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Executive Summary
 
S�nce the early �970s our Nat�on has been exper�enc�ng a grow-
�ng awareness of the complex relat�onsh�ps between the trans-
portat�on �nfrastructure and env�ronmental qual�ty.  One notable 
concern has been the potent�al for water qual�ty degradat�on as a 
result of stormwater runoff over paved h�ghway surfaces.  Laws, 
execut�ve orders, and government pol�ces des�gned to m�n�m�ze 
and m�t�gate the potent�al negat�ve consequences of h�ghway run-
off have been enacted.  These �nclude the Nat�onal Env�ronmental 
Pol�cy Act, the Intermodal Surface Transportat�on Effic�ency 
Act, the Coastal Zone Reauthor�zat�on Amendment, the Nat�onal 
W�ld and Scen�c R�vers Act, and the Clean Water Act of �972, as 
amended, �nclud�ng the Nat�onal Pollutant D�scharge El�m�nat�on 
System and the Nonpo�nt Source Management Programs.

The Federal H�ghway Adm�n�strat�on (FHWA) has des�gnated 
env�ronmental protect�on and enhancement are h�gh-pr�or�ty 
program areas that stress the evaluat�on of h�ghway-related water 
qual�ty �mpacts, as well as avo�d�ng, m�t�gat�ng, or manag�ng 
such �mpacts, and coord�nat�ng w�th other agenc�es to ensure that 
Federal env�ronmental pol�c�es are placed �n perspect�ve w�th oth-
er pr�mary h�ghway m�ss�ons.  The FHWA, the U.S. Geolog�cal 
Survey (USGS), and the U.S. Env�ronmental Protect�on Agency 
(USEPA) are currently cooperat�ng on research and development 
projects related to the m�n�m�zat�on of water qual�ty �mpacts from 
h�ghway runoff.  

Past research sponsored by the FHWA �dent�fied and measured 
var�ous pollut�on sources and developed techn�ques to lessen 
the�r �mpact on water resources.  Th�s research has been used by 
project development personnel to plan and �mplement h�ghway 
�mprovements that m�n�m�zed the �mpacts of pollut�on. The �m-
proved understand�ng of pollut�on sources and solut�ons to water 
qual�ty problems has greatly �ncreased the ab�l�ty of States to plan 
and construct h�ghways that have m�n�mal effects on water qual-
�ty (Bank, �993).

The �ssues of h�ghway stormwater runoff and �ts consequences 
were refocused �n the early �990s by the emergence of a new 
env�ronmental water qual�ty �nd�cator called �mperv�ous surfaces.   
Imperv�ous surfaces represent all mater�als and structures that 
�nh�b�t the penetrat�on of prec�p�tat�on �nto the ground and d�vert 
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�ts flow over the land surface and eventually �nto surface waters.  
In general, �mperv�ous surfaces are manmade structures such as 
bu�ld�ngs, roads, park�ng lots, s�dewalks, and other land covers.  

Research has shown that land development and the add�t�on of 
�mperv�ous surfaces can �ncrease streambank eros�on, loss of 
aquat�c hab�tat, and other changes, as the percentage of total �m-
perv�ous area �ncreases �n watershed (Arnold and G�bbons, �996; 
Schueler, �994).

As �mperv�ous surfaces emerged as an �mportant �nd�cator of 
water qual�ty, researchers began to use numerous stat�st�cal, 
census-based, and land-use mapp�ng methods to est�mate the total 
�mperv�ous area (TIA) of a g�ven area.  None of these techn�ques, 
however, had been tested r�gorously for the fundamental mapp�ng 
accuracy of the measurement.  Furthermore, �n the l�terature and 
�n d�scourse, road surfaces were often c�ted as the lead�ng cause, 
the dr�v�ng force, or the major component of the �mperv�ous sur-
face problem.  To better understand, plan, and control the effects 
of road surfaces to water qual�ty, a quant�tat�ve assessment of the 
component makeup of total �mperv�ous cover �s needed.  Also, an 
assessment �s needed of the accuracy of the current methods used 
by the sc�ent�fic commun�ty to compute total �mperv�ous area.

The object�ves of th�s study are to (�) determ�ne the makeup of 
total �mperv�ous area and the relat�ve contr�but�on of �nd�v�dual 
components; and (2) assess the accuracy of var�ous techn�ques �n 
use for determ�n�ng total �mperv�ous area.

S�x urban and suburban watersheds were selected for study that 
represent a w�de geograph�c d�str�but�on across the country.   
H�gh-resolut�on ortho�magery (� meter or better) was obta�ned 
for each watershed.  S�x classes of �mperv�ous cover were manu-
ally d�g�t�zed as polygon features �n a geograph�c �nformat�on 
systems (GIS) env�ronment.  Relevant GIS data were obta�ned 
from County or C�ty GIS departments.  The s�x classes of cover 
were roads, bu�ld�ngs, park�ng lots, dr�veways, s�dewalks, and 
other (such as sport courts).  Qual�ty control was prov�ded by �n-
dependent val�dat�on and mapp�ng spot checks. The total area for 
each �mperv�ous surface class was totaled for the s�x watersheds 
and the percentage of each class was calculated aga�nst the total 
area of �mperv�ous cover.  

The largest area class of �mperv�ous cover was buildings at 29.� 
percent, followed by roads (28.3 percent), and parking lots 
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(24.8 percent).  Three m�nor classes of �mperv�ous surfaces were 
dr�veways (9.0 percent), s�dewalks (3.2 percent), and other (�.8 
percent).

Three s�gn�ficant observat�ons were apparent.  F�rst, roads were 
not the lead�ng contr�butor to total �mperv�ous area.  Second, 
parking lots represented a much larger than ant�c�pated per-
centage of the area.  Park�ng lots represent a d�fferent level of 
respons�b�l�ty and a d�fferent set of env�ronmental problems.  
Th�rd, the three m�nor classes, driveways, sidewalks, and other, 
�n total represented �4 percent of total �mperv�ous area.  These 
three classes are rarely accounted for �n �mperv�ous calculat�on 
methods, lead�ng to the poss�b�l�ty of a stat�st�cally s�gn�ficant un-
der-representat�on of m�nor class TIAs as compared to the �mpact 
of larger areas.

As part of the second object�ve of th�s study, to evaluate other 
TIA calculat�on methods, the h�gh-resolut�on data from the s�x 
watersheds were used as control data to evaluate other methods.  
Three methods were tested.  The first was, subp�xel mapp�ng 
of �mperv�ous area, land use coeffic�ents and land cover coef-
fic�ents.  Subp�xel est�mates of �mperv�ous areas are der�ved from 
advanced �mage process�ng techn�ques us�ng Landsat Themat�c 
Mapper 30-meter mult�-spectral and h�gh-resolut�on d�g�tal or-
thophoto quarter quads.  The result �s a percentage of �mperv�ous 
area w�th�n each 30-meter p�xel.  Subp�xel est�mates of �mperv�-
ous area w�ll be a nat�onally ava�lable, standard product of the 
USGS/USEPA Nat�onal Land Cover Data (NLCD) set and could 
be a cons�stent base layer for a rap�d method of TIA est�mat�on.  
The results of test�ng th�s method showed a cons�stent underest�-
mat�on of TIA, although usually w�th�n �0 percent.  However, �n 
one watershed, D�fficult Run, Va., over 40 percent of TIA was not 
accounted for.  Th�s �s l�kely due to con�ferous tree cover �n th�s 
area that masks the spectral reflectance of �mperv�ous mater�als 
underneath.

The second method, the land-use coeffic�ent method, �s w�dely 
used and �s based on mult�ply�ng the area of each vector-based 
land use polygon by a predeterm�ned coeffic�ent that represents 
the average amount of �mperv�ous area for that part�cular land use 
class.  Results from test�ng �n four watersheds showed that the 
TIA der�ved from the land-use coeffic�ent method were, on aver-
age, w�th�n 7 percent of the area der�ved from the h�gh-resolut�on 
mapp�ng.

The th�rd method, the land cover method, �nvolves generat�ng an 
est�mate of TIA from land cover data that �s typ�cally �n a raster 
model generated from satell�te-based �mage process�ng methods.  
Land cover data, l�ke land use, �s a themat�c representat�on of 
surface phenomenon, but �s based on the env�ronmental cover 
or spectral reflectance propert�es of the surface �nstead of on an 
anthropogen�c-based ut�l�zat�on of land.   In general terms, land 
cover �s generally less deta�led than the type of land use data used 
�n the second method and �s generally mapped on a raster-based 
GIS model der�ved from the satell�te �magery p�xel s�ze.  It does, 
however, offer the advantage of a nat�onal, themat�cally cons�s-
tent and regularly updated dataset from wh�ch many other spat�al 

relat�onsh�ps, such as �mperv�ous surfaces, can be der�ved on a 
cons�stent, nat�onal bas�s.

Two methods were ut�l�zed to calculate TIA from Nat�onal Land 
Cover Data (NLCD).  Both methods use coeffic�ents to calculate 
a percentage of �mperv�ous area per each p�xel �n the NLCD 
land cover classes. The results for both methods showed that the 
land-cover coeffic�ent method del�vered an average of 96 percent 
accuracy when compared to the h�gh-resolut�on mapp�ng data.

The h�gh-resolut�on comp�lat�on of �mperv�ous surfaces beg�ns to 
show us the component relat�onsh�p of s�m�lar features that, as a 
whole, make up the funct�onal �mperv�ous surface area.  Roads, 
wh�le often be�ng the pr�mary focus for �mperv�ous area, are 
only one of the three major components of TIA that also �nclude 
bu�ld�ngs and park�ng lots.  The contr�but�on of Road Imperv�-
ous Area to overall Total Imperv�ous Area ranged from a low of 
20.8 percent �n the �992 Black R�ver watershed to a h�gh of 35.6 
percent �n the �998 Tuscarora Creek watershed.   Dr�veways, 
often unaccounted for �n �mperv�ous surfaces research, make up 
an average of 9 percent of the total �mperv�ous surface area �n 
th�s study.  Further, these data show that even very m�nor classes 
of �mperv�ous cover are �mportant.  Very few stud�es on �mperv�-
ous surface area have taken �nto account s�dewalks, pat�os, and or 
other sport courts.   Yet �n th�s study, these are respons�ble for 5 
percent of TIA.

Th�s study shows the component compos�t�on of �mperv�ous 
areas �n s�x selected watersheds.  Wh�le roads, bu�ld�ngs, and 
park�ng lots, make up the major�ty of �mperv�ous areas, dr�ve-
ways, s�dewalks, and other covers make up �4 percent of TIA and 
should not be �gnored �n calculat�ng TIA.  Also, TIA �s affected 
by reg�onal or �nd�v�dual d�fferences �n land use �n the watershed.  
Further research �s needed to extend these find�ngs to the ent�re 
nat�on.

Four of the common methods of comput�ng �mperv�ous area 
show s�gn�ficant var�ab�l�ty when measured aga�nst h�gh-resolu-
t�on truth data.  Overall, the four methods tested here generally 
produced an est�mate of TIA w�th�n �0 percent of the truth value.   
These methods could be refined further and result �n an even bet-
ter est�mate of TIA. 
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Introduction

Why Impervious Surfaces Are Important

Imperv�ous surfaces are manmade objects that 
proh�b�t the �nfiltrat�on of ra�nwater �nto the 
ground and cause �ncreased surface flow.  Imper-
v�ous surfaces are a major concern for the qual�ty 
of a commun�ty’s surface water and aquat�c eco-
system resources.  A number of well documented 
stud�es have shown the negat�ve effects of 
�ncreased �mperv�ousness on stream morphology, 
water qual�ty, and ecosystem health.   However, 
beyond the bas�c sc�ence of the env�ronmental 
effects of �mperv�ousness, there �s a grow�ng 
and complex debate about the best pract�ces for 
m�t�gat�ng the�r negat�ve effects.

At the core of th�s debate �s the often c�ted bel�ef 
that �mperv�ousness �s largely the result of road-
way surfaces (or the overall transportat�on �nfra-
structure).  Roads are somet�mes c�ted as mak�ng 
up as much as 80 percent of all �mperv�ousness 
�n a g�ven area.  Th�s bel�ef �nfluence local and 
nat�onal transportat�on pol�cy, �nclud�ng calls 
for more comprehens�ve env�ronmental �mpact 
stud�es and new and expens�ve best management 
practices that are often requ�red for new road 
construct�on (Center for Watershed Protect�on, 
�998).

At the local level, pol�c�es that establ�sh storm-
water utility fees are based on the area of 
�mperv�ous surface �n a g�ven property parcel.  
Even the bas�c land use pol�cy and the nature 
of urban-suburban-exurban expans�on are now 
be�ng rethought w�th an eye towards reduc�ng 
automob�le-centr�c development patterns and 
�ncreas�ng h�gh-dens�ty commun�t�es.  

Yet throughout th�s debate �s a lack of deta�led 
stud�es and sc�ent�fic quant�ficat�on of what actu-
ally makes up the whole of �mperv�ous surfaces 
and how those components vary across the pol�t�-
cal and phys�cal landscape.  Further, the methods 
of measur�ng and comput�ng �mperv�ous surface 
area are var�ed and complex and s�m�larly have 
no establ�shed qual�ty control assoc�ated w�th 
the�r use.

Any effort that helps to define the component 
nature of �mperv�ousness and (or) helps to assess 
the accuracy of the var�ous methods used to com-
pute �mperv�ous area �s cr�t�cally needed.  Th�s 
study addresses some of these �ssues.

Impervious Surfaces Defined

A formal defin�t�on of an �mperv�ous surface can be found �n the U.S. Env�-
ronmental Protect�on Agency’s Draft Report on the Environment (2003a):
“Impervious surface:  A hard surface area that either prevents or retards 
the entry of water into the soil mantle or causes water to run off the surface 
in greater quantities or at an increased rate of flow.  Common impervious 
surfaces include, but are not limited to rooftops, walkways, patios, driveways, 
parking lots, storage areas, concrete or asphalt paving, and gravel roads.”

The �ncrease �n �mperv�ous surfaces �s d�rectly related to human act�v�ty 
through the construct�on of manmade structures.  As prec�p�tat�on �s d�verted 
from natural so�l �nfiltrat�on, the overland flow results �n s�gn�ficant �ncreases 
�n surface water runoff as well as a r�se �n the acqu�s�t�on of sed�ment and an-
thropogen�c chem�cal contam�nants.  The subsequent surge �n the �nflow rate 
and volume �n the rece�v�ng stream br�ngs about an enlargement of bank-full 
and stream scour events and s�gn�ficantly �nfluences a stream’s morpholog�-
cal structure.  The �nstream and r�par�an ecology �s thus altered because of 
changes �n structural hab�tat and the related �ncreases �n sed�mentat�on and 
pollut�on load�ngs (Arnold and G�bbons, �996).

A National Problem

The USEPA now class�fies urban runoff from �mperv�ous surfaces as a s�g-
n�ficant cause of �mpa�rment to water qual�ty; local governments are requ�red 
to address urban runoff through the Nat�onal Pollutant D�scharge El�m�na-
t�on System Storm Water Program (U.S. Env�ronmental Protect�on Agency, 
2003a).  Accord�ng to the U.S. Department of Agr�culture, between �945 and 
�997 land devoted to urban areas �n the Un�ted States �ncreased by approx�-
mately 237 percent; paved road m�leage �ncreased by 278 percent (fig. �).

Impervious Surfaces as an Environmental Indicator

The study of �mperv�ous surfaces has become one of the emerg�ng areas of 
sc�ent�fic �nterest �n the control of Nonpo�nt Source Pollut�on (NSP), and as 

Figure 1.  Photograph showing a typical suburban impervious surface cover in one of the study 
areas of this project:  the Tuscarora Creek watershed located in Leesburg, Loudoun County, 
Virginia.
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an �nd�cator of terrestr�al and aquat�c ecosystem qual�ty.  NSP 
runoff from urban surfaces has been recogn�zed as a lead�ng 
threat to water qual�ty, and the percentage of �mperv�ous sur-
face w�th�n a part�cular watershed has been shown to correlate 
strongly w�th water qual�ty, spec�es d�vers�ty, and troph�c status 
(Arnold and G�bbons, �996; U.S. Env�ronmental Protect�on 
Agency, 200�). The �mperv�ousness �ssue has been suggested as 
one of the ma�n un�fy�ng themes for overall study of watershed 
protect�on (Schueler, �994) and as part of an urban ecosystems 
analyt�cal model (R�dd, �995).   Problems w�th NSP �nclude �ts 
sporad�c and d�ffuse nature, a lack of mon�tor�ng capab�l�ty, and 
the d�fficulty of ass�gn�ng respons�b�l�ty for the NPS pollut�on.  
Generally �t �s very d�fficult to �dent�fy the amount of d�scharge 
from �nd�v�dual or suspected pollut�on sources and to �nfer NPS 
levels from observable amb�ent pollutant levels (Wood and Ber-
nknoph, 2003).  

In USEPA’s  Draft Report on the Environment, �mperv�ous 
surfaces and the extent of urban and suburban development are 
ment�oned prom�nently as potent�al key �nd�cators of ecolog�cal 
cond�t�on of both water and terrestr�al ecosystems (U.S. Env�-
ronmental Protect�on Agency, 2003a and 2003b).  The env�ron-
mental protect�on of water qual�ty has generally evolved away 
from end-of-p�pe regulat�on to a more comprehens�ve watershed 
management approach �n wh�ch the �nterface between human 
and ecolog�cal systems �s better understood.  Stormwater runoff 
has always been of concern to planners and c�v�l eng�neers, but 
unt�l recently the emphas�s was on human safety, not ecolog�cal 
consequences.  However, comprehens�ve watershed management 
techn�ques that seek to understand and balance ecolog�cal factors, 
class�c stormwater management, and local land use pol�cy are 
now be�ng w�dely �mplemented.  Several researchers have shown 
the d�rect effect of �mperv�ous surfaces on the water qual�ty of 
rece�v�ng streams (Kle�n, �979; Todd, �989; Booth and Re�nfelt, 
�993; Schueler, �994).   Numerous c�t�es have adopted compre-
hens�ve water-qual�ty plann�ng efforts that �ntegrate control of 
�mperv�ous surfaces as a central plann�ng theme (Monday and 
others, �994; K�enegger, �992; Plunk, �989).  There are numer-
ous other examples of �mperv�ous surfaces as a pr�me cons�der-
at�on �n local plann�ng processes.

Correlation Between Impervious Surfaces and 
Aquatic Ecosystem Conditions

L�terature �nd�cates that �rrevers�ble env�ronmental degradat�on 
of an aquat�c ecosystem occurs when a watershed conta�ns more 
than 25 percent �mperv�ous surfaces.  Schueler (�994) and Arnold 
and G�bbons (�996) both observe that research over the last 20 
years has cons�stently reported a correlat�on between watershed 
�mperv�ousness and the health of the rece�v�ng stream ecosystem. 
Schueler proposes (and Arnold and G�bbons concur w�th) a three-
t�ered threshold class�ficat�on scheme of urban �nstream qual�ty 
potent�al based on watershed �mperv�ousness levels:

Stressed = � to �0 percent �mperv�ousness 
Impacted = �� to 25 percent �mperv�ousness
Degraded = more than 25 percent �mperv�ousness

These classes were descr�bed �n further deta�l by the Center for 
Watershed Protect�on (�998), wh�ch also mod�fied the names of 
the first level from stressed to sensitive, and the th�rd level from 
degraded to non-supporting.  

A summary of the descr�pt�ons of the three classes follows:

Sensitive streams are of h�gh qual�ty and are typ�fied by stable 
channels, have an excellent hab�tat structure, good to excellent 
water qual�ty, and d�verse commun�t�es of fish and aquat�c �n-
sects.  In add�t�on, they do not exper�ence frequent flood�ng.  

Impacted streams show clear s�gns of degradat�on due to water-
shed urban�zat�on.  Because of the greater storm flows due to the 
h�gher �ntens�ty of flood�ng and runoff from �mperv�ous surfaces, 
the stream geometry becomes w�der due to more rap�d eros�on 
and also causes unstable banks.  The phys�cal hab�tat decl�nes 
not�ceably and the water qual�ty trans�t�ons from good to fa�r.  
B�od�vers�ty decl�nes to fa�r levels w�th most sens�t�ve fish and 
�nsects d�sappear�ng.

Non-supporting streams become a condu�t for convey�ng storm-
water flows and can no longer support a d�verse stream com-
mun�ty.  The stream channels become h�ghly unstable wh�le the 
stream reaches exper�ence severe w�den�ng, down cutt�ng, and 
streambank eros�on.  Pool and r�ffle structures needed to susta�n 
fish are d�m�n�shed or el�m�nated, and the stream substrate can no 
longer prov�de hab�tat for aquat�c �nsects or spawn�ng areas for 
fish.  Water qual�ty �s cons�stently fa�r to poor and water contact 
for people �s no longer poss�ble due to the h�gh bacter�a levels.  
Sub-watersheds �n the non-support�ng category w�ll generally d�s-
play �ncreases �n nutr�ent loads to downstream rece�v�ng waters, 
even �f effect�ve urban Best Management Pract�ces are �nstalled 
and ma�nta�ned.  B�olog�cal qual�ty �s generally cons�dered poor 
and �s dom�nated by pollut�on tolerant fish and �nsects.

Each of these classes has correspond�ng Best Management 
Pract�ces assoc�ated w�th them.  These categor�es could be used 
as a foundat�on for a watershed-based zon�ng approach, us�ng 
�mperv�ous cover as the key measure and un�fy�ng theme �n the 
mun�c�pal land-use zon�ng process (Schueler, �994). 

Impervious Surface Impacts

Stream Morphology.  The �mmed�ate and d�rect ecolog�cal 
consequence of watershed �mperv�ousness �s the effect on stream 
morphology.  Increased water flow and volume destab�l�ze 
streams through w�den�ng and �nc�s�on, as well as streambank 
eros�on and hab�tat degradat�on.  Channel �nstab�l�ty correlates 
w�th sub-bank full floods (Anderson, �968; Leopold, �968; Ham-
mer, �972; Holl�s, �975; Booth, �993) and �s character�zed as loss 
of cr�t�cal �nstream and r�par�an ecostructures such as pool and 
r�ffle networks and vegetat�ve cover, �n add�t�on to an �ncrease �n 
the w�dth of a channel dur�ng  h�gh flows (Schueler, �994).
 
Conveying Urban Pollution.  Imperv�ous surfaces effic�ently 
convey urban pollut�on to rece�v�ng streams and d�rectly �mpact 
stream water qual�ty.  Pr�or to modern stormwater m�t�gat�on 
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techn�ques, urban effluence transported sed�ments at a rate of an 
order of magn�tude greater than comparably s�zed rural water-
sheds.  For �nstance, sed�ment transport from a hectare of urban 
development and h�ghway construct�on act�v�ty can y�eld 20,000 
to 40,000 t�mes the sed�ment of a comparably s�zed agr�cultural 
or woodland area (Wolman and Sch�ck, �967; Burton and others, 
�977; Kle�n, �979).  Modern eros�on and sed�ment controls now 
employed at h�ghway construct�on projects s�gn�ficantly reduce 
sed�ment load from h�ghway construct�on.  Nevertheless, sed�-
ment load from other urban act�v�t�es �s st�ll a s�gn�ficant obstacle 
to �mprov�ng water qual�ty.  Mon�tor�ng stud�es �n W�scons�n 
(Bannerman and others, �993) revealed spec�fic relat�onsh�ps 
between pollutants and types of �mperv�ous surfaces (for exam-
ple, E. coli w�th res�dent�al streets, phosphorous w�th res�dent�al 
lawns, metals w�th �ndustr�al zones).  Imperv�ous surface runoff 
of hydrocarbons (Wh�pple and Hunter, �979; Schueler, �994), 
metals (Randall and others, �978), and road salt (Crowther and 
Hynes, �977) and the�r related effects on �nstream water qual�ty 
have also been addressed.  The hydrolog�c sc�ence commun�ty 
has cons�stently used the parameter of �mperv�ousness both to 
model pollutant runoff and as a gauge to measure the relat�ve 
level of �nstream water qual�ty (Schueler, �994).

Thermal Properties.  Imperv�ousness has a two-fold effect on the 
thermal propert�es of a stream.  F�rst, �mperv�ous surfaces hold 
and reta�n more heat than the natural features they replace.  The�r 
heat �s transferred downslope (v�a runoff) and warms the rece�v-
�ng stream.  Schueler (�994) notes that �mperv�ous surfaces may 
be �0 to �2 degrees warmer than the fields and forests they re-
place.  Gall� (�99�) compared urban related streams �n Maryland 
w�th a forested reference stream and found a correlat�on between 
urban �mperv�ousness and h�gher relat�ve �nstream temperatures.  
Secondly, th�s �nstream warm�ng reduces streams�de vegetat�ve 
cover, that shades the stream.  Th�s loss �s often due to urban 
encroachment, as well as to eros�on from flood�ng.  Kle�n (�979) 
notes a 6- to ��-degree Cels�us var�at�on �n shaded and unshaded 
areas on the same Maryland stream.  

Stream Biodiversity.  Perhaps the strongest env�ronmental 
�nd�cator of �nstream health �s stream b�od�vers�ty.  A change of 
�nstream character�st�cs due to watershed development (for ex-
ample, �ncreased water flow volume, pollutant runoff, and change 
�n thermal character�st�cs) plays a systemat�c role �n alter�ng an 
aquat�c ecosystem.  Schueler (�994) c�tes �8 stud�es assoc�ated 
w�th the effects of �mperv�ousness on stream b�od�vers�ty.  The 
focus of these stud�es �s aquat�c �nsect and fish surveys; results 
prov�de an overall character�zat�on of ecosystem change as 
related to �mperv�ousness of a watershed at the �0- to �5-percent 
level.  These surveys reveal a cons�stent pattern of b�od�ver-
s�ty decl�ne as well as a concurrent relat�onsh�p of a decl�ne �n 
pollut�on-sens�t�ve spec�es and an �ncrease �n pollut�on-tolerant 
spec�es.  Watershed �mperv�ous thresholds of �0- to �5-percent 
have also been shown to have a relat�onsh�p to freshwater wetland 
health.  Taylor (�993) and H�cks (�995) relate �mperv�ousness 
around �0- to �5-percent to a decl�ne �n freshwater hab�tat qual�ty 
and plant and amph�b�an d�vers�ty. 

Science and Policy Issues 

Wh�le the comb�ned effect of �mperv�ousness �n a watershed 
and the d�rect relat�onsh�ps to measurable ecosystem and water 
qual�ty parameters are generally accepted, the overall value of 
�mperv�ous surfaces as a key env�ronmental �nd�cator �s currently 
be�ng debated as researchers �n th�s field have �dent�fied a number 
of sc�ence and pol�cy �ssues.  

Pert�nent sc�ence and pol�cy �ssues �nclude:

Natural Setting.  If �mperv�ous surfaces are to be a val�d �nd�cator 
of watershed cond�t�on, some way of tak�ng �nto account ex�st-
�ng env�ronmental cond�t�ons and watershed sett�ngs must be 
developed.  Watersheds �n relat�vely flat terra�n w�th sandy so�ls 
w�ll have a very d�fferent surface water runoff potent�al than a 
watershed w�th clay so�ls and s�gn�ficant topograph�c rel�ef.

Mitigation Efforts.  Surface runoff can be controlled by a num-
ber of eng�neer�ng techn�ques (such as storm sewers, catchment 
bas�ns, and retent�on ponds), all of wh�ch would alter the surface 
flow and ecolog�cal effects of the rece�v�ng stream.  The relat�on-
sh�p between �mperv�ous surfaces percentage and these m�t�ga-
t�on efforts �s not fully understood.

Land Use Policy.  A greater understand�ng of the ecolog�cal 
consequences of urban�zat�on should �nev�tably lead to changes 
�n land use pol�cy at all levels.  However, a number of quest�ons 
must be asked and answered quant�tat�vely �n order to real�ze ur-
ban/suburban development w�th a m�n�mum of negat�ve ecolog�-
cal effects.  How m�ght the understand�ng of �mperv�ous surfaces 
affect local land use pol�cy?  What steps m�ght local planners 
take �n order to m�n�m�ze the ecolog�cal effects of urban/subur-
ban development and at what cost?  Of the var�ous sub-classes of 
�mperv�ous surfaces, wh�ch ones are most respons�ble for overall 
�mperv�ousness?  And, of the var�ous �mperv�ous surfaces, wh�ch 
have the most negat�ve �mpact on the ecosystem?

These quest�ons focus much of th�s research effort.  Wh�le there 
�s a s�gn�ficant and �ncreas�ng level of sc�ent�fic understand�ng 
about the effects of total �mperv�ousness, there appears to be l�ttle 
�nformat�on about the relat�ve contr�but�on of bu�ld�ngs, park�ng 
lots, roads, and other features.  From a rev�ew of the l�terature, 
the transportat�on �nfrastructure appears to rece�ve an �nord�nate 
amount of blame for the �mperv�ous surfaces problem.  A Draft 
General Account�ng Office  Report (200�) c�ted roads as respon-
s�ble for as much as 66 percent of the runoff �n urban watersheds.  
Schueler (�994) attr�butes 63 to 70 percent of �mperv�ousness 
to transportat�on land uses.  Southworth and Ben-Joseph (�997) 
asserted a now �nfamous stat�st�c that  “…the automob�le con-
sumes close to half the land area �n c�t�es.”  Shoup (�997) traces 
the or�g�n of th�s stat�st�c through several sc�ent�fic works back to 
Sale (�980) and shows that �t �s not based on any sc�ent�fic study, 
and most relevant data today puts the contr�but�on of roads of 
around 25 percent.  
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The Emerging Science of Measuring Impervious 
Surfaces

Perhaps the most fundamental �ssue �n the debate over �mperv�-
ous surfaces �s s�mply the method of measur�ng and quant�fy�ng 
�mperv�ous surfaces w�th defens�ble prec�s�on and accuracy.  
There ex�sts no un�form methodology, and there are a var�ety 
of methods that range from stat�st�cal est�mates from Census 
populat�on data to labor�ous mapp�ng of surface features from 
very h�gh to moderately h�gh spat�al resolut�on aer�al �magery 
(Slonecker and others, 200�).  G�ven the potent�al of �mperv�ous 
surfaces to serve as an �nd�cator of ecolog�cal cond�t�on,  the and 
sens�t�v�ty of the metr�c to �nd�cate �mpa�rment, greater under-
stand�ng of the methods and accurac�es of comput�ng �mperv�ous 
surfaces values �s needed.
 
Although the effects of land use, populat�on, and �mperv�ous sur-
faces on water qual�ty has been generally known for many years, 
a bas�c problem ex�sts �n quant�fy�ng the deta�led spat�al extents 
and d�str�but�on of var�ous classes of �mperv�ous surface phe-
nomena.  Accurate and quant�fiable measurements of �mperv�ous 
area rema�n elus�ve and expens�ve (Slonecker and others, 200�).  
Determ�n�ng the area of �mperv�ousness �s pr�mar�ly a mapp�ng 
�ssue, and �t �s �n mapp�ng methods that the base data for deter-
m�n�ng the contr�but�on of �nd�v�dual components for evaluat�ng 
the other methods of �mperv�ousness w�ll be found.  Wh�le there 
are a number of v�able methods, such as stat�st�cal est�mates, 
spectral reflectance methods, and GIS algor�thms, there must 
necessar�ly be some set of ‘reference’ data �n order to measure the 
accurac�es of other methods.  

Objectives
One of the pr�mary purposes of th�s study �s to develop quan-
t�tat�ve �nformat�on about the spat�al extent of var�ous classes 
of �mperv�ousness through deta�led mapp�ng from h�gh-resolu-
t�on �magery sources.  Numerous stud�es d�fferent�ated between 
rooftops and transportat�on systems, some w�thout support�ng or 
add�t�onal data.  In some of these stud�es bu�ld�ngs and roads are 
�dent�fied as the ent�re contr�but�on of all �mperv�ous surfaces.  
If the components of �mperv�ous surfaces are broken down �nto 
more deta�led components w�th�n watersheds, methodolog�es can 
be better evaluated to control and m�t�gate the �mpacts from these 
components.  Th�s report presents quant�tat�ve results that deta�l 
how much each �mperv�ous feature �s contr�but�ng to the total 
�mperv�ousness for s�x selected urban�zed watersheds throughout 
the Un�ted States.

The object�ves of th�s research were:
Objective 1 – to determ�ne the relat�ve contr�but�on of the 
�nd�v�dual components that compr�se the total area of �mperv�-
ous surfaces �n s�x selected watersheds �n the Un�ted States by 
locat�ng or collect�ng �mperv�ous surfaces data from h�gh spat�al 
resolut�on aer�al �magery.  This objective is addressed by Task 
One (below).

Objective 2 - to demonstrate scale dependent and effic�ent meth-
ods for mapp�ng �mperv�ous areas by us�ng remote sens�ng and 
Land Use/Land Cover and other deta�led GIS data.  Potent�ally, 
rel�able and effic�ent methodolog�es could be developed for use 
by State and  local governments as well as Federal agenc�es to 
effic�ently measure the �mperv�ousness �n any g�ven watershed, 
thereby correlat�ng road �mpact upon the qual�ty of the env�ron-
mental cond�t�ons.  These objectives are addressed by Tasks Two 
and Three.

Scope and Approach

S�x watersheds were selected, based on degree of urban�zat�on 
and the ava�lab�l�ty of GIS data.  Three pr�mary tasks were com-
pleted:

Task 1 - Quantifying Components of Impervious 
Surfaces:  Reference Data

The �mperv�ous surfaces for each watershed were mapped at 
h�ghly deta�led levels (see data source examples �n fig. 2).  Ex�st-
�ng deta�led GIS datasets were acqu�red from the local govern-
ments where ava�lable and spat�ally expl�c�t classes of �mperv�ous 
surfaces were d�g�t�zed from h�gh spat�al resolut�on ortho�magery 
to comp�le h�ghly deta�led GIS datasets for s�x classes of �mperv�-
ous surface cover.  From th�s product, the relat�ve contr�but�on 
of each class of �mperv�ous cover was determ�ned.  Th�s task 
addresses Objective One.

Figure 2.  Examples of data used in this research:  (1) high spatial resolution 
imagery at 1-foot resolution, Vargis, LLC Aerial Imagery ©2002 Commonwealth 
of Virginia; (2) digital orthophoto quadrangle image at 1-meter resolution, USGS; 
(3) local government GIS data, courtesy of Loudoun County Government, Virginia; 
(4) RESAC sub-pixel data, courtesy of the University of Maryland, Geography 
Department; (5) vector road GIS data, The National Map; and (6) 1992 National 
Land Characteristics data.

images/figure2.jpg
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from wh�ch data were ava�lable from The National Map was used 
to choose the areas.  Or�g�nally, s�x to e�ght study areas, each one 
square m�le �n s�ze were to be selected.  However, the value of 
work�ng �n watershed areas rather than the one-square-m�le areas 
was compell�ng and very �mportant �n data shar�ng.  Ult�mately 
the watersheds ranged from very dense urban (four of the water-
sheds) to suburban (two of the watersheds).  

Local Data Availability

The team located contacts �nterested �n th�s research who were 
w�ll�ng to share the�r data.  Use of ex�st�ng datasets saved the 
project from the expens�ve, labor �ntens�ve, and t�me consum�ng 
process of collect�ng all reference data, and allowed datasets to be 
fin�shed only sl�ghtly.  The Append�x shows the sources and add�-
t�onal �nformat�on about the var�ous datasets used �n th�s research.  

Watershed Locations

In cooperat�on w�th the U.S. Department of Transportat�on, 
Federal H�ghway Adm�n�strat�on, the follow�ng watersheds were 
selected for study:  Black R�ver w�th�n K�ng County, Wash�ng-
ton; D�fficult Run w�th�n Fa�rfax County, V�rg�n�a; North Walnut 
Creek w�th�n Polk County, Iowa; Oak Creek w�th�n Lancaster 
County, Nebraska; Tuscarora Creek w�th�n Loudoun County, V�r-
g�n�a; and Wares Creek w�th�n Manatee County, Flor�da (fig. 3).

Task 2 - Intermediate Scale Analysis

Total �mperv�ous surface area can be determ�ned us�ng var�ous 
methods from remote sens�ng and Land Use data.  These methods 
are both effic�ent and w�dely accepted for the quant�ficat�on of the 
�mperv�ous surface area for many appl�cat�ons, �nclud�ng GIS/
Land Use coeffic�ent techn�ques and subp�xel satell�te remote 
sens�ng techn�ques.  Satell�te remote sens�ng �nstruments, such 
as the Landsat Themat�c Mapper, collect data �n d�fferent bands 
of the electromagnet�c spectrum, and th�s perm�ts the �dent�fica-
t�on of mater�als on the Earth’s surface based on the�r spectral 
reflectance character�st�cs.  The �dent�ficat�on of �mperv�ous 
areas lends �tself well to th�s type of analys�s because �mperv�ous 
surface mater�als are generally very d�fferent from most natural 
features.  Further, new techn�ques �n the field of d�g�tal �mage 
process�ng perm�t the der�vat�on of �nformat�on at the subp�xel 
level.  The standard 30-meter p�xel s�ze of the Landsat Themat�c 
Mapper sensor has �nherent l�m�tat�ons w�th respect to mapp�ng 
small objects or areas.  However, class�ficat�on techn�ques such as 
spectral m�xture model�ng (J� and Jensen, �999; Ward and others, 
2000; Ph�nn and others, 2000) and neural network-based class�fi-
cat�on methods (C�vco and Hurd, �997) are capable of extract�ng 
subp�xel �nformat�on (RESAC, 2003).  This task addresses Objec-
tive Two. 

Task 3 - Synoptic Scale Analysis

Because of the appeal of be�ng able to qu�ckly compute �mper-
v�ous cover from nat�onally cons�stent and regularly updated 
datasets, the Nat�onal Land Cover Data (NLCD) and The Na-
tional Map (U.S.  Geolog�cal Survey, 2003) road data were used 
to compute �mperv�ous cover v�a coeffic�ent methods and were 
tested for overall accuracy and effic�ency.  Although th�s �s a 
reg�onal v�ew of the deta�l and stat�st�cs of the �mperv�ous surface 
extents, th�s task �s des�gned to produce rap�d results and qu�ck 
assessments.  Th�s task addresses Objective Two.

Study Areas
The cr�ter�a used for select�ng the s�x watersheds, the locat�ons, 
and the relevant character�st�cs about each watershed are de-
scr�bed below.  Two low, two moderate, and two h�gh �ntens�ty 
urban watersheds were selected for th�s study.  

Watershed Selection Criteria

A watershed �s the area dra�ned by a stream and �ts tr�butar�es.  
Watersheds range �n s�ze from under a square m�le to hundreds 
of thousands of square m�les (for example, the Chesapeake Bay 
watershed, �n wh�ch two of our watersheds are located, has an 
area of 66,388 square m�les).  Prec�p�tat�on that falls w�th�n a wa-
tershed w�ll eventually dra�n from the bottom of the bas�n through 
the ma�n stream channel.  

The U.S. Department of Transportat�on, the agency th�s research 
was prepared for, requested that areas from each quadrant of the 
Un�ted States be represented �n th�s study.  A l�st of locat�ons 

Figure 3.  On the map of the United States are the watershed locations for this 
study, as represented by orange dots.

Watershed Characteristics

The follow�ng sect�on descr�bes each watershed �n further deta�l.  
S�ze, populat�on, and area character�st�cs are br�efly summar�zed 
�n table �.

Black River Watershed, King County, Washington

The Black R�ver watershed �s located �n K�ng County, Wash., and 
�s w�th�n the greater Seattle-Tacoma Metropol�tan Reg�on (fig. 4).  
It �s part of the larger Duwam�sh-Green watershed and encom-

images/figure3.jpg
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Green R�ver.  Three ma�n streams and r�vers are w�th�n the water-
shed:  Black R�ver, M�ll Creek, and Spr�ngbrook.  Based on the 
NLCD92 (produced from �992 source), the dom�nant Land Uses 
are (�) commerc�al, �ndustr�al, transportat�on, (2) low dens�ty 
res�dent�al, and, (3) dec�duous forest, wh�ch has changed only 
sl�ghtly s�nce th�s date. 

Difficult Run Watershed, Fairfax County, Virginia

D�fficult Run (fig. 6) �s located just west of the greater Wash�ng-
ton, D.C., metropol�tan reg�on, wh�ch has undergone mass�ve 
expans�on, w�th many people commut�ng �nto D.C. for work.  
The watershed dra�ns approx�mately �50.5 square k�lometers and 
flows d�rectly �nto the Potomac R�ver.  It �s conta�ned w�th�n Fa�r-
fax County, the most populous urban county �n both V�rg�n�a and 
�n the Wash�ngton, D.C., metropol�tan area.  In �990 the popula-
t�on for Fa�rfax County was 8�8,584; by 2000 the populat�on 
reached 969,749, an �8.5 percent �ncrease over the �0-year per�od 
(U.S. Census Bureau, 200�).  W�th�n the D�fficult Run watershed 
(fig. 7) are four large and major transportat�on corr�dors �nclud-
�ng Interstate 66, U.S. H�ghway 50, and the Dulles A�rport access 
and toll road (fig. 8).  Other �mportant roads �n th�s watershed 
are State H�ghways 7 and �23.  It �s part of the larger M�ddle Po-
tomac-Catoct�n watershed and conta�ns the follow�ng reservo�rs:  
Lake Audubon, Lake Thoreau, Lake Anne, and Lake Fa�rfax.  
Many streams flow �nto D�fficult Run, wh�ch �n turn flows �nto 
the Potomac R�ver, the ma�n streams are:  Colv�n Run, Capta�n 
H�ckory Run, P�ney Run, Wolftrap Run, P�ney Branch, Snakeden 
Branch, L�ttle D�fficult Run, South Fork, and Rocky Branch.  
Based on the �990 and the 2000 NLCD, the pr�mary Land Uses 
�n D�fficult Run are (�) dec�duous forest, (2) pasture hay, (3) res�-
dent�al d�spersed amongst the first two dom�nant features.

passes parts of the c�t�es of Kent and Renton.  The Black R�ver 
watershed �s approx�mately 69.6 square k�lometers �n area.  The 
watershed �s h�ghly developed (fig. 5) w�th approx�mately 60 per-
cent of the area �n dense urban and commerc�al land uses (K�ng 
County, 200�).  The County’s populat�on �n �990 was �,507,3�9 
and �n 2000 �t was �,737,034, result�ng �n a �5.2 percent �ncrease 
(U.S. Census Bureau, 200�).  The Black R�ver watershed conta�ns 
the follow�ng major roads:  Interstate 405, State H�ghways 546, 
5�5, �67, �8�, and 5�6, w�th no U.S. H�ghways.  The only lake 
�s Panther Lake.  The west s�de of the watershed �s bounded by 

Figure 4.  The Black River watershed is located in King County, Washington, and 
is approximately 27 square miles.  It is part of the Seattle-Tacoma metropolitan 
region.  The locator map, from the National Atlas of the United States, left, shows 
the State of Washington with the red box giving the location of the watershed.  
The land cover data, 1992 National Land Characteristics Data, right, shows an 
overview of the characteristics of the study sites and characteristics of the State 
of Washington.

Figure 5.  The nearly 28-square-mile Black River watershed in the top illustration shows a 1980, 1:100,000-scale map.  Data and the imagery at 1-meter resolution, dated 
1989, are USGS DOQs. Much of the data, as well as more recent higher-resolution imagery, were courtesy of King County, Washington.  Other sources of data for this 
area were Army Corp of Engineers and Walker Aerial Survey.
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North Walnut Creek Watershed, Polk County, Iowa

The North Walnut Creek watershed (fig. 9) �s s�tuated on the 
north-western edge of the C�ty of Des Mo�nes, Iowa, �n Polk 
County.  It �s approx�mately 35.�7 square k�lometers �n area.  
Most of the south two-th�rds of the watershed are developed 
as med�um-�ntens�ty res�dent�al w�th growth trend�ng further 
northwest (fig. �0).  In 2000 the populat�on of Polk County was 
374,60�, compared to �990 when �t was 327,�40, for a �4.5 

percent �ncrease (U.S. Census Bureau, 200�).  The populat�on for 
the c�ty of Des Mo�nes �n 2000 was �98,682 (ranked 92nd most 
populated out of 239 c�t�es w�th a populat�on over �00,000), and 
�n �990 was �93,333 (ranked 8�st most populated out of 239 c�t-
�es w�th populat�ons over �00,000 people) (U.S. Census Bureau, 
200�).  The major roads conta�ned �n the North Walnut Creek 
watershed are the follow�ng:  overlapp�ng Interstates 35/80, State 
H�ghway �4�, and the smaller U.S. H�ghway 6.  North Walnut 
Creek Watershed �s conta�ned w�th�n the larger North Raccoon 

Figure 6.  The Difficult Run watershed, located in Fairfax County, Virginia, is 
approximately 58 square miles and is west of the Washington, D.C., metropolitan 
region.  The top image is the locator map from the National Atlas of the United 
States.  The lower image shows 1992 National Land Characteristics Data.

Figure 7.  The top figure is of the 58-mile Difficult Run watershed shown on a 1983, 
1:100,000-scale map.  The bottom image shows the road data draped on the 1998, 
1-foot resolution imagery, courtesy of Fairfax County, Virginia.

Figure 8.  This photo was taken in early 2004 of the Dulles Toll Road, Route 267, a private highway, looking to the east from the Fairfax County Parkway in the western 
portion of the Difficult Run watershed, Virginia.  The toll road is 14 lanes wide at this location.  Buildings to the left are the growth centered around the Reston Town 
Center.  This area’s growth trend is similar to that of the Tysons Corner area, a high retail and high density area also in Fairfax County.  The Tysons Corner area is on the 
east side of the Difficult Run watershed.
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6.5 percent populat�on �ncrease s�nce �990 (U.S. Census Bureau, 
200�).  The L�ncoln C�ty populat�on �n 2000 was 225,58� (ranked 
76th most populated out of 239 c�t�es w�th a populat�on over 
�00,000) and �n �990 �t was �92,722 (ranked 82nd most populat-
ed out of 239 c�t�es w�th a populat�on over �00,000).  The major 
roads �n the watershed are the follow�ng:  Interstates �80 and 80, 
U.S. H�ghways 6 and 34, and a small port�on of U.S. H�ghway 
64.  The ma�n water features are Oak Creek, Oak Lake, and Salt 
Lake, w�th several �nterm�ttent streams and small reservo�rs and 
�s conta�ned �n the larger Salt watershed.  The dom�nant Land Use 
�s pasture/hay w�th a small, second use of herbaceous grass lands, 
followed by fallow lands (as determ�ned w�th the NLCD92).
 

watershed.  The watershed’s namesake, North Walnut Creek, 
flows toward the central part of Des Mo�nes �nto Walnut Creek 
and after about 5 k�lometers, �t flows �n turn, �nto the Raccoon 
R�ver, wh�ch jo�ns the Des Mo�nes R�ver after about another 5 
k�lometers.  The one lake �n the watershed �s Lake Hal�ce w�th 
a l�m�ted number of small reservo�rs and numerous �nterm�ttent 
streams.  The dom�nant Land Use �s low-�ntens�ty res�dent�al, 
followed closely by row crop and h�gh-�ntens�ty res�dent�al (as 
determ�ned by the NLCD92).

Figure 9.  The North Walnut Creek watershed, almost 14 square miles, is located 
in Polk County, Iowa, and extends into the city of Des Moines.  The locator map 
from the National Atlas of the United States (left) shows the watershed relative to 
the United States, while the 1992 National Land Characteristics Data shows the 
land cover characteristics surrounding the watershed and for the State of Iowa, 
predominantly agriculture.

Figure 10.  The nearly 14 square mile North Walnut Creek watershed is shown on 
a 1983, 1:100,000-scale map.  The 2001 bottom image has vector data draped on 
it and is better than 1-foot resolution.  The 2001 imagery and building data were 
courtesy of Polk County as well as the buildings’ data layer.  The research team 
collected information on roads, buildings, driveways, sidewalks/paths, parking 
lots, and all of the other features that do not fall into the categories listed.

Oak Creek Watershed, Lancaster County, 
Nebraska

The Oak Creek watershed (fig. ��) �s located �n the northwest 
area of L�ncoln, Nebr., �n Lancaster County and �s approx�mately 
56.82 square k�lometers �n area.  The L�ncoln Mun�c�pal A�rport 
�s s�tuated �n the center of the watershed, w�th most of the com-
merc�al and res�dent�al areas �n the eastern port�on of the water-
shed (fig. �2).  Newer res�dent�al areas are beg�nn�ng to develop 
just west of the a�rport.  In 2000, the Lancaster County popula-
t�on was 34,632, compared to �990 when �t was 32,508, for a 

Figure 11.  The Oak Creek watershed, nearly 14 square miles, is located in Lan-
caster County, Nebraska, and extends into the city of Lincoln.  The locator map 
from The National Atlas of the United States shows the watershed relative to the 
United States while the 1992 National Land Characteristics Data shows the land 
cover characteristics surrounding the watershed and for the State of Nebraska to 
be predominantly agriculture and pasture.

Figure 12.  The top illustration shows the 22-square-mile Oak Creek watershed 
draped on a 1983, 1:100,000-scale map.  Below it is draped on a 2002 National 
Map image that offers 1-foot resolution in natural color.  All data layers needed to 
be collected for this watershed.

Tuscarora Creek Watershed, Loudoun County, 
Virginia

The Tuscarora Creek watershed (fig. �3), over 36 square k�lome-
ters �n area, �s located �n Loudoun County, Va., about 40-k�lome-
ters west of the Wash�ngton, D.C., metropol�tan area (fig. �4).  
Tuscarora Creek �s �.6 k�lometers from the Potomac R�ver and 
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county �s �,9�9.2 square k�lometers, wh�le the small Wares Creek 
watershed �s approx�mately 20.7 square k�lometers.  It �s ex-
tremely flat terra�n and �s less than �6 k�lometers from the Gulf of 
Mex�co (fig. �7).  The county’s populat�on �n �990 was 2��,707, 
and �n 2000 �t was 264,002, an �ncrease of 24.7 percent over the 
�0-year per�od (U.S. Census Bureau, 200�).  The ma�n roads 
conta�ned w�th�n the watershed are the follow�ng:  U.S. Routes 
30� and 4�, State Routes 55, 45, and 684, where 684 �s the road 
that takes tour�sts d�rectly to the Gulf of Mex�co beaches w�th�n 
�2.9 k�lometers.  The Wares Creek watershed �s 3.2 k�lometers 
north of the Sarasota Bay and �s d�rectly off the Manatee R�ver 
and dra�ns �nto both by way of the Cedar Hammock Dra�nage 
Canal.  The canal flows �nto north and south flow�ng segments, 
where the branch travel�ng south dra�ns �nto the Sarasota Bay, 
wh�le the branch travel�ng north dra�ns �nto the Manatee R�ver.  
The Manatee R�ver flows d�rectly �nto the Tampa Bay, wh�ch �n 
turn flows �nto the Gulf of Mex�co.  The Wares Creek watershed 

conta�ns most of the town of Leesburg.  The U.S. Census Bureau 
has est�mated Loudoun County to be the fastest grow�ng county 
�n the nat�on (U.S. Census Bureau, 2003).  The populat�on for 
Loudoun County �n �990 was 86,�29; by the year 2000 the popu-
lat�on grew to �69,599, for a 96.9 percent populat�on �ncrease 
over that �0-year per�od.  By 2002, the est�mated populat�on was 
204,054 (U.S. Census Bureau, 200�), a �36-percent �ncrease 
s�nce �990 and a 20-percent �ncrease s�nce 2000.  The ma�n roads 
�n the watershed are pr�vate h�ghway 267, State H�ghway 7, U.S. 
H�ghway �5, State H�ghway 62�, and State H�ghway 9, wh�ch 
starts at the northern edge of th�s watershed.  The Tuscarora 
Creek watershed �s part of the larger Catoct�n watershed and the 
st�ll larger Potomac R�ver Bas�n where the water flows �nto the 
largest estuary �n the Un�ted States, the Chesapeake Bay.  There 
are no lakes, but there are several small reservo�rs that are less 
than 0.25 square k�lometers.  

The ma�n streams �n the Tuscarora watershed are Town Branch, 
Dry M�ll Branch, and �ts namesake the Tuscarora Creek, where 
the beg�nn�ng �s only 8 k�lometers from Goose Creek, wh�ch 
when the Tuscarora Creek flows �nto �t, �s only 2.4 k�lometers 
from the Potomac R�ver.  The Tuscarora Creek watershed �s 
�n the path of the urban growth that �s rap�dly occurr�ng �n the 
eastern port�on of the county (fig. �5).  W�th�n the watershed 
the NLCD92 �nd�cates the dom�nant covers are agr�cultural use, 
sl�ghtly lead�ng the amount of forest. The commun�ty �s a pr�me 
locat�on for urban�zat�on, espec�ally w�th the ava�lab�l�ty of the 
conven�ent pr�vate h�ghway 267.  Maryland owns the water r�ghts 
to the Potomac R�ver, wh�ch �s a challenge when plann�ng for 
enough water to support the grow�ng commun�ty.

Wares Creek Watershed, Manatee County, Florida

The Wares Creek watershed (fig. �6) �s conta�ned w�th�n the 
County of Manatee, Flor�da, and �s approx�mately 9 k�lometers 
north of Sarasota and conta�ns part of the c�ty of Bradenton.  The 

Figure 13.  The Tuscarora Creek watershed, over 14 square miles, located in Loud-
oun County, Virginia, is about 25 miles west of the Washington, D.C., metropolitan 
area.  The locator map is from the National Atlas of the United States and the land 
cover data are 1992 National Land Characteristics Data (available free and nation 
wide by State at http://www.mrlc.gov/).

Figure 14.  The 14-square-mile Tuscarora Creek watershed draped on the 1981, 
1:100,000-scale map.  The vector data, courtesy of Loudoun County, are draped 
on a USGS 1994 color infrared digital orthophoto quarter quadrangle image at 
1-meter resolution.

Figure 15.  Photographs showing views within the Tuscarora Creek watershed, 
Virginia, in the Leesburg area.
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�s located �n the larger watershed of the Peace-Tampa Bay.  There 
are approx�mately n�ne small man made lakes.  Wares Creek �s 
completely developed and has h�gh-dens�ty res�dent�al areas as 
the predom�nant land use.  The northern port�on has more res�-
dent�al tree cover rather than the grasses and the occas�onal palm 
trees �n the southern port�on of the watershed.  Any areas that are 
not res�dent�al are commerc�al areas serv�ng the commun�t�es.  
The open lands are a golf course, lakes, and a few educat�onal fa-
c�l�t�es.  The NLCD92 shows the follow�ng three, respect�vely, as 
the pr�mary features �n the watershed:  (�) low-�ntens�ty res�den-
t�al, (2) h�gh-�ntens�ty res�dent�al, and (3) commerc�al, �ndustr�al, 
and transportat�on.

Methodology

Overall Process

In order to ach�eve object�ves one and two, three tasks were de-
s�gned to accompl�sh them:

Task � – Quant�fy�ng Components of Imperv�ous Surfaces:  Ref-
erence Data, was used to bu�ld and assemble GIS reference data, 
des�gned to fulfill the first object�ve; Task 2 - Intermed�ate Scale 
Analys�s:  Subp�xel Image Process�ng Techn�ques and Land Use 
Coeffic�ents Method addressed the needs of the second object�ve, 
as d�d Task 3 – Synopt�c Scale Analys�s, wh�ch allowed for the 

Figure 16.  The Wares Creek watershed, approximately 8 square miles, is located 
25 to 30 miles south of the metropolitan area of Tampa on the Gulf coast of Florida, 
in Manatee County.  The locator map is from the National Atlas of the United 
States and the land cover data are 1992 National Land Characteristics Data.

Figure 17.  The Wares Creek watershed draped on the 1977, 1:100,000-scale map and on the 1-foot resolution image is from 2001, shown above courtesy of Manatee 
County.  All data were available from the county except for the sidewalks and parking lots.
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qu�ck reg�onal assessment of �mperv�ousness and also to compare 
w�th the reference data from Task One.  

To complete the tasks, s�x phases were nested �n the three tasks: 
(�) Watershed Select�on, (2) GIS Data Acqu�s�t�on, (3) H�gh 
Spat�al Resolut�on Imagery Acqu�s�t�on, (4) Reference Data 
Match Process, (5) Components Summat�ons, and (6) Accuracy 
Compar�sons. 

Task 1 - Quantifying Components of Impervious 
Surfaces:  Reference Data

Data mod�ficat�on and collect�on �n assembl�ng the reference 
datasets for th�s work �nvolved the complet�on of one to three 
GIS datasets per watershed �n order to obta�n a match w�th both 
the NLCD92 (�992 product) and w�th the subp�xel contemporary 
products, NLCD2000 (produced from the year 2000 source).  By 
d�g�t�z�ng spat�ally expl�c�t components (table 2) of �mperv�ous 
surfaces from  h�gh spat�al resolut�on �magery and espec�ally by 
ut�l�z�ng ex�st�ng deta�led GIS datasets prov�ded by  local govern-
ments and The National Map, th�s task encompassed mapp�ng 
and quant�fy�ng the �mperv�ous surfaces for each feature �n the 
selected watersheds, at extremely deta�led levels pr�mar�ly for the 
years �992 and 2000.  The results showed temporally the relat�ve 
contr�but�on �n area of each component’s �mperv�ous surface for 

all s�x watersheds.  For each watershed, prel�m�nary research was 
conducted to �dent�fy sources for both GIS data and h�gh spat�al 
resolut�on �magery from publ�c or pr�vate sources (see append�x).  
In some cases, aer�al photographs were acqu�red, scanned, geo-
reg�stered, and orthorect�fied for use as the base sources.  After all 
GIS data were acqu�red, local data were rev�ewed for cons�stency 
and accuracy, and were updated (heads-up d�g�t�z�ng/ed�t�ng) to 
match the h�gh spat�al resolut�on �magery source for the years 
�992 and 2000.  When no ex�st�ng GIS data could be found, as �n 
the Oak Creek watershed, the features were d�g�t�zed from h�gh 
spat�al resolut�on �magery sources.  F�gure �8 shows an example 
of the end product w�th all the features del�neated after the mod�-

Impervious
Surface

Components
Component/Feature Descriptions

Buildings All roofed structures �nclud�ng storage sheds and tra�lers (w�th the assumpt�on that tra�ler’s 
foundat�ons were concrete pads).  As often the base of structures are obscured by camera 
angle or vegetat�on, roof tops were d�g�t�zed rather than the structure bases.

Roads Long, narrow areas of gravel, paved or other hard surfaces that are ut�l�zed pr�mar�ly for pub-
l�c transportat�on by automob�le and are ma�nta�ned and regulated by Federal, State or local 
government.

Parking Lots Paved or hard surfaced areas that ex�st pr�mar�ly for the temporary storage for 
automob�les and  other veh�cles, equ�pment, and mater�als.  In commerc�al/�ndustr�al/bus�-
ness/�nst�tut�ons/apartment areas, entryways �nto these complexes were referred to park�ng 
lots to �nclude the park�ng areas that often ran off the entryways.

Driveways Hard surface or gravel areas that connect a house, garage, or other structure to a road surface 
for the purpose of automob�le access and storage.  In res�dent�al areas entryways, �nto homes 
were put �n th�s category.

Sidewalks Narrow hard surface areas that are generally found parallel to roadways and ex�st pr�mar�ly 
for pedestr�an traffic.  Recreat�onal tra�ls, home and bus�ness entryways, park and golf course 
cart paths are �ncluded �n th�s category.

Other Hard surface recreat�on areas, such as basketball or tenn�s courts, pat�os, sw�mm�ng pools - to 
�nclude surround�ng pat�o, any other �mperv�ous surface that does not fit �n any of the above 
categor�es.

Table 2.  Table showing the six principal components features of impervious surfaces.  See the appendix for sources of data.

Figure 18.  The six types of impervious surfaces are digitized from rectified high 
spatial resolution imagery.  These show buildings, roads, sidewalks, driveways, 
parking lots, and other covers (a sport court is shown).

images/figure18.jpg


�5

ficat�on/collect�on process.  F�gure �9 shows one of the research-
ers compar�ng the acqu�red data w�th the �magery.  

Once the base datasets were completed, the features were sub-
tracted to construct the �992 reference data for the NLCD92 w�th 
the appropr�ate dates from the metadata.  For the match w�th the 
contemporary subp�xel products, the team updated the base data-
set to the appropr�ate date of those products as well.  The areas of 
the d�fferent components were calculated for both �992 and 2000 

spectral unm�x�ng (a process enables the user to der�ve more 
�nformat�on from a 30-meter p�xel than before).  The end result �s 
a better resolut�on product than the or�g�nal 30 meters (fig. 20).

Th�s techn�que has shown to be successful when appl�ed to h�gh 
spectral resolut�on �mag�ng data (hyperspectral offers more 
than 200 bands), where subtle d�agnost�c absorpt�on features 
largely determ�ne the spectral character�st�cs (Van der Meer, 
2002).  Spectral unm�x�ng techn�ques str�ve to find proport�ons 
of end-members, spectrally ‘pure’ p�xels, w�th�n a p�xel from the 
observed m�xed p�xel spectrum and a number of pure end-mem-
ber spectra of known compos�t�on (J� and Jensen, �999; Ward and 
others, 2000).  When used �n conjunct�on w�th advanced �mage 
class�ficat�on techn�ques such as neural networks or dec�s�on 
tree class�fiers, subp�xel techn�ques can return data that are more 
accurate and have more spat�al deta�l, compared to trad�t�onal 
class�ficat�on techn�ques, such as Task �-Reference Data.

In determ�n�ng the �mperv�ous surface percentage per p�xel from 
subp�xel products, the follow�ng two fundamental steps are �n-
volved.  F�rst, �mperv�ous surface products us�ng subp�xel �mage 
process�ng are generally released �n a raster format �n wh�ch the 
cell value �s the percentage of �mperv�ousness calculated for that 
p�xel.  The raster �mage �s ass�gned color values by some percent-
age class of �mperv�ousness.  Second, after cl�pp�ng the extent of 
the area of �nterest (�n th�s case the Tuscarora Creek watershed) 
product (fig. 2�) from the large raster the values from the value 
attr�bute table, wh�ch are the ‘value’ and ‘count,’ can be eas�ly 
�nput to a spreadsheet for calculat�on of total �mperv�ousness.  
The value represents the percentage of �mperv�ousness and the 
count represents the total number of occurrences �n these datas-
ets.  These steps are s�m�lar to those appl�ed �n Task 3-Synopt�c 
Scale Analys�s.

Figure 19.  A team member is modifying the acquired data in the match process 
with the high resolution imagery.

reference datasets.  The Task � results were compared w�th the 
NLCD92 products and the RESAC subp�xel product (Sm�th and 
others, 2003).  

Task 2 - Intermediate Scale Analysis

Two separate techn�ques were used to calculate �mperv�ous 
surface area at an �ntermed�ate scale.  These two techn�ques 
were selected for the�r effic�ency and frequent ment�on �n the 
l�terature.  The first, Task 2A, subp�xel process�ng, �s a relat�vely 
recent advance �n spectral analys�s that ut�l�zes a comb�nat�on of 
spectral process�ng and stat�st�cal tools to der�ve �nformat�on on 
the components makeup of an �nd�v�dual p�xel.  The second tech-
n�que makes use of land use coeffic�ents that are commonly used 
by hydrolog�sts and watershed protect�on spec�al�sts work�ng on 
�mperv�ous surfaces research.

Task 2A - Intermediate Scale Analysis:  Subpixel Image 
Processing Techniques

For many years, satell�te remote sens�ng and �mage process-
�ng techn�ques were l�m�ted by the spat�al resolut�on of these 
remotely sensed products.  Typ�cal systems such as the Landsat 
Themat�c Mapper, w�th 30-meter p�xel s�ze, exh�b�ted s�gn�ficant 
l�m�tat�ons on m�n�mum mapp�ng un�ts, spat�al accuracy, and 
general deta�l of der�ved products.  However, a relat�vely new 
class of �mage process�ng techn�ques has been developed �n the 
last decade that can be used to class�fy the p�xel �nto relat�ve 
abundance of mater�als w�th�n �t based on stat�st�cal analys�s and 

Figure 20.  A subpixel impervious surface image of the Washington, D.C., area as 
derived from Landsat Thematic Mapper imagery by the University of Maryland 
RESAC.  Red areas indicate pixels of high levels of impervious surfaces, yellow 
areas are less imperviousness than the red, while the black areas indicate no 
impervious cover.

images/figure19.jpg
images/figure20.jpg


�6

The reflectance character�st�cs of �mperv�ous surfaces lend 
themselves well to del�neat�on v�a spectral remote sens�ng.  Con-
crete, macadam, and other substances that are ut�l�zed �n human 
construct�on efforts generally have s�gn�ficantly d�fferent spec-
tral profiles from natural surfaces. W�th the ab�l�ty to potent�ally 
acqu�re �nformat�on at the subp�xel level, th�s method of clas-
s�ficat�on can prov�de more accurate measures of compos�t�on.  
Subp�xel process�ng of w�dely ava�lable satell�te �magery could 
become an �mportant new source of �mperv�ous surface data.  
Several organ�zat�ons and �nst�tut�ons now regularly process 30-
meter subp�xel �mperv�ous surface data, such as the M�d-Atlant�c 
Reg�onal Earth Sc�ence Appl�cat�ons Center (RESAC) at the 
Un�vers�ty of Maryland, Geography Department (fig. 20 and 2�).  
The USGS EROS Data Center (EDC) has completed nat�onal 
subp�xel products, NLCD2000, for d�fferent ecoreg�ons across 
the Un�ted States w�th some st�ll �n progress (U.S. Geolog�cal 
Survey, 2000).  The potent�al accuracy and nat�onal ava�lab�l�ty of 
these data sources made them excellent cand�dates for test�ng �n 
th�s study.  Th�s task used the RESAC and NLCD2000 products, 
wh�ch were only ava�lable for the Tuscarora Creek and the D�f-
ficult Run watersheds at the t�me of analys�s.

Task 2B - Intermediate Scale Analysis:  The Land Use Coef-
ficient Methodology

The coeffic�ent method can be used to der�ve �mperv�ous surface 

Figure 21.  To the left, the subpixel impervious surface raster derived using subpixel digital image processing for the Tuscarora Creek watershed, Virginia.  A geo-
graphic information system coverage of the watershed boundary was used to clip the larger raster, resulting in the impervious surface data for just the watershed.  
The value attribute table from the impervious surface raster, from which the total impervious area is easily calculated, is shown on the right.

est�mates from land use (Task 2B) and land cover (Task 3) data 
separately from d�fferent sources.  An �mportant d�st�nct�on must 
be made between land use and land cover data:  land use data 
descr�bes the anthropogen�c ut�l�zat�on and purpose of var�ous 
land parcels.  It �s usually der�ved from deta�led maps and aer�al 
photographs and �s d�g�t�zed �n a vector GIS format.  The work by 
Anderson and others (�976) has for many years served as the ba-
s�s for land use class�ficat�on and mapp�ng from remotely sensed 
data.  Land cover data are somewhat d�fferent, as they descr�be 
the natural surface and cond�t�on based on b�ophys�cal character-
�st�cs.  Table 3 shows examples of the d�fferences between land 
use and land cover for the same parcels of land. 

The Land Use Coeffic�ent method, appl�ed �n Task 2B, may be 
used to determ�ne the �mperv�ous surface area of a watershed 
(Cap�ella and Brown, 200�).  Land use mapp�ng �nvolves the 
del�neat�on of s�m�lar land uses as �nterpreted from a d�g�tal �m-
age or cartograph�c base us�ng moderately-h�gh spat�al resolut�on 
scale.  Each spec�al�zed land use polygon �s then mult�pl�ed by a 
spec�fic, prev�ously determ�ned coeffic�ent that represents the av-
erage fract�onal percentage of �mperv�ous cover for that part�cular 
land use.  The sum of th�s area for all land use polygons �s then 
the �mperv�ous amount for the watershed. For example, table 4 
l�sts the land use classes and coeffic�ents that were developed for 
the Chesapeake Bay watershed (Cap�ella and Brown, 200�). 

Task 3 – Synoptic Scale Analysis:  Calculation of 
Impervious Surface Area from Regional and Na-
tional Synoptic Land Cover Data Sources

The NLCD92 product for wh�ch the coeffic�ents were appl�ed �s 
typ�cally generated from satell�te-based �mage process�ng meth-
ods.  Land cover data, l�ke land use, �s a themat�c representat�on 
of surface phenomenon but �s based on the b�ophys�cal cover and 
�ts spectral reflectance propert�es of the surface features �nstead of 
an anthropogen�c-based ut�l�zat�on of land.  The NLCD92 and the 
subp�xel products are extremely �mportant for the second objec-

Land Use
(NLCD92)

Land Cover
(NLCD2k)

Golf Course Herbacceous Grasses

Orchard Tree Cover

Retent�on Pond Open Water

Quarr�es/Str�p M�nes Barren

Table 3.  Comparison of land-use versus land-cover features.
impervious surfaces.  See the appendix for sources of data.

images/figure21.jpg
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t�ve as �t �s ant�c�pated that a comb�nat�on of these methods and 
products could offer a more accurate quant�ficat�on of �mperv�-
ousness of a watershed. 

The final task �n th�s research was the determ�nat�on of �mperv�-
ous area from a reg�onal or nat�onal synopt�c data source, wh�ch 
�ncorporated the Land Use Coeffic�ent methodology prev�ously 
d�scussed.  The Mult�-Resolut�on Land Consort�um’s Nat�onal 
Land Cover Dataset (NLCD) was selected and was ava�lable for 
the �990 t�meframe (NLCD92), w�th some var�at�on �n scene date 
from �988 to �993.  Unl�ke land use data, the b�g advantage of 
land cover �n th�s appl�cat�on �s that �t can be der�ved spectrally 
from remotely sensed data w�th any one of several automated 
�mage class�ficat�on techn�ques, wh�ch can be very effic�ent 
over large areas. The computat�on of �mperv�ous area from land 
cover offers two d�st�nct advantages.  F�rst, land cover can be 
der�ved from spectral satell�te data and computed mostly us�ng 
automated d�g�tal class�ficat�on rout�nes.  Second, the ava�lab�l�ty 
of a nat�onally cons�stent land cover data source allows for the 
rap�d and effic�ent analys�s of any watershed or area of the Un�ted 
States, conserv�ng valuable resources that would be expended on 

Land Use Classes
Land Use 

Code
  Impervious 
Coefficients

Open Urban land �0 0.086

Residential – 2 acre lot �� 0.�06

Residential – 1 acre lot �2 0.�43

Residential – 0.5 acre lot �3 0.2�2

Residential – 0.25 acre lot �4 0.278

Residential – 0.125 (1/8) acre lot �5 0.326

Townhome Residential �6 0.409

Multifamily Residential �7 0.444

Agriculture 20 0.0�9

Institutional 30 0.344

Churches 3� 0.399

Schools 32 0.303

Municipal 33 0.354

Golf Courses 34 0.050

Cemeteries 35 0.083

Parks 36 0.�25

Light Industrial 40 0.534

Commercial 50 0.722

Table 4.  Land Use Codes and Coefficients (Capiella and Brown, 2001). 
the data acqu�s�t�on and process�ng steps used �n 
other methods.  

The computat�on of total �mperv�ous cover from 
th�s type of data source �s s�m�lar to the subp�xel 
process�ng d�scussed �n Task 2A-Intermed�ate 
Scale Analys�s:  Subp�xel Image Process�ng 
Analys�s �n the analys�s of the UMD-RESAC 
and NLCD2000 product.  Rather than us�ng the 
UMD-RESAC or NLCD2000 data, the NLCD92 
was used and processed exactly the same way 
to extract the �mperv�ous surfaces.  But before 
apply�ng the coeffic�ents to the d�fferent classes 
w�th�n the watershed, bas�c calculat�ons were 
used to determ�ne wh�ch type of urban �ntens�ty 
the watershed has, one of three categor�es based 
on the number of urban p�xels.  Once the values 
from the value attr�bute table have been put �n 
the spreadsheet the total �mperv�ous area �s cal-
culated us�ng the coeffic�ents (table 5) for each 
of the class watershed.  The coeffic�ents are then 
mult�pl�ed t�mes the total area for each class and 
summed, y�eld�ng an est�mate of total �mperv�ous 
area.

The use of coeffic�ents for �mperv�ous surface 
determ�nat�on �n th�s context �mpl�es that there 
are s�m�lar�t�es �n landscape structure that would 
make th�s method of comput�ng �mperv�ous 
surfaces feas�ble.  Develop�ng the coeffic�ents 
�s accompl�shed by a sampl�ng techn�que �n the 
M�d-Atlant�c reg�on for these coeffic�ents, where 
h�gher spat�al resolut�on data are used to deter-
m�ne the average amount of �mperv�ousness �n 
each land cover category.  Th�s average �s then 
used to compute a coeffic�ent for a ‘per p�xel’ 
amount of �mperv�ousness for each class.  In th�s 
task, two sets of coeffic�ent methods were used 
for comput�ng �mperv�ousness from NLCD92.  

The deta�ls of the two techn�ques are found �n Center for Water-
shed Protect�on (�998), as �mplemented �n the Arcv�ew Extens�on 
‘Att�la’ (Ebert and Wade, 2003; Jenn�ngs and others, 2004) (table 
6).  

Results
All five methods �n the three d�fferent tasks enabled the quant�-
ficat�on of the d�fferent components of �mperv�ous surfaces – at 
d�fferent scales and accurac�es w�th some �nterest�ng results.

Task 1 – Quantifying Components of Impervious 
Surfaces:  Reference Data

After comp�l�ng all temporal datasets on the s�x watersheds, 
overall, bu�ld�ngs led all other categor�es at 29.2 percent of the 
total �mperv�ousness, followed closely by roads at 28.3 percent, 
w�th park�ng lots �n th�rd place at 24.6 percent.  These three cat-
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egor�es accounted for the major�ty of total �mperv�ous area for all 
the watersheds.  Table 7 summar�zes the area measurements for 
each category �n acres and table 8 summar�zes the percentages of 
total �mperv�ous surfaces area.  F�gure 22 shows the cumulat�ve 
percentages of each category.

Task 2 - Intermediat Scale Analysis

Task 2A - Intermediate Scale Analysis:  Subpixel 
Image Processing Techniques

The results are shown �n table 9.  In the Tuscarora Creek wa-
tershed, both the RESAC and the EDC data comp�led total 
�mperv�ous area to w�th�n �0 percent of the Task �-Reference 
Data values.  For the D�fficult Run watershed, however, both the 
RESAC and EDC datasets s�gn�ficantly under reported the total 
�mperv�ous area.  The �996 RESAC data were only 52 percent �n 
agreement w�th the �997 reference data, wh�le the 200 EDC data 
were 59 percent �n agreement w�th the �997 reference data.

Task 2B - Intermediate Scale Analysis:  Land Use 
Coefficient Methodology

The appl�cat�on of Land Use coeffic�ents performed best �n the 

Class Name Density (dwelling/acre) Coefficients

Forest -- 0.0�

Agriculture -- 0.0�

Urban Open Land -- -

Water/Wetland -- -

Low Density Residential <0.5 0.06

0.5 -

� 0.�2

Medium Density Residential 2 0.�8

3 0.20

4 0.25

High Density Residential 5 -7 0.35

Multifamily (Townhouse)
>7

0.35 - 0.50

(H�ghr�se)
>20

0.60 - 0.75

Industrial 0.60 - 0.80

Commercial 0.90 - 0.95

Table 6.  Center for Watershed Protection (1998) coefficients.  Each land use area is measured and multiplied by the coefficient result-
ing in an estimate of imperviousness for that feature.

Figure 22.  Task 1-Components Quantification - Truth Data.  The percent of 
Total Impervious Area as calculated from eleven separate mappings of the six 
watersheds.  Buildings, roads and parking lots account for the majority of total 
impervious surfaces area.

Black R�ver watershed where the use was predom�nantly �ndus-
tr�al and commerc�al, w�th some res�dent�al runn�ng from north-
to-south on the eastern s�de of the watershed (table �0).  The Task 
�-Reference Data resulted �n 35.2 percent �mperv�ous surfaces 
for the ent�re watershed.  V�sual observat�on (fig. 5) �nd�cates that 
the watershed was nearly �00 percent bu�lt-up, w�th no open-

images/figure22.jpg
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space lands, and the area be�ng 
predom�nantly �ndustr�al and 
commerc�al.

In the Wares Creek watershed, 
where th�s method performed 
furthest from the reference 
data, the use was ent�rely 
res�dent�al.  Task �-Reference 
Data resulted �n 45 percent �m-
perv�ous surfaces for the ent�re 
watershed.  The development 
covered the watershed homo-
geneously, v�sually appear-
�ng to be nearly �00 percent 
bu�lt-up, w�th the area be�ng 
predom�nantly res�dent�al.

The two rema�n�ng water-
sheds w�th percent agreements 
between Wares Creek and 
Black R�ver had a comb�na-
t�on of uses and undeveloped 
lands that covered at least 50 
percent of the watershed.  Task 
�-Reference Data resulted �n, 
for both, less than 25 percent 
�mperv�ous surfaces for the�r 
ent�re watersheds.    
  

Task 3.  Synoptic Scale 
Analysis

Task 3-Synopt�c Scale Analy-
s�s results for both methods 
are summar�zed �n table ��.  
Both methods s�mply mult�ply 
a coeffic�ent aga�nst the area 
of satell�te �mage-der�ved land 
cover for each class.  The coef-
fic�ent represents the average 
�mperv�ous area for that land 
cover class.  Both methods had 
overall percent agreements 
that fell w�th�n 5 percent of the 
reference data.  The m�n�mum 
percent agreement was 90.0 
percent and the max�mum was 
99.9.

Conclusions
Th�s study documented quant�-
t�es of total �mperv�ous areas 
(table 2) as components �n s�x 
watersheds (fig. 3).  Wh�le 
roads, bu�ld�ngs, and park�ng 
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lots make up the major�ty of �mperv�ous areas, dr�veways, s�de-
walks, and other covers make up �4 percent of total �mperv�ous 
area and should not be �gnored �n calculat�ng the total �mperv�ous 
surface.  Park�ng lots tended to be large connected, areas unl�ke 
the other components that tended to be fa�rly l�near and frag-
mented.

Four of the common methods for comput�ng �mperv�ous area 
showed s�gn�ficant var�ab�l�ty when measured aga�nst the h�gh 
spat�al-resolut�on ground-reference �nformat�on developed �n 
Task �.  Overall, the four methods tested generally produced an 
est�mate of total �mperv�ous area w�th�n �0 percent of the refer-
ence value.  F�gure 23 shows a s�mple regress�on of the der�ved, 
the var�ous methods and years appl�ed, versus the reference data 
for all four methods tested.  There were 24 �ndependent observa-
t�ons from all the methods and the d�fferent dates plotted aga�nst 
the Task �-Reference Data percentages of �mperv�ousness, result-
�ng �n a regress�on correlat�on R2 = 0.89.  Ten-percent var�ab�l�ty 
�n the accuracy of the total �mperv�ous area value �s �mportant, 
cons�der�ng that �0 to 25 percent and greater than 25 percent 
�mperv�ous area �n a watershed was cons�dered to result �n an 
ecolog�cal cond�t�on of ‘potent�ally �mpacted’ or ‘non-support�ve.’  
The correlat�on from Schueler (�994) and Arnold and G�bbons 
(�996) has been supported by numerous other stud�es.  Research 
over the last 20 years has cons�stently reported a correlat�on be-
tween �mperv�ousness of a watershed and ecosystem qual�ty.   

Task 1 – Quantifying Components of Impervious 
Surfaces:  Reference Data

Th�s method was supported by the abundance of geo-reg�stered 
d�g�tal �magery at �-meter resolut�on or better that �s now w�dely 
ava�lable from the U.S. Geolog�cal Survey, other government 
sources, and educat�onal �nst�tut�ons, as well as from pr�vate map-
p�ng vendors.  The reference data prov�ded excellent and rel�able 
sources of deta�led �mperv�ous surfaces �n correlat�ng them w�th 
the cond�t�on of the watershed, as well as the valuable and cr�t�cal 
assessment of �mportant new techn�ques.

The h�gh spat�al resolut�on comp�lat�on of �mperv�ous surfaces 
�n th�s task revealed �nd�v�dual component features that made up 
funct�onal �mperv�ous surface area.  Roads, wh�le often cons�d-
ered the ma�n contr�butor to �mperv�ous area, are only one of the 
three major components of total �mperv�ous area that �nclude 
bu�ld�ngs and park�ng lots.  The contr�but�on of road �mperv�-
ous area to overall total �mperv�ous area has been �mpl�ed �n the 
l�terature to be as h�gh as 70 and 80 percent.  In th�s research, the 
roads ranged from 20.8 percent, �n �992 Black R�ver watershed 
(dense bu�lt-up commerc�al/�ndustr�al w�th some res�dent�al), to 
35.6 percent, �n the �998 Tuscarora Creek watershed (low-dens�ty 
res�dent�al w�th a s�gn�ficant amount of open space).  Dr�veways, 
often unaccounted for �n �mperv�ous surfaces research, made 
up an average of 9 percent of the total �mperv�ous surface area.  
Thus, these data show that even very m�nor classes of �mperv�ous 
cover are �mportant.  Very few stud�es on �mperv�ous surface area 
take �nto account s�dewalks and other components.   Yet �n th�s 
study, these components were respons�ble for approx�mately 5 
percent of total �mperv�ous area (table 8).  

Figure 23. In this regression plot the estimated impervious surfaces percents 
were derived from all the methods and their 24 observations.  These estimations 
were plotted against the actual impervious surfaces percent.  Though the points 
are scattered along the ideal from low to high density, notice that in this research 
the techniques examined tended to overestimate the impervious surfaces in the 
less developed watersheds (for example, greater than 20 percent impervious 
surfaces).

Road Contribution/Watershed Urbanization

In the two watersheds �n the suburban Wash�ngton, D.C., metro-
pol�tan area, roads were the lead�ng components of �mperv�ous 
cover; even though one watershed was fa�rly rural and the other 
more bu�lt-up.  In contrast, �n the more rural Oak Creek water-
shed �n Nebraska, the a�rport/a�r force base was the dom�nant 
component �n both years of analys�s, w�th roads be�ng second.  In 
the h�ghly �ndustr�al�zed Black R�ver watershed w�th Seattle to 
�ts north and Tacoma to �ts south, park�ng lots were the lead�ng 
component of �mperv�ousness (4�.4 percent).  In both the Wares 
Creek watershed, Fla., and the North Walnut Creek watershed, 
Iowa, extend�ng �nto Des Mo�nes, bu�ld�ngs were the largest com-
ponent of �mperv�ous cover.  Bu�ld�ngs were the lead �mperv�ous 

Figure 24.  The relationship between road impervious area to watershed impervi-
ous area.  As the watershed becomes more developed (resulting in increases in 
the percentage of impervious area) the contribution of  roads to the total impervi-
ous area declines.  WSIA = Watershed Impervious Surfaces Area, WSTA = Water-
shed Total Area, RIA = Road Impervious Area, and TIA = Total Impervious Area.

images/figure23.jpg
images/figure24.jpg
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surface component of all these watersheds 
comb�ned (table 8).  

A s�gn�ficant relat�onsh�p can be found �n 
the correlat�on of road �mperv�ous area 
to total �mperv�ous area (RIA/TIA).  TIA 
correlates w�th the level of development 
of the watershed.  F�gure 24 shows the 
l�near relat�onsh�p between road �mper-
v�ous area and total �mperv�ous area.  
Recogn�z�ng total �mperv�ous area as a 
general �nd�cator of the level of human de-
velopment �n a watershed, we can see that 
at lower percentages of �mperv�ousness 
that the road �mperv�ous area �s around 35 
percent.  But as the watershed becomes 
more and more developed, the contr�bu-
t�on of roads tends to decl�ne.  However, 
when exam�n�ng the relat�onsh�p of the 
percent �mperv�ous surface contr�but�on 
of all of the other components, separately, 
to �ncreas�ng urban�zat�on, there was no 
apparent trend w�th the �ncrease �n urban-
�zat�on.

Task 2 - Intermediate Scale 
Analysis

Task 2A - Intermediate Scale 
Analysis:  Subpixel Image Pro-
cessing Techniques

Subp�xel �mage process�ng produced 
m�xed results.  Although both methods, 
RESAC and EDC �mperv�ous surfaces 
results prov�ded good est�mates of total 
�mperv�ous area �n Tuscarora Creek, both 
methods s�gn�ficantly under est�mated to-
tal �mperv�ous area �n D�fficult Run.  Th�s 
may be due to the extens�ve tree cover 
and older, large-lot development �n some 
parts of th�s watershed of Fa�rfax County, 
Va.  As compared to the Tuscarora Creek 
watershed, �t �s much less bu�lt-up at th�s 
t�me, but has become one of the fastest 
grow�ng count�es �n the Un�ted States.  
These methods may need to �ncorporate 
anc�llary sources such as current vector 
road data.  The ava�lab�l�ty of subp�xel 
Land Use/Land Cover data, as der�ved 
from satell�te �magery, �s currently l�m�ted 
but w�ll l�kely become w�dely ava�lable 
�n the near future, and more accurate as 
techn�ques are �mproved.
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Watershed

Task 1 
Reference  

Data 
Image Source

Date

Task 2A Subpixel 
Data

Source/Date

Task 1
Reference  
Data TIA

Task 2A
Subpixel

TIA

Difference 
Btwn Task 1 
and Task 2A 

TIA

PCT AGR
with

Reference 

Tuscarora Creek 2000 RESAC / 2000 1165.1 1132.6 32.5 97.2

Tuscarora Creek 1998 RESAC / 1996 984.2 922.2 61.9 93.7

Tuscarora Creek 1988 RESAC / 1990 806.8 835.1 -28.3 96.5

Difficult Run �997 RESAC / �996 65�6.� 3403.6 3��2.5 52.2

Tuscarora Creek 2000 EDC / 2000 1165.1 1280.9 -115.8 90.1

Difficult Run �997 EDC / 2000 65�6.� 3866.5 2649.6 59.3

Average
Accuracy

-- -- -- -- -- 8�.5

Table 9.  Task 2A-Intermediate Scale Analysis - Subpixel Image Processing Techniques.  Subpixel image processing results above 
are in acres.  Subpixel data are not yes available for the remaining watersheds of this study.  [TIA=Total Impervious Surfaces Area, 
PCT = Percent, and AGR = Agreement]

Task 2B - Intermediate Scale Analysis:  Land Use 
Coefficient Method 

Task 2B produced results generally w�th�n �0 percent of Task 
� for total �mperv�ous area.  If th�s techn�que used a remotely 
sensed product to der�ve the land use features us�ng sem�- or 
automated techn�ques, the 89 percent agreement for Wares Creek 
result from table �0 could be expla�ned by the vegetat�on obscur-
�ng the sensors v�ew of the surface and structures.  However, h�gh 
spat�al resolut�on �mages were used to collect these data.  The 
average of the percent agreement for all of the watersheds, though 
only four watersheds �n th�s compar�son, for th�s method was 93.� 
percent.  S�nce the land use was der�ved from h�gh spat�al resolu-
t�on �magery, the percent agreement was expected to be greater 
than the average agreement results, at 96 percent agreement, 
from Task 3-Synopt�c Scale Analys�s, wh�ch only used a product 

Watershed

Image 
Source
Date

Task 1-
Reference  

Data PCT IS 
of Watershed 

/ size (mi2)

Task 1-
Reference  
Data TIA

Task 2B-
Land Use 

Coefficients
TIA

Difference 
Btwn. 

Reference  
and Land Use 
Coefficients

Percent 
Agreement 

w/Reference  
Data

Black River �992 35 / 26 6054.45 5866.37 �88.08 96.89

North Walnut 
Creek

200� 25 / �3 220�.�3 2045.37 55.76 92.92

Oak Creek 2000 �7 / 2 42�.87 2585.84 �63.97 93.23

Wares Creek 200� 45 / 7 23��.09 2062.�9 248.90 89.23

Average 
Accuracy

-- -- -- -- -- 93.�

Table 10.  Task 2B-Intermediate Scale Analysis:  Land Use Coefficients (Capiella and Brown, 2001).  [TIA=Total 
Impervious Surfaces Area, and LUC=Land Use Coefficients]

der�ved from 30-meter resolut�on satell�te �magery.  Only Black 
R�ver met th�s expectat�on, although there were st�ll good results 
from all tested watersheds.  Clearly, further test�ng �s needed as 
only four watersheds were exam�ned �n appl�cat�on of th�s pro-
cess.  Th�s method �s more t�me consum�ng, as the land use needs 
to be collected at a fa�rly deta�led level (table 4).  Some of the 
classes �nclude the follow�ng:  Res�dent�al 2-acre lots, Res�dent�al 
�-acre lots, Res�dent�al 0.5-acre lots, Res�dent�al 0.25-acre lots, 
Res�dent�al 0.�25-acre lots, Townhomes Res�dent�al, Mult�fam-
�ly Res�dent�al, and other very deta�led classes based on lot s�ze 
d�scr�m�nat�on.

Task 3 - Synoptic Scale Analysis

In th�s techn�que �n the appl�cat�on of land cover coeffic�ents, 
bas�c calculat�ons were used to determ�ne the watershed type 
(urban, suburban, suburban/rural) based on the number of urban 
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p�xels �n �ts watershed from the NLCD92.  Once 
the type of watershed was determ�ned, the coef-
fic�ents were then mult�pl�ed aga�nst the total area 
for each class and summed y�eld�ng an est�mate of 
total �mperv�ous area.  One of the ma�n drawbacks 
of any NLCD-based method �s sens�t�v�ty to m�s-
class�ficat�on of these urban p�xels �n the dataset.  

The two land-cover coeffic�ent methods resulted 
�n some �nterest�ng patterns.  The Center for Wa-
tershed Protect�on (CWP) method over est�mated 
total �mperv�ous surface area �n five of the s�x 
watersheds, wh�le the Jenn�ngs and Jarnag�n (J&J) 
method under est�mated total �mperv�ous area 
�n five of the s�x cases.  Each method calculated 
total �mperv�ous area extremely accurately �n one 
watershed; CWP d�d so �n the smaller, more rural 
watershed at 9 percent �mperv�ous surfaces of the 
Tuscarora Creek watershed; the J&J method d�d 
so �n the 35 percent �mperv�ous surfaces of the 
much larger Black R�ver watershed.  Overall, the 
average accuracy for the CWP was 95.6 percent 
and the J&J method was 96.3 percent.  G�ven the 
small-scale source of 30-meter resolut�on, these 
results seemed �mpress�ve.  Apply�ng the coef-
fic�ents to the NLCD product offers a tremendous 
advantage to all of the methods �n that the NLCD-
based product w�th �ts der�vat�ves products �s a 
fast method of analys�s w�th results �n less than 
an hour.  Apply�ng these methods does requ�re the 
use of GIS software.  Potent�ally, the CWP and 
the J&J methods could be comb�ned, result�ng �n 
an even more accurate techn�que �n determ�n�ng 
the �mperv�ous area �n any g�ven watershed.  

Additional Research
Th�s project has taken an �n�t�al look at two �m-
portant �ssues: the component makeup of total �m-
perv�ous area and the accuracy of var�ous methods 
used to compute total �mperv�ous area.  A log�cal 
progress�on of th�s �n�t�al research would enta�l 
construct�on of a larger, stat�st�cally s�gn�ficant 
sampl�ng frame �n order to establ�sh defens�ble 
�nferent�al relat�onsh�ps about the component 
structure and the relat�onsh�p of road surfaces to 
the sc�ent�fic d�scuss�on of �mperv�ous surfaces 
and water and ecosystem qual�ty.  A larger sample 
of the accuracy assessment of other methods 
would l�kely y�eld s�m�lar sc�ent�fic results.

A larger sample s�ze m�ght be well-served by an 
�n�t�al research �nventory of h�gh-resolut�on data-
sets ava�lable from mun�c�pal and county govern-
ments.  As noted �n th�s report, the ava�lab�l�ty of 
local, h�gh spat�al resolut�on GIS datasets repre-
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sents a major sav�ngs of research resources.

Th�s research also �nd�cates that the component structure of 
�mperv�ous area var�ed by reg�on and d�fferences appeared to be 
s�gn�ficant.  Establ�sh�ng a reg�onal, econom�c and (or) ecoreg�on-
based approach to �mperv�ous surface and water qual�ty �ssues 
could be extremely useful �n understand�ng the spat�al context 
of �mperv�ous development �n d�fferent parts of the country, but 
could also prov�de operat�onal �nformat�on on cr�t�cal ecosystems 
and the potent�al benefit of m�t�gat�on efforts.

Further develop�ng the concept presented �n figure 24, under-
stand�ng the changes and trends to total �mperv�ous area that road 
surfaces contr�bute over t�me would be a valuable contr�but�on 
to transportat�on sc�ence. Imperv�ous surfaces developed over a 
t�meframe us�ng h�stor�cal �magery, correlated w�th populat�on 
stat�st�cs and water qual�ty parameters, could lead to a better un-
derstand�ng of the relat�onsh�p between roads, m�t�gat�on efforts, 
best pract�ces, and eventual water qual�ty �ssues.

F�nally, a comparat�ve, t�me-ser�es, watershed analys�s of total 
�mperv�ous area �n the Un�ted States and �n s�m�lar watersheds �n 
other parts of the world could prov�de an �ncreased understand�ng 
of the effic�ency of construct�on pract�ces and best pract�ces.
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Web Sites for Additional Information

Anderson Class�ficat�on Level II:     http://landcover.usgs.gov/pdf/anderson.pdf

Amer�can Plann�ng Assoc�at�on:     http://www.plann�ng.org/

Bureau of Transportat�on Stat�st�cs:   http://www.bts.gov/

Center for Watershed Stud�es:     http://depts.wash�ngton.edu/cwws/

How to F�nd a Watershed Address:    http://www.epa.gov/w�n/address.html

Internat�onal Inst�tute for Geo-Informat�on
    Sc�ence and Earth Observat�on:     http://www.�tc.nl/research/pol�cy/spearhead�/vdmeer.asp

Nonpo�nt Source Pollut�on:  The Nat�ons 
Largest Water Qual�ty Problem:     http://www.epa.gov/OWOW/NPS/facts/po�nt�.htm

Nat�onal Land Cover Data �992:    http://landcover.usgs.gov/natllandcover.html

Maryland’s Surf Your Watershed:     http://www.dnr.state.md.us/watersheds/surf/�ndex.html

Mult� Resolut�on Land Consort�um:   http://www.epa.gov/mrlc/

Nat�onal Land Cover Data �992   http://www.mrlc.gov/

Nat�onal Land Cover Data 2�-classes:    http://landcover.usgs.gov/classes.php

Nat�onal Academ�es:      http://www.nat�onalacadem�es.org/env�ronment/

Nat�onal Land Cover Data 200�:    http://www.mrlc.gov/mrlc2k_nlcd.asp
 
The Brook�ngs Inst�tute:     http://www.brook.edu/�ndex/research.htm

Un�vers�ty of Maryland, College Park
Department of Geography:    http://www.geog.umd.edu/

Un�vers�ty of Maryland, College Park, RESAC: http://www.geog.umd.edu/resac/�ndex.html

People would walk �f �t wasn’t  
so far and dangerous:    http://www.transact.org/report.asp?�d=205

Sc�ence �n Your Watersheds:    http://water.usgs.gov/wsc/�ndex.html

So�l and Water Conservat�on – V�rg�n�a 
Nonpo�nt Source Pollut�on Management
Program: Surface Transportat�on Pol�cy:   http://www.transact.org/

So�l and Water Conservat�on – V�rg�n�a 
Nonpo�nt Source Pollut�on Management 
Program Surface Transportat�on Pol�cy
Program Update:     http://www.dcr.state.va.us/sw/npsupdt.htm

Transportat�on Research Board:     http://trb.org/

U.S. Department of Transportat�on:   http://www.dot.gov/
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U.S. Department of Transportat�on     
Federal  H�gh Adm�n�strat�on:   http://www.fhwa.dot.gov/

U.S. Env�ronmental Protect�on Agency:    http://www.epa.gov/

U.S. Geolog�cal Survey:     http://www.usgs.gov

U.S. Geolog�cal Survey, Geography:  http://geography.usgs.gov/

U.S. Geolog�cal Survey:  
Geograph�c Analys�s & Mon�tor�ng   http://gam.usgs.gov/

Water Qual�ty Assessment Database
2000 305(b) Data:      http://www.epa.gov/waters/305b/�ndex.html
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HIGH-SPATIAL RESOLUTION IMAGERY SOURCE INFORMATION

Selected 
Watersheds

Hi-Resolution
Imagery Source used for Base 

IS Completion (resolution/
date)

Imagery Source for NLCD92 
Match

 (resolution/date)

Hi-Resolution Imagery Source for 
Subpixel Data – RESAC and EDC 
Impervious Surfaces Data Match 

(Resolution/ Vintage)

Black River. 
Washington

K�ng County
(�992)

USGS/DOQ (�-meter/�989)
Scanned Aer�als (�.5’/�992)

No S�gn�ficant Change S�nce �992
EPA CIR Aer�al Photographs

Difficult Run, 
Virginia

Fa�rfax County (�’/�997)
The National Map 2002

USGS/DOQ (�-meter/�988)
The National Map

(�’/2002)

North Walnut 
Creek, Iowa

Polk County
(6”/200�/BW)

EPA/Scanned Aer�al Photos 
(�.5’/�992/BW) �990

Polk County
(6”/200�/BW)

Oak Creek, 
Nebraska

The National Map
(�’/2002/Natural Color)

EPA/Scanned Aer�al Photos
(�.5’/�987/CIR)

USGS/ DOQs (�-meter/�990)

The National Map
(�’/2002/Color)

Tuscarora 
Creek, Virginia

Pr�vate Source (�’/�998/Color) 
and USGS DOQs 
(�-m/�998/CIR )

EyemapTM �998; DOQs �990, 
and 2000 Eyemap TM)

USGS/DOQ (�-meter/�988)
EPA/Scanned Aer�al Photos

(~�.5’/2000)

Wares Creek, 
Fllorida

Manatee County
(~2’/200�)

EPA Aer�al Photos
�992/CIR

No S�gn�ficant Change S�nce �992

Appendix B:  High Spatial Resolution Imagery Source Information
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SMALL SCALE SOURCE INFORMATION

Selected Watersheds NLCD Path/ Row NLCD92 Scene Date
UMD RESAC 

Scene Date
EDC Impervious 

Surfaces Date

Black River, Washington 46/27
5/�992
8/�992

Unava�lable Unava�lable

Difficult Run, Virginia �5/33
3/�989
5/�990

2000 2000

North Walnut Creek, Iowa 26/3�
4/�99�
8/�992

Unava�lable Unava�lable

Oak Creek, Nebraska
28/32

5/�988
8/�99�

Unava�lable Unava�lable

Tuscarora Creek, Virginia
�5/33

3/�992
9/�993

2000 2000

Wares Creek, Florida �7/4�
3/�992
�2/�99�

Unava�lable Unava�lable

Appendix C:  Small Scale Source Information


