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Abstract: We developed a number of satellite remote sensing tools that could dynamically monitor coastal 
resource change and response to sea-level rise caused by global climate change and other natural (e.g., fire, storm 
impact, herbivory) and human (e.g., fire, flood control structures, oil spills, mitigation, and restoration) impacts. 
Together, these tools could immediately help provide improved coastal regulation and management and 
eventually produce improved long-term simulations given a variety of "what if '  scenarios. Within the package 
of tools, new methods were developed to dynamically detect flooding under grass canopies, generate coastal 
maps with microtopography within about 8 to 14 cm, detect and predict the time-since-bum of a black needlerush 
(Juncus roemerianus) marsh up to 900 days after the bum, and combine sensors of different spatial and spectral 
ranges and resolutions to provide a higher spatial resolution and a more refined coastal classification and 
detection system. 
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Introduction 
Coastal resources already threatened by natural and hu- 

man-induced stress are faced with further degradation un- 
less action is taken to provide for increases in sea level and 
continued development. As part of an effort to provide 
timely and accurate information on a regional-to-intema- 
tional scale, we developed a number of satellite remote 
sensing tools that could dynamically monitor coastal hy- 
drology and wetland changes. Equipped with these tools, 
researchers and managers can begin to link coastal hydrol- 
ogy to vegetation characteristics and, consequently, develop 
a better understanding of the expected responses of the 
coastal ecosystem to sea-level rise. Furthermore, these tools 
provide methods for monitoring, and eventually predict- 
ing, coastal response to continued development and natu- 
ral (e.g., fire, herbivory, storm impact) and managed (e.g., 
fire, flood control structures, coastal mitigation, and resto- 
ration) forces. In turn, these methods could provide infor- 
mation that resource managers and regulatory agencies need 
to develop improved and consistent wetland response mod- 
els and provide a basis for allocating financial resources 
and directing responses to influences causing wetland 
change or loss. 

Background 
The formation and health of wetland ecosystems is di- 

rectly linked to surface hydrology (Imhoff and Gesch 
1990). In coastal wetlands, hydrology is dominated by 
surface topography, terrestrial surface drainage, soil hy- 
draulic character, and local tidal dynamics. The topographic 
contour and water level, however, determine the frequency, 
duration, and depth of flooding. As a consequence, criti- 
cal controls of wetland type, productivity, and health, such 
as the level of soil salinity, the saturation of the soil, and 
the balance between particle import and export, are ulti- 
mately tied to the topography (Chabreck 1970; Redfield 
1972; Stumpf 1983; Stevenson et al. 1985; Hineet al. 1988; 
Reed 1989; Irnhoff and Gesch 1990; DeLaune et al. 1994; 
Leonard et al. 1995). Forecasting how changes in these 
controls (e.g., involving new wetland creation, wetland 
restoration, sea-level rise) will affect present and future 
wetland species zonation requires identifying the relation- 
ships between hydrology and wetland type and health. 

Currently, the ability to associate hydrology with wet- 
land type and health is limited because of the lack of both 
high detail in topographic surface maps (McKee and 
Patrick 1988) and timeliness in the production of new 
coastal wetland maps. Available U.S. Geological Survey 
(USGS) topographic maps for the Gulf of Mexico coast, 
for example, use a 150-cm contour interval, while the av- 
erage shore-normal elevation gradient can be as low as 12 
cm per kilometer for tens of kilometers (Fruh et al. 1973). 
Even within this shallow gradient, wetlands are diverse 
systems that exhibit extreme variations in areal extent, 

temporal duration, and spatial complexity (e.g., Chabreck 
1970). In addition, wetland vulnerability and intensity of 
use can further complicate the spatial and temporal pat- 
tems. For example, storms, herbivory, and fire can not only 
confuse the classification of wetland type and indicators 
of health, but they can also affect the response of a wetland 
to sea-level rise. Monitoring tools are needed that can dis- 
criminate wetland types and health and also identify where 
wetland change has occurred, what the nature of the change 
was (from-to), and what the sequence of change was (e.g., 
recovery). Maps produced by the National Wetlands In- 
ventory provide some of this information (Peters 1994), 
but the enormous investment in photography acquisitions 
and interpretation results in a turnaround of nearly 10 years 
for new map production (Wilen and Frayer 1990). To be 
effective, the information derived from the remote sensing 
data must not only be highly detailed, but also timely and 
cost effective (Teuber 1990). Satellite and aircraft remote 
sensing can provide timely and cost effective data, but tech- 
niques must be developed that can transform the data into 
information about wetland responses to changes in the hy- 
drologic regime as a function of global climate change and 
sea-level rise scenarios. 

Today, many satellites carry a variety of remote sensing 
instruments. Of these, optical sensors have the longest his- 
tory of being used for mapping wetland types and monitor- 
ing wetland changes (e.g., Weismiller et al. 1977; Klemas 
et al. 1980; Hardisky et al. 1986; Jensen et al. 1987; Ramsey 
et al. 1992, 1993). These sensors include the Landsat The- 
matic Mapper (TM) and, more recently, SPOT high reso- 
lution visible sensors onboard satellite platforms. Tradi- 
tionally, optical sensors provided nearly all the images of 
wetland areas; however, with the launch of Seasat in 1978, 
radar has slowly gained importance in wetland mapping 
(Lyon and McCarthy 198 1 ; Ramsey 1998). 

Satellite optical imagery offers synoptic coverage but 
is constrained by the restricted ability of visible and near 
infrared light to penetrate vegetative canopies (Ormsby et 
al. 1985). Furthermore, optical systems are limited to fa- 
vorable weather and daylight, hampering the ability to re- 
spond effectively to rapidly changing wetland conditions. 
Radar imaging systems can overcome many of these limi- 
tations by providing better canopy penetration and the ca- 
pability for day and night acquisitions nearly independent 
of weather conditions (Ormsby et al. 1985; Dobson et al. 
1992; Ramsey et al. 1994; Ramsey 1998). 

Integration of remotely sensed optical and radar infor- 
mation could provide much of the information necessary 
for linking hydrology and wetland type and health. In de- 
veloping tools to link wetland type and health to hydrol- 
ogy, our research combined aircraft and satellite optical 
and radar data. Together these sensors provided the first 
step in building an integrated remote sensing system for 
dynamic monitoring of wetland hydrology and change and, 
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uItimately, for predicting coastal vegetation responses to 
changes in sea-fevel and storm occurrence frequency and 
intensity. Our objectives were to establish methods 
use optical and radar sensors to detect flooding, improve 
the coastal marsh topographic infomatian cumntly avail- 
a b k  provide timely, lugh definition (as many wetland types 
ar possible), high spatial detail (to abut 10-rn resolutim) 
wetland maps, dynamically detect and monitor h e  impact 
and recovery of wetlands affected by hurricanes, herbivory, 
saltwater intrusion, and management practices (e.g., fire), 
a ~ d  finally, to link the hydrologic regime to the current 
distribution of coastal vegetation. The study area is the St. 
Marks National Wildlife Refuge (NWR) in the Big Bend 
area of Florida (Fig. 7-1). The primary focus of the study 
at the beginning was a black needlerush (Juncus 
roernerianus) coastal marsh; however, increasingly work 
has extended into the transitional vegetation (e.g., paknetto, 
fresh marsh) and more inland pine and bottomland 
forests. 

Remote Sensing of Wetland Type and 
Hydrology 

Detecting Coastal Floodlng 
Satellite radar was used to map tidal flooding (Ramsey 

1995). Six synthetic aperture radar (SAR) images of the 
St. Marks NWR were acquired from E m - 1  satellite or- 
bits between May and November 1993. The radar images 
were collected during flood and nonflood events (Fig. 7-2). 

To perform the muliidae analysis of the SAR bnnges, it 
was necessary to first convert tbe relative rachr mums lo 
comparable units and the relative image courdlatea to a 
c o m n  gemebncedbwe map. Near-continurws mrck 
i.ngs of ground-baaed hydrdogy measuremen& telccn h- 
ing the time ofthe SAR image cdkctiona, were then used 
to llpk marsh floodi~q to lowered radar ~%UIWU. Rood-ex- 
tent contours extracted from tho radar irnages (PC1 
Geomatics 1990) and calibrated wikh point-water depth 
measurements showed marsh ekvation could he estimated 
to about 8-14 cm, compared to the 150-cm topographic 
corrtours previously available. Tbh close estimntr. demon- 
strates that ERS- 1 S A R  can be used to discern flooded from 
nonfloodd black n d e m s h  marsh. Even though ~ ~ h c t c d  
to a particular marsh type and to a single S A R  sensor, this 
ability provides a tod for discerning the Dccwence and 
monitoring the extent (within about 25-50 rn) offlooding 
regionally, day and night, and during almost any type of 
weather. Additionally, when wed witb gromd-based point 
measures of water level, this tool can be used to generate 
microbpography. 

Generating Coastal Microtopography 
A topographrc surface map of the low-lyiag coastal 

marsh was created by using three flood extent vectors @- 
rized from ERS- 1 SAR images and two elevation contours 
from USGS topographic quadrangles (Ramsty 1995; 
Ramsey et al. 1998a). Point measurement of water depth 
at the times of the S A R  collections allowed conversion of 
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Figure 7-1. Landsat Thematic Mapper band 5 (mid-infrared) Image of the study site at the St. Marks National Wildlife Refuge (NWR) in 
the Big Bend area of Florida. This image was collected on August 25, 1993 and was acquired from USGS EROS Data Center. The blue 
outline encompasses the actual study area. 
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Figure 7-2. ERS-1 SAR images collected on October 18 (left; nonflooded) and September 13 (right; flooded) of 1993 of a black 
needlerush marsh within the St. Maiks NWR. Flooding lowered the radar return in the coastal marsh areas resulting in a darker image. 

of Taylor & Francis). 

the flood extent vectors to topographic contours related to Verification of the resulting topographic map was per- 
mean sea level (within about 8-14 cm accuracy). Genera- formed by comparing the map to fielci-measured elevations 
tion or the topographic surface map was accomplished with taken at 10-m intervals along rive shore-normal transects 
a surface gridding algorithm (Smith and Wessel 1990; (Fig. 7-3). Field measurements were transformed into cl- 
Wessel and Smith 1991; Fig. 7-3). evations by linking to USGS primary benchmarks. 

1 O m  in&.rvah.:&nd tr;tnse@s -re Linked lo aatz&lmM USGS benchmarks lo m a w  tn@, ~ t u d  mew sea lsvel: T h m  
of'thq kve &up~~r~~hi&.cc)ntdws wem Q e v d o p 6  with mS.1 radar dala and on-soreah imaga pnmming 16 daIail bayahd 
availathi !radjt@nal i:bpogra'phc cpn'tours data; two bopgraphic ccrnloun (+I30 crn and -&'0 m) wen takm'hm USGS 
s t m d a r d : 1 : 2 4 ~ . ~ : a d ~ g l ~ .  The resqltml topagrapht srface has c. * 1 5 . c ~  &solr& mean ermr far Lhe anlire ereo 
(figu&'k6di#ed attttn: R.amtiey 6.1 al. 1 M a ,  wdh permi.sabn of Coastal Educatlm & Rewm'h Fol~rUwtbn, h.), B d a w  
[his  study,.^' avlilsbte fopopphic ' ~ s o b l k n  f o r  this m a  was abwf 152 cm. 
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Errors in marsh topography resulting from the surface 
gridding algorithm were mainly associated with the lack 
of contours in areas such as narrow-to-broad plateaus and 
topographic highs and lows and the misplacement of flood 
extent vectors in sparsely vegetated high marsh, at convo- 
luted marsh-forest boundaries, and at topographic depres- 
sions. Overall, the standard deviation of differences be- 
tween measured and predicted elevations at 747 points was 
19 cm. Excluding abrupt boundaries and topographic highs 
and lows outside the range of available contours, the stan- 
dard deviation of the differences averaged about 14 cm 
(568 observations), with most observations around 8 cm. 
These results suggested a 5- to 9-factor improvement over 
the 150-cm topographic resolution previously available for 
this area. With this topographic mapping tool, more real- 
istic simulations of flood extent, duration, and depth can 
be generated at unprecedented spatial and topographic reso- 
lutions. What is now required is a landcover classification 
that can take advantage of this improved spatial and topo- 
graphic detail. 

Classifying Coastal Resources 
Georegistered color infrared (CIR) photography, Landsat 

TM, and ERS- 1 SAR images were combined to create a 
map of the marsh and upland vegetation of the refuge 
(Ramsey et al. 1998b). Classifications using only CIR or 
only TM produced mixed results, with confusion apparent 
between marsh and forest classes. Furthermore, spatial 
definition in the TM classification was inadequate, espe- 
cially in defining features such as hummocks, transition 
zones, small channels, and heterogeneous and mixed inte- 
rior forest areas. To alleviate these problems, CIR (for bet- 
ter spatial detail), TM (for higher spectral clarity; six re- 
flective bands), and SAR (for greater textural information) 
were combined into one data base. 

The CIR, originally scanned and mosaicked to a 3-m 
spatial resolution, was resampled to a 10-m spatial resolu- 
tion. The TM and SAR images were resampled from 25-m 
to 10-m spatial resolution. The TM, CIR photographic, and 
SAR image data were classified by using a clustering algo- 
rithm (PC1 Geomatics 1998), a computational procedure 
that combines groups of related variables. Instead of clas- 
sifying each image separately (Schriever and Congalton 
1993; Wotler et al. 1995), the six TM reflective bands, the 
green CIR band, and a single SAR C band (VV, vertical 
send and return) were merged into a single classification 
analysis (Fig. 7-4 a-c). To further improve separation be- 
tween classes, a progressive classification scheme was used 
(Jensen et al. 1987; Ramsey and Laine 1997). The 14 final 
classes included water, marsh, and forest classes, as well 
as burned marsh and burned forest (Fig. 7-5). 

A class-stratified, random-sampling technique 
(Congalton 1988) was used to generate classification error 
estimates for the study area. The same CIR photography 

used in the classification was used as reference data. Fifty 
samples were used for each class (Congalton 1991). 

Even though the overall accuracy was 73%, class defi- 
nition and spatial detail were greatly improved compared 
to classifications using solely TM or photography. Mul- 
tiple marsh and forest types were identified with only mi- 
nor to moderate overlap in some classes, and small-scale 
features (down to around 10 m) were detected. Even with 
the use of progressive classification and multiple image 
types, however, some confusion still existed between 
classes. In these cases, final class determination was based 
on retaining the landscape pattern while minimizing the 
classification error. This procedure was especially neces- 
sary in transition classes (e.g., low-to-medium marsh, high- 
to-fresh marsh, fresh marsh to fringe forest). Even though 
higher classification accuracy could have been obtained 
by aggregating these transitional classes, the classification 
more correctly represented the actual landcover pattern in 
this extremely convoluted, nearly monotypic landscape. 
This new classification tool improves the mapping capa- 
bilities of the widely used TM images spatially and in the 
amount of detail, thus providing the ability to discern subtle 
differences in the vegetation canopy even within the same 
species. 

Monitoring Damage and Recovery 
As an example of monitoring impacted wetlands, the 

recovery of burned black needlerush marsh areas using ra- 
dar sensors was examined (Ramsey et al. 1998~). The ex- 
tent of burned marsh areas identified on a December 1992 
CIR photography mosaic were delineated with onscreen 
digitizing (PC1 Geomatics 1998). These polygons were then 
overlaid on July 1993 ERS- 1 (C band VV polarization, de- 
fined previously), April 1992 USGS Star-1 (X band HH 
polarization, horizontal send and return), and July 1993 P3 
Orion (L band VV, VH [vertical send and horizontal re- 
turn], and HH polarizations) radar images (Fig. 7-6 a-b). 
Mean and standard deviation of the data values within each 
polygon were extracted from each image. These univariate 
statistics were entered into a common data base along with 
the approximate times of each burn. Bum times were from 
a burn log recorded at the refuge and from direct observa- 
tions. Plots of the radar means for each bum site versus the 
time-since-bum and associated regression statistics were 
generated (SAS 1989). 

Inspection of the plots and the regression statistics 
showed that significant relationships (p < 0.05) existed 
between burn recovery and the ERS-1 C band VV polar- 
ization and P3 Orion L band VH polarization (Fig. 7-7 a- 
b). No significant relationships existed between single L 
band VV and HH returns and the time-since-bum. Even 
though the USGS radar returns were not correlated to the 
time-since-bum, the data suggested bums could be identified 
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Figure 7-4. tiompanson or alnerent mta sources. Spatial detail as well as vegetation classificat~on were h~ghly 
improved by combining the three data sources: (A) green band (0.5-0.6 pin) CIR photography; (6) ERS-1 SAR C 
band VV polarization; and (C) Landsat Thematic Mapper (TM) band 4 (0.8-0.9 pm). The CIR photography was 
resampled from original 3-rn resolution to a 10-m resolution and ERS-1 SAR and TM from approximately 25-m to 
a 10-m resolution. 
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ERS-1 C band W return P 3 4 r l o n  L band VH return 

Figure 7-7. Scatter plots of number of days since burn versus signal return from different burned-marsh study sites. Solid lines indicate 
the predicted linear regression equation, and dashed lines indicate a 95 percent confidence interval of the predicted equation. (A) ERS- 
1 C band VV polarization and (B) signature difference between the burned and control sites of the P3 Orion L band VH polarization. 
Both SAR images were collected in July 1993. 

with this radar at incident angles (scan angle of sensor) 
between 70" and 77". 

Overall, the combined data suggested that available ERS-1 
satellite and P3 Orion aircraft radars could estimate time- 
since-burn of between 400 and 900 days for the black 
needlerush marsh. From the time of burn up to about 400 
days, USGS Star-1 radar could detect a burnt marsh at 
incident angles less than 77". Expanded to a regional level, 
these tools would not only aid in correctly detecting change 
and monitoring recovery, but could help in understanding 
how wetlands respond to burning and other acute stresses 
such as oil spills, herbivory, and storm impacts. This knowl- 
edge in turn could aid in understanding how these impacts 
may affect the wetland's ability to respond to rising sea 
levels and storm impacts. 

Linking Hydrology to Coastal Resources 
In the previous sections, we demonstrated our ability to 

detect and monitor coastal hydrology and vegetation type 
and status. A final objective of our study is to develop dy- 
namic models to explain changes in the coastal landscape. 
Reaching this objective requires us to link the vegetation 
characteristics to the hydrologic regime. Establishing this 
link allows us not only to better understand what affects 

preliminarily tested a flushing model to explain the changes 
in coastal landscape by linking the hydrologic regime (e.g., 
inundation extentduration and depth, soil moisture, flush- 
ing, salinity) to the current and predicted distribution of 
coastal resources (e.g., vegetation type, dead and live bio- 
mass, structure [density, orientation, height, leaf property, 
and woody material]). 

The flushing model is based on predicted and measured 
water level and salinity and modeled microtopographic 
data. The model continuously flushes the coastal area, gen- 
erating duration and depth of flood events over time (Fig. 
7-8). Initial results indicated tidal flushing and the depth 
of inundation can explain up to 69% of the variation in the 
coastal resources (Ramsey, unpublished data). This model 
is being validated with site specific measurements. These 
are simplistic predictions that do not account for factors 
inhibiting or exacerbating coastal resource loss (e.g., ero- 
sion, shoreline protection structures, vegetation loss), but 
with refinement will at least give resource managers and 
coastal planners a reasonable long- and short-term look at 
possible consequences of sea-level rise, unusual flooding 
due to excessive rain, saltwater intrusion, storm impacts, 
and human developments. 

vegetation health but also to forecast future distributions Summary 
of coastal resources given different scenarios of sea-level Remote sensing tools were developed based on aircraft 
rise, storm occurrence frequency and intensity, and hu- and satellite optical and radar data to map flooding, gener- 
man development. To this end, we have developed and ate microtopography, refine landcover classification, and 
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- 
O h I 1 Y d  Modshd Obssrved Modslsd Obxsrved Modsled PWIM 

PI*lOlm gltor 0-5 ppt 0-5 ppl >I0 ppt >I0 ppt %Flooded %Flooded W~.IUI~~ 
Sallne Low Marsh 42.58 1l.W 18.55 48.2 40.5 7.8 

Sallns Hlgh Marsh 72.86 49.40 0.00 17.08 42.0 22.5 12. 
M . 4 . 1  t6AD 19.1 a .9  49 

SIIIM 
Fresh Marsh 64.74 49.40 14.59 17.03 41.5 22.5 43. 

Flgure 7-8. comparison of actual water level and salinity data with the data obtained 
as an output of the flushing model. Five hydrology sltes of eastern St. Marks MNR, 
Florida, are shown on me photographic subset. The data f m  three channel sites 
are placed at the freshwater input and where the rlver dralnage channel bifurcates 
(sallne input and freshwater expOrt - shown downstream of Ple actual bcatlm for 
clarity). The observed percentages were tirbulated ftwn the data collected on site 
between Jan. 18 and Dec. 16 of 1997 whereas the modeled percentages are the 
output of the flushing model over the same time period with modeled 
microtopographic data and a c b l  water levd data (horn one channel site) as inputs. 
The summary Is prdMnay and inclucks unequol observatiens due to equrpmant 
failures. An average of 7,000 observations were used In comparing modeled and 
observed sallnlty and flooding. SOme of the differences in observed and modded 
salinity may be due to !he long periods of poded water at the sites and the ex~luaion 
of freshwater inputs In the model (Ramsey, unpublished data). 

detect and monitor change in a coastal wetland. These tools, 
and tools in development, will be used to link vegetation 
type and health to surface hydrology and, ultimately, to 
simulate the vegetation response to sea-level rise and in- 
creasing occurrence of storms that may result from global 
climate change. Additionally, tools are actively being de- 
veloped to measure and monitor soil moisture and vegeta- 
tion biomass as necessary additions to complete the link 
between hydrology and vegetation type and health. In com- 
bination, the tools are the beginning of an integrated re- 

I mote sensing system for dynamic monitoring of hydrology 

and landcover change day and night, during any weather 
conditions, and at a higher spatial resoiution and landcover 
detail with less manpower than is now possible with con- 
ventional techniques and took. 
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