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ABSTRACT
We model two scenarios consisting of 10 years of daily discharges to illustrate the
effects of changing land use and climate on gravel riverbeds. The Managed Growth/No
Climate Change (MGNCC) Scenario represents minimum effects of land use and climate
change, while the Urban Sprawl/ Climate Change (USCC) Scenario represents more
extensive effects. We apply our scenarios to a 30 m reach of the Northwest Branch of the
Anacostia River. We use downscaled precipitation estimates from the Hadley2 GCM to
account for climate change, and use a continuous hydrological model to produce
discharge estimates. A sediment transport model, combined with empirical formulae to
specify upstream sediment inputs, computes changes in grain size distribution, bedload
and suspended material discharge, suspended sediment concentration, the areal fraction
of the bed in motion, bed elevation and slope, the silt-clay content of the active layer, and
something new: the fraction of exposed bedrock in the active layer. The USCC scenario
is characterized by larger and more frequent storm flows than the MGNCC scenario,
which in turn create increased bedload and suspended load transport, increased bed
mobility, and higher suspended sediment concentrations. The USCC scenario is also
characterized by extreme variability in mud and bedrock content of the active layer.
Convincing model predictions of the influence of climate and land use changes on gravel
river beds will require additional study of 1) upstream sediment supply, 2) mud storage
and remobilization in gravel streams, and 3) the controls on exposed bedrock in the active
layer.
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1. Introduction
Changes in climate and land use both have profound effects on rivers (Palmer et
al., 2002, Macklin et al., 1992, Leopold, 1968). Climate changes influence precipitation
and temperature, two variables that either directly or indirectly control the supply of
water and sediment to stream channels. Land use changes, particularly conversion from
agriculture to urban land uses, also influence storm discharges and sediment supply
(Yorke and Herb, 1978). Because storms and sediment supply represent two of the most
significant controlling variables on stream morphology, land use and climate changes are
clearly important drivers in fluvial geomorphology.
Driven by the industrial revolution and population growth, anthropogenic
influences on stream channels have probably never been greater (Hooke, 2000). These
influences are primarily exerted by changes in climate and land use. For example,
predictions of global climate change suggest future doubling of atmospheric CO2,
increases in average temperatures by 2-6 degrees C, and increased variability in
precipitation (IPCC 1997). At the same time, agricultural land in developed countries in
increasingly being converted to urban and suburban land uses (e.g. Irwin and Bockstael,
2004).
The profound influence of changes in climate and land use on streams has been
widely noted, but methods for assessing the effects of these changes are poorly
developed. In this study, we describe a preliminary effort to determine, in a specific
study area, how these drivers acting together collectively influence the bed characteristics
of a gravel bed river. Our study is primarily motivated by the ultimate goal of predicting
the ecological effects of changing land use and climate, so we particularly focus on
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variables that are important to organisms living in gravel bed streams of our humid
temperate study area (though this paper does not explicitly address the connection
between hydraulic and sediment transport processes and ecological processes).
This paper is designed to present our approach to modeling these processes and to
present the results of modeling specific scenarios that illustrate the combined effects of
both land use and climate change on gravel river beds. This paper does not address the
relative contributions of each driver separately to changes in stream bed morphology and
composition. A future publication is planned to address this interesting issue.
2. Regional Setting
The Northwest Branch of the Anacostia River provides the field setting for our
study. The Northwest Branch has a drainage area of 54.6 km2, and it is located northwest
of Washington, D.C. in Montgomery County, Maryland (detailed location maps are
provided by Moore and Palmer, 2002, Palmer et al., 1992, and Yorke and Herb, 1978). A
USGS gaging station at the outlet of the basin has been active since 1924. The watershed
is underlain by metamorphic rocks and is of low relief (Hunt, 1974). During the period
of gaging, land use in the watershed changed from dominantly agricultural to urban. This
change occurred mostly after WWII, with a particularly strong pulse of development in
the late 1960s and early 1970s. During this time, peak flows increased significantly and
base flows decreased significantly (Beigley and Moglen, 2002). Currently, land use in
the watershed consists of 8.6% agriculture, 24.8% forest, and 66.6% urban (Palmer et al.,
2002).
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3. Methods
The goal of our research is to evaluate the influence of specific land use and
climate change scenarios on stream channel bed sediment characteristics in the MidAtlantic region. To accomplish this goal, we first defined two scenarios with differing
land use and climate characteristics. One scenario we term the “Managed Growth/No
Climate Change Scenario (MG/NCC)”, while the other is referred to as the “Urban
Sprawl/Climate Change Scenario (USCC)”. These two scenarios reflect extreme end
members of possible disturbances to fluvial and stream ecological systems. The
MG/NCC scenario reflects relatively modest disturbance from land use changes, and no
disturbance from climate changes. The USCC scenario reflects significant disturbances
from both land use and climate changes. Our approach involves comparing model
predictions of fluvial response to these two scenarios to help clarify the extent of
disturbances from a combination of both climate and land use changes.
The Managed Growth / No Climate Change scenario is based on climate data
from the years 1960 – 1969. Precipitation is computed using the Hadley 2 Global
Circulation Model (GCM) for air temperature, with a year-round average of 17.3 degrees
Celsius. Precipitation data were estimated on a daily time step. Furthermore, because the
grid spacing of the GCM is very large compared to the study area, a precedure was
applied to “downscale” the GCM estimates to a scale more appropriate for this study
(Hayhoe et al., 2004). Impervious surface is assumed to be 10%, a value below the
thresholds generally associated with ecological impairments associated with urbanization,
but high enough to be consistent with a significant, densely-packed urban population
(Palmer et al., 2002). Forested land use in the watershed is assumed to be 20%, and the
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riparian zone adjacent to the stream is assumed to be forested. This level of forestation
would be consistent with an urban population only with careful land use planning (Irwin
and Bockstael, 2004). Finally, no construction is assumed to be taking place in the
watershed.
The Urban Sprawl / Climate Change scenario is based on climate data from the
years 2090 - 2099 from the Hadley 2 GCM. These predictions suggest a year-round
average of 21.5 degrees Celsius. Precipitation data for these years was also
“downscaled”. Impervious surface is assumed to be 30%, a value well above the
thresholds associated with impaired ecological assessments of stream habitat, and
consistent with the highest levels of impervious surface found at the most urban sites in
the region studied by Palmer et al (2002, 2004). Forested land use is assumed to be 1%,
and forested buffers missing. This level of deforestation is seen in some of our most
urban sites, although buffers are currently more intact (Palmer et al., 2002). Finally, we
assume that 2% of the watershed is under construction in a given year.
3.1 Description of the The Sediment Transport Models
3.1.1. Spatial Structure and Definition of Selected Variables
The domain of the model (Figure 1) is represented by a reach of channel of length
dx located within a watershed. The upstream watershed supplies a specified discharge,
Q, during each time step, dt, in addition to sediment. Sediment is supplied as mud in
suspension, and as sand and gravel (additional details are provided below)
The channel is rectangular, and is imbedded in a floodplain of width Wf. The
channel has a bankfull depth hbf. Within the reach represented by the model, the
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floodplain width, bankfull depth, bed and water surface slope (S), and channel width (W)
and rectangular cross-sectional geometry are all constant.
The bed is divided into an active layer of thickness La (Parker, 1991) and a
substrate that does not move. Bedrock may intrude into the active layer, and specific
“rules” are proposed to govern how bedrock influences bedload transport processes. We
have included bedrock in this way because our field observations and those of others
(Allmendinger, 2004, Costa 1975) suggest that bedrock strongly influences bed scour and
sediment transport processes in our field area.

3.1.2. Initial Conditions
Initial values of variables were obtained from field measurements in the study are
listed in Table 2. Several of these variables were held constant during the simulations
(i.e., the active layer thickness La). Some initial values, for example, the mud content of
the bed, were not measured in the field, and these values were simply assumed to provide
starting values for the computations.
3.1.3. Boundary Conditions
Boundary conditions are represented by inputs of both water and sediment.
Inputs of water are determined using two models, one for precipitation and another to
determine water discharge. The supply of sediment is computed using empirical
relationships based on extensive field data.
The hydrological model used here, which predicts daily streamflow over the
course of the scenarios, is fully described in McCuen and Snyder (1985). The continuous
streamflow model used here is consistent in its conceptual structure to the Stanford
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Watershed Model (Crawford and Linsley 1966), now commonly used as HSPF (Bicknell
et al. 1997). It supports three different forms of runoff production: surface runoff,
subsurface runoff, and groundwater runoff. The model requires a daily precipitation and
temperature time series as well as parameter values that characterize the land use and
underlying geology of the system. In separate studies (Hejazi and Moglgn, 2005, Palmer
et al. 2002), we determined the relationships between land use and two important model
parameters, namely infiltration versus surface runoff production, and the timing of
surface runoff.
Continuous streamflow modeling is tested by visually and quantitatively
evaluating goodness-of-fit between simulated and observed streamflow at the site of the
USGS stream gages at the outlet of the NW Branch watershed. Measures of goodness of
fit include: the correlation coefficient, the Nash-Sutcliff coefficient, the gain coefficient,
and the deviation volume. The calibration and other aspects of the hydrologic modeling
are discussed in detail by Palmer et al. (2004). Correlation coefficients computed for
observed versus computed historical discharges (for example) ranged from 0.49 for the
decade of the 1960s to 0.80 for the decade of the 1970s.
Sediment inputs are specified depending on the grain size under consideration.
Gravel-sized sediments are supplied that are equal to the capacity of the channel to
transport each size fraction at the beginning of each time step. In practice this means that
bedload transport equations are used to compute the supply of each size fraction using the
sediment and hydraulic characteristics of the model reach at the beginning of each time
step. This approach implies that the capacity of the channel and the supply of bed
material are always in balance. While this assumption may initially appear unreasonable,
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it may be justified because it allows the simulations to proceed without extensive
aggradation or degradation of the bed, consistent with field observations in the area
(Lewicki, 2005, Costa, 1975).
Sand and silt size fractions are supplied according to empirical functions of land
use and water discharge. Suspended sediment concentrations in small watersheds of the
study area were extensively studied from 1964-1977 by Yorke and Herb (1978). They
measured precipitation, changes in land use, storm discharges and concentrations in a
number of watersheds in the region. Although their data represent a limited time span
compared to significant periods of climate change, they found that sediment
concentrations are strongly influenced by both land use variables and storm flow
variables. Here we assume that relationships determined from 1964-1977 can be applied
over different time periods, using variables that represent changes in both land use and
climate.
First, we obtained a correlation between the peak discharge ratio (PR) and the
suspended sediment concentration divided by the percentage of construction in the
watershed (raised to a power of 0.3). The peak discharge ratio is
PR = (Qp-Qa)/R

(1)

where Qp is the peak discharge during a particular storm, Qa is the discharge before the
storm, and R is the total storm runoff. Yorke and Herb (1978) defined by Qa as the
lowest discharge measured before the rising stage of an individual storm. However, in
the modeling studies described below, Oa is represented by a constant value equal to the
discharge that is equaled or exceeded by 5% of the daily discharge values. To correlate
suspended sediment concentration with PR, a total of 269 observations were used. The
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resulting equation has an r2 of 0.39 and an F ratio that suggests a “significance” well in
excess of 99%. The correlation is strictly an empirical result; the exponent on the
percentage of construction of 0.3, for example, was selected solely because it produced
acceptable results.
The empirical expression for predicting the suspended sediment concentration, C,
is (Figure 2):

C = 1.5 x10 −4 Pc0.3 PR

(2)

where C is the concentration by weight of suspended sediment (as a ratio), and Pc is the
percentage of construction in the watershed during the specified time step. In the data set
used to establish equation (2), concentrations vary from about 5x10-5 to about 0.025, the
percentage of construction varies from 0 to about 15%, and the peak ratio varies from 2
to 391.
In order to determine the percentages of sand and mud in suspension, empirical
data presented by Yorke and Herb (1978) were used. These authors describe the
variation of grain size with discharge for the Anacostia River near Colesville for 19601973 in their figure 11 (page 17 of Yorke and Herb, 1978). The percentage of sand
increases with increasing discharge, the percentage of silt remains approximately
constant at about 45%, and the percentage of clay decreases with increasing discharge.
A simple functional representation of these data would put the % sand (Ps) at about
5% for the lowest discharges, and at about 30 % for the highest discharges. In between
the lowest and highest discharges, the percentage increases linearly on a plot of % sand as
a function of log Q. These ideas were quantified using the functions summarized below:
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Ps = 0.01 + (5 − .01) * PR , PR < 1
Ps = 5 + 20.762 * log10 ( PR ), 1 ≤ PR ≤ 16

(3)

Psw = 30, PR > 16

These equations are formulated in terms of peak ratio rather than discharge in an
effort to produce a non-dimensional empirical equation that could potentially be accurate
when applied to watersheds of varying size.
3.1.4. Hydraulic Resistance
The relationship between water depth (H) and discharge was specified using
Bray’s resistance equation for gravel bed rivers (Chang, 1988). For flows that remained
in the channel, this takes the form:

 K bQ
h= s c
 aW gS


1

 b +1.5




(4)

where Qc is the discharge in the channel, h is the water depth, g is the acceleration of
gravity, Ks is a roughness length, and a and b are coefficients equal to 1.36 and 0.281,
respectively. For overbank flows, three equations must be must be solved by trial for h:
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Qc =

Qf =

aW gS
Ksb

aW f

gS

K sfb

h1.5+b

(5)

(h − hbf )1.5+b

Q = Qc + Q f

(6)

(7 )

where Q is the total discharge, Qf is the discharge on the floodplain, and Ksf is the
roughness of the floodplain. Ks was calibrated using measured stage discharge data for
the study area at 0.2 m, while Ksf was arbitrarily set at 0.02 m for all computations (Table
2)(i.e. no attempt was made to adjust Ksf for the presence or absence of forested riparian
zones)..
3.1.5. Representation of the Bed
The bed in the model consists of mud, sand, gravel, and bedrock in deposits that
lie below the sediment-water interface. The bed itself is divided into an active layer of
thickness La in which bed material transport is localized (Parker, 1991). The active layer
is considered to be “well-mixed” (i.e., grain size distribution and bed porosity are treated
as being uniform through the active layer). The numerical value of the active layer
thickness is presented as an input parameter in the simulation, and it does not vary with
time, flow conditions, or the grain size of the bed (a value of 0.1 m was used to obtain the
results in this paper).
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The material in the active layer is divided into three different constituents: sand
and gravel, bedrock, and mud. The grain size distribution of sand and gravel is specified
by denoting the fractions, fi, of specified sizes present on the bed. These fractions
specifically include the fraction of bedrock exposed in the active layer. As a result, all
sand and gravel grain size fractions and the fraction of bedrock must sum to 1.
Mud in the bed is treated somewhat differently. The sand and gravel in the active
layer is assumed to have a constant porosity. The pores in the sand and gravel are then
available to be filled with mud. If the pores in the active layer become completely filled
with mud, mud may be deposited on top of the active layer of sand and gravel if
hydraulic conditions permit this to occur (mud transport processes are described in
greater detail below).
3.1.6. Bedload Transport, Bed Mobility, and Changes in Bed Material Grain Size
Distribution
Bed load transport rates are computed using the equations of Wilcock and Crowe
(2003). Transport rates are determined for specified size fractions from sand to gravel.
In this paper, 3 sand size fractions and 7 gravel size fractions from granule to boulders
are computed.
The areal extent of bedload transport, At, is an important parameter for stream
ecology, and therefore the model estimates this parameter also. Methods of Wilcock
(1997) are used to determine the areal extent of bed material transport at each time step.
If otherwise not specified, the coefficients required by these methods are taken directly
from Wilcock‘s (1997) laboratory studies.
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Changes in the bed material grain size fractions of the active layer, Fi, were
computed using a modified version of the approach proposed by Parker (1991):

∂L 
∂q
∂q
 ∂F
(1 − λ p )  La i + ( Fi − fli ) a  = − bi + f li bT
∂t 
∂x
∂x
 ∂t

(8)

where λp is the porosity of the bed, t is time, x is the downstream spatial coordinate, qbi is
the volumetric bed material transport rate of grain size fraction i, qbt is the total
volumetric bed material transport rate (i.e., qbi summed over all grain sizes), and fli is the
fraction of grain size i at the interface between the active layer and the substrate. The
value of fli is set equal to 0 if the fraction of the bedrock (Fbrf) in the active layer is
positive. If Fbrf = 0, then methods of Parker are used to determine fli. During periods of
bed aggradation and degradation, sediment transfers between the load, substrate, and the
active layer are computed using the weighted average approach described by Cui et al.
(1996).
3.1.7. Changes in the Fraction of Bedrock in the Active Layer
If equation (8) is rederived with bedrock as a constituent of the active layer, and if
the resulting equation is summed over all grain sizes, then equation (9) is obtained:

(1 − λ p )

(

)

∂Fbrf
∂La
∂q
∂η
+ (1 − λ p )(1 − f brfl )
= − bT
( f brfl − Fbrf ) − (1 − λ p ) La
∂t
∂t
∂t
∂x

(9)

where fbrfl is the bedrock fraction at the interface between the substrate and the active
layer. According to equation (9), the presence of bedrock in the active layer results in an
interesting set of possibilities when gradients in total bedload transport exist. For

14

example, an excess of supply over transport capacity could result in sediment storage in
the reach. Equation (9) suggests that this storage could be accommodated in one of 3
possible ways: 1) deposition on the bed (i.e., positive ( ∂η/∂t), 2) a decrease in bedrock
fraction in the active layer (i.e., negative ∂Fbrf/∂t), or 3) changes in the thickness of the
active layer, modulated by a difference between the bedrock fraction in the active layer
and that at the boundary of the substrate (first term on the left of equation (9))(this third
option, of course, was not explicitly considered during this study because La is treated as
a constant during the present simulations).. It is important to note that current
understanding of partially alluvial channels is not sufficient to predict which of these
three outcomes will occur, or if a some combination of the three is likely.
In the absence of a clear understanding of how to “partition” sediment transport
gradients between the three terms on the left of equation (9), several “rules” are adopted
here. First, it is assumed that the thickness of the active layer, La, remains constant
during the simulation. This removes the first term on the left of equation (9). Second, it
is assumed that when Fbrf >0, imbalances in sediment flux are accommodated by changes
in bedrock fraction (i.e., the middle term on the left of equation (9)) rather than by
changes in the elevation of the bed. It is only when the channel becomes fully alluvial,
i.e., when Fbrf = 0, that gradients in bedload transport are accommodated by changes in
bed elevation.
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The arbitrary nature of these rules should be noted. Further studies, presumably
in the laboratory, are urgently needed to better define how gradients in sediment transport
lead to changes in bed elevation and the fraction of bedrock in the active layer.
Equation (9) is not actually implemented in the numerical model – it is presented
here to clarify the rules used to determine changes in Fbrf. Fbrf is actually computed by
summing all the other grain size fractions, Fi, during a time step (after these have been
determined by solving equation (8), and noting that all of the grain size fractions AND
the bedrock fraction must sum to 1.
3.1.8. Computing Washload Concentrations
The washload concentration Cm is determined by solving a mass balance equation
of suspended fine grained sediment. This equation is:

∂ (hC m )
1 ∂ (QC m )
=−
− D(τ ) + E (τ )
W
∂t
∂x

(10)

where W is the channel width and D and E are rates of deposition and erosion of mud,
respectively. Both D and E have units of volume of mud eroded per unit bed area per
unit time (m3/m2/t).
3.1.9. Specifying Rates of Erosion and Deposition of Mud on the Bed
Storage of “fine” sediment in gravel river beds has been investigated in the field
and laboratory (Rehg et al., 2005, Packman and McKay, 2003, Carling, 1984, Diplas and
Parker, 1992, Jobson and Carey, 1989, Lisle, 1989, Reid and Frostick, 1985, Frostick et
al., 1984, and many others). These studies have indicated that a variety of variables
control the extent of storage and remobilization of fine-grained sediment, including the
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grain size distributions of the bed and the “fines”, the concentration of fine-grained
sediment in transport, the chemical properties of the fine-grained sediment, the extent and
intensity of bed material transport, the nature of hyporheic exchange between the flow
and the bed, and the bed topography viewed at a variety of spatial scales. In some cases,
deposition of fine-grained sediment is concentrated in a thin surface layer of the bed,
while in other cases, deposition occurs to considerable depth within the bed material.
Surface layers of fine-grained sediment may be observed on the bed under certain
conditions, while deposition is limited to the interstitial openings under other conditions.
The definition of “fine” sediment is particularly broad, and often includes sand sizes in
addition to silt and clay. General, quantitative models to evaluate storage and
remobilization of mud in gravel beds are lacking.
Because the processes of fine-grained sediment erosion and deposition over
gravel beds are poorly understood, and to produce a relatively simple model that does not
require a large number of unknown parameters, a series of “rules” are followed here to
represent these processes. Rates of deposition and erosion are specified as simple
functions of the bed shear stress, τ:
D = C mVs (τ )

(11)

E = E (τ )

(12)

where Vs(τ) is the settling velocity of mud. Vs is specified as:
Vs = 0, τ > τ cd
Vs = Vss τ ≤ τ cd

(13)
(14)

here τcd is a critical boundary shear stress for mud deposition (Partheniades, 1986), and
Vss is the settling velocity of mud sized sediment under conditions of deposition.
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Deposited sediment can be stored in two places in the bed. If the pores of the
active layer are not completely filled with mud, then the volume of mud deposited during
a time step can be placed in the pores. If the pores are completely filled (either by
previous deposition, or by part of the mud deposited during a current time step), then
mud is deposited on top of the sand and gravel active layer as a layer of pure mud (i.e.,
mud without any sand and gravel within it).
The erosion rate E(τ) is given by:
E = Vme / ∆t

(15)

where Vme is the volume of mud eroded per unit bed area during a particular time step.
The volume of mud eroded is determined by a series of rules. If a layer of mud is
present, and if the boundary shear stress exceeds a critical threshold for mud erosion τce,
then the entire mud layer is removed, and this volume contributes to Vme.
If gravel is in motion, mud can also be removed from the pores of the active layer.
Mud is removed from pores when the fraction of pores filled with mud is greater than the
total fraction of the active layer that is NOT immobile. This implies that the portion of
the gravel layer without mud in its pores is moved first. If, however, some fraction of the
active layer is in motion that contains mud, all the mud in these pores is moved during a
time step.
These rules lead to the following quantitative expressions for the solid volume of
mud removed from the bed during a time step:

Vme = Vms + Vmp (16)
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where Vms is the volume of the surface layer of mud removed (if any)(per unit bed area)
and Vmp is the volume of mud per unit bed area eroded from pores. Vms and Vmp are
specified by
Vms = Ts (1 − λm )

(17)

Vmp = f c La (1 − λm ) (18)

where Ts is the thickness of the mud layer, λm is the porosity of the mud deposit, and fc,
the fraction of the active layer “cleaned” by erosion, is given by:
fc = 0

At ≤ f pm

f c = At − f pm ,

(19)

At > f pm

(20)

where fpm is the fraction of the pores filled with mud at the beginning of the current time
step.
3.1.10. Numerical Methods and Programming
The two differential equations presented above (Equations 8 and 10) are
discretized using simple explicit finite different approximations. The program is written
as a MATLAB script and executed in MATLAB version 5.2. A spatial step of 30 m was
used in all computations. The time step was varied to insure accuracy and numerical
stability. For the lowest flows, a time step of 3000s proved adequate. For higher flows,
the time step was decreased stepwise with increasing discharge in 4 steps to a minimum
value of 60s.
3.2. Sensitivity Analysis
Because many of the parameters required by the model are poorly constrained by
either field observations or even scientific understanding, we performed a sensitivity
analysis to document how our results might be influenced by uncertainty in estimating
input variables and parameters. The sensitivity analysis was based on a two-year
19

simulation of daily flows using the USCC scenario. Independent variables selected for
sensitivity analysis included input values of the daily discharge Q, the thickness of the
active layer La, the roughness length of the channel bed Ks, the bed porosity λp, the
critical shear stress for mud deposition (and erosion) τcd, the concentration of suspended
sediment supplied by from the watershed C, and the volume of bed material supplied by
the watershed for each grain size fraction qbi. During the sensitivity analysis, each of
these independent variables was increased by 50% from “base” values used in the USCC
simulation (the volume of bed material, however, was decreased by 50% because of
numerical issues that arose when the model was run using increased bedload transport
rates). For variables such as discharge that change with each day of the simulation, all
the daily values were increased (or decreased) by 50%. For each independent variable,
model sensitivity was assessed by computing mean and 90th percentiles for the 730 daily
values of 4 dependent variables: the fraction of exposed bedrock in the active layer (Fbrf),
the areal fraction of the bed mobilized, the fraction of mud filled with pores (fpm), and the
concentration of suspended wash load Cm. Differences between the “base” simulation
and the simulations obtained by varying individual parameters were expressed as %
differences according to the following formula:
% difference = 100*(statistic from sensitivity simulation – statistic from base
simulation)/(statistic from base simulation)

(21)

where the “statistic” in equation (21) could refer to either the median or the 90th
percentile value for the parameter in question.
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4. Results

The total precipitation varied considerably between the MGNCC and the USCC
scenarios. For the MGNCC scenario, a total of 2601 mm occurred in the 10 year period
between 1960 and 1969. For the USCC scenario, a total of 3193 mm occurred from 2090
and 2099.
The greater precipitation estimated for the USCC scenario is reflected in flow
duration curves of daily discharges obtained from hydrological modeling (Figure 3).
Only the upper ends of the flow duration curves are illustrated in Figure 3, because at
lower durations, the two curves are indistinguishable. This indicates that the USCC
scenario is characterized by higher storm flows than the MGNCC scenario. It is useful to
note that discharge in Figure 3 is illustrated on a logarithmic axis, so the storm flows for
the USCC scenario are substantially larger than those of the MGNCC scenario.
The increased storm discharges of the USCC are not surprisingly reflected in
increased volumes of bedload transported out of the study reach during the 10 year
simulation period. The results of the simulations (not presented here due to space
limitations) indicate that the total volume of bed material transported under the USCC
scenario is more than two times the volume transported under the MGNCC scenario.
Furthermore, most of the sediment is transported during 6 or 7 large storms.
“Duration” curves illustrating the areal fraction of the bed that is mobile during
transport events for the two scenarios are illustrated in Figure 4. Not surprisingly, the
larger floods of the USCC scenario are associated with greater areal bed mobility than the
MGNCC scenario. At a duration of 50%, for example, the USCC scenario predicts about
65% areal bed mobility, while the MGNCC scenario is associated with about 62% areal
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bed mobility. The maximum bed mobility for the USCC scenario is about 83%, while
that for the MGNCC scenario is about 76%. Box plots inset into Figure 4 illustrate the
distributions of bed mobility for the MGNCC and USCC scenarios (outliers, however, are
omitted). A non-parametric Kruskal-Wallis analysis yields a p value of less than 0.001,
suggesting that the median values of these distributions are significantly different.
The dynamics of the bedrock fraction of the active layer are very different for the
two scenarios (Figure 5). For the MGNCC scenario, the exposed bedrock fraction
gradually increases during the 10 year simulation from about 2.8% to about 8%,
reflecting a reduced sediment transport supply relative to the sediment transport capacity
of the stream that is likely related to the current condition of this urbanized watershed.
For the USCC, the exposed bedrock fraction varies rapidly between about 0% and 12%,
apparently reflecting extremes of supply and transport capacity during the largest floods.
However, for most of the time, the bedrock fraction of the active layer during the USCC
simulation is lower than that of the MGNCC simulation.
Initial and final grain size frequency curves for the two scenarios are surprisingly
similar for the two scenarios (though the details are not presented here). Results are
obtained for fine sand up to boulders 500 mm in diameter. Grain size frequency curves
for both scenarios suggest considerable changes in bed material grain size distribution
during the 10 year simulations. These changes involve a reduction in the fraction of sand
sizes on the bed, as well as a reduction in the fractions of the very largest particles on the
bed. Remarkably, both scenarios present very similar grain size distributions at the ends
of the simulations.
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Not surprisingly suspended sediment concentrations for the USCC scenario are
significantly higher than those of the USCC scenario, reflecting the greater sediment
supply associated with storms in the USCC scenario (Figure 6). ). A non-parametric
Kruskal-Wallis analysis of these distributions yields a p value of less than 0.001,
suggesting that the median values of the suspended sediment concentrations are drawn
from significantly different populations.
The fractions of the active layer filled with mud are compared for the two scenarios in
Figure 7. This parameter hovers around 40% for the MGNCC scenario, with occasional
excursions from 65% to lows of 20-30%. For the USCC scenario, much greater
variability is encountered, with high values of 100% occurring approximately 7 times,
and a series of low values of less than 20% occurring a similar number of times. Average
values for the USCC scenario appear similar to those of the MGNCC scenario.
Results of sensitivity analyses are presented in Figure 8, where percent differences
between the base simulation and simulations with 50% changes to 7 parameters are
tabulated. Shading indicates 4 categories of sensitivity, from very low (white) to very
high (black). The model appears to be very insensitive to uncertainty in the thickness of
the active layer, the roughness length, and the bed porosity. The model is moderately
sensitive to changes in discharge. For example, the fraction of bedrock increases when
all the discharges are increased by 50% due to scour of the bed, and the 90th percentile
fraction of pores filled with mud also decreases, presumably due to the same process.
However, bed mobility and wash load concentration are insensitive to changes in
discharge.
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Two independent variables, τcd, and the concentration of suspended sediment supplied
from the watershed represent variables that specifically represent fine-grained sediment
dynamics in the model. Not surprisingly, variations in these parameters do not influence
the bedrock fraction of the active layer or bed mobility. The fraction of pores filled with
mud and the concentration of wash load are, however, moderately influenced by changes
in these parameters, particularly in the extremes of the distributions represented by the
90th percentile statistics.
Remarkably, the model results prove to be most sensitive to the volume of bed
material supplied from the watershed. All of the dependent variables show considerable
sensitivity to bed material supply. This sensitivity to the imposed decrease of 50% arises
because the lack of sediment at all discharges results in scour of the bed, which 1)
increases the fraction of exposed bedrock in the active layer, 2) coarsens the bed, thereby
reducing bed mobility, 3) replaces unfilled pores with bedrock, increasing the fraction of
pores filled with mud, and 4) increases wash load concentrations by scouring mud-filled
porous sediment from the bed.
5. Discussion

5.1. Interpretations of the Results
The results presented above can be divided into two categories. One set of results
may be derived directly from the higher discharges associated with the USCC scenario.
Not surprisingly, these include increased bedload transport, increased bed mobility, and
increased suspended sediment concentrations. All of these results are easily associated
with higher discharges. The other set of results includes the increased variability in mud
and bedrock fractions in the active layer. These results are caused by variations in the
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balance between sediment supply and transport capacity, although the detailed
mechanisms involved differ somewhat.
The increased variability in mud content of the active layer arises from two related
phenomena. First, storm discharges are associated with significantly higher sediment
concentrations in the USCC scenario as compared to the MGNCC scenario due to the
higher percentage of construction in the USCC scenario (i.e. Equation 2). Flows smaller
than the largest stormflows (for example, those in Figure 3 with a duration of about 0.97)
occur much more frequently in the USCC scenario, and they carry more sediment than
similar duration flows of the MGNCC scenario. At these flows, however, hardly any of
the bed is in motion, and therefore extensive amounts of mud are free to accumulate in
the pores. Then, when the highest storm flows do occur, nearly all of this mud is
removed as most of the active layer is mobilized. This leads to very high levels of
variability in mud content of the active layer in the USCC scenario. In the MGNCC
scenario, mud accumulates to a lesser degree because of the lower concentrations
(Equation (2)), and the extent of erosion is also less because of the reduced mobility of
the bed (Figure 4). Both of these processes lead to lower variability in mud content in the
MGNCC scenario.
Variability in bedrock fraction arises from changes in the balance between upstream
sediment supply and channel transport capacity during the hydrographs of individual
storms. First, it is important to realize that the continuous hydrological model predicts
that storms last for several days. Thus, each “high flow event” actually consists of a
complete hydrograph with rising and falling limbs that involves a number of daily flows.
When model predictions are carefully analyzed for individual storm hydrographs, the
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following processes are revealed. During the initial rapid rise of flow to the peak
discharge of the storm, sediment transport capacity is greater than upstream sediment
supply, and as a result, sediment is removed from the active layer, and the fraction of
bedrock in the active layer rapidly increases. However, during the falling limb of the
storm, the relationship between capacity and supply is reversed, such that supply exceeds
capacity, causing sediment to accumulate and the bedrock fraction to gradually decrease.
Because both sediment supply and capacity increase significantly during high flows,
these imbalances between supply and capacity cause large changes in bedrock exposure
during the largest storms. As a result, the larger storm flows of the USCC scenario cause
much larger variability in bedrock fraction of the active layer than the somewhat smaller
storm flows of the MGNCC scenario.
5.2 Implications for Modeling Geomorphic and Ecological Consequences of Climate and
Land Use Changes
The results presented above highlight important areas where additional research is
needed to provide an improved capability for predicting the responses of river beds to
climate changes. These include 1) better methods to predict upstream sediment supply,
2) improved understanding of the partitioning between deposition, erosion, and bedrock
exposure of the active layer, 3) better models of wash load storage in river channels, and
4) extension of the model to include channel widening and floodplain accumulation.
It is significant that differences in variability in mud and bedrock fractions in the
active layer both arise from the interactions between sediment supply from upstream and
transport capacity of the channel. It is also significant that this variability is very
important for ecological processes (particularly the mud content of the active layer)(e.g.
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Wood and Armitrage, 1997). However, this variability arises from subtle relationships
between supply and transport capacity that are rather poorly constrained. The equations
for upstream supply of suspended sediment have extremely large amounts of scatter
themselves, as is typical of suspended sediment data. Upstream supply of gravel is
essentially arbitrarily determined by the capacity of the flow, a “rule” that was adopted in
this study primarily because a more convincing approach is unavailable. Because the
substantial variability in mud and bedrock content is caused by subtle variations in supply
and transport capacity, and because supply in particular is poorly known, one wonders if
the model results simply reflect an arbitrarily and poorly constrained knowledge of
sediment supply, rather than a well-constrained prediction. Further study of sediment
supply processes is clearly important and should be a high priority, particularly given the
sensitivity of the computations to assumptions and parameter values that control the
supply of suspended sediment and bed material (Figure 8).
The computation of the fraction of bedrock in the active layer is also based on some
rather arbitrary rules. These rules are used to determine whether deposited sediment is
used to increase the elevation of the bed or to cover exposed bedrock. In the present
study, deposition covers bedrock until the bedrock content of the active layer falls to
zero. When bedrock is no longer present in the active layer, then increases in bed
elevation are allowed. These rules, however, are essentially arbitrary, and other “rules”
are possible and even likely. A careful flume study of these processes would be
particularly useful in guiding further development of models of “partially alluvial” rivers.
Storage of mud in the pores of the bed is a particularly important ecological
process. However, this process has not been extensively studied, and as a result a simple
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approach has been adopted in this paper. However, a more convincing method would be
desirable, particularly given the sensitivity of mud pore storage processes in the model to
sediment supply parameters that are themselves poorly constrained and understood.
The model used in this paper essentially only includes processes that occur on the
bed of the stream. However, field observations indicate that the decadal sediment budget
of these stream channels is influenced by floodplain accumulation and channel widening
(Allmendinger, 2004). A more complete model would also include these processes.
5.3 Assessment of Model Results
Given the limitations of the present models discussed above, how should the
model results presented in this paper be viewed? Are some of the results robust and
convincing, and if so, which ones?
The predictions related to increased storm flows are probably convincing results
of climate change and urban sprawl. These include increased suspended sediment
concentrations, increased bed mobility, and increased transport of bed material
downstream. However, the predictions presented here should be viewed as qualitative
trends, rather than as absolute numerical predictions, because the models used here have
not been directly calibrated for field conditions.
Other predictions should be evaluated with some caution. The predicted grain
size composition of the bed appears to be relatively insensitive to land use and climate
changes; however, these computations require accurate prediction of transport of
individual size fractions ranging from sand to boulders, and these computations are
typically not very precise. Predictions that result from the balance between sediment
transport capacity and upstream supply (for example, mud and bedrock content of the

28

active layer) are also subject to high uncertainty, and the sensitivity analysis clearly
indicates that many model predictions are very sensitive to variations in the supply of
wash load and bed material. Thus, many of these results should be viewed as hypotheses
that require additional testing and model development before being accepted with
confidence.
6. Conclusions

In this paper we have reported model results for two scenarios of combined land
use and climate change. The models are designed to predict changes in bed elevation,
slope, grain size distribution, bedrock exposure, and sediment transport processes for a
study area of the Northwest Branch of the Anacostia River in Montgomery County,
Maryland, just northwest of Washington D.C. The models provide input for predicting
the effects of land use and climate change on stream ecology, so particular attention was
given to variables of interest to stream ecologists. The two scenarios reflect end
members of 1) minimum disturbance due to land use and climate change (the Managed
Growth/No Climate Change scenario) and 2) maximum disturbance (the Urban Sprawl/
Climate Change scenario).
The model results indicate that the USCC scenario is associated with larger, more
frequent storm discharges than the MGNCC scenario. The increased storm discharges of
the USCC scenario create increased bed material transport and bed disturbance, and
higher suspended sediment concentrations than those of the MGNCC scenario.
Furthermore, the USCC scenario is also associated with highly variable mud and bedrock
contents in the active layer. This variability is created by changes in the balance between
sediment supply and transport capacity that occur during individual storm hydrographs.
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The mud content of the active layer is particularly important for a variety of ecological
processes.
Several important processes represented by our models should be studied in
greater detail. These include 1) processes that deposit and erode mud from the active
layer of the bed, 2) the influence of bedrock on sediment transport and storage in a reach,
and 3) processes that supply sediment of all grain sizes to a reach. Future models that
represent similar processes on decadal timescales should also include changes in channel
width and overbank sedimentation.
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Table 1. Comparison of the two climate/land-use change scenarios.

MG/NCC
US/CC

Years of
Data

%
%
Impervious Forest
Surface

Buffers

%
Construction

1960-69
2090-99

10
30

yes
no

0
2

20
2

Mean
Air
Temp
(deg. C)
17.3
21.5

MGN/NCC – Managed growth, no climate change
US/CC – Urban sprawl climate change scenario.
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Table 2. Initial values of selected variables. Variables measured in the field are
indicated, as are variables that are held constant during the simulations.
Variable
Active layer thickness (m)
Fraction of bedrock in active layer
Fraction of pores filled with mud
Bankfull depth (m)
Channel roughness length Ks (m)
Floodplain roughness length Kf (m)
Number of grain size fractions
Porosity (of mud and bed material) (%)
Sediment density (kg/m3)
Slope (initial)
Shear stress below which mud settles
(N/m2
Shear stress above which surface mud
layers erode (N/m2)
Spatial step – dx (m)
Time step (variable, max and min given)(s)
Water density (kg/m3)
Width (bankfull)(m)
Width of floodplain (m)

Value (with comments)
0.1 (constant throughout simulation)
0.0275
0.7
1.0 (from field measurements)
0.2 (calibrated to measured rating curves)
0.02 (assumed)
10
30 (assumed)
2650 (assumed)
0.0089 (from field measurements)
8.72 (assumed)

8.72 (assumed)
30 (assumed)
60-3000 (set to insure numerical stability)
1000
20.0 (from field measurements)
200.0 (from field mmeasurements)
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Figure Captions

Figure 1. Spatial context and geometry assumed by the model. Selected variables are
also defined.
Figure 2. Empirical relationship between peak discharge ratio (PR) and suspended
sediment concentration scaled by the mean % construction in the watershed raised to a
power of 0.3. Data are illustrated for 5 watershed studied by Yorke and Herb (1978).
Figure 3. Flow duration curve comparing the frequency of discharges for the “Urban
Sprawl with Climate Change” scenario with those of the “Managed Growth/No Climate
Change” scenario. Flow duration curves are truncated at a frequency of 0.95. At lower
frequencies, differences between the curves are indistinguishable.
Figure 4. Duration curves for areal fraction of bed mobility for the two scenarios. The
inset shows box plots for the distributions of areal bed mobility fractions for the two
scenarios.
Figure 5. Time series of the fraction of exposed bedrock for the two scenarios.
Figure 6. Duration curves for volumetric suspended sediment concentration for the two
scenarios. The inset shows box plots for the distributions of sediment concentrations for
the two scenarios.
Figure 7. Time series of the fraction of pores filled with mud for the two scenarios.
Figure 8. Results of sensitivity analyses. Percent differences from the base simulation
are shown for the median and also for the 90th percentile. The sensitivity of 4 dependent
variables to changes in 7 independent variables are assessed. Results are shaded
according to 4 categories of sensitivity.
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