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Abstract: Over a century of rapid urbanization and
industrialization in New Jersey brought visible
impacts on the watershed. Consequently, it puts eve
increasing stress on the resource and environmental
capacities of the region. This research focusearon
urban industrial coastal area in New Jersey (Water
Management Areas 4, 5, 6 and 7), USA, an ecology
heavily impacted by human activities. The objeztiv
of this research is to investigate the dynamic
interactions between natural environment and human
society and to model long-term trends in
environmental impact and sustainable development.
The data include 21 environmental, social and
economic indicators for five counties (Bergen, ksse
Hudson, Morris, and Passaic Counties) collected for
years betweenl1980and 2010 (Some indicators have
data only from 1990 to 2010). The data show that
within the study area, population has increasedrby
annual average of 6.4% with a range from -7.9% to
20.7% over 30 years , and per capital GDP increased
from $11,836 to $53,362 , while unemployment rates
fluctuated from 4.4% to 10% over 20 years . The
environmental investment increased steadily from
$143 million to $247 million from 1990 to 2010. To
project the future of environmental sustainabiliay,
system dynamic model was established based on the
21 indicators. Results suggest that populatior wil
remain stable, reaching 3.35 million in 2025 fror@ 3
million in 2010, and per capita GDP will reach
$71,990 with an annual growth rate of 1.7%. A
continued increase of environmental investment is

also predicted, as per capita GDP growth is fotecas
to be reasonably strong. The average value of the P
hazard quotient, which is a pollution indicator, is

projected to drop from 5.0 in 1999 to 2.46 in 2025.

However, this value will remain within the moderate

hazard range. The research indicates that
environmental pollution in this urbanized area will

remain as a consequence of historical urbanization
and industrialization. The system dynamic model
suggests that we will be walking a finely-balanced
line in Northern New Jersey as the environment
continues to suffer from the consequences of long
term industrialization and urbanization at the same
time that climate change may present new challenges
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INTRODUCTION

rbanization and associated land use change
have had profound environmental impacts at

local, regional and global scales, especially in
coastal areas. Better identifying and quantifyimese
impacts, including contamination through the rapidl
growing system dynamic modeling technique is
critical to effective watershed environmental
management and restoration. In the state of New
Jersey, the northern urban watershed (closely
coincides with Watershed Management Areas 4, 5, 6
and 7) is located within the New York/New Jersey
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metropolitan area, and is part of the New York/New
Jersey Harbor Estuary system. The basin has a high
concentration of former refining and manufacturing
activities [1]. This area was once a rich collectof
ecological systems supporting enormous biological
diversity that provided former native peoples with
abundant environmental and human-use services.
Like many urban river watersheds throughout the
world, industrial development, population growth,
urbanization and land use change have resulted in
many changes in the area including habitat
destruction, wetland drainage, land alteration, and
release of hazardous substances into the envirdnmen
[2]. Excessive nutrient discharge from agricultura
farming and runoff, waste and sewage disposal, and
industrial toxic chemicals spills have significantl
affected the aquatic system. To address this
degradation and its future, it is necessary to éxam
the interaction between socioeconomic development

and the environmental quality. This study
investigates the socioeconomic impacts on
sustainability, and the interaction between

urbanization and environmental pollution in a New
Jersey urban watershed.

MATERIALS AND M ETHODS
Study area

Our study area is a northern New Jersey urban
watershed specifically within New Jersey Water
Management Areas (WMA) 4, 5, 6 and 7 (Fig. 1).
The area includes five counties and the lower Passa
River and the Saddle River. Land in this studyase
extensively developed and contains many olderscitie
and industrial centers including Newark. Withirrou
study area, an extremely urbanized and polluted
subwatershed is the Lower Passaic River Watershed
from the confluence of the Pompton River
downstream to the Newark Bay. This 53-km section
meanders through Bergen, Hudson, Passaic and
Essex Counties, and includes a number of falls,
culminating with the Great Falls in Paterson. The
watershed has a drainage area of approximately 334
km? The major tributaries to this section of the
Passaic River are the Saddle River, Preakness Brook
Second River and Third River. The Saddle River is
one of the larger tributaries to the Lower Passaic
River. The Saddle River Watershed has a drainage
area of approximately 132 Km

System analysis

One of the practical approaches to analyze a comple
system such as the coupled human-environment
system is to construct an indicator system which
attempts to capture the measurable aspects ofugario

components in the system. From an environmental
sustainability perspective, we separated the system
based on the indicators into two fundamental

subsystems which we call the carrier and the user
subsystems. The carrier indicators represent
resources in their broader meaning, such as
water/sediment quality, land resources, and sacidl
economic resources. Increases of the carrier
indicators (either by locating new resources or
increasing human investment that makes utilizirey ol
resources more effective) presumably will increase
the sustainability of the watershed system. User
indicators mainly consist of human activities that
consume environmental services. They generally
represent the pressure that human beings and human
activities impose upon the environment and resaurce
through rapid population growth, resources
consumption, and pollutant discharge loadings & th
watershed [4]. In this study, we established a
tentative set of parameters that contain 21 differe
indicators (Table 1) and follow the carrier/user
dichotomy. It is worth noting here that the paraenet

in Table 1 are by no means a complete list. Instead
the list is developed from a practical perspectage
many of the original indicators had to be removed
from the list due the data availability issuesh@itno
data were available at all or the recorded datandid
have a sufficient time series).

Data collection and processing

With appropriate indicators identified as shown in
Table 1, the research team set to collect data from
various public sources that include the New Jersey
Department of Environmental Protection, US
Environmental Protection Agency, and National
Priorities List (NPL). Our primary data, including
the socioeconomic, demographic, resource data were
obtained from these reliable sources and then
processed. Environmental pollution data were
obtained from both those public sources and our
previous field work; it was processed to produce th
environmental pollution index for the system
dynamic modeling purpose.

System dynamic model design

One of the goals of scientific research is to predr
forecast a future trend based on currently availabl
information. For environmental sustainability withi

a system, the forecast is often much more complex
than prediction of one or two key components in the
system (such as waste disposal, remediation amsts,
anthropogenic activities). This is because an
individual indicator that belongs to either thergang

or the using camp creat@geraction between them
that is also an inseparable part of the environadent
system. From our previous experience [5], we found
a developed method, the system dynamic (SD)
modeling scheme, might serve the purpose. SD
modeling has had a wide range of applications since
it was first promoted by Forrester (2007) in thieta
1960s.
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Figure 1: Map showing the northern New Jersey urban whéstdlanagement Area (WMA 4, 5,6 and 7.

When the original modeling scheme was promote
was intended to solve a potential sustain
development problem +o predict how the worl
would progress under the then conditions. The b
The Limits to Growth [6], is a direct application ¢
the SD modeling scheme and the results are
widely discussed today. The most appea
characteristics of the SD modeling scheme areitt
is based on an indicator system and takes
considerationinteractions among indicators [4-8].
Although the SD model cannot “predict” t
dynamics of an environmental system, the re:
generated can provide a basis for informed dec
making and reduce possible pitfalls due to
inability to incorporatesystem interactions. In
typical system dynamic model, we can roughly di
indicators and their interactions into four prim
groups: the stock, the process, the auxiliary Wéem
and the flow (Fig. 2). The stock variable stores
basic (and coredtates of the environmental systerr
is governed by in- and ou&tes that are ofte
impacted by the process and/or auxiliary variat
The processes (or ongoing activity) in the sys
determine the contents of the stock. Auxili
variables are sysi variables that often dictate 1
rates at which processes operate. Flow (or -
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relationship) represents the intricate connect
among all components of a system [9]. 1
terminology is partially borrowed from a commerc
system thinking softwa package, STELLA®.
STELLA (ISEE System, Inc.) is one of the fi
dynamic modeling software packages to ach
broad recognition, due in large part to its -
friendly graphic interface that has an iconograj
interface to facilitate building of dynan systems
and has components that are intuitively assemlal:
simulate the dynamic processes-11].

For years, we have been developing a sy!
dynamic model that can serve as a framework
starting point for understanding the dynamics ¢
coastal urbn watershed’s environmen
sustainability. The model is based on a slig
different indicator system than the one propose
Table 1. In a nutshell, the model includes tf
primary modules, i.e., population and produc!
module, land use module, & environmental
protection and pollution module. In these modL
there are indicators that belong to both the cag
and using categories. Relationships among val
indicators are determined by verification ¢
rectification of data analysis
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Table 1 Tentative indicators for sustainability systenalgmis

Sub-system level

Sub-category level

Individual cadior level

Service providers and enhancers

Natural resources

Available industrial quality and
above water resources

Available non-urban land areas

Average air quality (pollution
resistance)

Quality of life

Median household income

Employment rate

Percentage of people above poverty
line

Environmental investment /
protection

Remediation investment

Solid waste disposal facilities’
capacities

Waste water treatment facilities’
capacities

Environmental education programs
(from elementary to high school
curricula in local schools)

Societal development

Education level (percentage of
bachelor and above degree holders)

Ethnic diversity

Service consumers

Industrial growth

Growth rate of local industrial
section (output or number of
factories that produces potential
environmental pollutants)

Resources consumption

Average daily water consumption
rate

Average daily energy consumption
rate

Population growth

Total population

Population growth rate (natural and
immigration)

Land use deterioration

Increase rate of urban land uses

Loss rate of wetlands

Environmental pollution

Brownfield and/or superfund sites
(remediation cost)

Pollutant index (in water, sediments,
soil and air)
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The population and production module includes a
population stock and a per capita GDP stock. Median
household income, unemployment rate, poverty rate
and education are included as auxiliary variaties t
provide input for the changing rates of population
and/or per capita GDP. Population and per capita
GDP, on the other hand, are designed to have
significant impact upon environmental investment,
and land use changes. The land use module contains
an urban land and a pristine land stock variabla. N
surprisingly, we found both stock variables were
highly correlated (with a nearly perfect negative
correlation). This was expected since urban lardl ha
been largely converted from pristine land (which
includes forest, wetland, and barren categories). T
investigate the dynamics of how environmental
degradation might impact different land use
categories, we intentionally maintained these two
categories in this module. This module is directly
linked with both the environmental protection and
pollution module, and the population and production
module. The environmental protection and pollution
module contains a brownfield and superfund site
information stock and a pollution index stock
variable. The environmental investment auxiliary
variable, which uses the annual budget from New
Jersey’'s Department of Environmental Protection as
proxy, is linked with the population and production
module. Data from 1990 — 2010 were collected and
assembled for all these indicators. Relationships
among various indicators were tested using the data
and the model structure was revised based on data
verification. After the data were plugged in ahe t
model performance reached satisfaction, the final
model structure was produced (Fig. 3).

RESULTS AND DISCUSSION

This pilot study investigated environmental
sustainability and its dynamics. The research will
enable us to better understand the relationship
between current environmental status and economic
development and land use change in a coastal urban
watershed. Based on our data analysis and system
dynamic modeling, we have come to some interesting
results.

Urban Passaic River watershed contamination
and socioeconomic development

It is well known that the urban area of NorthernaNe
Jersey (specifically, Bergen, Essex, Hudson, Morris
and Passaic Counties) has witnessed tremendous
socioeconomic  development and ecological-
environmental damage. Due to its long-term
industrialization and urbanization, the primary ses

of water and sediment contamination originated from
waste disposal, atmospheric deposition, and iniddistr
sewage and toxic chemicals spills [12]. Our data

Fengetal. /OIDA International Journal of Sustainable Development 05: 06 (2012)

analysis as well as the previous studies indidzé t

for example, the lower reach of the Passaic Riser i
heavily polluted by dioxins, PAHs, PCBs and heavy
metals from historically uncontrolled agricultugaid
industrial activities and urbanization [13-14. Tal2
shows selected metal concentrations in sediments of
the lower reach of Passaic River 10 km up from the
mouth of the river. Meanwhile, excessive nutrient
discharge and waste and sewage disposal have
significantly contaminated the Passaic River aguati
system. Phosphorus load is one example of
environmental concern (Fig. 4). High mercury (Hg)
concentration in the sediments is another example o
serious anthropogenic impact on the aquatic
environment (Fig. 5). Such environmental
degradation and contamination are also associated
with rapid socioeconomic gains. The socioeconomic
development status in the study area in the la$t ha
century (1969-2006) is shown in Fig 6, which
integrates population growth, personal income
increase, and proprietor business change. Duriag th
past 40 years, Northern New Jersey has experienced
intensive economic growth, especially personal
income and non-farm proprietors (industries). islt
clear that this economic growth and environmental
degradation are inherently related to each other. T
fully understand the relationship  between
environmental protection/degradation and economic
gains requires a systematic view that takes into
consideration all relevant (or at least all recagd)
components in an inter-related dynamic system, such
as the results produced from a system dynamic
model.

System dynamic modelling

In this preliminary study, we developed a system
dynamic model to reflect the interaction between
natural environment and anthropogenic activities.
During the data analysis that covered a 21-year
period, we found some of the data, such as
brownfield, superfund sites, and population, showed
quite irregular patterns. For brownfield and supedf
site data, this may be due to the identificatioocpss

of their sites. Although the population showed a
general increasing trend, total population of tive f
counties fluctuated rather irregularly during thk- 2
year period. To accommodate such an irregularity
into the system dynamic modeling scheme, we
attempted to apply a so-called grey-system time
series simulation technique [17]. This techniqas h
been employed in many system analysis problems
and has been found to perform well in sorting out
regularity from seemingly irregular patterns/series
this study, we found that the incorporation of the
grey-system time series simulation technique
increased the system dynamic model’'s performance
quite dramatically.
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Table 2: Maximum and average concentrations of selectedlmit Passaic River sediments. Concentration is in
1gd. (S.D. is standard deviation and n is sample )sjzé]

Year Sediment Chromium Lead Mercury Nickel Zinc
Max  Mean SD 1 Max  Mean SD n Max  Mean SD n Max  Mean SD n Max Mean SD n

1991 Upper layer 402 152 98 33 2200 412 382 33 124 44 3.0 28 118 507 222 14 740 562 191 11
Deep core 1230 | 188 215 142 3000 359 472 102 296 6.1 7.5 102 269 | 527 495 102 10200 533 982 142
1993 Upper layer 397 151 97 25 777 340 182 21 6.7 16 15 21 178 508 378 25 1800 568 381 25
Deep core 1530 292 325 55 7860 581 1071 55 281 43 5.0 54 143 515 264 55 8630 802 1204 53
1995 Upper layer 580 153 100 95 751 334 147 20 107 33 19 92 369 477 429 o4 1620 396 235 71
Deep core 2160 334 314 490 22000 505 1286 490 283 63 54 490 309 582 358 490 3110 788 531 490
1999 Upper layer 202 124 38 58 515 224 98 58 58 23 12 58 577 392 7 30 680 523 69 30
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Figure 4: Average annual phosphorus loads by basin withthaanund the Passaic River watershed [15].
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Figure 5: Spatial and temporal variations in mercury (Hg)a@ntration in the Lower Passaic River surface
sediments (<15 cm). Map simgHg concentration distributions from the 199inpéing (left), and
the 1995 sampling (right).
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In analyzing the data collected from 1990 — 2010, o
modified system dynamic model gave a general
prediction error (against the actual data) from 5%
50%. Large errors appear, unsurprisingly, in the
irregular indicators (population growth, brownfield
and superfund site area, etc.). Compared to the
unmodified system dynamic model, which produces
prediction errors from 5% to 200%, we deem the
modified model an acceptable increase in model
performance.

In principle, the system dynamic model can be used
to make prediction forward for as long as the medel
desires (at least the software, STELLA®, has such
capability). In practice, however, with a largeoer

of nearly 50%, any prediction period longer than 15
years will not be reliable [18]. Even predictioméger
than 10 years should be treated with extreme aautio
Because of this, we have parsed our predictiorogeri
of 2011 to 2025. We deem the first 5 years of
prediction is relatively reliable and can be used f
supporting policy and planning for urban sustaieab
development, years 6 — 10 (2016 — 2020)’s predictio
can provide some guidance for decision support,
while years 11 — 15 (2021 — 2025)’s prediction ban
used only as reference. It is seen that our madel i
able to predict values of each individual indicator
To keep the narrative concise, however, we report
here only the predicted results of six indicatoosrf

the three modules, which also demonstrate a smooth
and gradual changing trend, and relatively small
prediction error (within 20% against the actualajat
These indicators include population, per capita GDP
(dollar), unemployment rate (%), urban land area
(square kilometers), environmental investment
(thousand dollars), and Pb hazard quotient (as the
proxy of pollution index) (Fig. 7).

Fig. 7 shows two interesting results. Firstly, not
surprisingly,  population, per capita GDP,
environmental investment, and urban land arealbre a
predicted to increase for the next 15 years, pexvid
that  the current socioeconomic, policy,
industrialization and urbanization conditions remai
constant. Population increase is quite small; only
50,000 more is predicted in the 15-year periodsThi
is to be expected as Northern New Jersey is a matur
urbanized region with an urbanization rate close to
90%. Per capita GDP increase is slow but steady wit
a predicted annual increase rate of 1.7%, indigatin
that the region will continue to grow in wealth and
prosperity. The unemployment rate seems to show a
linear trend, which is somewhat troubling. However,
considering the system dynamic model's prediction
capability, this trend might remain true for thesfi
five years, indicating a slight increase, but stilit a
seriously high unemployment rate (less than 6%).
The trend beyond 2015 should be treated with
caution. It gives a 7% unemployment rate.
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Figure 7: System dynamic model predicted results for seteictéicators from the three modules.

Secondly, the negative relationship between
environmental investment (here we use the NJDEP’s
annual operation budget as a proxy) and the
environmental pollution index (again, Pb hazard
qguotient is used as a proxy) continues as our data
suggest. We realize that the two proxies, which are
our intended measures of environmental investment
and pollution, are by no means perfect (or even
complete). Their interaction does support an
argument that, although human society has imposed
negative impacts on the environment during its
development, it is able to invest to improve
environmental quality and increase environmental
services. Still, as suggested in Fig. 7, while
environmental investment reaches almost $400
million in 2025, Pb hazard quotient drops only to
about 2.5 (from 5.0 in 1999), which is regarded as
medium hazard for the watersheds and their eco-

systems. The results seem to suggest that
restoration/remediation of a degraded environment
costs much more than preventive measures.

CONCLUSIONS

This research investigates the dynamics of the
sustainability issue in urban coastal areas inheont
New Jersey from a systematic perspective. The
historical development and industrialization in the
area have made it one of the nation’s wealthiest
regions. Yet it is also evident that developmertgeh
resulted in enormous impacts on the environment and
its potential to provide lasting services. Our SD
modeling suggests that historical and on-going
environmental degradation can be reduced and the
region may be able to reach a sustainable level of
development. A key factor will be whether or not an
appropriate level of investment is reached. The
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approach adopted in this research provides a wlist
understanding of the sustainability issues in adast
urban northern New Jersey. We believe that the
knowledge developed through this study can benefit
Federal, state and local governments, and pubtic an
private environmental managers in decision making
for environmental protection and restoration. The
results from this study are also vital for devetapi
future environmental management strategies for
environmental restoration and urban coastal
development. In addition, this project can serseaa
methodological model for assessing urban
environmental sustainability that can be referenced
worldwide.
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