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China’s massive wave of urbanization may be threatened by land subsidence. Using a spaceborne
synthetic aperture radar interferometry technique, we provided a systematic assessment of land
subsidence in all of China’s major cities from 2015 to 2022. Of the examined urban lands, 45% are
subsiding faster than 3 millimeters per year, and 16% are subsiding faster than 10 millimeters per year,
affecting 29 and 7% of the urban population, respectively. The subsidence appears to be associated with
a range of factors such as groundwater withdrawal and the weight of buildings. By 2120, 22 to 26%
of China’s coastal lands will have a relative elevation lower than sea level, hosting 9 to 11% of the coastal
population, because of the combined effect of city subsidence and sea-level rise. Our results underscore
the necessity of enhancing protective measures to mitigate potential damages from subsidence.

s early as the 1920s, evidence of land

subsidence was already detected in China’s

Shanghai and Tianjin cities (7-3). Nearly

a century later, China is experiencing one

of the most extensive urban expansions
in human history (4). High-rise buildings are
sprouting up, road systems are expanding,
and groundwater is being used, all at a rapid
pace. Although these activities have brought
modern living for millions, they can also un-
dermine the stability of urban land surface
(5), potentially leading to widespread city sub-
sidence. Instances of subsidence have been
increasingly reported in major Chinese cities
(1, 6-10). However, existing research differs
in timeframe and methodologies, highlight-
ing the absence of a systematic assessment
at the national scale. As a result, the extent,
pattern, and velocity of subsidence in China’s
cities remain unclear.

Also unclear is the size of China’s urban
population exposed to subsidence. As of 2020,
China’s urban areas were home to 920 million
people (I17), making it the largest urban popu-
lation in the world. Even a small portion of
subsiding land in China could therefore trans-
late into a substantial threat to urban life.
Subsidence leads to ground fissures, damages
buildings and civil infrastructure, and increases
the risk of floods, many of which can result in
injuries or loss of lives. Over the past decades,
subsidence-related disasters in China have al-
ready incurred an annual direct economic loss
of more than 7.5 billion yuan, accompanied by
hundreds of fatalities or injuries per year (12).
The negative consequences of subsidence have
been observed in both coastal and inland cities.
However, coastal cities confront an additional
risk from rising sea levels, which when combined
with city subsidence can result in compound

sidence is crucial for guiding the implementation
of sound measures to prevent or mitigate its con-
sequences in both inland and coastal regions.

We provide a national-scale evaluation of
China’s city subsidence during 2015 to 2022, by
leveraging the capability of the spaceborne
Sentinel-1 Interferometric Synthetic Aperture
Radar (InSAR) (I7). Sentinel-1 InSAR offers a
valuable tool with which to measure vertical
land motions across extensive regions with a
high spatial resolution (40 by 40 m in this study)
(18-20). It complements the traditional Global
Navigation Satellite System (GNSS) measure-
ments (21), which are limited to point loca-
tions. Our study encompassed all Chinese cities
with an urban population surpassing 2 million,
all provincial capitals, and key industrial cities,
totaling 82 major cities and including 74% of
China’s urban population (table S1) (22, 23).
We used a standardized InSAR processing ap-
proach to produce internally consistent observa-
tions, which were further validated against
GNSS ground measurements (22). We first
quantified the severity of the city subsidence
and uncovered its national pattern, with un-
certainties in InSAR measurement accounted
for. Subsequently, we associated the observed
subsidence with various factors such as ground-
water change and building weight (22). Next,
we linked city subsidence to urban population
to gain insight into the size of urban popu-
lation that is affected by city subsidence. Last,
we projected the coastal urban lands that could
be inundated in the coming 100 years and the
corresponding impact on coastal population,
considering the combined effect of sea-level
rise and city subsidence (22).

National pattern of city subsidence

We used three indicators to comprehensively
assess the severity of land subsidence. The first
indicator, denoted as P, measures the pro-
portion of pixels (each pixel covering a land
area of 40 by 40 m) that are subsiding with a
velocity faster than 3 mm/year (or numerically
<-3 mm/year). The selection of the 3 mm/year
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Fig. 1. National pattern of city subsidence. Severity of city subsidence is indicated
with three indicators: proportion of subsiding pixels faster than 3 mm/year

(or numerically <=3 mm/year) (P3mm, top left circular sector), proportion of
subsiding pixels faster than 10 mm/year (or <-10 mm/year) (P1omm, top right
circular sector), and 5th percentile velocity of all pixels within a city (Vs,, bottom
circular sector). Each pixel covers a land area of 40 by 40 m. The 3 mm/year

threshold was based on GNSS validation, which
revealed an uncertainty of 3 mm/year in InSAR-
derived land subsidence (22). Thus, Psym Sig-
nifies the most realistic proportion of all subsiding
lands after accounting for measurement un-
certainty. The second indicator, referred to as
Piomm, 1S the proportion of pixels with a sub-
sidence velocity faster than 10 mm/year (or
<-10 mm/year). It complements Ps,,,, by pro-
viding additional insight into the extent of
rapid subsidence in urban lands. The third
indicator, denoted as V;y,, represents the 5th
percentile velocity of all pixels. Median velocity
was also examined, but the national pattern
of subsidence shown below was not altered
(fig. S1).

Our results based on the indicator of Ps,y,
revealed pervasive land subsidence in China’s
major cities. At the national scale, nearly half
(44.7%) of all the pixels of the 82 cities are sub-
siding faster than 3 mm/year (or <-3 mm/year).
Piomm further revealed that 15.8% of the pixels
are subsiding rapidly (<-10 mmy/year). The value
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of the cities are divided in

Vsm Was estimated to be -22 mmy/year, suggest-
ing that about 5% of the urban lands are
subsiding faster than 22 mm/year (Fig. 1).

Further calculating the three indicators for
each city (Fig. 1 and table S1), Changhua showed
the largest values of Ps, (92%) and Piomm
(69%), whereas Tianjin exhibited the lowest
Vsm velocity (-52 mm/year). At a larger scale,
the three indicators consistently suggested that
cities facing severe subsidence (Fig. 1, red and
dark red circles; fig. S2; and table S1) are con-
centrated in five regions (Fig. 1, shaded gray
areas). Starting from northern to southern China,
the first region is situated in northeastern China,
anchored by cities that have served as China’s
industrial hubs since the 1950s, including Daqing
(Pamm, 62%; Promm, 26%; Vi, -22 mm/year),
Harbin (Psy,m, 65%; Piomms 26%; Vsm, ~19 mm/
year), and Changchun (Psy,m, 57%; Piomms, 21%;
Vswm, -19 mm/year). The second region is lo-
cated in central-northern China, with Beijing
(Psmm, 47%; Promms 30%; Vs, ~37 mm/year)
and Tianjin (Ps3mm, 90%; Piomm, 66%; Vi, —

threshold was used because GNSS validation revealed an uncertainty of 3 mm/year
in InSAR-derived land subsidence (figs. S3 and S4). P3mm, Piomm, and Vsy, values

to quartiles (four approximately equal parts) and

colored differently. The gray shaded areas delineate five regions dominated by
fast-subsiding cities. (Inset) The P3m, Piomm. and Vs, values of all the
pixels from all cities. More information on the cities can be found in table S1.

52 mm/year) as typical examples. This region
overlaps with China’s capital zone, where popu-
lation density and groundwater demand are
extremely high (24). The third region is iden-
tified in central China, containing several re-
nowned industrial cities such as Pingdingshan
(Pmm, 38%; Piomm, 13%, Vsm, —28 mm/year),
Jincheng (Psmm, 55%; Piomms 20%; Vi, —
23 mmy/year), and Huainan (Psm,, 49%; Piomms
16%; Vs, 17 mm/year). The fourth region is
located in southern China and primarily in-
cludes provincial capital cities such as Kunming
(P3mm» 57%; Piomm, 13%; Vi, 15 mm/year),
Nanning (Psmm, 66%; Priomm, 21%; Vi, —18 mm/
year), and Guiyang (Psmm, 61%; Piomm, 13%; Vs,
-14 mm/year). Last, in southeastern China,
coastal cities such as Wenzhou (P31, 50%;
Promms 24%; Vs, —34 mm/year) and Shantou
(P3mm» 61%; Promms 26%; Vsm, -21 mm/year)
are subsiding rapidly, forming a coastal sink-
ing belt.

The subsidence pattern we found does not
resemble a large-scale land deformation pattern
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Fig. 2. Associations between city subsidence and natural and human
factors. (A) Schematic of the factors potentially contributing to city subsidence.
(B) Depth to bedrock beneath moderately [(=10, =3) mm/year] and rapidly
(<-10 mm/year) subsiding urban lands. (C) Variation in subsidence velocity
across buildings constructed in different years. (D) Weight of buildings (in tonnes) in
moderately [(-10, —3) mm/year] and rapidly (<-10 mm/year) subsiding urban

(25). This highlights the critical need to focus
specifically on urban areas and to analyze sub-
sidence by using a consistent methodological
framework. The results and pattern are unlikely
to be affected by uncertainties of InSAR-derived
velocity because 3 and 10 mm/year fall beyond
the range of uncertainty in InSAR-derived ve-
locity (figs. S3 to S5).

City subsidence linked to natural and
human factors

In addition to the national pattern of city sub-
sidence, we identified several natural and human
factors that were associated with city subsidence
(Fig. 2A) (26). The first factor is the geological
setting beneath the city. We observed an ob-
vious difference in depth to bedrock between
moderately [(-10, -3) mm/year] and rapidly
(<-10 mm/year) subsiding lands (Fig. 2B), high-
lighting the impact of geology on subsidence.
Closely related with the geological setting is
the weight of buildings, which exerts geostatic
pressure on the urban subsurface (27). The
pressure can cause both elastic changes in the
deeper bedrock and crust and inelastic con-
solidation of the shallower sediment. The former
is usually small (27), whereas the latter can be

Ao et al., Science 384, 301-306 (2024) 19 April 2024
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Pearson r between monthly subsidence
and groundwater levels

found in fig. S10.

substantial, especially in the initial years after
construction (28). We indeed observed such a
phenomenon: The later the building is con-
structed, the faster the subsidence tends to be
(Fig. 2C). We also found that heavier buildings
tend to subside more slowly (Fig. 2D), possibly
because they are anchored on deeper rock and
are therefore less prone to subside (29). This
hypothesis was supported by ground-recorded
piling depth data from Shanghai (fig. S6).
Another major factor is groundwater loss,
which decreases pore pressure and leads to
subsurface compaction (5, 8). This has been
observed worldwide such as in Houston, Mexico
City, and Delhi of India (30-33) and is no ex-
ception in China. By compiling a database com-
prising 1619 groundwater monitoring wells
(34), we observed quite widespread influence
of groundwater changes on subsidence in China’s
cities: 65% of the Pearson correlation coefficient
(r) values between monthly groundwater mea-
surements and monthly subsidence exceeded
0.4, a value that corresponds approximately
to a significance level of 0.01 (Fig. 2E and fig.
S7). Most of the groundwater changes were
anthropogenic, with only 12% exhibiting rel-
atively high correlations with precipitation dy-
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lands. (E) Distribution of Pearson r values between monthly groundwater
levels and monthly land subsidence. The significance levels and detailed
examples on the temporal correlations are available in fig. S7. Instances of
subsidence associated with construction of urban road system, coastal
land reclamation, hydrocarbon extraction, and underground mining can be

namics (Pearson 7 > 0.4) (fig. S8). In particular,
some groundwater changes in northern China
are the result of government efforts, such as
the South-North Water Diversion Project,
which transfers water from the Yangtze River
to northern cities (35, 36). These efforts raised
groundwater levels and stabilized city subsi-
dence, as evidenced in Beijing (fig. S9).

Some factors exhibited effects that were not
consistently observed across all cities (fig. S10).
Urban transportation systems, for example, cause
subsoil and track bed compaction through
repeated dynamic loading and traffic vibration,
potentially contributing to subsidence (2). Such
is the case in mega cities such as Beijing, where
regions around the subways and highways are
sinking with a minimum speed of -45 mm/year
(fig. S10A). Land reclamation has been carried
out in several coastal cities in China, and re-
claimed lands are vulnerable to subsidence
owing to sedimentary consolidation (37). In
Haikou, reclaimed lands have been subsiding
with a minimum speed of -20 mm/year (fig.
S10B). Land subsidence also occurs in hydro-
carbon extraction areas experiencing a reduction
of fluid pressure and consequent compaction
of reservoir rocks. One of the earliest cases of

3of6

202 ‘€T Jequeldss uo SO ‘AB0j007 J0 aniisu| e 610°80us 10s"MAMM//Sd1Y W) pepeoumod



RESEARCH | RESEARCH ARTICLE
§
o c
- 5@ IS
A L, 22 @
S S BEc £ 9
7 629‘"‘;‘:‘”\7. s S o
A% L55988500c 5085
%% % %3535858£2 85 8 65 »
; % 2,00 NIISS O
A B c 0%,)9,) ?Q\é\ '\/QQ
©

=

Other cities

55.7%

Other cities

39.1%

Fig. 3. Population living on subsiding urban lands. (A) Proportion of population
living on urban lands subsiding faster than 3 mm/year (or <=3 mm/year) at
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Fig. 4. Exposure of coastal lands and population to the combined effect

of sea-level rise and city subsidence. (A) Proportion of urban lands that will
have a relative elevation lower than sea level over the next 100 years across four
different scenarios, considering all coastal cities collectively. The thick lines
indicate estimations made with sea-level rise projections with median likelihood.
The lightly shaded ranges indicate the estimations made with the 17th to

83rd percentile likely ranges (67% probability) of sea-level rise projections.

2120

(B) Proportion of population residing on urban lands that will have a relative
elevation lower than sea level in the four different scenarios. (C) City-specific
proportion of lands with a relative elevation lower than sea level in 2120 in the
“worst-case” scenario (SSP 370 sea-level rise + city subsidence). (D) City-
specific proportion of population living on urban lands with a relative elevation
lower than sea level in 2120 in the “worst-case” scenario (SSP 370 sea-level rise
+ city subsidence). The base maps in (C) and (D) depict elevations.

hydrocarbon-induced subsidence was observed
in the Goose Creek oil fields near Houston,
Texas (38). In China’s Daqing city (fig. S10C),
subsidence up to -31 mm/year occurred around

Ao et al., Science 384, 301-306 (2024) 19 April 2024

the oil field rather than directly within it, possib-
ly because of the extraction of water from areas
near the oil field and its subsequent injection
into the oil field (39). Underground mining is also

associated with subsidence because it creates
empty spaces and often lowers the groundwater
level (40). In the northern part of Pingdingshan,
one of the largest coal bases of China (41), fast
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land subsidence up to -109 mm/year is occur-
ring (fig. S10D).

The aforementioned phenomena may occur
concurrently in a given region, and separating
their contributions requires the application of
physical models or a combination of various
methods (26). Planning of mitigation strategies
will benefit from ongoing and future efforts to
accurately identify physical causes of subsi-
dence and link each driver to a specific human
activity or natural phenomenon. Although cur-
rently these tasks remain challenging at a
broad spatial scale, we propose that the key
to addressing China’s city subsidence could
lie in the long-term, sustained control of ground-
water extraction. As we have shown, the wide-
spread impact of groundwater depletion on
subsidence is evident (Fig. 2E), and the result-
ing subsidence rates are usually fast (12, 42). In
a global context, long-term control of ground-
water extraction has demonstrated success in
stabilizing subsidence, as observed in Tokyo
and Osaka, Japan, whereas short-term and in-
complete control has proven ineffective, as ex-
emplified in Queretaro, Mexico (30, 43, 44).
Shanghai and its neighboring areas have been
actively pursuing long-term control of ground-
water extraction, which likely explains the slow
subsidence observed there (45, 46).

Exposure of urban population to subsidence
and sea-level rise

Last, to gain insight into the size of urban
population that is affected by land subsidence,
we linked China’s city subsidence to urban
population (22). About one-third (29.3%) of the
population of the 82 cities resides in regions
subsiding faster than 3 mm/year (Fig. 3A),
and 7.3% live in regions subsiding faster than
10 mm/year (Fig. 3B). If the former percentage
were applied to the total urban population of
China, 270 million people would be living on
sinking lands (faster than 3 mm/year), close to
one-third of the population in Europe. If the
percentage of 7.3% were applied, 67 million
people would be living in rapidly sinking re-
gions (faster than 10 mm/year), roughly equal-
ing the population of France.

Of the 82 cities, 10 accounted for nearly or
more than half of the entire population resid-
ing in subsiding regions. For example, concerning
the population living in regions subsiding faster
than 3 mm/year, Tianjin and Beijing contrib-
uted 8.8 and 6.7%, respectively. For the popu-
lation living in regions subsiding faster than
10 mm/year, these two cities accounted for as
much as 13.8 and 16.2%, respectively. We also
examined, for each of the 82 cities, the propor-
tion of population living on subsiding lands (Fig.
3C). The 10 cities generally had high percent-
ages, although not the highest. Huhhot had the
highest percentage (84%) of population living
in regions subsiding faster than 3 mm/year,
whereas Changhua had the highest percentage

Ao et al., Science 384, 301-306 (2024) 19 April 2024

(47%) of population living in regions subsiding
faster than 10 mm/year (Fig. 3C).

In coastal regions, land subsidence can am-
plify the risk of inundation caused by rising
sea levels (47). We therefore also projected the
proportion of coastal lands that will have a rel-
ative elevation lower than sea level under the
combined effect of sea-level rise and land sub-
sidence by 2120 (22). Toward this end, velocity
of city subsidence was assumed as constant
over the next 100 years, with uncertainty eval-
uated and controlled (fig. S11) (22). Sea-level
rise projections were obtained from the Inter-
governmental Panel on Climate Change (IPCC)
under Shared Socioeconomic Pathway (SSP)
126 and SSP 370 scenarios (48, 49). The SSP
585 scenario was not considered in light of the
recent argument asserting its high improbability
(50). To mitigate the impact of elevation un-
certainty on the projection, median elevation
values across nine products were calculated on
a per-pixel basis (22).

We found that the land area with a relative
elevation lower than sea level was projected to
increase by 2.7 to 3.3 times in 2120 compared
with 2020 (Fig. 4A), indicating the potential for
widespread inundation unless well protected.
In 2020, the proportion of land with a relative
elevation below sea level was ~6%. However, in
the scenario of “SSP 126 sea-level rise + city
subsidence,” this proportion will increase to
22% in 2120, whereas in the “SSP 370 sea-level
rise + city subsidence” scenario it will reach
26% (Fig. 4A). Similarly, the proportion of af-
fected coastal population was projected to largely
increase from 2% in 2020 to 9% in 2120 in the
“SSP 126 sea-level rise + land subsidence” sce-
nario, and from 2 to 11% in the “SSP 370 sea-level
rise + city subsidence” scenario (Fig. 4B). This
increase can be primarily attributed to city
subsidence rather than sea-level rise. For exam-
ple, the difference in land area with a relative
elevation lower than sea level between SSP126
and SSP370 sea-level rise scenarios will be 5%
in 2120. However, the difference between
“SSP126 sea-level rise” and “SSP126 sea-level
rise + city subsidence” scenarios will be ~13%.
This suggests that neglecting land subsidence
would result in a substantial underestimation
of the potential area and population that could
be inundated. Further focusing on the worst-
case scenario (“SSP 370 sea-level rise + city
subsidence”) at the individual city level, Tianjin,
Shanghai, and the city cluster around Guangzhou
showed the most exposures (Fig. 4, C and D,
and figs. S12 and S13).

We emphasize that the above analysis only
involved changes in elevation relative to sea
level and did not account for the effect of coastal
dike systems, primarily because of the lack of a
high-resolution map depicting the distribution
of dikes. Hence, the result is an estimate of
coastal lands and population that could face
inundation if not adequately protected. This

underscores the crucial role of coastal dike
systems in preventing inundation. Compared
with the losses incurred from flooding, coastal
dikes have been demonstrated as a cost-efficient
means for flood prevention (fig. S14). China
has established a tremendous dike system (I5).
However, dikes themselves are also prone to
subside (5I). Ensuring their effectiveness
through constant maintenance and improve-
ment is crucial for reducing the risk of coastal
inundation.

Conclusions

We provided a national-scale, systematic eval-
uation of China’s city subsidence. Of the urban
lands in China’s major cities, 45% are subsid-
ing with a velocity faster than 3 mm/year, and
16% are subsiding faster than 10 mm/year;
these urban lands contain 29 and 7% of urban
population, respectively. We also projected the
proportion of coastal lands that will have a
relative elevation lower than sea level, and the
corresponding impact on coastal population,
because of the combined effects of city sub-
sidence and sea-level rise over the next 100 years
(16). We found a considerable risk of coastal
inundation unless adequate protective measures
are implemented and maintained. China has
been actively taking a range of measures to
mitigate city subsidence (46), such as control of
groundwater extraction and interbasin water
transfers (35, 36, 46, 52). In this context, we
provide comprehensive maps of city subsidence
across China, aiding in the precise identifica-
tion of sinking regions and the formulation
of mitigation measures. Effectively addressing
the challenge of city subsidence ultimately de-
mands collaborative and coordinated endeavors
from stakeholders across various tiers, includ-
ing policy-makers, the research community, and
civil engineers.
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