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ABSTRACT @

A frequently predicted consequence of global climate change is an
increased effect of coastal hazards on the world’s human popu-
lation. The impact of coastal hazards depends on the proximity
of human population to the coastal zone. Recently compiled
population estimates are combined with a new continental digi-
tul elevation model in an attempt to guantify the global distribu-
tion of human population and occupied land area with respect to
elevation and coastal proximity. The limited spatial resolution
of the census data allows one o quantify some of the uncer-
tainty in the spatial distribution of population. This provides a
lower bound on the uncertainty in the resulting distributions but
does not account for uncertainty in the census data or elevation
data. Long-term records of relative sea level rise. tidal heights,
and storm surge heights can be combined with global sea level
rise estimates for a variety of climate change scenarios 1o esti-
mate the approximate magnitude of vertical changes in local sea
level. Itis verified that large numbers of people live at low ele-
vations near coasts but the uncertainties are too large 1o provide
meaningful estimates of the number of people who reside in so-
called “coastal zones™ worldwide. The principal conclusion is
that both the spatial distribution and the resolution of global data
must be significantly improved before realistic quantitative as-

sessments of the global impact of coastal hazards can be made.

Key Words: coastal. global, hazard, population. sea level rise.

uncertainty.

INTRODUCTION @

It is well known that the world’s coastal regions are gen-
erally more heavily populated than are the continental inte-
riors. Eleven of the world’s 15 largest cities are located on
sea coasts or estuaries (Cohen and Small, 1998). Estimates
of the proximity of population to coastlines vary widely be-
cause of ambiguity in the definition of “coastal” (Cohen et
al.. 1997). Populations living at low clevations near coasts
are frequently mentioned in discussions of sea level rise

L N AAPCADEG, IDTS-O565AN0S 15 D000
Farvironmental Geosciences, Yolume 7, Number 1. 20000312

(SLR) and coastal hazards (e.g., Intergovernmental Panel on
Climate Change [IPCC], 1996b: Nicholls and Leatherman,
1995), but the number and nature of their distribution have
not been quantified accurately on a global basis.

The purpose of this study is to quantify what is currently
known about global distributions of population and land
area with respect to elevation and coastal proximity and to
discuss implications for changes in global sea level and
coastal hazards. It has been estimated that global warming
may increase rates of SLR by two o ive limes present rates
(IPCC. 19954). It has also been proposed that a climate-
induced collapse of the West Antarctic ice sheet could raise
global sea level by 4-6 m (Oppenheimer. 1998). Land areas
located at low elevations within several meters of present
mean sea level would be at risk of submergence and more
frequent flooding by storm surges. However. the projected
SLR will not be spatially uniform because of vertical land
movements and dynamic changes in atmospheric pressure
and ocean currents. As far as coastal hazards are concerned.
the relative, or local. SLR (RSLR) is of greater importance
than is a global mean value. Even in the absence of signifi-
cant changes in global sea level, climate-induced changes in
coastal storm frequency or severity would have implications
for coastal populations.

Several previous studies have attempted to assess the glo-
bal populations at risk from SLR. The Coastal Zone Man-
agement Subgroup of the IPCC (Houghton et al., 1992) used
a Common Methodology—a sequence of seven steps in-

tended to provide a common basis for a worldwide assess-
ment of coastal vulnerability 1o-a [-m SLR by the year 2100,
Results for 23 country case studies were summarized in [IPCC
(1996b: see also Nicholls and Leatherman, 1995). In addition
to these case studies, Hoozemans et al. (1993), applying the
Common Methodology. estimated an increase in the global
population at risk from annual flooding as a result of a [-m
SLR from 47-61 million people, at present population levels,
and to 100 million after 30 years of growth. Their study was
based on data including, among others ETOPOS Elevation,
Global Wave Statistics, Admiralty Tide Tables (London).
World Population Projections (1989-1990), and the Times
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Atlays of the World. Since these studies were conducted, new
sources of population and elevation data have become avail-
able at higher spatial resolutions than previously.

In this study, currently available information about global
distributions of population and land area are integrated with
respect to elevation and coastal proximity, and the uncer-
tainty associated with spatial combinations of these data is
assessed. By using the most detailed global population, ele-
vation. and coastline data sets publicly available. the impli-
cations of the resulting distributions with respect to a global
compilation of local relative SLR data for different climate
change scenarios are considered. Although global analyses
are obviously lacking in the important detail provided by lo-
cal studies, they can provide a synoptic perspective that
would be difficult to obtain from the diversity of approaches
and foci of local and regional analyses. The objective here is
not to provide precise estimates of population or land area at
risk but rather to summarize the global relationships be-
tween population and continental physiography and 1o dis-
cuss their implications for coastal hazards and different
SLR scenarios. A subsidiary objective is to identify im-
provements in data required to achieve the major objective
more precisely.

POPULATION DATA

The human population distribution used in this study was
compiled by Tobler et al. (1997) and was based on censuses
from 217 countries partitioned into a total of 19,032 second-
ary administrative subdivisions (corresponding to counties
in the United States). The census years ranged from 1979-
1994, Tobler et al. (1997) estimated the 1994 populations of
these 19,032 polygons by projecting from the census years
1o 1994, All subdivisions in each country were assumed 1o
change exponentially at the same rate. The total 1994 popu-
lation estimated in this way was 5,617,519,139 people. The
uncertainty of this estimate probably exceeds 2%, based on
the uncertainty of censuses in developed countries. The
19.032 polygons totaled 132,306,314 km?. 25.9% of the
world’s surface area (5.096 X 108 km?) and 99.5% of ice-
free land (~1.33 X 10% km?). The average population den-
sity of occupied land in these data is 42.45 people/km?”. The
average polygon area is ~6950 km? and the average num-
ber of people per polygon is ~~295,000.

Assuming a uniform spatial distribution of population
within each polygon, Tobler et al. (1997) used these data as
the basis for a mass conserving spatial redistribution to
produce unsmoothed gridded population estimates [http:/
www.ciesin.org/datasets/gpw/globldem.doc.html| of 2,003,971
quadrangles at S-arc-min (5") resolution (Fig. ). This corre-
sponds to squares 9.3 km on a side at the equator and dimin-
ishing in width with poleward latitude. The errors introduced
by the assumption of a uniform population density within
each polygon are distributed unequally over space, depend-

ing on the local spatial resolution and quality of census data.
In addition to the exclusion of Antarctica and Greenland,
some low lands in the Canadian arctic were not included in
these quadrangles. The total number of people in the un-
smoothed gridded model was 5.622,166,374. larger than was
the total population calculated from the original 19,032 points
by 0.083%. This discrepancy is believed to result from the
gridding procedure (W. Tobler and U. Deichmann, 1997,
personal communications) but is significantly smaller than
is the expected error in the original population estimates.
The occupied quadrangles totaled 129,674,365 km?, 25.4%
of the world’s surface area and 97.5% of ice-free land.

CONTINENTAL ELEVATION AND
COASTLINE DATA

Continental hypsography was derived from global. 30-arc-
sec (307, ~1 km at the equator) gridded elevations provided
by the Earth Resources Observation Systems Data Center,
Sioux Falls, South Dakota (htp:/fedewww.cr.usgs.gov/landdaac/
landdaac.html), The 30 elevation model was derived from
Defense Mapping Agency digital terrain elevation data Level
1 (37) gridded topography as well as from data from several
other international mapping agencies (including those of Ja-
pan, Mexico, and New Zealand). The gridded topography
covered North and South America, Alrica, Europe, Asia,
Australia, Oceania, Greenland, and Antarciica.

Coastal proximity was calculated as distance to the near-
est coastline at each point for which a population estimate
was available. The coastline is based on the Global Self-
consistent Hierarchical High Resolution Shoreline (Wessel
and Smith. 1996) digital coastline file. consisting of 10,390,243
points worldwide. Because distances were calculated for a
uniform 5° grid, the cells containing coastline points are as-
signed a proximity of 0 km, whereas proximities of interior
grid cells are based on the distance from the centroid of the
interior cell to the centroid of the nearest coastal cell. This
introduces an error of less than one grid cell to the proxim-
ity estimates. This introduced uncertainty is accepted be-
cause the emphasis of this study is on global distributions
rather than on precise estimates ol coastal populations and
because the spatial uncertainties in the population distribu-
tions are significantly larger.

The demographic and hypsographic data were coregis-
tered by calculating the median of the 30” elevations within
each 5" quadrangle for which a population estimate was
available. Population density for each quadrangle was esti-
mated but did not account for differences in the fractional
land area of quadrangles on coastlines: in these areas, popu-
lation densities are minimum estimates.

SEA LEVEL DATA

The sea level data come from a worldwide network of
over 1700 tide-gauges, with some records going back =100
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years (Spencer and Woodworth, 1993). Analysis of tide-
gauge data shows an absolute SLR at a rate of 1-2.5 mm/yr
over the past 120 years (IPCC, 1996a). The average trend for
castern North America and several other regions (western
Europe. Australia, and New Zealand) is ~1.5 mm/yr (Gor-
nitz and Seeber, 1990; Gornitz, 1995a). This is slightly
lower than the global value of 1.8 mm/yr used by the IPCC
(1996a: Douglas, 1991).

Many factors influence sea level. Tide-gauges record
fluctuations due to changes in atmospheric pressure, ocean
currents, tides, and vertical land movements, including gla-
cial and hydro-isostasy, tectonism, subsidence of major del-
tas due to sediment compaction, groundwater pumping, and
other mass fluxes. Vertical crustal motions are a major
source of spatial variability in sea level (Gornitz. 1995b). In
addition, sea level varies in response to dynamic factors, in-
cluding steric changes (in temperature or salinity), currents, and
coupled oceanographic-atmospheric forcing (e.g., the El Nino-
Southern Oscillation or the Northern Atlantic Oscillation).

The RSLR is calculated as the slope of the least squares
linear regression through the annual mean sea level data for
each tide-gauge station. A 30-year record length is taken as
a minimum to insure a reliable trend and widespread geo-
graphic coverage. A total of 246 stations meet the following
minimal criteria: 30 years of data, a completeness ratio of
=50% (number of years of data/total record length), and a
standard error on the trend of <0.7.

SEA LEVEL RISE

There are several ways in which global climate models
are used to calculate SLR. For example. the IPCC [S92a
“best estimate™ projection is based on a one-dimensional
upwelling-diffusion model to calculate thermal expansion, a
global glacier melt model for mountain glaciers, and the use
of static sensitivity values for the Greenland and Antarctic
contributions, which ignore any dynamic response. The
Goddard Institute for Space Studies (GISS) ocean-atmo-
spheric General Circulation Model (GCM) includes ocean
convection, vertical diffusion. and bottom friction. The
mass balance of the crysosphere is calculated by differenc-
ing snowfall and ice melt. Glacial ice transport is simulated
for Antarctica but not for Greenland or mountain glaciers.
Four scenarios in this study are considered below.

1. Extrapolation of current trends. The first scenario as-
sumes no climate change and simply extrapolates cur-
rent rates of local SLR from 1990-2100.

. Goddard Institute for Space Studies General Circulation
Model. The GISS coupled ocean-atmosphere GCM
(Hansen et al., 1983, 1988; Russell et al., 1995) simu-
lates the earth’s climate in three dimensions at 4° X 5°
horizontal resolution and calculates ocean height (i.e..
sea level) directly.

)

Two GCM runs are presented. In the greenhouse gas
(GG) run, inputs to the atmosphere of greenhouse gases
are increased by 1% annually, but sulfate acrosol inputs
remain constant at 1989 values. To minimize effects of
model drift. the SLR projections are based on the differ-
ences between the greenhouse gas projections and a
control run, which uses present day climate. Sea level
data have been averaged in decadal intervals, starting in
1990, to minimize the etfects of interannual variations.

In the greenhouse gas + sulfate aerosols {GS) run,
atmospheric inputs of greenhouse gases are increased
by 1%/yr and sulfate aerosol inputs increase annually
until the year 2050, with a slight decrease thereafter.
The results represent differences between greenhouse
gas and sulfate projections and a control run, with cur-
rent climate, in decadal averages.

3. GISS/GCM. The GISS GCM SLR projections may un-
derestimate SLR. because the simulations are assumed to
be in radiative equilibrium at the beginning of the runs
(i.e.. in 1990). In reality. several decades may be needed
to establish this equilibrium. This leads to a lower pro-
jected global warming (and associated SLR) than the
final equilibrium value (the “cold start” problem). On
the other hand, the forthcoming IPCC scenarios will
assume a lower than 1%/yr rise in greenhouse gases,
which would reduce the SLR from earlier estimates.

4. IPCC 1892a simulation. The TPCC 1995 “best esti-
mate” includes changes in sulfate aerosols. Assump-
tions of population growth, energy use. and greenhouse
gas emissions are given in Houghton et al. (1992).
More recent IPCC global temperature and SLR projec-
tions will probably be lower that their previous esti-
mates, but the new results have not yet been officially
published. Thus, the two GISS GCM runs may turn out
to be comparable with the latest IPCC projections.

In addition to permanent inundation due to accelerated
sea level rise (ASLR), the coast is at risk of flooding from
storms. The total height Hf of a flood with frequency of oc-
currence f (e.g.. f is annual or the 100-vear flood) is equal to
the sum of the projected ASLR for the year t for each SLR
scenario, the flood surge (SURGE), mean high water (MHW),
and the rate of land subsidence or uplift (SUBS).

Hf is computed for specific points in time. The ASLR term
depends on t and on the scenario, SURGE depends on I,
SUBS depends on RSLR and 1, with MHW remaining con-
stant. Surge levels are assumed to remain constant over time
(i.e., no change in frequencies and intensities of coastal
storms). Surge levels are taken from Hoozemans et al., 1993
(table A-1). These represent country-wide average return in-
tervals of 1. 10, 100, and 1000 years (or coastal averages for
countries with more than one coast). The flood level 1s maxi-
mum at the time of high tide. Mean high water is half the
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Figure 1: Global population density (from Tobler et al., 1997) and locations of 246 long-term sea level monitoring stations (stars). This image does not show the full detail of the

gridded population density but emphasizes the sparse population of the ¢

tal interiors relative to the denser populition of the coasts, Population density is shown on 4 Logy,

scale The majority of seu level monitoring stations are located in Europe, Japan, and North America, but many of the higher population densities near coastal arcas are in southern

and castern Asia.

mean tide range at each tide gauge station (National Oceano-
graphic and Atmospheric Administration (NOAA) 1995). It
is assumed that a constant rate of subsidence gives a level of
subsidence that is a linear function of time. To conform with
the convention for sea level, SUBS indicates subsidence if
positive (apparent SLR—Iand sinking), and uplift. if negative
(apparent sea level fall—land rising). This convention is the
opposite of that commonly used by geologists and geode-
sists.

The spatial distribution of long-term monitoring stations

heavily favors Europe, Japan, and North America and does
not provide adequate coverage for a global assessment of
coastal inundation. By including additional stations with
shorter or less complete temporal coverage, the distribution
improves somewhat but is still lacking in a number of
heavily populated regions, particularly in southern Asia. In
spite of the shortcomings of this spatial distribution, the ver-
tical distribution of flood heights may provide some useful
information if its variability is representative of the global
distribution. Figure 2 indicates that the magnitude of local

Mean High Water (cm)
H

g

Figure 2. Historical SLR duta and 100-
year model scenarios. (A) Subsidence and
mean high water for 246 long-term sea
level monitoring stations. Mean high water
is generally <3 m above mean sea level,
Extrapolation of current subsidence rates
of these stations would generally resull in
significantly less than 1 m of subsidence
over the next 100 years, Size and shading
of symbaols represents Hoozemans et al,
(1993) estimates of 100-vear surge heights,
ranging between (0 m (small, light grey)
and 6 m (large. black). The large number
of stations showing uplift is a result of the

sent level stations in Scandinuvia
and Alaska currently expericncing post-
glacial rebound and in Japan experiencing
tectonic uplifi. (B) Mean SLR scenarios
discussed i the text show similar in-

GISS GCM GG

-If -5 a 5 I 15
Uplift (mm/yr) Subsidence

creases and suggest ~50 em of SLR over
the next 100 years,
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RSLR is generally greater than is the magnitude of global
SLR projected by the scenarios considered here and that the
magnitude of historic surge heights is larger still. As pointed
out above, regional coastal subsidence and spatial variabil-
ity in atmospheric and tidal effects controlling RSLR are of-
ten of greater importance than is the projected ASLR. Fig-
ure 2 indicates that RSLR is comparable with ASLR but
tidal heights and storm surges are several times greater. Re-
gional coastal oceanography and meteorology also play im-
portant roles in determining the height and impact of storm
surges. The importance of local effects in determining inun-
dation potential emphasizes the need for improved spatial
distribution of sea level monitoring stations.

SPATIAL UNCERTAINTY OF
POPULATION DISTRIBUTION

The limited spatial resolution of the population data intro-
duces quantifiable uncertainty in the distributions consid-
ered in this analysis. There are additional uncertainties re-
lated to the accuracy of both the population data and
geophysical data but these are considerably more difficult to
quantify. The mass-conserving gridding operator used by
Tobler et al. (1997) to convert the population data to a uni-
form grid assumes that the total population of each district
is uniformly distributed within the area of the district. Al-
though this is generally unlikely. it does represent one ex-
treme of the set of all possible spatial distributions of the
specified population within the district. The other extreme
would be the maximal clustering represented by the entire
population occupying a single location within the district
with the rest of the district being uninhabited. The popula-
tion density would depend on the size of the location into
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which the population was packed. This maximal clustering
condition has a number of possible manifestations depend-
ing on where within each district the maximum density
point occurs. If a finite spatial resolution is specified, then it
is possible to calculate a finite number of realizations of this
condition and determine which one results in maximal clus-
tering at a global scale. In reality, both of these extremal
conditions probably represent exceedingly unlikely occur-
rences. However, knowing the extremal bounds is useful
because it brackets the range of possible occurrences.

The distribution of district areas for the 19,032 census es-
timates gives an indication of the spatial resolution of the
population data (Figure 3). Because we know the area but
not the specific boundaries (not published by Tobler et al.
[1997] because of copyright restrictions) for each district,
we will consider units of characteristic resolution defined as
the square root of the area of the district. The median char-
acteristic resolution for census districts in this data set is
35.5 km. The median characteristic resolution of people (us-
ing people rather than census districts as the units of analy-
sis) is 63 km. These ligures give some indication of the spa-
tial uncertainty for global analyses. The designation of
census districts tends to favor spatial resolution because dis-
trict size generally diminishes with increasing population
density. In the data set used here, the highest densities occur
at the smallest spatial scales and maximum density dimin-
ishes consistently with increasing district size. Although the
correlation between population density and characteristic
resolution is only —0.38, almost all (798 of 832) of the dis-
tricts with population densities >1000 people/km® had
characteristic resolutions of <50 km and the maximum
characteristic resolution of these is 89 km. The median dis-

Figure 3z Distributions of spatiul resolu-
tion of global population data set compiled
by Tobler e1 al. (1997}, Inset histogram
shows distribution of effective spatin] nes-
olutions (square root|area|) of 19,032 cen-
sus estimutes wsed in this study, One half
of the units are <<35.5 km in linear dimen-
sion but these units contaun <20% of the
global population. Cumulative  distribu

tion (the integral of the histogram) shows
the percentage of the world’s population
that can be located to within a given dis-
tance using these data. For example, the
location of 50% of the world’s population
is known to within 63 km and 72% 10
within 100 km.

100 150 200 250 300 350 400
Effective Spatial Resolution (km)

220 240 260 280 300
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trict population in this data set is 49.494 people and the me-
dian density is 52 people/km?.

The effect of spatial uncertainty is most pronounced on
proximity estimates because they depend entirely on the
spatial distribution. The effect of spatial uncertainty on
other spatially varying parameters depends on the spatial
variability of the particular parameter. For example, if the
elevation does not vary significantly within the area of a
district, then neither the size of the district nor the distribu-
tion of the population within the district affects the distribu-
tion of population with respect to elevation in the district.
On the other hand, if elevation varies widely within a dis-
trict, the spatial distribution of the population has a large in-
fluence on its distribution with respect to elevation. In this
analysis, the spatial uncertainty is considered 1o be one half
the characteristic resolution. representing the average dis-
tance from the centroid to the boundary of an arbitrarily
shaped census district. Figure 4 shows the distribution of
spatial uncertainties for the 19,032 census districts with re-
spect to coastal proximity. Although the uncertainty is
smallest for the coastal districts, it is still substantial relative
to any reasonable estimate of coastline incursion. This un-
certainty is too large to make meaningful quantitative state-
ments about the number of people globally at risk from the
kinds of coastal hazards considered here.

GLOBAL PATTERNS OF
POPULATION DISTRIBUTION

The global distribution of population relative to elevation
and coastal proximity can provide some indication of the

Population Weighted Spatial Uncertainty
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extent to which low coastal regions are populated relative to
the interiors of the continents. Even with the uncertainties
discussed above, a quantitative assessment of the available
data may indicate which regions should be the focus of
more detailed study and data collection. These distributions
(Figure 5) show the scale over which global population di-
minishes with increasing elevation and distance from coast-
line. The elevation distribution shown here is a more de-
tailed subset of the larger elevation range discussed by
Cohen and Small (1998). To some extent, the population
distributions are dictated by the available land area at ¢ach
elevation and distance from coastline. Figure 5 shows that
land area also diminishes with elevation and distance from
coastline. There is more land available at the periphery of a
continent than in the interior as a simple result of geometry.
There is also more land area near sea level than at higher el-
evations because erosional and depositional processes con-
stantly transport tectonically uplifted material to lower ele-
vations near sea level. This is less apparent over the 100-m
range of elevations shown in Figure 5 than over the 4000-m
range of elevations discussed by Cohen and Small (1998).
Because the distribution of population is constrained by
the distribution of land area (assuming that the number of
people living on boats is negligible), it is informative to nor-
malize distributions of population with distributions of avail-
able land area to produce estimates of Integrated Population
Density (IPD) (Figure 5). Even when available land area is
taken into account, the low coastal elevations are still more
heavily populated than are the higher continental interiors.
The total number of people per square kilometer of avail-

Figure 4: Disuibution of spatiul uncer-
tainty of the population data as function of
coastal proximity, Poimts show individual
J spatial uncertainty (|square rootiarea) /2y

of 19,032 census data compiled by Tobler
et al. (1997} and shaded curves show pop-
ulation-weighted mean uncertainty in 10-
ithin curve), S0, and 1H-km-wide dis-
tance bins. Mean spatial uncertainty s
generally less for coastul census tracts hut
is still on the order of 30 km,
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Figure 5: Estimates of the distribution of population and populated land area as a
function of elevation and coastal proximity. Population diminishes rapidly with in-
creasing elevation and increasing distance from coastline but is constrained by the
land arey available for habitation. Dividing the total population occupying a particular
elevation (or distance) by the total Laind area available at that elevation (or distance)
gives estimates of integrated population density (IPD) as a function of elevation or
coastal proximity. Both IPD estimates verily that coastal areas and low elevations are
more heavily populated than are higher inland arcas. Integrated densities diminish
most rapidly within 100 m of sea level and 100 km of coasts.

able land diminishes rapidly within 100 m of sea level and
100 km of the coast (Figure 5). The relatively large values
for land area and population in the lowest and most coastal
bins in these histograms partly reflect the fractal dimension
of the coastline at the 5" grid resolution. Consequently, the
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drops in IPD in these bins may result from the relatively
large number of sparsely populated coastal pixels in areas
with convoluted coastlines and numerous small islands like
Patagonia and the Canadian Arctic. This reflects an inherent
shortcoming of studies that combine densely and sparsely
populated areas in a single analysis.

Many coastal areas contain mountainous topography
(e.g., California) and many low lying basins do not occur
near coastlines (e.g.. Death Valley); thus, it is necessary to
consider elevation and coastal proximity together when dis-
cussing populations at risk of coastal hazards. This is possi-
ble because each population estimate is associated with a
specific elevation and distance from coastline. Figure 6 pro-
vides estimates of the cumulative number of people within a
given distance ol a coastline and below a given elevation,
Approximately 400 million people live within 20 m of sea
level and within 20 km of a coast worldwide. In light of the
uncertainties discussed above, the accuracy of this number
is obviously questionable. With more accurate population
and elevation data at higher spatial resolution, this type of
plot could provide estimates of the number of people at risk
for different coastal hazard or SLR scenarios. It is not possi-
ble to make meaningful estimates of population or land area
at risk from coastal hazard using the plot shown in Figure 6
because of the magnitude of the uncertainties discussed
above. However, the plot does quantify the extent to which
human populations tend to occupy coastal regions relative
to continental interiors.

DISCUSSION

Certain caveats must be kept in mind when interpreting
these results. The most obvious caveat is the uncertainty

8
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Figure 6, Estimate of the cumulative glo-
bul population within a range of elevations
and coastal proximities, Contours indicate
total number of people both within a given
distance from the nearest coast and also
within a given elevition above mean sei
level.

80

60

40

20

0
300
Coastal Proximity (km)
=
0 200 400 600 8OO

(o=

1000 1200 1400 1600 1800 2000
Total Number of People (million)



[ 2
10 ENVIRONMENTAL GEOSCIENCES

discussed in the previous section. The data in the histograms
are shown in increments of 5 m of elevation and 5 km of
distance but Figure 4 indicates spatial uncertainties of =20
km for population in districts nearest coastlines. This does
not account for uncertainties in the elevation model or in the
population counts.

The histograms shown here represent a possible but not
necessarily probable distribution of people and land area
within the limits of the uncertainties of the data sets. The
gridded population estimates were used to construct these
histograms so the assumption of uniform spatial distribution
within census districts is implicit in these histograms. Uni-
form population distribution seems unlikely at the scale of
this analysis so the distributions shown here represent the
limiting case of the range of possible distributions allowed
by the district-level data. Taken together, the spatial uncer-
tainty in population distribution combined with the spatial
localization implied by the proximity distribution com-
pounds the difficulty of making meaningful estimates. If the
population distribution implied by the data were more uni-
formly distributed with respect to coastal proximity, the im-
plications of the uncertainty would be less significant. As it
stands, the uncertainty associated with the lower resolution
census data combined with the localization implied by the
higher resolution census data suggest a wider range of pos-
sible distributions than would be expected if the higher res-
olution data were more uniform.

In spite of the uncertainties, this study gives some indica-
tion of the populations at low elevations near coasts relative
to the populations in the interiors of continents. Even il
these data do not provide precise estimates of numbers of
people at risk of coastal hazards. they do indicate which lo-
cations require more detailed data. Integrated population
density apparently diminishes most rapidly within 100 km
from a coast and 100 m above sea level: within this zone,
the populations may be more localized than indicated by
these results. Further investigation at different spatial scales
may be warranted. It would be interesting, for instance, to
know whether regional population distributions show a sim-
ilar pattern and if the spatial scaling is modulated by other
climatic variables (see Small and Cohen. 1999, and http://
www _ldeo.columbia.edu/~small/population.html, for a dis-
cussion of climatic variables). Some of these questions can
be investigated using subsets of the data presented here, but
in many areas data of higher resolution and greater accuracy
are required. Cross-cultural similarities in spatial population
distribution. related to fundamental environmental factors,
are conceivable and potentially important.

Qualitatively, this study confirms that large numbers of
people live at low elevations near coasts. However, the prin-
cipal contribution of the study is to show that the available
data are inadequate o permit quantitatively precise esti-
mates of the number of people likely to be affected by pos-

sible levels of SLR or storm surges in coastal areas on a glo-
bal basis. The lack of adequate data means that it is impossible
to anticipate with useful precision the number of people who
could be affected by alternative scenarios of climatic change.
Without such numbers, it is difficult to plan for adaptive re-
sponses or to evaluate how much it would be worth to invest
in preventive measures. If SLR has the potential to cause
substantial global effects, it would be sensible to invest
more resources in more accurate, higher resolution data on
the spatial distribution of the human population and eleva-
tion in coastal areas. Of the two, elevation is, by far, the
simpler to measure. Airborne and satellite-based radar and
laser altimeters are now capable of mapping coastal topog-
raphy and its changes at resolutions far greater than the data
used in this study. Satellite observations of land cover
changes in coastal zones also provide a means to quantify
changes in coastal habitation (although not population) at
resolutions high enough to serve a number of purposes
(Leatherman, 1993).

Uncertainties in climate change scenarios are compounded
by the limited distribution of coastal sea level observations.
Figure 2 shows that in areas where detailed, long-term ob-
servations have been made (Figure 1). the magnitude of the
local effects (subsidence, tidal amplitude, etc.) are larger
than is the absolute magnitude of global mean SLR result-
ing from existing climate change scenarios. The majority of
long-term (=30 years) monitoring stations are located in
Europe and North America but the largest and most rapidly
growing populations potentially affected by coastal hazards
are located in southern and eastern Asia. Efforts to under-
stand global scale climate change need to be accompanied
by studies of the local and regional factors that magnify, or
moderate, their impact on coastal populations.

This analysis shows that estimates of the 1994 global
low-elevation coastal population are highly uncertain. At-
tempting to project future global low-elevation coastal pop-
ulations compounds the uncertainty for three reasons. First,
the future numbers of people in each country are uncertain.
During the 1990s, successive United Nations Population Di-
vision middle estimates of the population in 2050 have de-
clined over time, because fertility rates in some developing
countries have fallen faster than anticipated, and in some re-
gions, death rates have risen unexpectedly. For example, be-
tween the 1996 and the 1998 United Nations projections,
the estimated population in 2050 fell by ~0.5 billion people
(United Nations, 1998a, 1998b). Second, the middle esti-
mates, typically used in projections of climatic effects of an-
thropogenic atmospheric emissions, are flanked above and
below by widening bands of uncertainty (“high” and “low™
projections, which are themselves uncertain). The uncer-
tainty in the number of people who will be contributing
greenhouse gases and sulfate emissions is usually neglected
in the scenarios used as inputs to GCM models. Third, the
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future spatial distribution of the population within each
country is at least as uncertain as, and probably more uncer-
tain than. the future total population of that country, The
rate of urbanization will strongly affect the size of the low
coastal population in many countries where major cities are
near sea coasts. For these three reasons, precise quantitative
forecasts of how many people will be exposed to coastal
hazards half a century hence may be hazardous themselves,
although it is clear that the numbers of people at risk could
be large.
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