A framework for evaluating regional
hydrologic sensitivity to climate change
using archetypal watershed modeling

ABSTRACT

The current study focuses on the development
of a regional framework to evaluate hydrologic
and sediment sensitivity, at various stages of urban
development, due to predicted future climate
variability. This work is framed around archetypal
watersheds, which are regional representations of
observed physiographic features (i.e., geomorphol-
ogy, land cover patterns, etc.) with a synthetic
basin size and reach network. Each of the three
regional archetypes (urban, vegetated and mixed
urban/vegetated land covers) simulates satisfac-
tory regional hydrologic and sediment behavior
compared to historical observations prior to a climate
sensitivity analysis. Climate scenarios considered
a range of increasing temperatures, as estimated
by the IPCC, and precipitation variability based on
historical observations and expectations. Archetypal
watersheds are modeled using the Environmental
Protection Agency’s Hydrologic Simulation Program-
Fortran model (EPA HSPF) and relative changes to
streamflow and sediment flux are evaluated. Results
indicate that the variability and extent of vegetation
play a key role in watershed sensitivity to predicted
climate change. Temperature increase alone causes a
decrease in annual flow and an increase in sediment
flux within the vegetated archetypal watershed
only, and these effects are partially mitigated by the
presence of impervious surfaces within the urban
and mixed archetypal watersheds. Depending on the
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extent of precipitation variability, urban and moder-
ately urban systems can expect the largest alteration
in flow regimes where high flow events increase in
frequency and magnitude. As a result, enhanced
wash-off of suspended-sediments from available
pervious surfaces is expected.

INTRODUCTION

Numerous reports by the Intergovernmental
Panel on Climate Change (IPPC 1992, 1995, 2001,
and 2007) predict global mean temperatures are
expected to increase from 1.4 to 5.8°C over the
next 100 years. Atmospheric warming will impact
regional rainfall patterns, snow accumulation and
melt, river runoff, soil moisture storage and plant
water availability (McCabe and Wolock 2008, Costa
and Soares 2009, Githui et al. 2009, Hidalgo et al.
2009, Kunkel et al. 2009, Clark 2010, Wang et al.
2010). There is significant motivation to perform
regional studies investigating the effects of climate
change on local water resources, especially in
water-stressed regions (Mote et al. 2005, CCCC
20006, Aragdo et al. 2007, Westerling and Bryant
2008). In the southwestern United States, potential
and observed impacts of climate change have been
summarized by numerous research efforts (Knowles
and Cayan 2002, Kiparsky and Gleick 2003, Miller
et al. 2003, Hayhoe et al. 2004, Kim 2005, Mote
et al. 2005, CAT 2009). Several studies have
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focused on addressing climate change and impacts

to water resources in snow-prevalent regions of
Northern California (Gleick and Chalecki 1999,
Christensen et al. 2004, Hayhoe et al. 2004, Mote

et al. 2005, McCabe and Wolock 2008); however,
few studies have evaluated climate impacts in
southern California; a region with rapidly expanding
metropolitan areas and a projected population growth
of 40% by 2050 (California Department of Finance
2007). The region is also heavily dependent on
imported water to satisfy growing water demands
(LADWP 2010, Pataki ef al. 2011). A range of
regional projects are being developed to promote
local sustainability and promote groundwater infiltra-
tion and reuse. However, potential water resource
losses due to climate change will ultimately strain
and hamper efforts to make the region more locally
sustainable.

The traditional approach for predicting future
large-scale climate response is through the use of
General Circulation Models (GCMs; 10 - 100s km?);
however, these coarse resolution models are incapa-
ble of resolving regional to local-scale processes that
are relevant to societal concerns and local decision
making (e.g., water quality and availability, energy
use, air quality, storm severity, etc.). Efforts to use
GCM output at the local or watershed scale have led
to the development of statistical (using historical
and GCM output) and dynamic (using GCM output
and coupled regional models) downscaling methods.
Although both these approaches have advantages,
the additional effort associated with these methods
may not necessarily result in improved prediction of
the daily time-step or capture localized effects (i.e.,
orography).

A range of simple approaches have been
developed to evaluate potential change in runoff
and sedimentation, including performing sensitivity
analyses on watershed systems and varying param-
eters such as land cover, precipitation, temperature
and evapotranspiration (DeWalle et al. 2000, Pruski
and Nearing 2002, Singer and Dunne 2004, Nearing
et al. 2005, Soboll et al. 2011). This approach does
not require advanced statistical methodologies or
extensive computing. Random variability (wet day
frequency and precipitation amount) is generally
added to the precipitation time-series, whereas an
increase or decrease in temperature range is added
to historical temperature. By altering historical
time-series, the user is able to develop relatively
robust scenarios to evaluate watershed hydrologic

and sediment response due to expected variability in
climate.

The goals of this work are to: a) develop a
user-friendly and efficient framework for regional
hydrologic analysis, b) assess hydrologic and sedi-
ment behavior sensitivity to climate variability within
a quasi-synthetic framework, and c) analyze how
varying levels of urbanization affect the potential
changes to flooding and sediment transport in
southern California. This study addresses these
goals by developing regional quasi-synthetic
watershed archetypes based on observed regional
physiographic features and evaluating the effects of
varying climate on runoff and sediment flux in the
developed archetypes. The study also employs an
operational environmental and water resource model,
the Hydrologic Simulation Program-Fortran (HSPF),
that has been used extensively across southern
California (Ackerman et al. 2005, Bandurraga et al.
2011, He and Hogue 2011, Hevesi et al. 2011). A
range of studies have used synthetic watersheds for
understanding hydrologic behavior (Smith and Eli
1995, Manguerra and Engel 1998, Moradkhani et al.
2005, Goff and Gentry 2006). Alternatively, a quasi-
synthetic approach for regional archetypes was devel-
oped using observed regional physiographic features
(i.e., geomorphology, land cover patterns, etc.) and
synthetic derivation of basin and reach networks.
Each regional archetype simulates representative
short-term (daily) and long-term (annual) hydrologic
and sediment behavior prior to the climate sensitivity
analysis. Our work deviates from traditional methods
because it obtains information beyond a single
watershed-scale analysis and also avoids use of a
macro-scale hydrologic model that requires extensive
input information (i.e., Variable Infiltration Capacity
Macroscale Hydrologic Model). The developed
approach can be readily applied to address similar
objectives in other regions of the United States.

METHODS
Study Region and Data

The selected study area is the southern
California coast, from south of Santa Barbara to the
US-Mexico Border. The region is characterized by
a Mediterranean-type climate with precipitation rang-
ing from 6 to 40 inches and mean annual temperature
ranging from 61 to 65°F (16 to 18°C; Levien et al.
2002). Lower elevation vegetation (below 6000 ft.)
is predominantly chaparral and scrub, while forested
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communities are found at elevations above 6000
feet (Levien et al. 2002). Counties within southern
California also have varying levels of urban and
built-up land ranging from 32 to 91% (California
Department of Conservation, Division of Land
Resource Protection 2011).

Observed physiographic information including
land cover, soil type, drainage area, channel length
and channel slope were gathered for selected coastal
southern California watersheds (Table 1). Land cover
distribution was obtained using the NOAA Coastal
Change Assessment Program (CCAP) data, which
is based on 30-m LANDSAT imagery (NOAA-CSC
2003). The data was originally classified into 39 land
types from CCAP; however, extensive land cover
classifications were unnecessary for the purpose of
this project. Similar classifications (i.e., Chaparral

and Chaparral Park; Sage and Sage Park; etc.) were
combined resulting in 23 land cover types.

The observed distribution of physiographic
properties as well as regional climate patterns (Nezlin
and Stein 2005) were used to subset the study area
into three regions (for three proposed archetypes):
Region I includes Ventura County watersheds with
minimal urbanization vegetated with Scrub/Shrub,
Sage and Chaparral (typical plant-type in southern
California), Region II represents the Los Angeles
region with relatively dense urbanization and little
natural land cover, and Region III spans the San
Diego area which has an observed mix of vegetated
and urban land types (Figure 1). The mean urban
land cover (total of low residential, high residential,
and commercial types) is 7, 58 and 22% within
Regions I, II, and III, respectively. Mean vegetated

Table 1.

Physiographic parameters were obtained for eleven coastal watersheds (*) including drainage area,

channel length, slope, land cover (Percent urban provided) and reach/channel parameters (NOAA-CSC 2003).
Hydrologic (USGS 2011b) and sediment data (USGS 2009) were extracted from available watersheds within the

archetypal regions.

Region Watershed Drainage Area Channel Length Slope PercentUrban USGS Hydrologic Data Sediment Data
(km?) (m) (-} Station ID
Start Date  End Date Start Date End Date
| Arrayo Simi 83 11105850 1/1/55 9/30/83 10/1/68 9/30/78
“Calleguas 642 46175 0.02 15.20 11106550 1/1/69 12/31/05 10/1/68 9/30/78
*Malibu 272 28034 0.01 9.10 11105500 1/1/55 9/30/79 - -
*Santa Clara 1619 106612 0.02 2.40 11138000 10/1/96 12/31/05 10/1/68 9130178
Santa Ynez 2044 11133000 1/1/55 12/31/05 - -
“Topanga 47 10433 0.03 0.70 11164600 - - - -
Ventura 487 11118500 - - 10/1/68 9130471
11414471 630i72
1071472 9/30/73
10/1/74 9/30/81
10/1/85 9/30/86
1] “Ballona 233 14284 0.01 76.00 11103500 1/1/55 9/30/78 - -
Los Angeles--Long Beach 2142 11103000 1/1/55 9/30/92 - -
Los Angeles--Sepulveda Dam 409 11092450 1/1/55 12/31/05 - -
Rio Hondo 238 11101250 3/1/56 12/31/05 - -
*San Gabriel 1656 53621 0.03 39.20 11088000 - - - -
Santa Ana 4403 11078000 - - 10/1/81 9/30/87
Santa Ana/Nr Anaheim 1619 11075600 - - 1071472 Q430477
n Los Coches 3z 11022200 10/1/83 12/31/05 10/1/72 9/30/74
*Pueblo SD 113 11140 0.01 80.40 - - - - -
*San Diego--Fashion 1111 68809 0.01 13.20 11023000 1/1/83 12431105 10/1/83 9/30/84
San Diego--Santee 978 11022500 - - 10/1/69 9/30/78
*San Dieguito 875 56484 0.02 B8.70 11030500 - - 10/1/83 9/30/84
*San Luis Rey 1329 106454 0.02 3.70 11042000 1/1/67 12/31/05
*Santa Margarita 1917 91309 0.02 410 11048000 - - 10/1/68 9/30/71
Santa Maria 149 11028500 1/1/55 12/31/05 10/1/77 9/30/78
Santa Ysabel 290 11025500 1/1/55 12/31/05
Sweetwater 118 11015000 1/1/83 12/31/05
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Figure 1. Percent of total area of aggregated land-cover
distributions for Regions | through lil.

land cover (Shrub/Sage/Chaparral, Forest, Grass and
Agriculture) for Regions I, 11, and III are 90, 39 and
75%, respectively. Distinguished by climate and
land cover differences, the three systems along the
coastline are defined as Vegetated (Region I), Urban
(Region II), and Mixed (Region III).

A time-series of representative climatology was
gathered for each defined region. Based on prior
work in southern California (Nezlin and Stein 2005),
selection of a gauge within each distinct region
provides reasonable estimation of climatology for
each defined study area. Hourly meteorological
observations from proximal airport stations within

Climate (EPA, 2009)

each region were used: Santa Maria (CA007946),
Los Angeles International (CA005114) and San
Diego (CA007740; USEPA 2007). Each time

series contains precipitation, temperature and
related meteorological variables from 1/1/1950 to
12/31/2005 (55 years). Within this time frame there
were substantial inter-annual variability with 16 El
Nifio events and 18 La Nifia events (NOAA-NWS
2010). Historical flow and sediment concentration
data (USGS 2009) were also gathered from area
watersheds (Table 1) for classification of the regional
systems as well as for model evaluation.

Development of Archetypal Watersheds

Each archetypal watershed was developed to
serve as a representative model for that region and
provide reasonable simulations of hydrologic and
suspended sediment loads within the framework.
Observed data sets (climate, physiology, hydrology
and sediment) were used to develop the archetypes
and establish the physical construct (Figure 2). Mean
regional land cover and slope were directly integrated
into developing the archetype; however, the large
variability in channel length, drainage size and reach
network led to the exploration of more synthetic
approaches for these parameters. The drainage area
(259 km?; 100 mi?) and number of reaches (5) were
held constant for each archetype in order to constrain
variability in system response due to size and reach
distribution. A synthetic channel length (distance

Meteorological Data Regional Climate
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{CANOTY6) (Pand T), o (21) Climate
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Figure 2. Methodology for development of regional watershed archetypes. Shaded boxes indicate the usage of
observed meteorological, land cover and hydrologic data (sources listed); non-shaded boxes indicate the usage of

empirical and/or synthetic approaches.
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from watershed outlet to farthest point on the main
channel) was obtained using Hack’s Law (Equation
1), an empirical relationship between the length of
the longest stream (L in miles) and drainage area (A
in square miles; Hack 1957) defined as:

L =14A% Eq. 1

Using the archetypal watershed area of 259 km?
and the corresponding total channel length of 35.8
km, the remaining reach properties were designed
based on evaluation and general knowledge of typical
drainage systems in southern California. Reaches
1 2, 4 and 5 were set at one-third the total channel
length (11.9 km) and reach 3 was set at one-sixth
the total channel length (6 km). Reaches 2, 4 and 5
are considered the main channel and Reaches 1 and
3 are contributing to the stream network (Figure 2).
Contributing drainage area for each reach is set at
one-sixth the total area with the exception of reach 5,
the outlet stream, which is assumed to be one-third
the entire basin. The change in elevation for each
reach is a function of the reach length and the overall
slope of the channel based on slope measurements
within each respective region (Table 1). Manning’s
roughness coefficient for overland flow (NSUR)
for pervious and impervious surfaces was 0.2 and
0.1, respectively, for all watersheds. These surface
coefficients have also been used in the HSPF
model for southern California (He and Hogue 2011,
Ackerman et al. 2005). The Manning’s n channel
coefficient for each region was determined based on
the predetermined land cover classification. Region
I’s channels are assumed primarily natural (n = 0.04),
Region II channels are cement (z = 0.01) and Region
III Manning’s n is a mixture of cement and natural
reaches (n = 0.025). Model sensitivity for Manning’s
n was primarily noted with the channel coefficient.

Archetypal Model Assumptions

The vegetated archetypal watershed (Region I)
represents areas with a higher percentage of pervi-
ous land cover, which generally promotes surface
infiltration and reduces streamflow. Sediment yield
is expected to be higher in the vegetated archetypal
system because increasing urbanization has been
shown to decrease erosion locally (Trimble 1997).
The urban archetypal watershed (Region II) should
exhibit more intense, high flow output and low
sediment flux, characteristic of urban watersheds
with cement-lined channel systems. Streambed

erosion from the remaining natural channels can be
accelerated in urban systems if the frequency and
magnitude of peak discharge increases due to runoff
from impervious surfaces (Trimble 1997). Region
III’s archetypal watershed is considered an area that
is increasing in urbanization and may experience
sediment and flow patterns that reside between

the vegetated and fully urbanized systems; lower
flow patterns than the urban archetype and lower
sediment loads than the vegetated system. No dams
or upstream obstructions were integrated into the
archetypal models in this initial work. Changes to
land cover are not explored within this study because
the archetypal systems are designed to represent the
current range of urbanization patterns in southern
California.

Model Description

The Hydrologic Simulation Program-Fortran
(HSPF) simulates watershed hydrology and move-
ment of contaminants including fate and transport
of sediment, pesticides, nutrients and other water
quality parameters in stream systems (Bicknell ef al.
2000). The HSPF model was selected because it has
been used in previous studies conducted in southern
California counties: Ventura (Bandurraga et al. 2011),
San Bernardino (Hevesi et al. 2011) and Los Angeles
(Ackerman et al. 2005, He and Hogue 2011) and is
used by the Environmental Protection Agency for
watershed investigations.

Precipitation, temperature and estimations of
potential evaporation are required inputs for HSPF.
Three modules are needed for simulation of water-
shed hydrology: PERLND, IMPLND and RCHRES.
The PERLND (pervious surfaces) and IMPLND
(impervious surfaces) modules require land cover
classification and several geo-physical characteristics
and RCHRES (streams) requires physical dimensions
(length, slope, roughness coefficient, channel shape,
etc.) and the stream network to estimate discharge
(Bicknell et al. 2000, Singh et al. 2005). Use of
HSPF requires division of the watershed into land
segments (based on land cover) and river reaches.
Partitioning of surface runoft/infiltration is governed
by Philips Equation (Philips 1957). Runoff then
moves laterally to down-slope segments or to a river
reach or reservoir. Other simulated processes include
interception, percolation, interflow, and groundwater
movement. The HSPF applies Manning’s Equation
for routing overland flow and kinematic wave for
channel routing.
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Sediment simulation is performed using three
modules: SEDMNT (pervious surfaces), SOLIDS
(impervious surfaces) and SEDTRN (stream
transport). Sediment from pervious land cover
detaches the soil surface and enters the stream result
via overland flow (Bicknell 2000). Solids from
impervious surfaces wash-off due to a precipitation
event; the load is primarily driven by the rate of
accumulation of solid materials (Bicknell 2000).
Stream sediments are initialized by specifying clay,
silt, sand fractions and result from processes such
as deposition, scour and transport (Bicknell 2000).
Summation of sediments from all three modules
results in the total sediment load.

Modeling was undertaken for all archetypal
watersheds using the following data sets: Historical
observations (1955 - 2005) and 21 Climate Scenarios
(50-year period, described below). A five-year spin-
up period (not used in final analysis) was included
in all model simulations. The model was run at an
hourly time-step using the meteorological data from
the three proximal airport stations for each region.

Parameter Selection

PERLND and IMPLND hydrology parameter
values were initialized using previous work con-
ducted on southern California watersheds with
HSPF (Ackerman et al. 2005, He and Hogue 2011).
Hydrology parameters were established first, prior to
sediment calibration, by comparing simulated flow
to observations from watersheds within the three
study regions. The list of watersheds and hydrologic
data gathered from the United States Geological
Survey (USGS 2011) are provided in Table 1. Daily
observations were used to assure model behavior was
within regional expectations; however, parameter
selection was based on each archetypal system’s
ability to estimate mean monthly and annual flow
behavior (over the same data period). Model perfor-
mance was assessed using Root Mean Squared Error
(RMSE), Nash-Sutcliffe Efficiency (NSE), Percent
Bias (BIAS) and Pearson’s Correlation Coefficient
(R?; Equations 2 through 5).

RZ

n
1
RMSE = ;Z(stm,r - ans,r)z Eq' 2
=1
0/ RIAS = E?=1{’Qsims.r_‘?obs.r) * 100
0 - E?:‘I[QOBS‘.I} Eq' 3
E?:l(@simst - Qobs t)z)
NSE=1-— - =
( E?::l(Qohs.t - ans)z Eq. 4

For each of the above formulations: Q , is the
simulated flow, Q , is the observed flow,Q , is the
overall mean observed flow, n is the total number of
observations, and t is the time-step used for statistical
comparison. Annual comparisons were also made
using long-term runoff ratios from observed and
archetypal watersheds.

Observed suspended-sediment and flow data
(Table 1) were compared to archetypal simulations
using log (concentration)-log (discharge) rating
curves. Rating curves were fit using a 2" order
linear regression and 95% confidence intervals
from the archetypal rating curve were compared to
observations. Sediment parameters were obtained
using calibration steps suggested by Bicknell (2000)
and Donigian and Love (2003). Rating curves were
used to compare long-term sediment simulations
instead of performing analysis on a storm-by-storm
basis. An initial shortcoming in calibrating sediment
was availability of long-term observations. In order
to be confident in the long-term simulations of mean
annual sediment flux (ton/yr), simulations were also
compared to observations provided by Inman and
Jenkins (1999) for the 1969-1995 data period.

Final parameter values for hydrologic and
sediment simulations are summarized in Tables 2 and
3. The vegetated archetypal watershed (Region I) in
our study required the separation of the coefficient
(KRER) and exponent (JRER) of the soil detachment
equation, in order to obtain reasonable sediment
estimates based on observed results. The change
in these parameter values was applied to Chaparral

ﬂz?ﬂ Qsims,t@obs,t - (E?zl Qs:'ms.t) (E?zl Qobs.t)

J(n—l)( 0 Q%) — (B0 osim.a)z\](n—n( T Q2ee) — (Eey Qopsi )2

Eq.5
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Table 2. Final model parameters used for discharge simulations in archetypal watersheds.

Type Label Parameter Units Region | Region I Region 11l
(Veg) {Urban) {Mix)

Pervicus
AGEWTP Fraction of Remaining E-T From Active Ground Water Storage - 0.00 0.00 0.00
AGWRC Basic Greund Water Recession Rate 1/d 0.89 0.88 0.98
BASETP Fraction of Remaining E-T From Base Flow - 0.04 0.00 0.08
CEPSC Interception Storage Capacity cm 0.25 0.25 0.25
DEEPFR Fraction of Ground Water to Deep Aquifer - 0.20 0.10 0.50
FOREST Forest Fraction - 0.1 0.10 0.07
INFEXP Infiltration Equation Exponent - 2.00 2.00 200
INFILD Ratio Between the Maximum and Mean Infiltraiion Capacities - 2.00 2.00 200
INFILT Infiltration Capacity cm/hr 0.64 0.33 0.51
INTFW Interflow Inflow - 2.00 0.70 113
[RC Interflow Recession 1d 0.50 0.50 0.50
KVARY Ground Water Recession Flow Coeflicient 1icm 1.97 0.39 1.18
LSUR Overland Flow Length m 91.00 91.00 91.00
LZETP Lower Zone E-T Parameter - 0.70 0.10 0.50
LZSN Lower Zone Nominal Storage cm 40.64 35.56 38.10
NSUR Marning's n for Overland Flow - 0.20 0.20 0.20
PETMAX Temperature Maximum for Evapotranspiration (E-T) °F 40.0¢ 40.00 40.00
PETMIN Temperature That E-T is Zero °F 35.00 35.00 35.00
SLSUR Overland Flow Slope -- 0.02 0.02 .02
UZSN Upper Zone Nominal Starage cm 3.66 2.87 3.34

Impervious
LSUR Overland Flow Length m 91.00 91.00 91.00
NSUR Manning's n for Overland Flow - 0.01 0.01 .01
PETMAX Temperature Maximum for E-T °F 40.00 40,00 40.00
PETMIN Temperature That E-T is Zero °F 35.00 35.00 35.00
RETSC Retention Storage Capacity of the Surface cm 015 0.17 0.15
SLSUR Slope -- 0.02 0.02 0.02

and Sage land covers, the two dominant natural land
cover types in Region I.

Development of Climate Scenarios

To evaluate each archetypal watershed’s sensitiv-
ity to climate variability, historical precipitation and
temperature time series were perturbed to serve as in-
put to the HSPF model within each region. Changes
to temperature were based on regression analysis
using long-term observations (1% order regression)
and potential increases in temperature (IPCC 2007).
The precipitation scenarios involved altering the
frequency and duration by adding variability to
the observed hourly time-series. The combination
of temperature and precipitation scenarios led to
the development of 21 climate ensembles (Table
4). The developed scenarios were then run through
HSPF for each archetypal watershed to evaluate the
impact of precipitation variability and temperature
increase (details of the developed climate scenarios

are outlined below). Modeling simulations were
generated at the hourly time-step to evaluate changes
to peak storm discharge, storm volume and storm
sediment recurrence interval.

First-Order Temperature Regression

A first-order regression analysis was performed
using the historical (WY 1955-2005) minimum and
maximum temperature observations from the three
proximal airport locations. Using the regression
coefficients, integral increases in minimum and
maximum temperature were applied over the 50-year
data period. Final (average) increases in temperature
were 1.69, 1.37 and 1.13°C in Regions I, II, and III,
respectively, for the 50-year period.

Temperature Increase Based on IPCC
Estimations

The IPCC AR4 Synthesis Report (2007) esti-
mates an increase of 1.4 to 5.8°C by 2100 depending
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Table 3. Final model parameters used for sediment simulations in archetypal watersheds.

Type Label Parameter Units Region | Region Il Region 11l
{Veg) {Urban) (Mix)
SEDMNT
SMPF Management Practice (P) Factor from USLE -- 0.80 0.00 0.70
KRER Coefficient in the Soil Detachment Equation complex 0.70 0.10 0.50
KRER Coefficient in the Soil Detachment Equation 0.60
KRER Coefficient in the Soil Detachment Equation 0.60
JRER Exponent in the Soil Detachment Equation - 1.00 1.00 1.00
JRER Exponent in the Soil Detachment Equation 1.20
JRER Exponent in the Soil Detachment Equation 1.20
AFFIX Daily Reduction in Detached Sediment 1/d 0.03 0.03 0.03
COVER Fraction Land Surface Protected from Rainfall - 0.88 0.88 0.88
NVSI Atmospheric Additions to Sediment Storage kgiac-day 0.00 0.00 0.00
KSER Coefficient in the Sediment Wash-Off Equation complex 8.00 0.50 2.00
JSER Exponent in the Sediment Wash-Off Equation - 0.53 2.00 0.45
KGER Coefficient in the Soil Matrix Scour Equation complex 1.00 0.01 0.80
JGER Exponent in Soil Matrix Scour Equation - 2.00 1.00 1.50
SOLIDS
KEIM Coefficient in the Solids Wash-Off Equation complex 0.30 0.02 0.60
JEIM Exponent in the Solids Wash-Off Equation - 1.50 1.00 2.00
ACCSDP  Solids Accumulation Rate on the Land Surface kg/ac-day 0.23 0.45 0.45
REMSDP  Fraction of solids removed per day 1/d 0.03 0.03 0.03

*NVSl is the rate sediment enters the detached sediment storage from the atmosphere. A negative value simulates sediment removal {i.e. via wind or human}.

on emission scenario and global location. Since the
simulation length spans half of the IPCC (100 years)
period, temperature increase scenarios were based

on the assumption that temperature increases would
range from 0.5 to 3°C in the study area. Incremental
increases of 0.5, 1, 2 and 3°C to were applied to
minimum and maximum temperatures time-series for
each region.

Precipitation Variability

Linear regression of historical precipitation data
indicated a slight increase in precipitation, but the
observed trends were not significant (ANOVA; p =
0.05). However, various studies note that an increase
in variability of annual precipitation may be expected
as a result of climate change (Rind et al. 1989, Meehl
et al. 2000, DWR 2006). Consequently, random,
normally distributed variability was added to storm
periods within the historical precipitation records.
The randomization to the historical series altered pre-
cipitation duration and storm intensity. Archetypal
watersheds experienced a 5, 10, 25 and 50% increase
in the variability (normal distribution) of precipita-
tion. The derived precipitation scenarios were

combined with the temperature scenarios described
above to produce climate ensembles with various
combinations of increasing temperatures (IPCC) and
increasing precipitation uncertainty (variability; Table
4). The 10, 25, 50, 75 and 90% probability peak flow
values were only identified for scenarios involving
precipitation variability; and these were evaluated at
2-, 35- and 50-year recurrence intervals.

Results

Regional Precipitation and Temperature
Trends

Using the selected airport gauges, long-term
precipitation and temperature trends were examined
for each region from 1950 to 2005. Region II (urban-
ized) experienced higher precipitation variability
(208.4 cm?) than Region I (177.9 cm?) and Region
IIT (108.0 cm?). Mean annual precipitation for this
data period is 33.3, 31.8 and 25.1 cm, respectively by
region. The mean annual temperature in the highly
vegetated region, Region I, was relatively lower
(56.8°C) compared to the urban Region II (62.7°C)
and mixed III (63.6°C). Temperature trends in all
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Table 4. Description of climate scenarios evaluated.

Temperature Increase {°C)

Precipitation Increase (%)

Scenarios (#)

V] 5 10 25 50

0.5 X X X X X 5
1 X X X X X 5
2 X X X X X 5
3 X X X X X 5
1st order Regression X 1
Total 21
*Trend increase for Regions | - Il is 1.69, 1.37 and 1.13°C, respectively

three regions were noted to be significant (p <0.5),
while precipitation trends were not.

Archetypal Evaluation: Baseline Period
Runoff

Hydrologic data from five watersheds were
extracted from Region I and evaluated against
simulated flow from the archetypal watershed
(Table 5). Simulations from the Region I archetype
provided fair representation of regional watershed
behavior. Average statistics (RMSE =4.35 cm, NSE
=0.62; R?=0.79) indicate the model reasonably
simulates mean monthly flow behavior, with best
performance observed for the smallest watershed
system (Arroyo Simi). Overall accuracy is slightly
reduced during peak flow months (January - March)
when compared to most of the region’s watersheds.
Attempts to increase peak discharge behavior for the
winter months resulted in consistently higher flows
throughout the year and somewhat reduced accuracy
in simulating low flow behavior. This also reduced
sediment concentrations to below observed ranges.
Hence derivation of our final parameters values
involved giving appropriate weight to low-flow
accuracy while maintaining adequate peak discharge
simulation. For Region II, the mean monthly trends
(Figure 3b) closely match overall observations in the
region with relatively high NSE (0.82) and R? (0.95).
There is slight over-simulation during the winter
and spring seasons for some watersheds (% BIAS =
8.74), but simulations are generally within the range
of the long-term observations. Overall statistics
and visual inspection indicate model simulations
for Region III capture low flow regimes better than
in Region I and II (RMSE =2.32 cm) and overall
simulations generally reside within the range of

flow observations (Table 5). There is a slight under-
simulation of peak behavior (%BIAS = -4.29), but
there is still a strong correlation to observations (R?
= 0.94) and reasonable overall model performance
(NSE =0.78).

Emphasis was placed on capturing annual long-
term observations, in addition to monthly streamflow
trends. Runoff ratios (annual runoff depth/annual
precipitation depth) were calculated for the arche-
typal watersheds and compared to regional values
(Table 5). The runoff ratio provides an estimate
of the amount of precipitation leaving a system as
surface flow and how much is lost to other processes
(i.e., evaporation/evapotranspiration, infiltration,
etc.). Region I’s archetype model (vegetated)
simulates a relatively low average runoff ratio, 0.11,
which is within the observed range for Region I and
just above the mean runofft ratio (0.12). The Malibu
and Santa Ynez watersheds have higher runoff ratios
during years where observed annual precipitation
exceeds the mean (approximately 40 cm; Figure
3d). A potential reason for this behavior may be the
amount of urbanization in these watersheds which
slightly exceeds the archetype, promoting higher
runoff behavior.

The runoff ratio for Region II’s archetypal model
is 0.53 due to the higher impervious land cover. The
simulated value closely matches the mean observed
ratio for the region (0.58). The archetypal model
over-simulates in comparison to the Los Angeles sites
(Long Beach and Sepulveda Dam; Table 5 and Figure
3e), especially for events less than the mean annual
precipitation (40 cm). However, our simulation
does capture the long-term runoff trends of the Rio
Hondo and Ballona watersheds, which are physically
more similar to our Region II archetype in area (236
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Table 5. Hydrologic statistics comparing mean monthly flow depth of observations and archetypal outputs for
the same observed period. Runoff ratios are calculated using total annual precipitation and flow depth for each

watershed.
Start Date Stop Date RMSE NSE % BIAS R? Runoff Ratio
Region 1
Arroyo Simi 1/1/55 9/30/83 2.82 0.80 -13.75 0.90 oM
Calleguas 1/1/68 12/31/05 4.03 0.85 -32.33 0.72 0.09
Malibu 1/1/55 9/30/79 7.55 0.25 -60.76 0.67 0.26
Santa Clara 10/1/96 12/31/05 3.27 0.69 -25.41 0.73 0.06
Santa Ynez 1/1/55 12/31/05 4.06 0.69 -36.02 0.93 0.10
Average 4.35 0.62 -33.66 .79 0.12
Region 1l
Ballona 141155 9/30/78 2.28 0.97 -13.14 0.98 0.62
Los Angeles-Long Beach 1/1/55 9/30/92 6.34 085 38.66 0.91 0.51
Los Angeles-Sepulveda Dam 1/1/55 12131105 4.86 0.75 17.23 0.98 0.54
Rio Hondo 3/1/56 12/31/05 4.88 0.80 -8.77 0.90 0.64
Average 4.59 0.82 8.74 0.94 0.58
Region lll
Los Coches 10/1/83 12131105 1.82 0.85 -27.70 0.93 0.23
San Luis Rey 1/1/83 12/31/05 1.94 0.62 34.25 0.92 0.10
Santa Maria 111167 12/31/05 1.06 0.0 6.62 0.96 0.14
Santa Ysabel 111155 12/31/05 3.35 0.79 -22.56 0.90 0.09
San Diego (Fashion) 1/1/55 12/31/65 0.72 0.87 5.86 0.97 oM
Sweetwater 141133 12/31/05 4.53 0.62 -45.63 0.95 0.20
Average 232 078 -4.29 0.94 0.13

and 233 km?, respectively) and urban development
(approximately 90%; Ackerman et al. 2005, RMC
2011).

Finally, the runoff ratio from the Region III ar-
chetype is 0.17, slightly higher than the mean (0.13),
but within the observed range from the region’s
watersheds (Table 5). The long-term rainfall-runoff
observations for watersheds within Region III (Figure
3f) generally follow the fit-line from the archetypal
watershed for dry, normal and wet years. Sweetwater
River watershed experiences higher runoff ratios
during wetter years than the model archetype. This
is likely due to a much higher urbanization extent
(85%) than the archetypal system (22%) or flow
alterations due to two dams within the lower portion
of the watershed (Inman and Jenkins 1999).

Archetypal Evaluation: Baseline Period
Sediments

The 2™ order rating curves generated from obser-
vations within each respective region reside within
the 95% confidence intervals from the archetypal

watersheds (Figure 4). The rating curve from Region
III’s archetypal system closely matches the observa-
tions; however, sediment comparisons for this region
should be interpreted cautiously given there is limited
availability of sediment data. Santa Margarita (1978
WY), San Dieguito (1984 WY) and San Diego-
Fashion (1984 WY) streams had only 365 days of
available sediment data. Long-term sediment loads
from each system were also compared to literature
values and found to be reasonable comparisons.

The mean annual sediment fluxes for the arche-
typal watersheds for the 50-year simulation period for
Regions I, TI, and I1T are 2.83 x 10°, 3.66 x 10°, and
6.13 x 10° ton/year, respectively. Sediment observa-
tions were unavailable for the entire simulation
period, but simulations from each archetype were
compared to values produced by Inman and Jenkins
(1999; Table 6). Mean annual sediment flux from
Region I’s archetypal watershed is higher than the
regional average but does reside within the range of
observations. Similarly, the urban archetypal water-
shed (Region II) provides a reasonable comparison to
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sediment observations. This system behaves like an
urbanized system with lower annual sediment fluxes
in comparison to the other two archetypal systems.
Region III’s sediment flux falls within observations,
but is higher than the average of the observations.
As previously mentioned the lower portion of the
Sweetwater River watershed is governed by two
dams; likely affecting both the hydrologic and sedi-
ment flux in the system. Final parameters derived
through these regional comparisons (Tables 2 and 3)
were then used in each archetypal model to evaluate
climate sensitivity as described below.

Runoff Evaluation: Temperature Increase

Percent deviation in flow (change from
observations to simulations) was evaluated during
the baseline period to highlight archetypal system
sensitivity to increasing temperatures. An increase
in temperatures lowered overall simulated discharge
in all three systems (Figure 5), but the vegetated and
mixed vegetated systems exhibit more sensitivity
to changes in temperature than the urban archetype.
In all systems, the largest loss occurs during the
driest months (June - August). Temperature increase
alone has minimal effect on peak discharge for all
systems. Only the vegetated system experienced
very minor (0 - 7%) reductions in peak discharge for
low flow events (recurrence interval <20 years) and
no changes to extreme storm events

Flow loss due to 0.5 and 3°C temperature
increases was estimated by comparing cumulative
flow depths for the 50-year period. Cumulative flow
depths for the three archetypal systems are 199, 885,
226 cm, for Regions I, I1, and III, respectively. The
cumulative flow losses over the 50-year period due
to a 0.5°C temperature increase are 1.5, 0.9, 0.3 cm
for Region I, I, and I1I’s archetypes, respectively.
Cumulative flow losses due to a 3°C increase are 8.4,
5.1, 1.9 cm, respectively. Compared to total flow for
the baseline period, the cumulate flow losses due to a
temperature increase are not significant.

Runoff Evaluation: Temperature Increase and
Precipitation Variability

As expected, flow simulations resulting from
the combined inputs of precipitation variability and
increasing temperature exhibit greater sensitivity than
simulations with temperature alone. The addition of
precipitation variability causes fluctuations in mean
monthly flow during the winter and spring periods
and temperature increase impacts summer flows.

Table 6. Historical comparison of mean annual sediment
flux (108 ton/yr) for observed and archetypal watersheds
for the 1969-1995 data period. Mean annual sediment
flux values were obtained from Inman and Jenkins
(1999).

River 1969-1995*
Mean Annual Suspended
Sediment Flux
{10° tonlyr)

Calleguas 0.98
Malibu 1.14
Santa Clara- Montalvo, CA** 6.61
Santa Ynez 3.49
Ventura 0.83
Average 2.61

RI (Veg) Archetype 3.16
Ballona 0.02
Los Angeles-Long Beach 0.40
Santa Ana 0.93
Average 0.45

Ril (Urban) Archetype 0.38
San Diego-Santee 0.02
San Luis Rey 0.88
Santa Margarita 0.18
Sweetwater 0.01
Average 0.27

Rill (Mix) Archetype 0.77

*Taken from lnman and Jenking (1999)
**Different Santa Clara gauge lecation—Station ID 11114000

Precipitation variability is also the primary variable
driving the changes to peak discharge and total
annual storm volume. Changes in peak discharge
and annual storm volume for two return periods that
coincide with low flow (2-year recurrence interval)
and high flow (35-year recurrence interval) points
were evaluated within the 50-year period (Figure 6).
The upper and lower limits of the shaded region
primarily correspond to results from the extreme
low (5%) and high (50%) changes to precipitation
variability.

Peak discharge for the vegetated archetype
showed less sensitivity to precipitation variability
than the urban and mixed systems for the 2-year
recurrence interval. The vegetated archetype
experienced a -5 to 17% deviation (from 22 cms) in
peak discharge (Figure 6). The deviation ranges for
peak discharge were -8 to 32% (from 590 cms) for
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Figure 5. Percent change in total annual flow and mean monthly flow from baseline simulations for the 50-year
increasing temperature scenarios only. The bottom bar graphs are the total annual precipitation and mean monthly
precipitation used for each region. These temperature increase scenarios had no change in baseline precipitation.

Region II, and -5 to 25% (from 121 cms) for Region
III. These changes in low flow behavior, especially
the increase in peak flow, cause a slight shift in the
recurrence intervals. Deviation ranges for Region [ —
III’s archetypal watersheds for the 35-year recurrence
interval ranged from 4 to 92% (from 46 cms), 5 to
104% (from 1817 cms) and 6 to 120% (from 280
cms), respectively. The deviations are significant in
all systems. The lower end of the deviations in the
35-year recurrence interval flows are due to only a
5% precipitation variability and 3°C temperature
increase. The maximum peak discharge deviation
(due to 50% variability and 0.5°C temperature
increase) from all systems results in peak values
outside the baseline range.

The 10, 25, 50, 75 and 90% probability peak flow
values in each archetypal system were identified, then
evaluated for each precipitation variability scenario
at 2-, 5- and 35-year recurrence intervals. In the
vegetated system, high frequency storms appear
more sensitive to 5 and 10% precipitation variability;
further increase in precipitation uncertainty has little

effect on peak discharge. The low frequency storms
in the vegetated system show little deviation in peak
discharge due to varying precipitation. The urban-
ized and mixed systems are predominately governed
by precipitation variability with no change due to
temperature increase alone. Peak discharge distribu-
tion in the urban system widens for low frequency
storm events, but for high frequency storms there are
only minor changes. The mixed system experiences
changes to peak discharge during both the low and
high frequency storms.

Changes in storm volume response are enhanced
in systems with more vegetated land cover. System
deviations in total annual storm volume for the
2-year recurrence interval are -7 to 6% (from 2 x 10"
L), -5t0 3% (from 1 x 10" L) and -5 to 11% (from
3 x 10" L), for Regions I, II and III, respectively
(Figure 6). The absolute quantity in storm volume
from the vegetated system is less than the urban
and mixed systems; however, the percent deviation
from baseline is much larger. Evaluating the 35-year
recurrence interval, the least extreme climate scenario
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Figure 6. Recurrence interval of peak discharge and total storm volume due to precipitation variability and
temperature increase. Left axis corresponds to the range in percent deviation (shaded area) in peak discharge
(Qpk) and storm volume due to precipitation variability and temperature increase. Right axis corresponds to the
baseline simulation of storm peak discharge and total storm volume (dotted line).

(5%, 0.5°C) caused virtually no change to annual
storm volume in all systems. The deviation ranges
for Region I, IT and IIT are 0 to 23% (from 1 x 10'#), 0
to 16% (from 4 x 10'*) and -1 to 32% from (1 x 10'%),
respectively.

Sediment Evaluation: Temperature Increase

Given the observed sensitivity of low flow
regimes in the streamflow analysis, sediment evalua-
tion was focused on daily concentrations and annual
storm sediments during low flow periods. Low flows
were classified as those with 90% probability of
exceedance using the Weibull probability distribution
for each archetype (not shown). As previously dis-
cussed, temperature increases are expected to cause
a reduction in daily flow during dry periods. This
results in an increase in daily suspended sediment
concentrations. With projected temperature increases
of 0.5 and 3°C, the maximum increases in suspended
sediment are 112 to 600%, respectively, within the
vegetated system and 59 to 283% within the mixed
archetypal watershed, respectively (Figure 7 a - ¢).

The maximum increase in suspended sediment due to
0.5 and 3°C temperature increases within the urban
system was 17 and 38%, respectively.

Annual storm sediments within the urban
archetypal watershed exhibit minor changes with
temperature increases (Figure 7 d - f). The 2-year
recurrence interval is altered only -0.3 to 0.2% (from
9.6 x 10° tons) within the urban archetype. The
ranges of deviation for the 2-year recurrence interval
are -3 to -0.6% (from 6 x 10'° tons) and -1.5 to -0.2%
(from 1.4 x 10" tons), for the vegetated and mixed
archetypal watersheds, respectively. It is suspected
that the alterations in flow volumes were not signifi-
cant enough to alter the annual suspended-sediment
concentrations in any of the modeled archetypal
watersheds.

Sediment Evaluation: Temperature Increase
and Precipitation Variability

Cumulative distribution functions of annual
sediment flux (load per unit time) were examined due
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and recurrence interval of annual storm sediments due temperature increase during low flow (d - f). Low flow

corresponds to 90% probability of exceedance.

to climate variability; extreme (10, 90% probability)
and average (50% probability) sediment flux from
each region were compared. The urban system expe-
rienced marginal sensitivity to the climate scenarios
during years characterized by low sediment flux at
10% probability of occurrence. The vegetated and
mixed systems, however, show changes in sediment
flux from -5 to 8% and -15 to 46%, respectively. The
mixed system exhibits a wider deviation because

the impervious land cover enhances runoff whereas
the pervious land cover provides a sediment source.
When temperature and precipitation changes are
combined, both surfaces likely show an increase in
sediment flux. For an average year, the mixed system
again has a wider distribution than the vegetated

and urban archetypes. A relative increase in sedi-
ment flux of 13, 4 and 34% was noted for regions

I, II and II1, respectively. The years characterized

by high sediment flux (90% probability) caused a

larger increase in the urban system by 39%, than the
vegetated (2%) and mixed (8%) archetypes.

Finally, long-term changes to annual storm
sediment loads (tons) due to temperature increase and
precipitation variability were evaluated (Figure 8).
The deviation range for the 2-year recurrence interval
for Regions I, IT and TIT is -8 to 13% (from 6 x 10'?),
-5 10 11% (from 10'°) and -7 to 33% (from 1.4 x
10'%), respectively. Storm sediments from the veg-
etated and mixed systems are impacted more than the
urban system during low flow periods. As previously
discussed, the urban system experienced increased
sensitivity to peak discharge due to temperature
increase and precipitation variability during extreme
storm events. Increased wash-off of sediments from
the surface is caused by enhanced peak discharge.
Annual storm sediment deviations from the 35-year
recurrence interval are 1.3 to 80% (from 5 x 10"), 1
to 192% (from 6.4 x 10'°) and 1 to 116% (from 10'"),
respectively, for Regions I, Il and III.
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DiscussioN

The current study utilizes a novel framework
based on regional archetypal watersheds to elucidate
and quantify potential impacts from climate vari-
ability on runoff and sediment fluxes in southern
California. Regional archetypal watersheds were
developed that closely matched observed hydrologic
and sediment behavior. Vegetation and urbanization
extent heavily influenced sensitivity in future flow
and sediment fluxes, as reflected by the three arche-
typal systems.

Temperature increase only will primarily affect
the more vegetated watersheds within southern
California, especially during the low flow season.
Minimal change was noted for storm volume and
peak discharge. The loss in flow is likely due to
increased evapotranspiration rates from soil and
vegetated surfaces, reducing channel flow in the
spring and summertime. During low flow periods
(90% probability of exceedance) there is a significant
increase in daily sediment concentration in the
vegetated and mixed vegetated-urban systems.
Sediment inundation due to temperature increase
has been noted in previous studies within the Sierra
Nevada Mountains (Hayhoe et al. 2004, Mote et
al. 2005), the Colorado River Basin (Gleick and
Chalecki 1999, Christensen et al. 2004, McCabe
and Wolock 2008) and the State Water Project and
Central Valley (Vicuna ef al. 2007). An increase
in suspended-sediment concentration is expected
to have significant implications for downstream
ecosystems. Wetlands, lagoons and estuaries are

reliant on upstream inflow and sediment fluxes.
Seasonal alterations to temperature affect inlet flow
and sediment and contaminant concentrations, which
are important driving factors influencing wetland
removal of contaminants (Kadlec and Reddy 2001).

Combined precipitation variability as well
as temperature increase affects all archetypal
watershed’s peak storm discharge and annual flow
volumes. Urbanization extent plays an important
role in the sensitivity of the system. The highly
urbanized systems are expected to experience an
enhancement in peak storm discharge primarily due
to precipitation variability. This will cause a shift
in recurrence intervals, where the urban system
will experience previously categorized high flow
events at a lower recurrence interval (i.e., a 17-year
storm may occur at a 10-year interval due to 50%
precipitation variability and 0.5°C temperature
in Region II) and infrequent storm events with a
higher recurrence interval will be more extreme. In
response, it is anticipated that an increase in storm
sediments due to enhanced scour and wash-off
from pockets of pervious surfaces within an urban
environment. Urban expansion is known to have
an effect on urban runoff that carries sediment and
other hazardous materials such as trash, motor oil,
fertilizers, animal waste, etc. (Trimble 1997, ASCE
2006, Warrick and Rubin 2007). This was evident
in Region III’s mixed archetypal watershed. The
vegetation and urban extent with the mixed arche-
type caused a dual affect: the impervious/urban land
cover increased peak discharge and storm volume
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and the pervious/vegetated land cover provided a
sediment source increasing sediment concentrations.

Our work corroborates previous studies, and in
addition, provides relative quantification of change
that will result from a range of climate scenarios
developed within each region. Given extreme
precipitation patterns, the lack of infiltration capacity
in highly developed and mixed developed systems
may potentially exacerbate flooding hazards and
stress the region’s aging infrastructure. The City
of Los Angeles Infrastructure Report Card states
the storm water facilities, including open channels,
corrugated metal pipes, vitrified clay pipes and other
devices, are currently at a grade C+ (A being the best
and F being the worst; Troyan 2003). Approximately
48% of the system was built 20 to 50 years ago and
assumed to have minimal defects, and 41% was built
50 to 80 years ago and assumed to have moderate
structural defects (Troyan 2003). In 2003, the City’s
storm water system was also noted as deficient in
capacity because it could not handle flows gener-
ated by a 10-year storm (Troyan 2003). Given the
findings from this project, climate variability may
significantly challenge the capacity of the storm
water infrastructure in the City.

Future work should include investigating
potential environment effects on downstream
estuaries due to changing hydrologic and sediment
fluxes. Additional work is likely needed to assess
the impacts of climate change on nutrient and metal
transport from coastal watersheds to downstream
aquatic ecosystems. Future analysis will also focus
on changes in extent and distribution of aquatic eco-
systems due to changes in terrestrial (flow, sediment,
contaminants) as well as oceanic forcing (salt-water
intrusion).
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