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AbstractRemote sensing technology has been widely recognized for contributing to emergency response
efforts after the World Trade Center Attack on September 11th, 2001. The need to coordinate
activities in the midst of a dense, yet relatively small area, made the combination of imagery and
mapped data strategically useful. This paper reviews the role played by aerial photography,
satellite imagery, and LIDAR data at Ground Zero. It examines how emergency managers
utilized these datasets, and identifies significant problems that were encountered. It goes on to
explore additional ways in which imagery could have been used, while presenting
recommendations for more effective use in future disasters and Homeland Security applications.
To plan adequately for future events, it was important to capture knowledge from individuals
who responded to the World Trade Center attack. In recognition, interviews with key emergency
management and Geographic Information System (GIS) personnel provide the basis of this
paper. Successful techniques should not be forgotten, or serious problems dismissed. Although
widely used after September 11th, it is important to recognize that with better planning, remote
sensing and GIS could have played an even greater role. Together with a data acquisition
timeline, an expanded discussion of these issues is available in the MCEER/NSF report
"Emergency Response in the Wake of the World Trade Center Attack: The Remote Sensing
Perspective" (see Huyck and Adams, 2002).

1

Introduction-

The World Trade Center attack was an event unparalleled in history. There was no plan for such
an event, and the demand for information proved to be immense. Remote Sensing and geospatial
data played a critical role in response efforts (see Hiatt, 2002; Huyck and Adams, 2002; Logan,
2002; Williamson and Baker, 2002). The need to coordinate an event of this magnitude in a
dense, yet relatively small area, made the combination of imagery and data maps very powerful.
Before the event, the City of New York had undertaken a detailed mapping effort, resulting in
the production of highly accurate vector coverage. This Geographic Information System (GIS)
data, coupled with raster imagery collected by organizations including: EarthData; NASA;
NOAA; and Space Imaging, provided an evolving depiction of disaster response that would not
otherwise have been possible.
As an emerging technology in emergency response, a through investigation of the role played by
remote sensing data at Ground Zero is clearly warranted. The following paper evaluates key data
sets including: aerial photography; multispectral satellite coverage; LIDAR altimetry; thermal
imagery; and hyperspectral data, drawing on information gained during a series of interviews
with individuals involved in emergency operations. Although satellite-based radar imagery was
also acquired, these scenes played a minimal role in response efforts, and as such are omitted
from further discussion. Section 2 discusses how each remote sensing dataset was used, both
singularly and in combination. A useful summary of GIS processing techniques employed at the
various mapping centers is given by Cahan and Ball (2002) and Thomas et al. (2002). Significant
problems encountered with data manipulation, implementation and interpretation are presented,
followed by a discussion of additional ways in which the imagery could have been used. Section
3 goes on to present key lessons learned, while Section 4 summarizes practical recommendations
for integrating remote sensing into disaster planning and response.
2

Evaluation of Remote Sensing Data

The following section provides details of remote sensing imagery that was acquired following
the World Trade Center attack. Information concerning the application and performance of each
dataset was primarily obtained through a series of interviews, undertaken by ImageCat with key
individuals involved in emergency operations, from organizations including: the Federal
Emergency Management Agency (FEMA); the New York Fire Department (FDNY); the City of
New York Department of Information, Technology and Telecommunications; the New York
State Office for Technology; the State of California Governor’s Office of Emergency Services,
managing FEMA’s Urban Search and Rescue GIS operation at Ground Zero; the Environmental
Protection Agency (EPA); the United Sates Geological Survey (USGS); Environmental Systems
Research Institute; MITRE Corporation; Plangraphics; the University of South Carolina; and
Hunter College.
2.1

Aerial Photography

High-resolution digital images collected by EarthData were the most widely used source of aerial
data. Figure 1 provides an example of the 6-inch panchromatic data collected between 15th
September and 22nd October 2001, using a Navajo Chieftain aircraft equipped with a Kodak
Megaplus Model 16.8i digital camera (see EarthData, 2001). Where possible, flights were timed
to coincide with midday, in order to minimize shadowing effects.
In terms of uses, optical coverage acquired during early stages of the response and recovery
effort gave a clear indication of the magnitude of damage and extent of debris on the site. It also
enabled rescue teams to orient themselves, while aiding the navigation of emergency workers
unfamiliar with the Lower Manhattan area. The aerial scenes were widely distributed and
extensively used for comparative purposes, presented alongside imagery of the World Trade
Center prior to its collapse.
EarthData aerial coverage was integrated with a number of other datasets. Fused with Computer
Aided Design (CAD) models of the Twin Towers floor plan, ortho-rectified photographs enabled
workers to pin-point specific locations of infrastructure, such as stairwells and elevator shafts.
This composite of data was further employed for logistical planning, when it was necessary to
identify a safe and stable position for cranes lifting and clearing debris at Ground Zero.
Identifying potentially dangerous areas on the debris pile around voids and depressions also
reduced the risk of injury to recovery teams. The orthophotographs were widely employed as a
base map, on which other geospatial data was overlaid. For firefighters, thermal and optical
airborne data was a useful combination. A 2D 75sq ft, numbered, transparent grid, established by
the FDNY for logistical purposes, was superimposed on the images. This provided a common
reference system for tracking objects found amongst the debris. It also enabled recovery workers
to discuss activities and locations on the site. This was particularly important, since GPS devices
were not working due to interference. It is possible that use of this data significantly shortened
thousands of conversations between firefighters.
A number of problems were encountered with the use of aerial photography at Ground Zero,
which if resolved, could substantially improve its performance in future emergency operations.
Optical data is limited when the scene below is obscured by smoke. Optical coverage is therefore
of little value if fires are burning during early phases of a disaster. Shadowing is a further
limitation, particularly in dense urban environments with a concentration of high-rise buildings.
Unless data is acquired at midday, shadows obscure areas of interest, impairing visual
interpretation. In terms of spectral resolution, EarthData collected grayscale digital images (see
Figure 1). However, color datasets are generally easier to interpret, since features are
distinguished by color, in addition to shape and contrast (see Figure 2a). Ideally, color
photographs similar to those acquired by NOAA (NOAA, 2001) would have been available
immediately after the event. Spatial resolution was also an issue. The Phoenix Photography and
Imagery Group of the Fire Department of New York (FDNY) identify ~3” as the optimal pixel
size for distinguishing individual girders. According to the FDNY, the usefulness of
orthophotographs to response teams was further limited by the 12 hour lag between data
acquisition and release, during which time conditions at Ground Zero had changed. Although
this temporal resolution was the stipulated requirement on which EarthData acted, near real-time
data, delivered within several hours of acquisition, was required.

Experience from the World Trade center attack suggests that the value of remote sensing data
could be enhanced through a number of simple procedures. For example, multi-temporal change
detection might enable automated monitoring of clean-up operations. Image processing
techniques could also be used to generate additional information from high-resolution aerial
photographs. Manipulating the visual representation in this way might reduce shadowing effects,
while procedures such as edge enhancement could map the location of girders. Density splicing
and classification techniques could also be used to categorize debris for planning purposes.
2.2

Multispectral Satellite Imagery

Following the World Trade Center attack Space Imaging and SPOT Image rapidly posted
multispectral satellite coverage on the Internet. Spanning visible and near-infrared regions of the
electromagnetic spectrum, these images are readily interpreted, as they resemble the ground
surface as it appears to the human optical system. Multispectral satellite images were utilized by
emergency responders several days before the aerial photography. As shown in Figure 3,
IKONOS imagery acquired by Space Imaging (see Space Imagining, 2002) gave the General
Public a dramatic view of Ground Zero, with the extent of damage published on the front page of
newspapers around the World. The readily interpreted color composite, with a spatial resolution
of 1m, provides a detailed representation of the ground surface. For visualization purposes,
IKONOS data was widely employed as a base map, and frequently presented as a before/after
sequence. As with the aerial coverage, these images helped out of town relief workers navigate
around the area, and orientate themselves within the site.
The IKONOS sensor subsequently acquired a number of ‘off-nadir’ images, where the sensing
device points sideways towards its target area. Consequently, other tall buildings obscured
features of interest in Lower Manhattan. Furthermore, immediately after the terrorist attack,
visibility in the IKONOS imagery was limited by smoke obscuring the ground surface below.
The revisit frequency is also an issue for earth orbiting satellites such as these, which for 1m
IKONOS data captured near nadir, is 2.9 days. The SPOT 4 data played a limited role throughout
proceedings, due to the reduced spatial resolution of 10m (SPOT, 2002).
In future disasters, high-resolution data from sensors such as IKONOS and Quickbird (which
was launched in October 2001) will provide a useful alternative to aerial photography,
particularly when data acquisition by aircraft and helicopters is prevented due to an air traffic
ban. The extensive coverage provided by satellite data is useful for monitoring events where
damage is sustained at a regional rather than localized scale, particularly when change detection
algorithms are used (Huyck et al., 2002). For analytical purposes, multispectral imagery has the
potential to yield additional information, compared with grayscale or color aerial photography.
Classification is an image processing technique that assigns features to groups or ‘classes’,
depending on their characteristics in different bands of the electromagnetic spectrum. For
example, classification of high-resolution imagery could distinguish between surface materials at
Ground Zero.

2.3

LIDAR Altimetry

Light detection and ranging (LIDAR) instruments record earth surface elevation, by measuring
the amount of time taken for beams of light to strike the ground and return to the sensor. Devices
are generally mounted on an aircraft platform, and a high density of point samples are captured
along a designated path or swath. LIDAR data is either interpolated onto a raster grid, or
converted to a 3D digital terrain model using a Triangulated Irregular Network (TIN). During the
early stages of emergency operations, EarthData acquired LIDAR coverage of Ground Zero on a
daily basis (EarthData, 2001). Toward the end of the program, NOAA acquired additional scenes
(see Figure 4), while the frequency of collection by EarthData was reduced to a 3-4 day interval.
The LIDAR imagery flown by EarthData was particularly useful during the early stages of
emergency operations, being used on 17th September to visualize Ground Zero through the
smoke. Fire chiefs employed LIDAR-derived topographic models as planning and visualization
tools. The resulting maps provided an analytical framework for discussing events as they
correlated with the debris pile. LIDAR elevations were also widely used by response teams and
FEMA to assess the extent of damage, together with the shape, volume and depth of depressions.
Later on during emergency operations, LIDAR difference images were used to track debris
removal, and to explore subsidence in the debris pile, which if significant would have posed a
considerable risk to emergency crews.
In terms of derived map-products, overlaying the topographic LIDAR data with a map of
hazardous materials and fuel sources was particularly useful for investigating sub-surface
hazards. The correlation between voids and the position of fuel and Freon ® tanks provided a
focus for fire fighters, possibly preventing explosions that would have released toxic gases.
The value of LIDAR data could be improved by increasing the point sampling density. Its
usefulness was also limited by the processing time between acquisition and delivery. Although
data was delivered the following morning, the debris pile had often changed during the interim
period. For similar reasons, response and recovery teams largely relied on real time monitoring
of subsidence levels offered by an onsite laser altimeter. Data processing issues may have
affected the accuracy of LIDAR coverage. The highest elevations appeared to change, suggesting
that interpolation algorithms were used to derive a smoothed trend, rather than a precise
elevation surface.
Learning from World Trade Center experiences, the utility of LIDAR coverage could be
extended in future events. For example, difference maps could be produced, by subtracting a
temporal sequence of the terrain models. These would provide a visual indication of the
changing shape, together with a numerical estimate of volumetric changes in the debris pile.
Second, when LIDAR collects elevation readings, the intensity of the response may also be
captured. As with optical or radar data, intensity levels vary according to the ground surface
material. When mapped, the result resembles a black and white image, with metal objects
standing out as the most reflective. During the early stages of events, when Ground Zero was
obscured by smoke, intensity readings captured by the LIDAR sensor may have provided a
useful indication of damage levels. Unfortunately, the AeroScan sensor employed by EarthData
(see EarthData, 2001) was unable to capture intensity.

2.4

Thermal Imagery

In simple terms, thermal imagery records the temperature of a designated surface - in this
instance the debris pile at Ground Zero. The ‘temperature’ is actually a calibrated measure of
radiation in the thermal region of the electromagnetic spectrum, which falls just above the visible
wavelengths recorded by multispectral sensors. For the World Trade Center, data was recorded
using thermal sensors mounted on both airborne and satellite platforms. SPOT 4 thermal
coverage was acquired on 12th September by SPOT Image (SPOT, 2002). Recording emitance
between wavelengths of 1.58-1.75µm, which were displayed on an 8-bit scale, this data has a
comparatively coarse spatial resolution of 15m. Although airborne imagery from EarthData was
delayed until 16th September, due to the ban on air traffic, datasets from their high resolution
Raytheon Nightsight (see Figure 5) and FLIR sensors (EarthData, 2001) were most frequently
used. Airborne Visible/Infrared Imaging Spectrometer (AVIRIS) thermal coverage acquired by
JPL/NASA (Clark et al., 2001) is an optimal data source, recording absolute (in degrees
Fahrenheit) rather than relative temperatures (see Figure 6). However, this imagery was
essentially excluded from the mapping process, due to an extended acquisition timeline, coupled
with a general lack of awareness among top-level GIS responders that it was being recorded.
With fires raging at Ground Zero, the thermal data was utilized in a number of ways. Overlaid
with orthophotographs, it was used for planning fire-fighting strategies, where tackling major hot
spots in the debris pile was a primary concern. It subsequently provided a basis for evaluating the
success of fire-fighting strategies. Where a range of chemicals was being used to reduce
hotspots, fire chiefs assessed their performance by observing changes in a time series of the
images. There is no indication that this subtraction process was performed digitally, or
numerically. Fusing thermal data with attribute information also assisted operations.
Superimposing the thermal data on GIS-located transformers, building plans and underground
infrastructure, highlighted potential hazards to the response teams. It also provided a focus for
fire-fighters to wet down critical areas around flammable fuel and Freon ® tanks.
Considerable debate surrounds the value of thermal data for emergency response. There is no
question that the data was used extensively. However, a number of significant problems were
identified. First, the value of thermal data was called into question because EarthData imagery
displayed relative rather than absolute temperatures. Fire fighters require a scale of degrees
Fahrenheit, rather than 8-bit digital numbers. Timeliness was also a key concern. Although
EarthData processing routines achieved a turn around time of 4-6 hours, the distribution of heat
was changing constantly. Response crews also called the reliability of EarthData thermal
imagery into question, since heat and fire locations were not always correlated. Consequently,
fire fighters used the thermal scenes for reference and crosschecking, but mainly relied on onsite
sensors. Offset between remote sensing imagery and observations may in part reflect the method
of data acquisition – videotaping and screen capture, coupled with inaccurate image registration.
Nevertheless, it is likely that some observed changes were linked to actual heat migration, arising
from fire fighting efforts and the high conductivity of materials.
Firefighters noted a link between hot spots and the extent of subsurface depressions in the terrain
model. For future events, plotting the thermal infrared response by depth is a straightforward

processing task, which will establish whether this is indeed the case. Draping correctly registered
Raytheon, FLIR or AVIRIS data onto the LIDAR coverage would reveal any such relationship.
The AVIRIS thermal scenes could also be imported into a GIS system, and integrated with
optical, LIDAR and CAD data. The resulting composite map would integrate hotspots,
depressions in the pile, and the locations of fuel, Freon ® tanks and hazardous materials, with
other features of specific concern, providing a holistic view of the hazards faced by response
teams and a focus for firefighters. Further efforts were made by the FDNY to track occurrences
of ‘flash-over’, when hot areas migrate from one location to the other. Multi-temporal analysis of
registered thermal scenes could aid this process, as a low risk method of assessing cool-down
rates.
2.5

Hyperspectral Data

In response to requests by the EPA through the USGS, the AVIRIS hyperspectral instrument (see
Clark et al., 2001) was deployed by JPL/NASA soon after the terrorist attacks. The term
‘hyperspectral’ (opposed to multispectral, as described in Section 2.2) reflects the large number
and high density of electromagnetic wavelengths across which data is collected. In the case of
AVIRIS, radiance measurements for each pixel span visible and infrared bands.
Although the first AVIRIS dataset was rapidly processed and released on 18th September, this
information, which included useful thermal maps showing hotspots, was not generally available.
As shown in Figure 7, other bands of the hyperspectral data were used by scientists at the USGS
to analyze the contents of the smoke plume emanating from the World Trade Center site. In
particular, it enabled the tracking of particulate asbestos, which posed considerable danger to
response and recovery crews. During the early stages of emergency operations, many fire
fighters experienced respiratory problems. Although highly relevant, the application of these
results was limited, because their release was delayed until 27th September. By this time, the risk
from airborne contaminants had abated.
Clearly, AVIRIS data has the potential to provide key information concerning the occurrence and
spatial distribution of dangerous airborne contaminants like asbestos and, as such, would prove a
critical information stream in future events. However, the turnaround time between data
acquisition and release requires significant improvement. As noted in Section 2.4, it may also be
envisioned how multi-temporal sequences of thermal data could generate cool down rates, and
track the changing location and intensity of hotspots.

3

Lessons Learned

The following Section summarizes key lessons learned concerning the role of remote sensing
technology in emergency response efforts following the World Trade Center attack.
3.1

Remote Sensing Data

•

Geospatial information has a critical role to play in emergency management. If an investment
is made in remote sensing, as with the datasets collected by EarthData, the imagery will be
widely used and referenced continually.

•

The pre-existing New York City database of orthophotography and GIS data provided a
common base map and coordinate system. This data was essential, underpinning the entire
mapping operation.

•

The resolution of remote sensing coverage is a key concern in response efforts. In terms of
temporal resolution, a short processing time is critical. The turnaround for EarthData optical
imagery was 12 hours. For a standard remote sensing project, this schedule is impressive.
However, it is generally acknowledged that near real-time data is optimal, with a maximum
lag of 3 hours. Automated, rather than interactive processing, georeferencing and data
exchange, are required to achieve this deadline. In terms of spectral resolution, grayscale
images are useful for displaying attribute information and grids. However, firemen expressed
a strong preference for color photographs. Orthophotography should therefore be acquired in
color. Ideally, supplementary images would also extend beyond this visible region of the
spectrum to infrared wavelengths. In terms of spatial resolution, LIDAR data readings were
not very dense. An improved spatial resolution of 3” would offer significant improvements
over the 6” data that was collected.

•

Almost all processing occurred in as ESRI environment. Wider use should be made of
programs such as ER Mapper, ERDAS and ENVI, which are specifically designed for the
image processing and analysis of remote sensing data.

3.2

Data Fusion

•

The integration of remote sensing and geospatial data is a powerful tool in emergency
response. Valuable new information was yielded through low and medium level data fusion
(see Wald, 1999; also Hall and Llinas, 2001), which is typically performed in a GIS
environment.

•

Remote sensing data was widely used as a background picture. However, valuable
information relating to the digital numbers was sometimes overlooked. The full analytical
potential of this data needs to be promoted.

•

Responders at the site found 3D representations very useful. LIDAR data should have been
used more frequently, both for assessing changes in debris volume, and in conjunction with
other datasets.

•

There were on-site devices measuring real time building movement and temperatures. Had
this data been made available to GIS teams, it could have been fused with a base map and
used to aid planning and decision making.

•

Although maps may convey a complex idea, the presentation must be straightforward and
simple to understand. End users in an emergency should be able to interpret a map in ~30
seconds. Analysts should be trained in basic cartographic principles and the most effective

visual presentation of quantitative information. As with all forms of communication,
presentation is equally, if not more important than content.

3.3

Feedback

•

Remote sensing imagery and map products were given to the Fire Chiefs for distribution.
Frequently, analysts did not hear whether the data was useful, or how improvements could be
made.

•

Communication is important to ensure that data processing teams have access to all spatial
datasets.

•

Mobile GIS units would encourage better communication. An on-site GIS unit, set up to
assist with the Rockaway Beach the airplane crash, proved very useful.

3.4

Education

•

Emergency managers need to be versed in remote sensing capabilities. It is difficult to
assimilate new ideas and analytical techniques during a disaster. Training for primary
responders should be non-technical, and software independent.

•

Emergency managers should be made aware of different types of imagery, its uses and
usefulness, image processing techniques, geospatial cross-referencing and outputs from
statistical analysis. Knowing the capabilities of these datasets, in future disaster situations,
personnel will be able to make informed requests for maps and information.

•

Remote sensing and GIS personnel need to understand capabilities of and problems
associated with the data, so that they can advise emergency teams. This a priori knowledge
should improve data quality, since analysts would be familiar with potential limitations
relating to calibration and registration.

4

Recommendations

Remote Sensing data is most valuable for emergency responders when integrated with
supplementary geospatial information within a GIS environment. The capability of GIS units to
spatially analyze multivariate data is almost endless. However, this does not guarantee its
widespread use. It is essential that end users and analysts discuss the implementation of
advanced technologies before disasters occur, so that user requirements and analytical
capabilities are understood. After a disaster, end users and GIS personnel are extremely busy,
stressed, and often emotionally volatile. This is not the time to assess needs, or learn new
material. Potential uses of remote sensing data should also be presented to emergency
management personnel before future incidents occur, with key concepts and end products
formally documented to maximize the rate of response.

Now that the usefulness of remote sensing data is more widely acknowledged, a summary should
be prepared for emergency managers explaining the entire suite of remote sensing devices,
together with their capabilities and potential applications. Along with this remote sensing
‘menu’, there needs to be a ‘remote sensing emergency response directory’, which includes
information such as: access to sensors; names, expertise and contact details for analytical teams;
and details of existing databases. Ideally, these planning provisions would be coordinated by a
federal body, such as FEMA.
In terms of data manipulation, image processing algorithms designed for damage detection,
locating hazardous materials, and other search and rescue tasks, need to be developed in
preparation for future emergency events. It is difficult to perform research in a disaster response
environment. Future geospatial cross referencing and data fusion efforts should transcend the
boundaries of vector attribute data, into image processing software and 3D rendering tools.
Research targeting the seamless transfer of data between database, GIS, CAD, and image
processing programs would significantly improve the efficiency of mapping operations.
To facilitate rapid response, data acquisition and delivery needs to be streamlined. Unmanned
vehicles would be ideal for collecting data more frequently, without concerns about air traffic
clearance. Sensor specific problems need to be resolved and standard procedures established for
tasks such as temperature calibration. Remote sensing data and map-based products will prove to
be even more effective for Homeland Security applications if personnel are fully trained in their
full range of uses. On-site GIS units are recommended for future events, with experts available to
advise and assist response teams with data requests and image interpretation.
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FIGURE 1 High-resolution vertical aerial photography acquired by EarthData, showing Ground Zero on the
15th of September 2001. Although much of the smoke arising from the debris pile has abated, part of the
image remains obscured by the plume.

(a)

(b)

FIGURE 2 High-resolution aerial photography acquired by NOAA, showing Ground Zero on the 23rd of
September 2001. On the left hand side, it is possible to discern the progress of protecting buildings, the
locations of cranes, and the locations of boarded up windows. It is much more difficult to discern this
information in the black and white image on the right, created by ImageCat for illustrative purposes.

FIGURE 3 Multispectral IKONOS satellite coverage of Ground Zero, acquired on 15th September 2001.
Copyright ©Space Imaging. All rights reserved. Online and news media distribution or publishing requires
permission from Space Imaging.

Figure 4 Map showing the 3D terrain model for Ground Zero, produced from LIDAR data acquired by
NOAA on September 23rd.

FIGURE 5 Thermal image of Ground Zero acquired by EarthData on October 7th using a Raytheon
airborne sensor. The data are overlaid on an orthophotograph obtained on October 8th. Variations in
temperature are evident across the site. However, these values were acquired (and are therefore displayed)
using an 8-bit radiometric scale, rather than an absolute calibration such as degrees Fahrenheit.

FIGURE 6 AVIRIS thermal image showing hotspots at Ground Zero on 16th September 2001. This data was
not integrated into GIS products produced in New York

Figure 7 AVIRIS imagery employed by the USGS to monitor the particulate matter in smoke plumes
emanating from Ground Zero.

