
Low- elevation land areas and their popu-

lations are at risk globally from rising sea 

level. Global sea level has risen by about 2 

millimeters per year over the past century. 

About half of this rise may be attributed to 

thermal expansion of the ocean and the 

melting of temperate- latitude glaciers 

[Dyurgerov and Meier, 1997]. The remainder 

of the rise is believed to come from a net 

loss of mass from the Antarctic and Green-

land ice sheets, although the exact contribu-

tion is unknown. 

Throughout the next century, the rate of 

sea level rise is expected to increase due to 

greenhouse warming, with the Fourth 

Assessment Report of the Intergovernmental 

Panel on Climate Change (IPCC) concluding 

that the rise of global average sea level by 

2100 will be in the range from 18–38 to 

26–59 centimeters depending on the emis-

sions scenario [IPCC, 2007]. However, this 

assessment does not take into account the 

rapid changes in ice sheet mass flux that 

have been observed since 2003 [e.g., Rignot 

and Kanagaratam, 2006], and therefore 

actual sea level changes may be larger than 

predicted by the IPCC.

If the rate of sea level rise increases sub-

stantially, it will cause serious and direct 

environmental impacts to many low- lying 

coastal areas around the world. Such impacts 

include increased beach erosion, loss of vital 

agricultural and cultural resources, and, as 

we will show here, potential inundation of 

thousands of square kilometers of coastal 

land and the resulting displacement of mil-

lions of coastal residents. These outcomes 

will be complex and in some cases may be 

mitigated, but it is important to understand 

their general scope. 

Using recently produced global elevation 

and population data sets, we took an ‘inunda-

tion’ approach to determine land area lost and 

current population affected by hypothetical 

sea level increases between 1 and 6 meters. 

Elevation and Population Data Sets

Inundation zones were calculated from 

the Global Land One- Kilometer Base Eleva-

tion (GLOBE) digital elevation model (DEM) 

[Hastings and Dunbar, 1998], a raster (i.e., 

gridded) elevation data set covering the 

entire world. Cells in GLOBE have a spatial 

resolution of 30 arc seconds of latitude and 

longitude (approximately 1 kilometer at the 

equator), with each land cell in the grid 

assigned an elevation value (meters) in 

whole- number increments. GLOBE was 

developed through a collaboration of inter-

national experts and was compiled from the 

best global and regional raster (e.g., DEMs) 

and vector (e.g., contours) elevation data 

sets available at the time of compilation. 

In addition to GLOBE, inundation zones 

were also computed from the ETOPO2 raster 

elevation data set developed by the NOAA
 

National Geophysical Data Center (NGDC) 

[NOAA NGDC, 2001]. The coarser resolution 

of ETOPO2 (2 minutes of latitude and longi-

tude; approximately 3.7 kilometers at the 

equator) is ideal for visualizing the inunda-

tion process on a map animation of the 

entire world (see available products, dis-

cussed below). 

Populations in the inundation zones were 

estimated from LandScan, a global popula-

tion data set developed by the Oak Ridge 

National Laboratory Global Population Proj-

ect for estimating populations at risk 

[Dobson et al., 2000]. LandScan was com-

piled from the best available population cen-

sus data for each country that were then dis-

aggregated into cells based on land cover 

type, proximity to roads, slope, and night-

time lights (see Dobson et al. [2000] for dis-

cussion of the data sets and methods used to 

develop LandScan as well as data set valida-

tion and verification results). LandScan has 

been used for a variety of humanitarian 

applications, such as estimating populations 

affected by natural disasters and wartime 

conflicts. A particular advantage of using 

LandScan in this study is that the spatial res-
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Fig. 1. Inundation of 6 meters (in red) for portions of the southeastern United States, Central 
America, and the Caribbean. Land cover and shaded relief map from Natural Earth, Tom Patterson, 
U.S. National Park Service. 
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olution is identical to GLOBE (30 arc sec-

onds), which allows for easy calculation of 

the estimated population in each inundated 

cell. A potential disadvantage is that, as with 

any global population data set, the precision 

and accuracy of population census data vary 

by country, and any error resulting from 

these factors undoubtedly will be propa-

gated through the results of this research. 

The most recent version of LandScan (2004) 

was used for all population calculations in 

the inundation zones. 

GIS Methodology

Potentially inundated areas were com-

puted based on elevation and proximity to 

the current ocean shoreline. To accomplish 

this, we developed an iterative, two- step 

custom algorithm in a geographic informa-

tion systems (GIS) raster analysis framework. 

First, the algorithm flags all raster cells in the 

DEM that lie adjacent to the contiguous ocean. 

Second, cells within that group of flagged 

cells whose elevation values are less than 

or equal to the desired sea level rise incre-

ment are selected and reassigned as ocean 

cells. For example, to determine an inunda-

tion area for a sea level increase of 1 meter 

above the current sea level, all cells in the 

DEM that are adjacent to the ocean and 

that have a value less than or equal to 1 are 

selected and converted to water (i.e., they 

are inundated in the resulting output). 

Since the initial pass floods only those 

cells that are directly adjacent to the current 

ocean, the two- step procedure is repeated 

until all cells connected with cells adjacent to 

the ocean are inundated. A large, flat coastal 

plain whose elevation is 1 meter above current 

sea level, for instance, would be inundated 

after the algorithm has completed several itera-

tions, or until there are no more raster cells of 

a specific elevation that are adjacent to the 

current sea level (Figure 1). We completed this 

process for a rise in sea level at whole- meter 

increments, from 1 to 6 meters. The output is 

six raster GIS layers, each showing how the 

world’s shorelines would exist if sea level were 

to rise for each increment.

Once sea level rise was simulated, we cal-

culated a zone of inundation for each incre-

mental rise. These zones essentially include 

all flooded cells minus preexisting inland 

water bodies. Lake Okeechobee, for example, 

becomes part of the inundated Florida coast, 

but since it is water already, the cells that rep-

resent the lake were removed from the total 

inundation zone (see Figure 1). By removing 

these inland water bodies, more accurate 

inundation areas may be computed for the 

globe and for regions of particular interest. 

Using these modified inundation zones, 

we estimated area of land inundated and 

population affected by each sea level rise 

increment. Employing a raster data set 

where each cell, at the same resolution as 

the GLOBE DEM, stores the area for that cell 

at its particular location on the Earth, we 

computed the total surface area inundated 

by simply summing up the area cell values 

that lie within the inundation zone. This 

additional data set was necessary for deter-

mining the actual surface area since the 30-

 second × 30- second cells in the GLOBE data 

set have a different surface area as meridi-

ans converge with an increase in latitude. 

Along with a land area calculation, we also 

estimated current population in each inun-

dation zone according to the LandScan 

2004 data set using a procedure similar to 

sum cell values in the population data set 

(i.e., people per cell). 

We also produced several maps of inunda-

tion at global and regional scales and devel-

oped interactive map animations for use in 

education and public awareness activities 

for global climate change. The animations 

make use of our ability to simulate the pro-

gression of inundation at steps smaller than 

whole- meter increments by using several 

intermediate passes of the two- step algo-

rithm described above. 

Effects on Land and People 

Table 1 details the results of the land area 

and the population affected by sea level 

rise for increments of 1–6 meters. We have 

included global totals (see X. Li et al., GIS 

Fig. 2. Regions used for land area and population calculations in Table 1. Land cover and shaded 
relief map from Natural Earth, Tom Patterson, U.S. National Park Service. 
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The 2006 hurricane season proved again 

that predicting Mother Nature is a very pre-

carious undertaking. 

At the beginning of the season, all signs 

indicated that it would be more active than 

average: Sea surface temperature (SST) 

was above normal, vertical wind shear was 

low, and sea level pressure was reduced 

over the tropical Atlantic. Many forecasters 

believed that these features foreshadowed 

a continuation of the trend of nine preced-

ing years of above- normal hurricane sea-

sons. Given the recent warming tendency 

in the Atlantic and the prevailing favorable 

preseason conditions, there was no won-

der that even by August 2006, forecasters 

were still calling for an above- normal fre-

quency of tropical storms and hurricanes. 

In the end, however, the 2006 hurricane 

season was near normal with four tropical 

storms and five hurricanes, but decidedly 

lackadaisical compared with the record num-

bers of 12 tropical storms and 15 hurricanes 

in 2005. Most impressive was the fact that 

while five hurricanes, including Katrina, 

made landfall in the United States in 2005, no 

hurricane even came close to threatening the 

U.S. Gulf coast or eastern seaboard in 2006. 

How did nature foil all attempts to fore-

cast the 2006 hurricane season? Undoubt-

edly, this question, together with others, will 

be addressed by many studies to come. In 

this article we present new insights derived 

from preliminary analysis using satellite 

data, with the intention of stimulating further 

studies. Data used for this study include SST, 

rainfall, cloud top temperature, water vapor 

from the Tropical Rainfall Measuring Mission 

(TRMM), and aerosol index (AI) from the 

Ozone Monitoring Instrument (OMI) on the 

satellite Aura. 

Tropical Storm and Hurricane Tracks 

During July- August- September (JAS) 2005, 

there were nine distinct tropical storm and 

hurricane tracks over the warm pool (SST > 

28oC) in the western Atlantic and Caribbean 

(WAC), and the Gulf of Mexico (Figure 1a). 

Five hurricanes made landfall over the Gulf 

coast and the eastern seaboard of the United 

States. In 2006, no hurricanes were found 

over the WAC and the Gulf region. Four dis-

tinct tropical storm/hurricane tracks were 

found at the northeastern edge of the warm 

pool far away from the eastern coast of the 

United States (Figure 1b). Only two tropical 

storms formed over the WAC and the eastern 

seaboard of the United States, but they never 

developed into hurricanes. 

A closer look at the full hurricane season 

(July through November) indicates that in 

2005, the tropical storm and hurricane tracks 

can be classified into two groups. For group 

1, tropical storms were generated within 10º–

15ºN over the eastern Atlantic, and intensified 

with a clockwise track off the northwestern 

edge of the warm pool, east of 65ºW. For 

group 2, tropical storms were generated and 

subsequently intensified to hurricane strength 

over the very warm water (>29ºC) of the WAC 

analysis of global inundation impacts from 

sea- level rise, submitted to Transactions in 

GIS, 2006, hereinafter referred to as X. Li et 

al., submitted manuscript, 2006) as well as 

the totals for several regions of particular 

interest (Figure 2). These regions are areas 

of high population density with economic 

importance and political influence that, as 

the results indicate, would sustain marked 

impacts resulting from sea level rise. The 

impacts are definitely evident when taking 

into account population alone, yet the large 

amount of high- value property for residen-

tial, agricultural, and industrial uses is 

another important impact that needs fur-

ther investigation. Note specifically the map 

of inundated areas for 6 meters (Figure 1) 

in the southeastern United States and the 

corresponding land area and population 

affected numbers in Table 1. Equally impor-

tant in this work is the warning of potential 

humanitarian crises that are likely to occur 

as a result of coastal inundation in econom-

ically less developed regions with high pop-

ulation densities (e.g., South Asia and 

Southeast Asia). A hint of such crises, and 

the accompanying socioeconomic impacts, 

was felt worldwide in the fallout of the 

Indian Ocean tsunami of 2004.

Determining an inundation zone for any-

thing less than whole- meter increments is 

impossible because the vertical resolution of 

the DEMs used here is whole meters. Yet 

knowing the land area and population that 

would be affected by submeter rises in sea 

level could be illuminating as to more near 

term impacts of sea level rise. This was 

accomplished through an interpolation 

procedure as documented by X. Li et al. 

(submitted manuscript, 2006).

Several products from this research are 

now available for use by educators, 

researchers, policy- makers, and other inter-

ested individuals. These products include 

(1) inundation layers that are viewable in 

the virtual globe Google Earth©; (2) global 

and regional static maps of sea level rise 

(in both PDF and JPEG formats); (3) global 

and regional map animations of sea level 

rise (in QuickTime© format); and (4) inun-

dation layers for use in GIS (in ESRI grid 

format). Each of these products is available 

for download from the Center for Remote 

Sensing of Ice Sheets (CReSIS) at http://

www.cresis.ku.edu/research/data/sea_

level_rise/index.html. 
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