004]. Thus, for a fully impervious basin (i.e.,

U51), s1ðQÞ simplifies to the skewness of the gamma distribution, which is 2ðkI=kIÞ
21=2

. For high levels of

urbanization, the skewness in equation (9) tends to converge to 2ðkI=kIÞ
21=2

, converging faster for decreas-

ing values of kP=kI . This is illustrated in Figure 1c with kP=kI50:01; in this case, s1ðQÞ and s1ðQIÞ
1

become

nearly identical and relatively constant at approximately U50:4. The skewness of the pervious contribution

becomes larger with U as kP=kI approaches 1.

2.3. Model M2

M1 is simplified here to attempt a more amenable mathematical solution. To this end, we describe the sea-

sonal dynamics of Q at the outlet of an urbanized basin with the stochastic differential equation

dQ

dt
52kQ1DPnPðtÞ1DInIðtÞ; (10)

where k (T21) is a recession constant. The constants DI and DP are defined as before but now k5kI5kP , so

that DI5kAU and DP5kAð12UÞ. Equation (10) states that the time evolution of streamflows follows a deter-

ministic trajectory kQ perturbed by jumps of random amplitudes given by YIDI and YPDP , which are associ-

ated with runoff from impervious areas and recharge from pervious areas, respectively. The jumps are

simultaneous when Y > dP , otherwise only jumps from impervious areas occur [Botter et al., 2007c]; the

threshold dI is again assumed to be zero.

By separating the dynamics in equation (10) into two independent Poisson processes, the forward master

equation for the process can be written as [Botter et al., 2007c; Cox and Miller, 1965]

@pðQ; tÞ

@t
5
@½kQpðQ; tÞ�

@Q
2kIpðQ; tÞ1ðkI2kPÞ

ðQ

0

pðQ2z; tÞb’ðzÞdz

1kP

ðQ

0

pðQ2z; tÞb’’ðzÞdz;

(11)

where b
0
ðqÞ is the PDF for the jumps when only the impervious areas produce jumps (i.e., Y < dP), and b

00
ðqÞ

is the PDF for jumps when pervious and impervious areas produce jumps simultaneously. To define b
0
ðqÞ,

we can use the rainfall PDF and impervious jump YIDI to obtain
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b
0

ðqÞ5
cI

12exp ½2cRdP�
exp ðcIqÞHðkAUdP2qÞ; (12)

where cI5cR=ðkAUÞ and Hð�Þ is the Heaviside step function. For b
00
ðqÞ, we use

b
00

ðqÞ5cPð12UÞexp 2cPð12UÞðq2kAUdPÞ½ �Hðq2kAUdpÞ; (13)

where cP5cR=½kAð12UÞ� (see Appendix B).

Employing the mgf approach as in Botter et al. [2007c], the exact solution in the Laplace domain for pðQ; t

! 1Þ in equation (11) is

p�ðuÞ5CðcI1uÞ2kI=kexp
kI

k
Ei½2dPAUkðcI1uÞ�2

kP

k
exp ðcRdPUÞEi½2dPAUkðcIU1uÞ�

� �

; (14)

where Eið�Þ is the exponential integral function [Abramowitz and Stegun, 1964] and the normalization con-

stant C is given by

C5
AUk

cR

� �

2kI=k

exp
kI

k
Eið2dPcRÞ2

kP

k
exp ðcRdPUÞEið2dPcRUÞ

� �

: (15)

Since it does not seem possible to invert equation (14) analytically, we will use numerical methods for the

inversion [Valk�o and Abate, 2004].

Equation (14) allows analytical solutions for the moments of Q. Using equation (14) and the cumulant gen-

erating function (Appendix A), the steady state mean, variance, and third central moment of Q can be calcu-

lated as

hQi25hQi1; (16)

var2ðQÞ5
kA2

c2R
kPð12U2Þ1kIU

2
1kPð12UÞUdPcR

� 	

; and (17)

hQ2hQii325
2A3k2kPð12U3Þ

c3R
1
2A3k2kIU

3

c3R
1
2A3dPk

2kPU

cR

ð12U2Þ

cR
1
dPUð12UÞ

2

� �

: (18)

The skewness s2ðQÞ is given by hQ2hQii32=var 2ðQÞ
3=2

. Figures 2a and 2b illustrate the behavior of var 2ðQÞ

and s2ðQÞ, respectively, using different values of k. In this figure, we only consider the effect of the parame-

ter k on the variance and skewness because previous results indicate that k has a more dominant role than

other parameters, such as kP and kI [Botter et al., 2007c]. Figure 2 helps to highlight some main differences,

as well as similarities, between M1 and M2. Figure 2 shows that for U50 and U51 with k5kP and k5kI ,

respectively, the two models result in the same value for the variance and skewness, while these values

tend to differ in the range 0 < U < 1. For example, for k5ðkP1kIÞ=2 in Figure 2a, the variance of the two

models is only the same at approximately U50:6. One main difference between M1 and M2 in Figure 2 is

that having a single recession parameter for M2 tends to smooth out the range of variability of the variance

and skewness. In other words, having a slow and fast response time for the pervious and impervious areas,

respectively, results in a larger range of variability for the variance and skewness of M1 across values of U.

3. Case Studies

To study the ability of M1 and M2 to represent streamflow dynamics in urbanized basins, we use data from

11 basins situated in the metropolitan areas of the cities of Baltimore and Washington, D. C. The location of

the basins and their main urban land-use categories is illustrated in Figure 3. Table 1 summarizes the main

characteristics of the selected basins. The Baltimore-Washington, D. C region as a whole has experienced

steady urban growth in the last decades. An advantage of working with this region is that data is available
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to describe the annual time evolution of the urbanization process. This allows us to match specific time peri-

ods in the streamflow record to a given level of urbanization, and to identify time periods where urban

growth is relatively mild. The land-use data set is described in Beighley and Moglen [2003].

The Baltimore-Washington, D. C. region is characterized by a humid temperate climate. The mean annual

precipitation and runoff are roughly 109 and 41 cm, respectively, with the difference between the two

being attributed mainly to evapotranspiration losses [Moody, 1986; Rutledge and Mesko, 1996]. The general

seasonal pattern is for monthly mean streamflows to decrease from highs in March to lows in August or

September [Doheny, 1999; Froelich et al., 1980; Moody, 1986]. The latter is typically accompanied by increas-

ing evapotranspiration losses and decreasing groundwater discharge to streams [Doheny, 1999]. In terms of

physiographic conditions, all the basins lie in the Piedmont physiographic province, have mild sloped ter-

rain, and are underlain primarily by crystalline bedrock [Fenneman, 1938; Rutledge and Mesko, 1996]. A small

downstream portion of Stemmers Run and Whitemarsh Run is in the Atlantic Coastal Plain physiographic

province, which is underlain by unconsolidated layers of sand, gravel, silt, and clay [Rutledge and Mesko,

1996].

The selected basins have drainage areas that range from 5.5 to 98.4 km2, and the fraction of basin impervi-

ous area ranges from 5.2 to 36.05% of the total drainage area (Table 1). The pervious land in the basins is

predominantly agricultural and urban grassed areas, with riparian corridors being typically forested. The

impervious areas are predominantly residential and roads with some commercial areas. Although rainfall

tends to be distributed relatively uniformly throughout the year, we employ M1 and M2 at the seasonal

level because streamflow, and base flow in particular, tends to exhibit a seasonal dependency [Moody,

1986; Rutledge and Mesko, 1996]. To illustrate the application of M1 and M2, we chose the spring (wet) sea-

son (from the beginning of February to the end of April), where the influence of urbanization may be more

accentuated than in the other seasons.

The streamflow data were obtained from the U.S. Geological Survey and the rainfall data from NOAAs

National Climatic Data Center. The location of the streamflow and rainfall gages is illustrated in Figure 3 and

the gage numbers are summarized in Table 1. For the wet season, the basins have a mean daily rainfall of
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0.885 cm and a mean rainfall frequency of 0.338 days21 (Table 1). The period of analysis for each basin is

included in Table 1. These periods were selected to maintain urban growth within each basin relatively low,

avoid long stretches of missing data, retain at least 10 years of streamflow data, and reflect storm water

conditions prior to the year 2000, which marks the transition to more comprehensive storm water manage-

ment practices within the study area, i.e., from connected to more disconnected SWI.

4. Results and Discussion

This section is divided into four parts. First, we compare M1 against the observed streamflow and assess its

performance. Second, we compare M2 against both the observed streamflow and M1. Third, we examine

the behavior of the moments of the streamflow Q across an urbanization gradient. Fourth, we illustrate the

Figure 3. Map of the Baltimore-Washington, D. C. region illustrating the location of the basins used in this study and their associated rain-

fall and streamflow gages. The background image shows the regional distribution of urban land use (c. 2001) over an areal photograph of

the region.

Table 1. Summary of Data and Parameter Values

Streamflow Gage Rainfall Gage Basin Name Period of Analysis A (km2) hQi=Aðcm =day Þ c21
R ðcm Þ kR (1/day) U (%)

01589100 18–0465 East Branch Herbert Run 1974–1984 6.4 0.159 0.829 0.340 35.75

01589330 18–0470 Dead Run 1964–1974 14.3 0.159 0.909 0.316 30.00

01581700 18–0732 Winters Run 1980–1995 90.1 0.181 0.88 0.352 5.20

01585300 18–8877 Stemmers Run 1977–1989 11.6 0.190 0.898 0.362 30.00

01645200 18–7705 Watts Branch 1968–1979 9.6 0.145 0.841 0.317 25.05

01653500 18–9070 Henson Creek 1955–1966 43.3 0.170 0.917 0.305 28.00

01589300 18–0470 Gwynns Falls 1973–1986 84.2 0.166 0.909 0.316 20.35

01650500 18–7705 Northwest Branch Anacostia River 1972–1982 54.6 0.155 0.841 0.317 8.75

01593500 18–1862 Little Patuxent River 1987–1997 98.4 0.163 0.843 0.347 21.40

01585100 18–8877 Whitemarsh Run 1988–2000 19.7 0.212 0.898 0.362 34.10

01585200 18–0470 West Branch Herring Run 1970–1986 5.5 0.150 0.909 0.316 36.05
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determination of stream ecohydrological indices with M1. Before applying the models, we satisfactorily veri-

fied that the distribution of daily rainfall depths in the wet season was reasonably close to exponential.

4.1. Comparison Between M1 and the Observed Streamflow

Since we are interested in the statistical properties of streamflow, we use FDCs to compare M1 against the

observed streamflow [Smakhtin, 2001; Vogel and Fennessey, 1994]. We thus generated streamflow series via

Monte Carlo simulations with M1 and then estimated the empirical FDCs. The application of M1 requires

the value of eight parameters (A, U, cR, kR, kI , kP , kI , and kP), most of which can be determined directly from

the available data sets. The parameters cR and kR (Table 1) were obtained from the daily rainfall data in the

wet season; kI was set equal to kR, and kP was estimated using equation (6) and the mean observed stream-

flow. The values of kP used are reported in Table 2. Alternatively, kP and kI can be estimated from equation

(2) if the thresholds dP and dI , respectively, are known. The thresholds dP and dI can be estimated from rain-

fall statistics and physical features of the basin, as proposed by Botter et al. [2007a]. The recession parame-

ters, kI and kP , are difficult to estimate from the available data. The very few studies that have investigated

the effect of anthropogenic perturbations on streamflow recessions indicate that common approaches to

recession analysis can misrepresent recessions in human dominated basins [Wang and Cai, 2010]. Thus, we

tuned up the values of both kI and kP to improve the fit between the modeled and observed FDCs using

nonlinear optimization [Byrd et al., 1999]. For the optimizations, we used the sum of the absolute distance,

in log scale, between the modeled and observed FDC as the objective function (OF). The optimized values

for kI and kP are reported in Table 2. The values of kI vary from 1.366 to 9.982 days21 while kP varies from

0.012 to 0.085 days21. The values obtained for both kI and kP are within the range of variability of previously

reported values [Botter et al., 2013, 2010; Coutu et al., 2012b]. The variability of kP has been discussed else-

where [see, e.g., Botter et al., 2007c, 2013]. The variability of kI can be partially dependent on the way imper-

viousness is distributed within a basin. For example, Beighley and Moglen [2003] found that when

imperviousness is located mostly upstream, rather than near the main basin outlet, streamflow peaks tend

generally to be larger and response time longer at the main outlet. This and other factors, such as the char-

acteristics of the SWI [Gironas et al., 2009], are likely to influence the variability of kI .

Following the parameter estimation approach just described, we determined the FDCs for all the basins in

this study. Figures 4a–4c compare the modeled and observed FDC for three of the selected basins. From vis-

ual inspection, Figures 4a–4c show good agreement between M1 and the observed streamflow. We also

used the following index of performance to quantify the performance of the FDCs [Claps et al., 2005]:

r512
D2

var ðQÞ
; (19)

where D2 ((L3/T)2) is the mean squared distance between the observed and modeled FDC and var ðQÞ ((L3/

T)2) is the variance of the observed streamflow. A value of r51 indicates a perfect fit. Table 2 summarizes

the values of r and OF. We employ the index in equation (19) because it can be interpreted more easily

than OF. The values of r in Table 2 indicate a good performance for all the modeled FDCs. The average r

value is 0.96 and the range is from 0.89 to 0.99. Further, we show in Figures 4d–4f quantile-to-quantile plots

Table 2. Summary of Additional Parameter Values, Objective Function, and Index of Model Performance for M1 and M2

Streamflow Gage kP (1/day) kI (1/day) kP (1/day) OF (M1) (log(cm/day)) r (M1) k (1/day) OF (M2) (log(cm/day)) r (M2)

01589100 0.106 3.041 0.012 5.65 0.96 0.161 37.65 0.79

01589330 0.109 8.628 0.060 18.02 0.89 0.238 45.05 0.81

01581700 0.216 9.982 0.045 11.54 0.98 0.057 15.45 0.89

01585300 0.167 9.920 0.085 22.90 0.93 0.319 47.75 0.80

01645200 0.132 5.110 0.019 5.46 0.98 0.109 30.99 0.74

01653500 0.129 1.657 0.019 2.10 0.97 0.085 19.05 0.89

01589300 0.140 5.613 0.026 7.65 0.98 0.085 26.14 0.76

01650500 0.173 9.931 0.055 17.53 0.97 0.077 25.00 0.78

01593500 0.170 5.396 0.022 4.18 0.99 0.099 25.72 0.68

01585100 0.154 5.972 0.056 15.20 0.91 0.236 39.91 0.81

01585200 0.099 1.366 0.012 7.52 0.98 0.170 26.42 0.87
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(q-q plots) for the same three basins in Figures 4a–4c. The q-q plots confirm that the fits between modeled

and observed FDCs are reasonable.

Thus, M1 is able to reproduce the FDCs for streamflow during the wet season in the urbanized basins of this

study. The parameters in M1 can be determined from readily available data sets, with the exception of the

two recession parameters that need to be calibrated. The main feature of M1 is its ability to describe the

streamflow regime of an urbanized basin while embedding key information about rainfall variability, and

the main physical drivers and underlying basin-scale conditions.

4.2. Comparison Between M1 and M2

We explore here the ability of M2 to describe streamflow fluctuations in urbanized basins by comparing it

against the observed streamflow and M1. We will illustrate the behavior of M2 using two different cases

from Table 1, one for a heavily urbanized basin (East Branch Herbert Run) and another one for a basin with

little urbanization (Winters Run).

To compare M2 against the observed streamflow, we need first to determine the recession parameter, k.

The remaining parameters required by M2 can be determined from the values reported in Tables 1 and 2.

To estimate k, we used two different methods. The first method applies the same optimization procedure

used previously for M1. The second method uses the optimized values of kI and kP to estimate k and it is

used to better understand the behavior of k in M2. Figure 5 compares the results from both methods

against M1 and the observed FDC. In Figure 5a, when using the first method, M2 is not able to match the

observed high and intermediate streamflow values, while matching the low streamflow values. In contrast,

M1 is able to fully reproduce the observed FDC. Using the second method, where k was set equal to kI , M2

is now only able to match the observed high streamflow values. We used kI to estimate k in Figure 5a

because this is a heavily urbanized basin and we can expect kI in this case to have a strong influence on the

streamflow. Notice that the value of k in the second method (k53:041 days21 from Table 2) is much larger

than the value in the first method (k50:161 days21 from Table 2). Thus, to fully represent the observed

FDC, it is necessary to capture two different characteristic time scales, one associated with the fast response

of impervious areas and another one with the slow response of pervious areas. For comparison purposes,

the calibrated values of k for all the basins in this study, as well as the associated values of OF and r, are

reported in Table 2.

Figure 5b illustrates another comparison between M2 and the observed streamflow. For this comparison,

we used k5kP for the second method because the basin in Figure 5b has a relatively low level of
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Figure 4. Comparison between the FDC for M1 and the observed streamflow at (a) Gwynns Falls (USGS streamflow gage 01589300), (b) Watts Branch (USGS streamflow gage 01645200),
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isons are for the wet season (from February to April).
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urbanization (5.2% imperviousness). In this

case, M2 is able to match the observed FDC

for all the exceedance probabilities >0.1.

M1 is again able to capture the entire range

of streamflows (Figure 5b). The difference

between M2 estimated using the first and

second methods is now practically negligi-

ble. Figures 5a and 5b suggest that the dis-

tinction between pervious and impervious

contributions to the streamflow can be

hydrologically important when dealing with

relatively high levels of urbanization.

In summary, M2 behaves similar to M1

when there is little urbanization involved.

As the level of urbanization increases, M2

tends to deviate from M1. Ultimately, the

relative contribution from impervious and

pervious areas as well as the difference in

their response times (e.g., 1=kI and 1=kP)

determine the streamflow regime of the

urbanized basins investigated here.

4.3. Moments of the Streamflow Q Along

an Urbanization Gradient

We analyze with M1 the behavior of the

streamflow moments (i.e., mean, variance,

and skewness) along an urbanization gradi-

ent. The gradient is defined based on the

basins used in this study. Figure 6a illus-

trates the mean streamflow as a function of

U. In Figure 6a, hQPi1 tends to decrease and

hQIi1 to increase with increasing U, while

hQi1 exhibits greater variability and no apparent trend with increasing U. These trends are further illustrated

in Figure 6a (solid lines) using equation (6). The parameters for equation (6) were determined from the arith-

metic average of the parameter values for all the basins in this study. The behavior of hQPi1 and hQIi1 in Fig-

ure 6a suggests that pervious areas can play a significant role in the long-term behavior of urbanized

basins, given that their contribution to hQi1 is larger than hQIi1 for most of the values of U examined here.

To illustrate this point further, we use the dimensionless ratio between the mean streamflow and the mean

rainfall on the basin which is given by

h�Qi15
cR
kRA

hQi1: (20)

Using equations (6) and (20) and recalling that we assumed kI5kR, the sensitivity of h�Qi1 to an instantane-

ous change in impervious cover is

dh�Qi1
dU

512/; (21)

where /5kP=kR approximately represents the fraction of water not used by vegetation (i.e., blue water) and

12/ is the fraction used by vegetation (i.e., green water). Hence, the effect of the perturbations induced by

U on the streamflow depends on the green water and thereby on the terrestrial vegetation cover in the

basin. Interestingly, this also suggests that the perturbations are dependent on the definition of an appro-

priate baseline condition prior to urbanization.
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Figure 5. FDC for M1, M2, and the observed streamflow at (a) East Branch

Herbert Run (USGS streamflow gage 01589100) and (b) Winters Run (USGS

streamflow gage 01581700). M2 (method 1) uses the optimized value of k

while M2 (method 2) uses k equal to kI and kP for Figures 5a and 5b, respec-

tively. In Figure 5b, the FDC for M2 (method 1) and M2 (method 2) is nearly

the same. The comparison is for the wet season.
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The results for var 1ðQÞ are illustrated in Figure 6b. Figure 6b, which shows a pattern similar to the one

implied by equation (7) (solid lines in Figure 6b), indicates that var 1ðQIÞ increases rapidly with U and tends

to dominate the value of var 1ðQÞ, while var 1ðQPÞ decreases with U and contributes little to var 1ðQÞ.

These results support the utility of var 1ðQÞ as an indicator of the influence of U on streamflows. Addition-

ally, var 1ðQÞ helps identify other factors that control the flashiness of urban streams. For example, the term

var 1ðQIÞ in equation (7) indicates that streamflows become more flashy when kI increases (i.e., the response

time of urban areas decreases) and/or the mean rainfall increases.

In Figure 6c, the results for s1ðQÞ are also similar to the theoretical results implied by equations (8) and (9).

Figure 6c indicates that s1ðQÞ is controlled by s1ðQIÞ across values of U and that s1ðQÞ reaches an approxi-

mately constant value after a relatively low level of urbanization. In this regard, s1ðQÞ is less effective than

0 0.2 0.4
0

0.1

0.2

〈Q
〉/

A
 [
c
m

/d
a
y
]

 

 
(a)

〈Q〉
1
/A

〈Q
P

〉
1
/A

〈Q
I
〉
1
/A

0 0.2 0.4
10

−4

10
−3

10
−2

10
−1

v
a
r(

Q
)/

A
2
 [
(c

m
/d

a
y
)2

]

 

 
(b)

var
1
(Q)/A

2

var
1
(Q

P
)/A

2

var
1
(Q

I
)/A

2

0 0.2 0.4
10

−4

10
−3

10
−2

10
−1

10
0

10
1

Impervious Fraction, U [km
2
/km

2
]

s
(Q

)

 

 

(c)

s
1
(Q)

s
1
(Q

P
)

s
1
(Q

I
)

Figure 6. (a) Mean, (b) variance, and (c) skewness for the urbanized basins in this study using M1 (wet season). The moments are shown as
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one of the 11 urbanized basins used in this study.
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var 1ðQÞ in quantifying broad changes

along an urbanization gradient. Thus,

if s1ðQÞ is used to quantify impacts to

stream ecology, it will likely be most useful

for sensitive taxa that can be affected by

low levels of urbanization.

4.4. Stream Ecohydrological Indices

Along an Urbanization Gradient

A large number of ecohydrological indices

have been proposed to synthesize the

streamflow regime in ways that are mean-

ingful to stream ecosystems [Clausen and

Biggs, 1997; Poff and Allan, 1995; Poff et al.,

1997; Richter et al., 1996]. From extensive

analysis of stream ecohydrological data, Kon-

rad and Booth [2005] suggested that most of

these indices can be classified into four main

types of hydrologic alterations: (1) increased

daily variation in streamflow, (2) redistribu-

tion of water from base flow to stormflow,

(3) reductions in low flows, and (4) increased

frequency of high flows. We already repre-

sented the type 1 alterations in section 4.3

using var 1ðQÞ. The remaining types are illus-

trated here using the model M1.

To represent the type 2 alterations, we use

the base flow index (BI) [Klein, 1979] which

is here defined as hQPi1=hQi1 such that

BI5
/ð12UÞ

½/1Uð12/Þ�
; (22)

Equation (22) says that BI is the ratio

between the mean streamflow contribution

from pervious areas and the total mean

streamflow. The total mean streamflow can

be seen as the sum of the blue water in the

basin (/), from both pervious and impervi-

ous areas, plus the green water that is con-

verted into runoff due to the presence of

impervious areas (Uð12/Þ). Figure 7a illus-

trates BI along the urbanization gradient

from the basins in this study. In this figure,

BI decreases with increasing U, highlighting

the key role that the loss of storage capacity (12U) can play in urbanized basins. The results presented here

for BI are consistent with previous studies for the same region [Brun and Band, 2000; Klein, 1979;Moglen et al.,

2004].

Alternatively, we can define a stormflow index SI as SI512BI. Using equation (22) and recalling that kI5kR,

SI can be expressed as

SI5
U

½/1Uð12/Þ�
: (23)

SI measures the fraction of urban runoff relative to the total mean streamflow, and its relationship with U is

illustrated in Figure 7a. BI and SI highlight the potential of urbanized basins to redistribute water.

0 0.2 0.4
0

0.5

1

B
I 

o
r 

S
I

 

 

(a)

BI

SI

0 0.2 0.4
0

0.05

0.1

Q
/A

 [
c
m

/d
a

y
]

 

 

(b)

Q
75

Q
90

0 0.2 0.4
0.1

0.3

0.5

0.7

0.9

Impervious Fraction, U [km
2
/km

2
]

Q
/A

 [
c
m

/d
a

y
]

 

 

(c)
Q

5

Q
10

Figure 7. Ecohydrological indices using M1 (wet season): (a) stormflow (SI)

and base flow (BI) indexes, (b) low flows (Q75 and Q90 are the streamflow val-

ues with 0.75 and 0.90 exceedance probability, respectively), and (c) high
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To illustrate the type 3 and 4 alterations, we use FDCs and common indices of streamflow alteration, such

as the streamflow values that are exceeded 5% (Q5), 10% (Q10), 75% (Q75), and 90% (Q90) of the time. These

indices can be calculated from the observed streamflow time series; however, given the good agreement

between the observed FDCs and the ones calculated with the model M1, we show in Figures 7b and 7c the

results from the model. In Figure 7b, the indices Q75 and Q90 are shown as a function of U. These indices are

commonly used to quantify low flow alterations [Clausen and Biggs, 1997; Poff and Allan, 1995]. In Figure 7b,

both Q75 and Q90 tend to decrease with increasing U. Similar results, in terms of historical minimum flows,

were reported by Hejazi and Moglen [2007] for urbanized basins in the same region. For the type 4 altera-

tions, we exhibit in Figure 7c the Q5 and Q10 indices as function of U. These are both common indices of fre-

quent high flows. In Figure 7c, Q5 and Q10 tend to increase with U but the trend is more apparent for Q5.

The behavior of the low (Q75 and Q90) and high flow (Q5 and Q10) indices in Figure 7 has relevant ecological

implications [Clausen and Biggs, 1997; Poff and Allan, 1995]. For example, decreasing trends in Q90 tend to

be associated with less periphyton and invertebrate density, while increasing trends in Q5 and Q10 tend to

be associated with dominance of trophic and habitat generalists in fish assemblages [Clausen and Biggs,

1997; Poff and Allan, 1995]. Indeed, stream studies in the Maryland Piedmont suggest that increasing urban-

ization has resulted in lower abundance and diversity of macroinvertebrate and fish species [Klein, 1979;

Moore and Palmer, 2005; Morgan and Cushman, 2005].

5. Conclusions

We used a stochastic model to describe and analyze the streamflow regime of urbanized basins. We applied

the model to urbanized basins in the Baltimore-Washington, D. C region, where historical land use data are

available and urban growth has contributed considerably in the last decades to increase the regional extent

of urban land cover. We examined basins with varying levels of impervious cover. On the basis of the analy-

sis performed, the following conclusions are emphasized:

1. The proposed modeling approach is able to capture some of the most common hydrological perturba-

tions associated with increasing urbanization. For instance, it shows an increase in variance (flashiness) with

increasing urbanization. It also shows that rainfall and stormflow, as well as the partitioning of streamflow

into stormflow and base flow, are highly interdependent phenomena in urbanized basins. Ultimately, the

modeling approach indicates that the urbanization process can have an influential effect on FDCs.

2. We found a consistent link between the statistical properties characterizing the streamflow regime (i.e.,

mean, variance, and skewness) and the degree of urban development. This may be useful when assessing

the dynamic impacts of urbanization as it takes place in time.

3. The model also permits to link rainfall variability, both in terms of frequency and magnitude, and the

degree of urbanization to obtain indices of high and low flows, which are often used as ecohydrological

indices of stream health.

4. The transformation of green to blue water induced by the urbanization process is an important character-

istic of the long-term hydrological behavior of urbanized basins. This is seldom recognized but may be a

helpful source of progress in storm water management policy. For instance, this transformed water, or at

least some of it, could be managed separately and used for different purposes, including meeting human

needs, with potentially reduced impacts to downstream ecosystems dependent on basin streamflow.

Appendix A: Moments of the Streamflow Q

By taking the natural logarithm of equation (5), we obtain the cumulant generating function (cgf) of p�ðuÞ.

With the cgf, the mean, variance, and third central moment of Q can be determined as
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where RðuÞ5ln ½p�ðuÞ�.

Appendix B: Probability Density Function for the Streamflow Jumps

To obtain the PDF for the total streamflow jump q when Y > dP , we start with the PDF for the jumps from

pervious areas (qP):

b’’ðqPÞ5cPexp ð2cPqPÞHðqPÞ; (B1)

where cP5cR=½kAð12UÞ�). Additionally, when Y > dP , the total streamflow jump can be expressed as

q5qP1qI; (B2)

where qI is the jump from impervious areas. To express (B2) as a function of qP alone, we use qI5YIkAU and

YI5YP1dP to obtain the following:

q5qP1ðYP1dPÞkAU: (B3)

Further, YP can be substituted by qP=½kAð12UÞ� in (B3) and after rearranging we find that

q5qP
1

ð12UÞ
1dPkAU: (B4)

Using a derived distribution approach, we relate (B1) and (B4) to find the following PDF for the total stream-

flow jump when Y > dP

b’’ðqÞ5ð12UÞcPexp ½2ð12UÞcPðq2kAUdPÞ�Hðq2kAUdPÞ: (B5)
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