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GEOSCIENCE

Mapping the global threat of land subsidence

Nineteen percent of the global population may face a high probability of subsidence

By Gerardo Herrera-Gardia, Pablo Ezquerro, Roberto Tomas, Marta Bgar-Pizarro,

Juan Lpez-Vinielles, Maur Rossi, Rosa M. Mateos, Dora Carredn-

, John Lambert,

Pietro Teatini, Enrique Cabral-Cano, Gilles Erkens, Devin Galloway, Wei-Chia Hung, Najeebullah
Kakar, Michelle Sneed, Luigi Tosi, Hanmei Wang. Stujun e

ubsidence, the lowering of Earths
land surface, is a potemrially destroe-
tive hazard that can be camsed by
a wide tang of natuml or anthm-
pogenic triggers but mainly results
from sclid or fluid mobilzation un-
due to
depletion (1) is a slow and gradual process
that develops on Iug,n time su]cs (months

Barneo. In Japan, subsidence affected sev-
eral cities during the 20th certury, melud-
ing more than 4 m of subsidence in Tokyo,
before groundwater management practices
mitigated further subsidence. Iran currently
hosts some of the fastestsinking cities in
the world (25 cm year<) bepause of unregu-
lated groundwater pumping. In Europe, the
greatest impact of subsidence oecurs in the

eas susceptible to flonding. In coastal zones,
the combined effects of absolite sealevel
rise and land subsidence contribute to rela-
tive sea-level rise (#). The contribution from
land subsidence may exceed the contribu-
tion from ahsolute seadevel rise by a factor
of 10 or more and conld be especially critical
for 21% of the geographicloeations identified
in our database, where land elevation is less
than 1m above the mean sea lovel.

On the hasis of the spatial analysis find-
ings, a glohal model is propased to combine
the main variables influencing subsidence to
identify environmental settings favoring land

10 years), P loss of land
elevation i o i per

and the factors

where subsidence is primarily
for placing 2% of the country

year) typically over very large areas (tens
to thousands of square kilometers) and
variahly affects urban and agrienimiral ar-
eas worldwide Subsidence permanently
redness  aquifer-system  storage  capacity,
canses carth fissures, damages buildings and
«civil infrastructure, and increases flood sus-
ceptibility and risk. During the next decades,
global population and economic growth will
eontinue to increase groundwater demand
and accompanying groundwater depletion
() and, when exacerbated by droughts (3,

below the mean sea level and inereasing the
flooding risk. Subsidence in the Po River
Flain in Ttaly started during the second half
of the 20th century and currently threatens
30% of the Ttalian population, contributing
to reeurrent eoastal flopding during extreme
high tides in Venice. In North America, in-
tense groundwater depletion triggers sub-
sidence from California’s Central Valley,
with as much as 9 m of subsidence in the
past century, to the Aflantic and Gulf of
Mexico coastal plains in the United States,

will probably increase land oc- | where is
currence and related dunisges or mpacts. Ta
raise and inform decisi highest

flooding risk.
In México, subsidence rates are among the

ing, we evaluate potential global subsidence
due to groundwater depletion, a key first
step toward formulafing effective land-sub-
sidence policies that are lacking in most
countries worldwide.

A largescake systematic literature review
reveals that during the past century, land
subsidence due to groundwater depletion oc-
curred at 200 locations in 34 countries [see
supplementary materials (SM)] However,
subsidence extent is only known for one-
third of these meords, information on the
impacts is scarce, and mitigation measures
were implemented only in a few locations. In

{asmmch as 30 cm year'),
affecting small structurally contrelled in-
termontane basins where the main wrhan
centers developed, causing an important but
imaceonted economic impact

Spatil analysis of subsidence locations
identified in our global database (see SM)
reveals that subsidence has preferentially
occurred in very flat areas where unconsok
idated sediments accumulated in alluvial
basins or coastal plains, and where whan
or agricultural areas developed in temperte
or arid dlimates characterized by prolonged
dry periods. Land subsidence has generally
occurred in water-stressed basins, whe the

China, widespread affects cities
developed in the main sedimentary basins
In Indonesia, coastal subsidence in Jakarta
is s0 severe that government authorities are
planning to move the capital to the island of

Aot aifFsions wester h e spplemlry meterizt
Tt g herrer e
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ionof ithdrawal and
matural gronndwater discharge outpaced
groundwater recharge, resulting in ground-
water storage losses, groundwater depletion,
and compaction of susceptible aquifer sys-
tems. In the affected basins, land subsidence
mainly occurred in ighly popalated areas,
with half of d in ar-

leading to groundwater depletion {see SM)
Statistical analyses of lithology, land-surface
slope, land cover, and Koppen-Geiger dimate
clusses are used to predict global subsidence
susceptibility ata spatial resolution of 1km?
The probability of groundwater depletion
is estimated by identifying urban and irri-
gated aress suffering water stressand where
groundwater demand is high

The analyses do not consider subsidence
magritude and rate, owing o the ek of
this information at a global seale Hence,
the combination of subsidence susceptibiity
and the probability of gmundwater deple-
tion is used to predict a “praxy” of subsid-
ence hazard, which permits identification of
exposed areas whete the pmbability of land
subsidence occurrence & high or very high
Even though these resuhts do not necessarily
translate to direct impacts or damages, they
are useful for identifying potential subsid-
ence areas where further local-seale analysis
is nesessary. The comparison of our model
predictions with an independent validation
dataset revesls a G4% capability to distin-
guish between and hsid

iy Lo

1202 "5 Asenuer uo B

Potential global subsidence

The colorscale mdicates ths probailty ntervals classited fram very los (VL) o very high (VH). for every 30-arcssc resclution pvel Lk by Liem

atthe Equator). The shite
on the susceptidi

120 O

dataisunavailable, and the p

e maps o other regions in supplementary materials.

ly inclu

North America

dicted for 2044 for a global change scenario
Dascd on steady population growth and in-
creasing greenhouse gas emissions (Shamd
Socioeconomic Pathways 2,

coasial and river delia areas worldwide (¢.g.,
Victnam, Egypl, or ihe

high (sce the figure). The cumulative po-
tential arca amounts lo 2.2

inland sedimentary basins ol México. Iran,
i countries. Potential

ence areas, according 1o thevalue of the area
under the reseiver opemting characteristic
curve (see SM). The gobal exposure to po-
tential subsidence i evaluatedby caleulating
the number of ithabitants living in potential
subsidence areas, ie, subsidence haard
proxy, and the equivakent gross domestic
product (GDF). This “proxy” of exposed
assets is caleulated assuming that GDP per
carita is homogeneous within each coun-
try. Finally, the evolution of potential global

i and the related exposure is pre-

Publiched by ALAS

sdencanagarg SCIENCE

C ion Pathway 8.5), which accounts
for the greatest sealevel rise projections.
Our results suggest that potential sub-
sidence threatens 12 million km* (8%) ul
the global land surface with a

lower in Africa, Australia, and
South America, owing to the lower ground-
water depletion (). In central Africa, poten-
\ial subsidenoe only ineludes information on

greater than 50% (MH to VH in the ﬁ)uxre)
Potential subsidence areas are concentrated
in and near densely urban and irrigated ar-
eas with high water stress and high ground-
water demand, overlying some of the larg-
csi and most depleted aquifer systems {3)
in Asia (¢.g., North China Plain) and North
America (e.g, Gulf of Mexico coastal plain);

SCIENCE scien

T8

he as depletion
is unknown. In this region, subsidence sus-
cepribility {see fig. $6) could he nseful to pre-
vent subsidence impacts on developing cities
that during the next decades could rely more
on the available groundwaler resourees,

To evaluaice Lhe expostre 1o patential sub-
sidence, we focus on arcas where the poten-
tial subsidence probahility is high or very

Publishod by ABAS

million km?, or 1.6% of the land; includes
1.2 billion inhabitants, or 19% of the global
popnl'umn, and has an exposed GDP of
5 8.19 trillion, or 12% of the global GDP.
ng income countries account for 62%
of Lhe global exposed GDP buv only 11%
of the global exposed population, whercas
low=income countries account for 54% of
the global exposed population and 12% of
the global exposed GDP. It is expected that
the capability of low-income countries to
implement the political, regulatory, and
50CI0CCONDMIC NICASLIES NCCCSSATY Lo Pre-
venl and miligale subsidence impact will
e less than that for high-income countries.
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Abstract: Land subsidence severely threatens most of the coastal plains around the world where Ligh productive industrial
and agricultural activities and urban centers are Coastal subsidence damages and
the effect of the sea-level ise at regional scale. Although it is a well-known process, there s still much more to be improved
on the monitoring, mapping and modeling of ground , as well as the of
“The Tntemational Geoscience Programme recently approved an intemational project (IGCP 663) aiming to bring together
worldwide researchers to share expertise on subsidence processes typically occurring in coastal areas and cities, including

basic research, monitoring and ion, modelling and Inthis paper. we provide I.he research communities
and potential with the basic i on to join the participating teams in this project.

major advances on coastal studies and i ion on well-k and new case iuv.ies of land subsidence in
China, Mtaly, The Netherlands, Indonesia, Vietam and Thailand are highli and ile, the

networking, dissemination, annual meeling and field trip are briefly introduced.

Key words: land subsidence, coastal cities, case studies, International Geoscience Programme
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1 Introduction

Land subsidence, the lowering of ground surface due to
natural and human-induced processes occurring in the
shallow and deep subsurface, is a worldwide geohazard.
Land subsidence causes damages and has widespread

impacts on a variety of infrastructures, eg., sewer
systerns, roads, buildings, subway tnnels and in coastal
low-lying areas. In the cities in proximity to shorelines,
such as Shanghai. Jakarta and Venice, it is particularly
alarming as it reduces the ground elevation with respect to
the sea level.

Nowad:lys ﬂ\e majority of coastal areas affected by land
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d Pakistan atlended the workshop, among which aver 90%%

The: sy on the impr that land subside

plays on coustad processes o the regional scale s increased
over the lasi iwo decades. and it clearly appears that land
subsidence can contribuie primarily (0 the relaive sea level
vise affecting coastal zones. Jakarta is one of the cities mostly
affected by the combination of sea-level rise and land sub-
sidence. Tn this paper; the activities carried out in Jakarta
wnder the umbrella of the IGCP Project 663 were presenied.
and the possible measures and best practices mitigating
land subsidence for the vesearch associates and potential
stakeholders were provided. with which can serve as inspira-
tion for authorities and communities facing land subsid-
ence. Meanwhile. major achievemens of 1GCP 661 in
Jakarta were summarized and introduced. inchud;
seninarion session, scientific session and field wips. Spe-
cifically. major advances on coastal subsidence studies
regarding the effect of relative sea level vise. subsidence
mapping, monitoring and simulation, as well as the sup-
port of policy making are hightighted and summarized.

Introduction

The IGCP Project 663 (Impict, Mechanism, Moniloring ol Land
Subsidence in Cogslal cities — IM2LSC) is a scienlilic cooperative
program between institutions and rescarchers to develop better under-
standing of land subsidence at intenational level (Yan et al., 20201,
and ils second intemalional workshop was held rom Sepleraber 17 10
21. 2019 in Jakarta, Indoncsia, which included di
entific activitics. Nearly 100 members of the IGCP 662 project ams.
and representatives of LNESCO Land Subsidence International Initi-
ative (LaS11) fram China, ltaly; the Netherlands, indonesia, Thailand,

were from developing countrics.
‘This workshop arramnged 4 roundlable mosting, wmonl work re
keynote leclures, oral and posier prosenlations by young profe
nals, technical teaching and training, ficld wips, cte. The Indonesian
government held an official ccremony for the release of the “Road
map for prevention and control of land subsidence in the constal lowland
of Indoncsia™. Ihe vice-prosident of the UNESCO LaS1l, Pietro Tea-
tini, aucessed Lhe conlirence and gave 2 ke notz lecture.
fer the meeting, a feld 1rip was organizzd in Jakana, and four
sites seriausly alfected by land subsidence wene

westigated.

Dissemination Session

Low-lying constlands gencrally encompass a variety of coviron-
ments. such as Farmlands, estuarics. dluss. ligoons and urbanize
including valuable ceosystems, historical beritages and cconomic activi-
tics. which arc severcly jeopardized by land subsidence combined
with sea-level rise. Within [GCP 663 we devcloped an analysis of the
vulnerability of these environments to relative sea level rise (RSLR)
considering an wneven land subsidence distriburion that improved the
assessment af vulnerability 1 RSUR a1 the regianal seale. The au-
cames of the analysis are available to the autharilies responsible For
water resources and constal protection (Wang et al., 2012; Lirkens and
Stouthamer, 2020; Yang et al., 2020).

Jakanta is one al’ the cities mosily aliected by the combinatian ol
sea-level rise and land subsidence. It has heen calculated that i neces-
easungs wre: nol taken, arund 27% ol Jukarta may be below the
in 2028 (Andreas ot wl., 2018).
the develapment and launch of’a “Ruad map far provent
trol of kand subsidence in the constal lowlnd of Indonesia” (Fig. 1).
and co-husied un olficial ceremony with the Indonesian government
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