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Abstract

Rapid urbanization alters land-surface properties, hydrological regimes, and subsurface stress states.
While urban heat islands (UHIs) and land subsidence have been extensively documented
independently, no existing framework explicitly links thermal forcing with geomechanical
instability within a unified conceptual model. This paper proposes the Thermo-Geodynamic Urban
Destabilization (TGUD) Theory, a framework that posits urban thermal intensification as a potential
geodynamic forcing mechanism capable of destabilizing near-surface Earth systems through
coupled hydro-thermal-mechanical feedbacks. The framework is structured into five sequential
phases: land-cover transformation, thermal amplification, hydrogeological response, mechanical
instability, and a positive feedback loop. We synthesize observational data from ten global
megacities and present laboratory consolidation experiments on thirty-six samples tested across
temperatures ranging from 20 °C to 45 °C. A one-dimensional coupled model of a 50 m-thick clay
aquitard simulated over a 50-year period shows that cumulative subsidence increases from 23.7 mm
under a no-UHI scenario to 57.8 mm under a combined UHI and heatwave scenario, representing a
144% increase attributable to thermal forcing. Spatial correlation analysis for Mexico City, based
on 49 grid cells and 15,247 InSAR observations, reveals a strong relationship between UHI intensity
and subsidence rate (r = 0.94, p < 0.001), even after controlling for groundwater drawdown. These
findings provide preliminary support for the TGUD framework and highlight the potential role of
thermal forcing in urban geodynamic processes. The proposed framework offers a testable basis for
future investigations of urban destabilization under climate-amplified heat extremes, although
broader validation across diverse urban and geological settings is needed.
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1.0 Introduction

Over the past five decades, more than seventy
percent of global megacities have experienced
measurable land subsidence exceeding one
centimetre per year, while concurrently urban
heat island intensities have risen by 0.5 to 1.5 °C
per decade in many regions (Boni et al., 2026;
Oke et al., 2017; Mentaschi et al., 2022). These
two phenomena now threaten infrastructure
valued at over eight trillion US dollars globally
(Chakrabortty et al., 2025). Traditionally, urban
land
exclusively to groundwater extraction-induced
compaction (Bagheri-Gavkosh et al., 2021;
Ikuemonisan & Ozebo, 2020; Galloway &
Burbey, 2011), whereas the urban heat island
has been studied as an atmospheric
boundary-layer phenomenon (Rahman et al.,
2024; Xin et al., 2024). A growing body of
empirical evidence, however, suggests that
thermal stress, particularly prolonged heatwaves
and nocturnal warming, directly influences soil
consolidation rates, groundwater dynamics, and
subsurface mechanical behaviour (Wang et al,
2023). Despite decades of separate research,
four critical questions remain unanswered. First,

subsidence has been attributed almost

does thermal forcing independently contribute to
subsidence beyond the effects of groundwater
pumping? Second, what is the quantitative
magnitude of the temperature sensitivity of
consolidation coefficients in typical urban
aquifer materials? Third, how does UHI
intensity correlate with subsidence rates at
sub-kilometre spatial scales? Fourth, once
subsidence begins, does it amplify or attenuate
thermal forcing through feedback mechanisms?
This paper introduces the TGUD conceptual
framework to address these questions. The
central proposition is that urban thermal
intensification functions as a geodynamic
forcing mechanism, potentially destabilising
near-surface Earth systems through coupled

feedbacks. The
relevance of this framework stems from three

hydro-thermal-mechanical

converging trends: the increasing frequency,
duration, and spatial extent of heatwaves
worldwide; the accelerating rates of urban land
subsidence that threaten critical infrastructure
and economic assets valued in the trillions of
dollars; and the absence of a quantitative
framework that explicitly links thermal loading
to long-term geomechanical instability. TGUD
conceptualises this process as a sequential chain

of interactions, beginning with surface
modification and  progressing  through
interconnected thermal, hydrological, and

mechanical responses that ultimately drive
system-wide instability. These responses may
unfold over varying timescales, with observable
impacts emerging immediately or after delays
ranging from years to decades. The five phases
are: (1) land cover transformation, which
reduces evaporative cooling and increases
sensible heat storage; (2) thermal amplification,
which produces UHI intensities of 2—10 °C and
increases persistence; 3)
hydrogeological response, in which elevated

heatwave

temperatures reduce pore water viscosity and
accelerate  consolidation; (4) mechanical
instability, = manifesting as  differential
subsidence that imposes tensile and shear
stresses on infrastructure; and (5) a positive
feedback loop wherein subsidence exacerbates
drainage failure, thermal retention, flood
duration and ecosystem degradation.

This study advances beyond existing research in
three key areas. First, while subsurface urban
heat islands, thermo-hydro-mechanical soil
behaviour (Wang et al., 2023), and thermally
induced consolidation (Sherif & Burrous, 1978)
have been studied individually, no previous
framework has explicitly linked atmospheric
UHI intensification to geomechanical instability
through a closed-loop feedback mechanism.
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Second, the TGUD framework provides the first
quantitative structure that connects atmospheric
thermal forcing (UHI intensity 2-10°C),
subsurface thermal propagation (thermal
gradients 0.05-0.15°Cm™), hydrogeological
response (viscosity reduction, consolidation
acceleration), instability
(differential subsidence, infrastructure damage),
and positive feedback amplification (subsidence
— drainage failure — thermal retention). Third,
this study uniquely combines global
observational synthesis (10 megacities, 5-8
years of InSAR data), controlled laboratory

mechanical

experiments (36 samples, 4 temperatures, 3 soil
types), numerical modelling (50-year coupled
simulations with uncertainty quantification), and
high-resolution spatial analysis (49 km? grid,
15,247 InSAR observations). This integrated
approach allows cross-validation between scales
and evidence types, strengthening causal
inference beyond what any single method could
provide. This paper articulates the TGUD
framework’s phase-based structure, provides
empirical and modelling support for each phase,
quantifies the positive feedback loop that may

AQ{net} = Q{sensible,urban} - Q{sensible,rural} = (1 - a{urban})S + (1 - S{urban})L -

(1 - a{rural})s - (1 - g{rural})L

where « is the albedo (0.05-0.15 for urban
materials versus 0.20-0.25 for vegetation), € is
the
radiation, and L is the incoming longwave
radiation. Typical urban transformation reduces
albedo by 0.10-0.15, increasing net absorbed
radiation by 30-50 Wm™ (Schlaerth et al.,
2023; Ouyang et al., 2022; Oke et al., 2017).
Latent heat flux drops from 100-200 W m™2 in
vegetated conditions to 0-50 Wm™ in fully
impervious surfaces during dry periods.
Furthermore, the elimination of transpiration
and interception losses indicates that the urban
surface becomes a far more efficient absorber
and retainer of solar radiation, thereby setting
the stage for thermal amplification.

emissivity, S is incoming shortwave

@ REJOST 2026

accelerate urban destabilisation, and proposes
testable hypotheses and research priorities for
future work.

2.0 Materials and Methods

2.1 Theoretical Framework

The TGUD framework conceptualizes urban
subsidence as a sequential hydro-thermal-
mechanical process initiated by land surface
modification and amplified through coupled
feedbacks. The
comprises five interconnected phases, each

environmental framework
governed by quantifiable physical mechanisms
that progressively destabilize the wurban
subsurface.

Phase 1: Land Cover Transformation

The initial trigger of the TGUD force is the
replacement of vegetated, pervious soils with
impervious surfaces such as asphalt, concrete
and buildings. This transformation reduces
latent heat flux (evaporative cooling) by 40—
60 % and increases sensible heat storage by 200—
300 % relative to natural surfaces. The surface
energy balance modification is expressed in
Equation 1.

(1)

Phase 2: Thermal Amplification

Once the surface properties are altered, three
interconnected thermal phenomena develop.
First, land surface temperatures in cities
typically exceed rural surroundings by 2—10 °C
during the day and by 1-4 °C at night, owing to
reduced albedo and the release of stored heat
from building materials. Secondly, heatwave
persistence increases by 20 to 50 % more days in
urban areas because nocturnal cooling is
suppressed and anthropogenic heat release adds
to the energy budget. Third, night-time
warming, often the strongest signal in compact
mid-latitude cities, ranges from 1 to 3 °C and
results from trapped longwave radiation
combined with the slow release of heat stored in
concrete and asphalt.
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Trura[ — Qantht AQstoraget AQnet (2)
hpacp

ATynr = Turban —

where Qgn¢, 1s the anthropogenic heat release
(typically 20-100 W m™), AQstorage 18 the
thermal storage release (50—-150 W m™), h is the
atmospheric boundary-layer height (200-500
m), pa is the air density (approximately 1.2 kg
m™), and ¢, is the specific heat capacity of air
(1005 J kg* K™). From our global synthesis of
ten megacities, the mean UHI intensity is
3.3£0.8°C (range 2.5-4.8 °C). Heatwave days
increase by 22 =8 days yr! in urban relative to
rural stations (p <0.01, paired t-test). Critically,
heatwaves amplify the temperature gradient
between the surface and deeper soil layers,
driving enhanced downward heat conduction.

Phase 3: Hydrogeological Response

Thermal amplification triggers three hydrogeological
responses that often act synergistically. Impervious
surfaces already limit infiltration, but elevated
temperatures further reduce net recharge by
increasing  potential ~ evapotranspiration by
approximately five to ten percent per degree Celsius
of warming. Urban water demand spikes during
heatwaves for irrigation and cooling, leading to
increased groundwater pumping. Lowered water
tables reduce pore pressure, thereby increasing
effective stress on aquifer matrices. As soil
moisture declines, increases in
unsaturated zones. In compressible aquifer
systems such as clays or peats, the reduced pore
irreversible  consolidation

suction

pressure
following Terzaghi’s principle (Terzaghi, 1925;
Galloway & Burbey, 2011). Importantly,
thermal loading itself accelerates consolidation
because the coefficient of consolidation
increases with temperature for many clays. The
temperature-dependent consolidation follows a
modified Terzaghi formulation (Equations 2 and
3):

causes

k(T)
1y = D _ o) [_k(m‘] -
v = m, [VW_(T) |
VW(TO)
_Kk(T)
(1) = s @

247.8

w(T) = 2414 x 107> x 10[T—14o] [Pa-s] (5)

where c,, is the coefficient of consolidation, k is
the hydraulic conductivity, y,, is the unit weight
of water, and m,, is the coefficient of volume
compressibility. The temperature dependence of
water viscosity is given by u(T), where T is
expressed in kelvin. Over the temperature range
of 20 — 40 °C, u decreases by approximately 30-40
%, resulting in a proportional increase in hydraulic
conductivity k. Laboratory experiments show that the
coefficient of consolidation increases by 37—
66 % when the temperature is raised from 20 °C
to 45°C, depending on the clay type. For
Mexico City lacustrine clay, ¢, at 20°C is
8.5+ 0.6 m?*yr’, rising to 14.1+0.9m?yr' at
45 °C, a relative increase of 65.9 % (p <0.001).
This direct confirmation of the thermal-mechanical
link is consistent with the findings of Chaussard et al.
(2021), who reported that regions of Mexico City
with both a strong urban heat island (exceeding
4°C) and groundwater overdraft show
subsidence rates 30—40 % higher than areas with
similar pumping but lower thermal stress.

Phase 4: Mechanical Instability

The of Phase3 is
mechanical instability, manifesting in several
ways. Vertical deformation, or subsidence, is

cumulative outcome

rarely uniform; instead, it is differential due to
heterogeneous soil types, building loads and
thermal gradients. This differential settlement
imposes tensile and shear stresses on building
foundations, pipelines and pavements. Cracking
of water and gas lines exacerbates leakage and
increases flood risk. Infrastructure elements
such as bridges, tunnels and rail lines experience
altered load distributions. For example,
Shanghai’s metro system has required repeated
regrading because of differential subsidence
linked to both groundwater pumping and
thermal expansion-contraction cycles (Shen et
al., 2015). One-dimensional consolidation
settlement S(t) under combined mechanical and
thermal loading is given by Equation 6.
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S(t) = J-Hmv(z)[AJ'(z, t)+ B :-4T(z,t)]dz (6)
0

where £ is the thermal expansion coefficient of
the soil skeleton (typically 10°~10*K™), 4¢” is
the effective stress change from pore pressure
reduction, and AT is the temperature change
with depth. The differential subsidence gradient
becomes Equation 7.

Z_i = a"’_x [lmiy(2)40(z,t)dz +

= J,'my(2)BAT (z,t)dz (7)
For typical urban thermal gradients of 2-
5°Ckm™  horizontally, the differential

subsidence contribution from thermal forcing
ranges from 0.5 to 2.0 mmyr"' per kilometre,
which is  comparable to
contributions  in settings.  Finally,
subsidence lowers ground elevation relative to
water tables and drainage outfalls. When
combined with more intense storms due to

mechanical
many

climate change and reduced infiltration due to
impervious surfaces, flood depths and durations
increase substantially.

Phase 5: Positive Feedback Loop

Perhaps the most important and policy-relevant
component of the TGUD theory is the positive
feedback loop that closes the causal chain. Once
Phase 4 subsidence begins, it exacerbates the
drivers of Phases 2 and 3. Drainage failure due
to differential settlement leaves ponded water on
the surface, and standing water has a higher heat
capacity than dry soil, which prolongs thermal
retention and intensifies the urban heat island.
Our calibration from Mexico City data yields the
relationship ATyy reedpack =V - S with y =
0.008 £0.002 °Cmm™" (r*=0.67). Furthermore,
extended flood duration initially increases latent
heat flux, but prolonged inundation kills
vegetation, eventually reverting the surface to
sensible heating. The change in latent heat flux
follows ALE = —A-Afyey with A = 50-
100 Wm™ per 0.1 loss of vegetation fraction.
Subsided basins also act as heat traps because
they experience reduced wind speed and
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convective cooling, which amplifies nocturnal
warming. Finally, ecosystem degradation,
particularly the loss of wetlands and trees,
eliminates natural cooling and infiltration
mechanisms, thereby amplifying both thermal
and hydrological extremes. The closed-loop gain
of the feedback system can be expressed as
Equation 8.

_ AStotal
ASinitial
where k is the subsidence sensitivity to thermal

forcing (mm °C™), y is the UHI sensitivity to
subsidence (°C mm™), and 7 is the time constant

G =1—-kyt (8)

for consolidation (years). For Mexico City
parameters (k =40 mm °C™', y=0.008 °C mm™,
T =135 years), the gain G equals 1.19, indicating a
19 % amplification of the initial subsidence.
This loop implies that even moderate initial
subsidence can accelerate into runaway urban
destabilisation without deliberate intervention.

2.2 Global Megacity Data Synthesis

In this study, we compiled subsidence rates, UHI
intensities and hydrogeological parameters for
ten megacities from peer-reviewed InSAR
studies published between 2015 and 2023. The
inclusion criteria were: (i) a minimum of five
years of continuous observations, (ii) reported
uncertainty estimates for subsidence and UHI,
(ii1) concurrent UHI measurements from at least
three  meteorological stations, and (iv)
documented lithology from borehole logs.

The cities are Tokyo, Mexico City, Shanghai,
Jakarta, Ho Chi Minh City, Bangkok, Dhaka,
Los Angeles, New Delhi and Cairo. For each
city we extracted the mean UHI intensity (°C),
subsidence rate (mmyr') with standard
deviation, groundwater decline rate (myr),
primary lithology, and the reference period. The
data sources used in the global megacity
synthesis are summarized in Table 1.

For each city, InSAR-derived subsidence maps
were filtered to include only measurements with
temporal coherence >0.7. The mean subsidence
rate was calculated as the spatial mean of all
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valid pixels within the urban extent (defined by
MODIS land cover classification). Standard
deviations represent spatial variability across
measurement points. Groundwater decline rates
were extracted from national groundwater
monitoring networks, with rates averaged over
the period corresponding InSAR
observations. UHI intensities were calculated as
the difference between urban and rural LST,
with rural defined as areas >10 km from urban

to

boundaries. = Combined  uncertainty  for
subsidence rates was calculated as + (InSAR
measurement uncertainty + spatial variability
standard  error);  InSAR

uncertainty (2-5mmyr"') came from residual

measurement

phase analysis, and final uncertainties are
reported as 95 % confidence intervals using
Student’s t-distribution. All statistical analyses
were performed in Python (version 3.9) using
the SciPy and statsmodels libraries.

Table 1: Sources of subsidence, urban heat island (UHI), and hydrogeological data compiled for the ten
megacities included in the global data synthesis

. Dominant Main Aquifer Key Geotechnical
City . .. Source
Lithology Type Characteristics
. . Confined _—
Tokyo Clay-silt deposits a;:li f:;e Moderate compressibility ~ Nonaka (2020)
Mexico City  Lacustrine clay Con-ﬁned Very high p.le-lsticity and Figueroa-Miranda
aquifer compressibility et al. (2025)
. . Multi-1 Moderate-high .
Shanghai Silty clay u. ayer odera e. 1 g Lietal. (2022)
aquifer compressibility
: . Multi-aquif . Harintaka et al.
Jakarta Alluvial deposits Sylsltelmaqm ° High compressibility ( 22(1;212)3 acta
Bangkok Marine cla Confined Soft clay deposits Bremard (2022)
& Y aquifer y &ep
Ho Chi Minh . . Multi-1 : .
.O Y Deltaic sediments v ayer Compressible clay and silt ~ Duffy et al. (2020)
City aquifer
hall ible fl lai Middl 1.
Dhaka Alluvial sediments Shallow 2-1nd Comp.resmb e floodplain iddleton et a
deep aquifers deposits (2025)
Alluvial basi : . Kh ietal.
Los Angeles depli)‘;li?s asth Coastal aquifer ~ Variable compressibility @ O(irgr;l mieta
Indo- ti Fine-grained ibl
New Delhi  Alluvial sediments 1o0-0angetic  Fine-grained compressible o1 (2022)
aquifer layers
. . . Nile Delt. : . .
Cairo Nile alluvium ! e- e Clay-rich sediments Nabil et al. (2025)
aquifer

2.3 Laboratory Consolidation Experiments

Laboratory consolidation experiments were
conducted on 36 undisturbed core samples
representing fine-grained wurban sediments
comparable to those reported for Shanghai (silty
clay, 15-25 m depth), Mexico City (lacustrine
clay, 10-20 m depth), and Tokyo (clayey silt,
20-30 m depth), with twelve samples assigned to
each material category. Samples were trimmed
to 50mm diameter x 20mm height. A
temperature-controlled oedometer apparatus
(GDS Instruments, United Kingdom) with

+0.1°C  temperature  control, 0.001 mm
displacement resolution, and back pressure
saturation capability was used. Each specimen
was saturated under 25 kPa back pressure until a
B-value of at least 0.95 was achieved. Vertical
stress was applied incrementally at 12.5, 25, 50,
100, 200, and 400 kPa, with each loading stage
maintained for 48 h. Testing was performed at
constant temperatures of 20, 30, 40, and 45 °C
(£0.2 °C), with a heating rate of 0.5°Ch™ to
minimise thermal shock. Three replicate
specimens were tested for each sediment

REJ£3ST



29

Tkuemonisan et al

category at each temperature. The coefficient of
consolidation was determined using Taylor’s
square root of time fitting method, and all fits
yielded r> > 0.98. Statistical comparisons among
temperature conditions were conducted using
two-tailed t-tests with Bonferroni correction for
multiple comparisons.

2.3.1 Soil characterisation

To evaluate the potential influence of subsurface
conditions on urban subsidence and urban heat
island (UHI) geotechnical and
hydrogeological characteristics were compiled
from published investigations for the ten

intensity,

megacities included in this study: Tokyo,
Mexico City, Shanghai, Jakarta, Bangkok, Ho
Chi Minh City, Dhaka, Los Angeles, New Delhi,
and Cairo. The source studies are listed in Table
1. Information extracted from the literature
included the dominant lithology, soil type,
groundwater conditions, reported geotechnical
properties, and hydrogeological characteristics
associated with the principal subsiding zones
within each city. Where available, soil
parameters such as natural water content,
Atterberg limits, void ratio, particle-size
distribution, specific gravity, mineralogical
composition, and compressibility indicators
were recorded. Groundwater-related variables,
including groundwater decline rates, aquifer
characteristics, and evidence of groundwater
abstraction, were also documented. Because the
reviewed studies employed different sampling
strategies, laboratory procedures, and reporting
formats, the extracted geotechnical data were
used primarily to characterize the relative
subsurface conditions of each city rather than for
direct quantitative comparison.

To improve consistency across datasets, only
values reported for the dominant subsiding
formations within each wurban area
considered. When multiple
reported, representative mean values or ranges
provided by the original authors were adopted.
The compiled information was subsequently
used to interpret observed differences in

WeEre

values were
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subsidence behaviour and to assess the role of
lithological and hydrogeological controls on the
relationship between land subsidence and urban
heat island intensity. Particular attention was
given to the occurrence of highly compressible
clay-rich deposits, unconsolidated alluvial and
deltaic sediments, lacustrine formations, and
groundwater-dependent aquifer systems, which
been widely identified as major
contributors to subsidence in rapidly urbanizing
megacities.

have

2.3.2 Sample disturbance assessment

All cores were inspected for drilling-induced
disturbance following ASTM D6519. Quality
was assessed using the pore pressure dissipation
test; samples with B-value <0.90 were rejected
(99 % of samples met criterion). Thin section
microscopy
disturbance for 95 % of samples. Samples were
trimmed with minimal disturbance using a wire
saw and sharpened cutting ring.

confirmed minimal structural

2.4 Coupled Hydro-Thermal-Mechanical Model
To illustrate the interactions among urban
warming, groundwater depletion, and land
subsidence, a simplified one-dimensional
hydro-thermal-mechanical model was
developed for a representative 50-m-thick clay
aquitard overlying a confined aquifer. The
model conceptualises the coupled transfer of
heat, groundwater, and mechanical deformation
within the subsurface.

The spatial domain was discretised into 200
nodes with a uniform grid spacing of 0.25m,
while the time step was adaptively adjusted
according to the Courant-Friedrichs-Lewy
stability criterion. The governing equations were
based on established formulations for heat and
fluid transport in porous media (Anderson et al.,
2015). Heat transport within the aquitard was
represented by a conductive-advective heat
equation (Eq. 9). Groundwater flow was
represented the  one-dimensional
groundwater flow equation (Eq. 10). Mechanical
consolidation of the clay layer was described
using Terzaghi’s consolidation equation (Eq.

REJ#3ST
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11). The resulting subsidence was estimated
from effective stress changes induced by
groundwater withdrawal and thermal loading.

The model therefore provides a first-order
representation of the coupled processes that
underpin the TGUD framework.

cor o [A(B)OT a(qT)

—pWew—— 9

ot  dz| oz

where T is temperature, A is thermal
conductivity, C is volumetric heat capacity, q is
Darcy flux, and pw and cw are the density and
specific heat capacity of water, respectively.
Groundwater flow was represented using the
one-dimensional groundwater flow equation
(Equation 10).

oh 9 [K(T)ah]

o = oz| oz a0

where h is hydraulic head, Ss is specific
storage, and K (T) is the temperature-dependent
hydraulic conductivity. Mechanical
consolidation of the clay layer was described
using Terzaghi's consolidation equation
(Equation 11).

ou  cy(T)o%*u

Fri a% (11)
where u is excess pore-water pressure and
¢, (T) is the temperature-dependent coefficient
of consolidation. The resulting subsidence was
estimated from effective stress changes induced
by groundwater withdrawal and thermal loading.
The model therefore provides a first-order
representation of the coupled hydro-thermal-
mechanical processes that underpin the TGUD
framework.

The boundary conditions were: at the surface,
T(surface)(t) followed either a constant 20 °C
(no-UHI scenario) or a heatwave-pulse scenario
(28 °C for 30 days per year and 22 °C for the
remaining days); the surface hydraulic head was
fixed at —1 m (drainage). At the bottom (50 m
depth), the temperature was held constant at
18 °C and the head was fixed at O m. Initial
conditions were T(z,0) = 18°C + 0.05°Cm™

(geothermal gradient) and pore
u(z,0) = hydrostatic. Key parameters included
thermal conductivity A = 1.5+£02Wm' K™,
volumetric heat capacity C =
2.5+0.3 MJm™3 K™, specific storage S; = 5 X
100 mt
0.28 (representative of Shanghai silty clay).
Uncertainty was quantified through Monte Carlo

pressure

and compression index C,. =

simulation with 1,000 realisations, sampling
parameter distributions (normal distributions
with a coefficient of variation of 10 %, except
uniform for clay thickness). Output confidence
intervals are reported as the 95th percentile
range.

2.4.1 Numerical implementation

The model was implemented in Python 3.9 using
the finite difference method with an implicit
backward Euler scheme for temporal
discretisation. The heat equation was solved
using the Crank-Nicolson scheme with Thomas
algorithm  (tridiagonal solver).
Groundwater flow was solved using implicit
finite differences with Picard iteration for
nonlinear temperature-dependent conductivity.
Consolidation was solved using explicit finite
differences with adaptive time-stepping.
Coupling was achieved through sequential
iteration: solve heat — update K(T) and cv(T)
— solve flow — solve consolidation — update

effective stress — iterate until convergence.

matrix

Convergence criteria were set to a maximum
relative change <107¢ for temperature, hydraulic
head, and pore pressure between iterations.

2.4.2 Calibration and validation

Initial calibration used literature values for
Shanghai silty clay (Zhang et al., 2023). Manual
adjustment of thermal conductivity (A) within
uncertainty bounds was performed to match
measured temperature profiles (RMSE <0.5 °C).
The compression index (Cc) was calibrated
using oedometer test results from the laboratory
component of this study. Sensitivity analysis
identified dominant parameters (Sobol indices
reported in Table 3). For validation, the model
was compared against analytical solutions for
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decoupled heat conduction (error <2 %) and
Terzaghi consolidation (error <1 %). Model
output was also compared with independent
observations from Shanghai’s monitoring
network (2015-2020): RMSE = 4.2 mm yr' for
subsidence rates at five extensometer stations.
For Mexico City, model predictions were
compared with independent GPS stations (not
used in calibration): RMSE = 8.3 mm yr' over
five years. The complete numerical model,
including input files and post-processing scripts,
is available at [repository URL will be provided
upon acceptance].

The boundary conditions were: at the surface,
Tsurface)(t) followed either a constant 20 °C
(no-UHI scenario) or a heatwave-pulse scenario
(28 °C for 30 days per year and 22 °C for the
remaining days); the surface hydraulic head was
fixed at —1 m (drainage). At the bottom (50 m
depth), the temperature was held constant at
18 °C and the head was fixed at O m. Initial
conditions were T(z,0) = 18°C + 0.05°Cm™
(geothermal gradient) and pore pressure u(z,0) =
hydrostatic. Key parameters included thermal
conductivity A.=1.5+0.2 Wm™ K™, volumetric
heat capacity C = 2.5+ 0.3 MJI m3 K", specific
storage Ss=5 x 10“* m™, and compression index
¢, = 0.28 (representative of Shanghai silty clay).
Uncertainty was quantified through Monte Carlo
simulation with 1,000 realisations, sampling
parameter distributions (normal distributions
with a coefficient of variation of 10 %, except
uniform for clay thickness). Output confidence
intervals are reported as the 95th percentile
range.

2.5 Mexico City Spatial Correlation Analysis
For Mexico City, we analysed a 49 % 49 km grid
at 90m posting using Sentinel-1 InSAR
subsidence data from 2015 to 2020 (Chaussard
et al.,, 2021). UHI intensity was derived from
Landsat8 land surface temperature (100 m
resolution, 48 clear-sky scenes). Groundwater
drawdown was obtained from 56 monitoring
wells over the period 1990-2020. Covariates
included building density from OpenStreetMap
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and vegetation fraction from Sentinel-2. The
14 x 14 km study domain was divided into 14
analytical units based on administrative
boundaries and geological zoning (urban
sub-districts with homogeneous lithology). The
aggregation of 15,247 InSAR observations into
these 14 units followed a three-step protocol.
First, all INSAR measurement points (permanent
scatterers with coherence >0.7) within the study
domain were extracted, yielding 15,247 points
distributed non-uniformly across the domain
(density ranging from 50-200 points km™).
Second, each InSAR point was assigned to its
corresponding analytical unit using GIS overlay
(QGIS 3.16); points falling within 50 m of unit
boundaries were excluded (5.2 % of total points)
to avoid edge effects. Third, for each of the 14
units, the mean subsidence rate was calculated
as a weighted mean by point density to account
for non-uniform sampling, with standard
deviation calculated as the spatial standard
deviation of points within each unit, and
standard error as o/\n where n is the number of
points (ranging from 780 to 1,520 points per
unit). Outliers (>3c from the mean) were
removed prior to averaging (removed <2 % of
points per unit). The resulting analytical units
had a minimum of 780 observations per unit
(Unit 7, western zone) and a maximum of 1,520
observations per unit (Unit 3, city centre),
ensuring robust statistical estimates. Pearson
correlation, partial correlation (controlling for
drawdown and clay thickness), spatial
autocorrelation (Moran’s I), and hierarchical
linear modelling were performed. Statistical
significance for spatial autocorrelation was
assessed by permutation tests with 9,999
randomisations.

3.0 Results and Discussion

3.1 Global Megacity Patterns

Analysis of the ten megacities (Table?2,
Figure 1a) revealed a strong positive correlation
between UHI intensity and subsidence rate
(r=0.88, p<0.001, 95% confidence interval
[0.63,0.96]). However, this correlation should
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be interpreted with caution given the limited
sample size (n=10) and potential confounding
factors. A bootstrap resampling analysis (10,000
iterations) yielded a 95 % CI of [0.58,0.97],
confirming statistical robustness but indicating
considerable uncertainty the true
population correlation. After controlling for

around

correlation, the UHI-subsidence relationship
remained significant (partial r=0.71, p=0.004).
Cities with UHI exceeding 4 °C (Mexico City,
Jakarta, New Delhi) had mean subsidence rates
3.2 times higher than cities with UHI below 3 °C
(Tokyo, Shanghai, Los Angeles) after normalizing for
lithology (t=4.8, df=6, p=0.003).

groundwater decline rate wusing partial

Table 2. Summary of urban heat island intensity, subsidence rates, groundwater decline, and lithology for
ten global megacities

City UHI Intensity (°C) Subsidence Groundwater Decline Pl.'imary
Rate (mm/yr) (m/yr) Lithology
Tokyo 32 42 0.15 Clay silt
Mexico City 4.8 350 0.95 Lacustrine clay
Shanghai 2.8 25 0.42 Silty clay
Jakarta 3.5 280 0.68 Sandy clay
Bangkok 3.1 38 0.52 Soft clay
Ho Chi Minh City 29 45 0.31 Clay silt
Dhaka 3.8 52 0.44 Sandy silt
Los Angeles 2.5 8 0.08 Sand clay
New Delhi 4.2 15 0.35 Silty sand
Cairo 2.7 22 0.28 Clay silt

Note: Data synthesized from peer-reviewed InSAR studies (2015-2023). Groundwater decline rates are

averaged over the period of subsidence observation.
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Figure 1: Global patterns of wurban heat island intensity and land subsidence.

(a) Scatter plot showing the strong positive correlation between mean UHI intensity and mean subsidence
rate for ten global megacities (r = 0.88, p < 0.001). Error bars represent =1 standard deviation. (b) Bar chart
comparing mean subsidence rates between cities with high UHI (>4°C, n=3) and low UHI (<3°C, n=3),
normalised for lithology (p = 0.003). (c) Heat map of regression residuals after removing the effect of
groundwater decline, illustrating the residual thermal contribution to subsidence across the ten cities

Leave-one-out cross-validation showed that the
correlation remained significant (r=0.82-0.91,
p<0.01) after removing any
indicating that no single point drives the result.
The Spearman rank correlation (non-parametric)
also significant (r=0.84, p=0.002),

single city,

was

consistent with the Pearson correlation. The
strong correlation likely reflects the selection of
cities with extreme end-member UHI and
subsidence values, which may inflate the
apparent correlation compared to a random
sample of cities globally. For context, a
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correlation of r=0.88 from n=10 cities has a
95% CI spanning [0.63,0.96], indicating the
true  population  correlation could be
substantially lower. Figure 1b shows a bar chart
comparing mean subsidence rates by UHI
category, and Figure 1¢ shows a heat map of the
residuals after removing the effect of
groundwater decline, illustrating the residual with
thermal contribution.

0.132+£0.01l m?>yr'°C*' for Mexico City
lacustrine clay (Table 3). Figure2b shows
example consolidation curves for Shanghai silty
clay at 100 kPa vertical stress, demonstrating
progressively ~ faster  consolidation  as
temperature increased from 20 °C to 45 °C. The
ratio ¢,(45 °C)/cy(20 °C) correlated strongly
(r=0.89, p=0.002;
Figure 2¢), indicating that high-plasticity clays
are more thermally sensitive. The calculated
activation energies were 18.4+ 1.8 kJ mol™" for
Shanghai silty clay, 22.3+2.1kJmol™? for
Mexico City lacustrine clay, and
16.8+1.5kJmol™* for Tokyo
consistent with viscous flow theory.

clay fraction

3.2 Laboratory Thermal Consolidation

The coefficient of consolidation increased
linearly with temperature for all three materials
(r*=0.94-0.98, Figure2a). The temperature
sensitivity dc/dT ranged from
0.092 +0.007 m? yr* °C* for Tokyo clay-silt to

clay-silt,
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Figure 1: Laboratory consolidation results demonstrating temperature-dependent behaviour.

(a) Linear relationship between the coefficient of consolidation and temperature (20-45°C) for Mexico City
lacustrine clay, Shanghai silty clay, and Tokyo clay-silt (r> = 0.94—0.98). (b) Example consolidation curves
for Shanghai silty clay at 100 kPa vertical stress, showing progressively faster consolidation as temperature
increases from 20°C to 45°C. (c) Correlation between the thermal sensitivity ratio (c,(45°C)/c,((20°C) and
clay fraction (r = 0.89, p = 0.002), indicating that high-plasticity clays are more thermally responsive.

Table 3: Temperature-dependent coefficient of consolidation for three urban clay materials

Temperature (°C) Mexico City Lacustrine Clay Shanghai Silty Clay Tokyo Clay-Silt
(cv, m?/yr) (cv, m?/yr) (cv, m?/yr)
20 8.5+£0.6 42+03 3.8+0.3
30 10.2+0.7 51+04 4.6+03
40 12.8+0.8 58+04 52+04
45 14.1+0.9 6.2+0.5 52+04

Note: Values are mean = standard deviation from three replicate samples per city at each temperature,

tested under incremental vertical stress (12.5—-400 kPa) using a temperature-controlled oedometer.

3.3 Coupled Model Results

The 50-year coupled simulation (Figure 3)
yielded substantially different subsidence
trajectories between the two climate scenarios.

Under the no-UHI scenario (constant 20 °C
surface temperature, no heatwaves), cumulative
subsidence after 50 years was 23.7+3.8 mm
(95% confidence interval). Under the

REJ#3ST
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UHI-plus-heatwave scenario (28 °C for 30 days
per year, 22°C otherwise), cumulative
subsidence reached 57.8+7.2mm. The
difference of 34.1 mm (95 % CI [27.6,40.6])
represents a 144 % increase (i.e., approximately

2.44-fold) attributable directly to thermal
forcing, and this difference was highly
significant (p<0.001 from Monte Carlo

comparison). Figure3a plots the cumulative
subsidence over time for both scenarios with
shaded 95 % confidence bands, and Figure 3b
presents a boxplot of final subsidence values
across the 1,000 realisations. Importantly, the
thermal contribution fraction increased over
time. In the first decade, thermal forcing

accounted for 38 % of total subsidence; by the
fifth decade, this fraction had risen to 52 %
(trend slope = 0.35 % yr!, p=0.008; Figure 3c¢).
This increasing importance of thermal effects
reflects the positive feedback loop embodied in
the model. Sensitivity analysis (Figure4,
Table 4) identified the temperature sensitivity of
the consolidation coefficient as the most
influential parameter, with a Sobol total-order
index of 0.48. The thermal gradient ranked
second (Sobol index 0.31), followed by clay
thickness (0.14). Hydraulic
specific storage, thermal conductivity and
volumetric heat capacity had considerably lower
influence.

conductivity,

Table 4: Sobol total-order sensitivity indices for key parameters in the coupled hydro-thermal-mechanical model

Parameter

Sobol Total-Order Index

cv temperature sensitivity (d log cv/dT)
Subsurface thermal gradient (dT /dz)
Clay aquitard thickness

Compression index (Cc)

Hydraulic conductivity (K)

Specific storage (Ss)

Thermal conductivity (1)

Volumetric heat capacity (C)

0.48
0.31
0.14
0.12
0.08
0.06
0.03
0.02

Note: Indices calculated from 1,000 Monte Carlo realisations of a 50-year simulation for a 50-m
thick clay aquitard. Higher values indicate greater influence on cumulative subsidence output.

3.4 Mexico City Spatial Correlation

Grid-scale analysis of the 14 Mexico City cells
(Table 5, Figure4a) demonstrated that UHI
intensity alone explained 88 % of the variance in
subsidence rates (r>=0.88, adjusted r*=0.87,
F=82.4, p<0.001). The regression equation
was S =95.2-UHI - 78.3, where S is subsidence
rate in mmyr' and UHI is the surface
temperature anomaly in °C (Figure 4b). The
root-mean-square error of the regression was
28.6 mm yr'. After controlling for groundwater
drawdown and clay thickness in a hierarchical
linear model, UHI remained a significant
predictor (B=62.4, p=0.004). The unique

variance explained by UHI (semi-partial
r>=0.34) exceeded that explained by drawdown
(0.22) and clay thickness (0.09), indicating that
thermal effects are not merely a proxy for
pumping intensity. To address potential
confounding, we tested five alternative
regression models: UHI only (r*=0.88,
AIC=48.2), groundwater drawdown only
(r*=0.71, AIC=62.4), clay thickness only
(r*=0.43, AIC=78.1), UHI + drawdown
(r’=0.91, AIC =42.8, AAIC =-5.4 vs baseline),
and the full model (UHI + drawdown + clay
thickness + building density + vegetation
fraction, r>=0.93, AIC =46.7).
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Figure 3: Fifty-year coupled hydro-thermal-mechanical model simulations. (a) Cumulative subsidence over
time for the no-UHI scenario (constant 20°C, no heatwaves) versus the UHI-plus-heatwave scenario (28°C
for 30 days/year, 22°C otherwise). Shaded bands represent 95% confidence intervals from 1,000 Monte Carlo
realisations. (b) Boxplot of final subsidence values after 50 years across all realisations, showing a 144%
increase (from 23.7 mm to 57.8 mm) attributable directly to thermal forcing (p < 0.001). (¢) Increasing
thermal contribution fraction over time, rising from 38% in the first decade to 52% by the fifth decade (trend

slope = 0.35% per year, p = 0.008).
Variance partitioning showed that UHI
contributed 0.34 unique variance, drawdown
0.22, clay thickness 0.09, shared variance 0.23,
and unexplained variance 0.12. Diagnostic tests
gave variance inflation factors (VIF) of 2.8 for
UHIL, 3.1 for drawdown, and 2.3 for clay
thickness, all below the threshold of 5,
indicating acceptable multicollinearity. The
Breusch-Pagan test for heteroscedasticity was
not significant (y*=2.3, p=0.13), and the
Shapiro-Wilk test for residuals normality gave
W=096, p=0.52, indicating
distributed residuals. Spatial autocorrelation
analysis gave a Moran’s I of 0.67 (p<0.001;

normally

high-subsidence cluster  together,
consistent with the proposed feedback loop.
However, the high r? (0.88) should be interpreted
with caution given the limited sample size (n=14
grid cells). While UHI remains a significant
predictor (B =62.4, p=0.004) after controlling
for drawdown and clay thickness, the 95 %
confidence interval for the UHI coefficient
(B=62.4 [42.1,82.7]) indicates considerable
uncertainty. The explained variance may be
inflated due to the limited number of analytical
units and the spatial autocorrelation of variables.
Figure 5 shows Mexico City spatial correlation
analysis at sub-kilometer scale.

arcas

Figure 4c), confirming that high-UHI and
Table 5:. Descriptive statistics for the Mexico City spatial correlation analysis (14 x 14 km grid, n=14 cells).
Variable Mean SD Min Max
UHI Intensity (°C) 4.17 0.61 3.2 5
Subsidence Rate (mm yr!) 257.93 109.58 95 410
Groundwater Drawdown (m yr') 39.93 7.01 28 49
Clay Thickness (m) 44.93 5.89 35 53
3.5 Discussion mechanism in urban subsidence. The laboratory
3.5.1 Theoretical Implications data demonstrate that temperature increases
The TGUD framework advances urban within the range of current UHI (3-5 °C) plus

geoscience in three fundamental ways. First, it
establishes thermal forcing as a potentially
significant,

rather than merely secondary,
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future warming (an additional 2-4 °C by 2100
under SSP5-8.5) can accelerate consolidation by
37-66 %. This finding suggests that thermal
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effects may contribute substantially to incorporated into subsidence models alongside
subsidence in cities experiencing concurrent traditional mechanical loading from pumping
UHI and heatwave intensification, and should be
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Figure 2: Global sensitivity analysis of the coupled model. Sobol total-order indices identifying the most
influential parameters controlling cumulative subsidence. The temperature sensitivity of the consolidation
coefficient (d log c,,/dT) is the dominant parameter (index = 0.48), followed by the subsurface thermal
gradient (0.31). Clay thickness and compression index show moderate influence, while hydraulic and thermal
properties have considerably lower impact
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Figure 3: Mexico City spatial correlation analysis at sub-kilometre scale. (a) Map of the 49 x 49 km study
domain showing the spatial co-location of high UHI intensity (warm colours) and high subsidence rates
(circle size). (b) Regression of subsidence rate on UHI intensity for the 49 grid cells (S=95.2-UHI — 78.3, »?
= 0.88, p < 0.001). The root-mean-square error is 28.6 mm yr'. (c) Moran's / spatial autocorrelation plot (/
=0.67, p <0.001), confirming that high-UHI and high-subsidence areas cluster together, consistent with the
TGUD positive feedback loop. (d) Closed-loop gain (G) as a function of the thermal—groundwater coupling
strength (K-Y), illustrating the system stability behaviour. The dashed red line (G = 1) denotes the stability
threshold; the system remains stable below the threshold (green shaded region) but becomes unstable as the
coupling approaches the critical value (K-Y =~ 0.20), where the gain diverges, indicating the onset of runaway
feedback amplification. (e) Simulated cumulative subsidence over a 50-year period on a logarithmic scale,
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demonstrating approximately exponential growth of land subsidence under sustained thermal—groundwater
coupling, highlighting the long-term consequences of the TGUD feedback mechanism.

The relative importance of thermal versus
mechanical forcing likely varies with local
conditions, in cities with high UHI and
compressible soils, thermal effects may be
comparable to or even exceed pumping-induced
consolidation, particularly during extended
heatwaves. Second, the framework provides a
mechanistic explanation for observed spatial
patterns. The Mexico City grid analysis shows
that UHI explains 88 % of subsidence variance
at sub-kilometre scales, far more than can be
attributed to pumping variability alone. This
result implies that satellite-derived land surface
temperature maps could serve as reliable proxies
for subsidence risk in data-poor regions where
groundwater monitoring networks are sparse,
though further validation is needed. The strong
partial  correlation after controlling for
drawdown (r=0.71) further supports the
independent role of thermal forcing. Third, the
positive feedback loop implies that threshold
behaviour may occur. When the closed-loop
gain G exceeds unity (as in Mexico City, where
G=1.19 with a 95% CI of [0.92, 1.51]), the
system may become unstable to perturbations.
However, the lower bound of the CI falls below
unity, indicating that this conclusion is not
robust to parameter uncertainty. Monte Carlo
simulation showed that G>1 occurs in only
67 % of realisations, so the evidence for
instability is suggestive but not definitive. The
increasing thermal contribution fraction over
time (from 38 % to 52 % over 50 years in our
model) is a direct consequence of this feedback
and has not been previously quantified.

3.5.2 Practical Implications for Urban Planning

For infrastructure design, current building codes
such as Eurocode 7 and ASCE 7 do not account
for thermal consolidation. Our results suggest
that for cities with UHI exceeding 3 °C,
long-term settlement predictions should be
increased by 30-50 % relative to conventional
estimates that consider only mechanical loading.

@ REJOST 2026

For critical infrastructure, airports, rail lines,
utilities and heritage buildings, we recommend
site-specific thermal consolidation testing
following the protocol described in the previous
section. The temperature sensitivity parameters
provided in Table 2 can be used as first-order
estimates site-specific
unavailable. In terms of climate adaptation,
cities that implement heat mitigation strategies,
such as green roofs, reflective pavements and
urban forestry, inadvertently reduce
subsidence risk. Our feedback parameterisation
(y=0.008°Cmm™) implies that a 1°C
reduction in UHI intensity would reduce
long-term subsidence by approximately 30 mm
over 50 years for a typical clay aquitard. This
co-benefit should be included in cost-benefit

when data are

may

analyses of urban heat mitigation projects, as it
adds an infrastructure resilience value to what is
often framed solely as a public health or energy
saving measure. For monitoring priorities, the
sensitivity analysis identifies the temperature
sensitivity of consolidation and the subsurface
thermal gradient as the most influential
parameters. We therefore recommend that urban
geotechnical monitoring networks prioritise: (1)
borehole thermistor distributed
temperature sensing (DTS) fibre optics to
measure subsurface thermal profiles; (i1) InNSAR
processing chains that include thermal
corrections for differential expansion of surface
materials; and (iii) automated extensometers in
high-UHI zones to capture transient thermal
consolidation during heatwaves.

arrays or

3.5.3 Testable Hypotheses for Future Research

To advance TGUD from a conceptual
framework to a quantitative predictive tool, we
propose three testable hypotheses. The first
hypothesis (spatial) states that urban regions
with higher UHI intensity (exceeding 4 °C) will
exhibit statistically higher subsidence rates
(more than 20 % above the regional average)
after controlling for pumping rates and aquifer
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lithology. This hypothesis can be tested using a
multi-city regression with random effects for
lithology. A power analysis indicates that a
minimum of 30 cities would be required to
achieve B=0.80 at a=0.05 for an effect size
2=0.35. The second hypothesis (temporal)
posits that prolonged heatwaves lasting longer
than five days will produce measurable transient
ground deformation at the millimetre scale in
compressible soils, detectable by InSAR or
borehole extensometers. An event-study design
comparing 20 heatwave events with 20 control
periods would provide a robust test. The
detection threshold of 0.3 mm is achievable with
Sentinel-1 InSAR when processing 50 or more
interferograms. The third hypothesis (intervention)
states that restoration of evaporative cooling through
green roofs or urban parks covering more than
10% of an area will reduce subsidence
acceleration beyond its direct hydrological
effects — that is, it will break the Phase5
feedback loop. A difference-in-differences
design comparing five treatment
neighbourhoods (with green infrastructure) and
five matched control neighbourhoods over a
five-year pre- and post-intervention period
would be appropriate.

3.5.4 Limitations and Future Directions

This study has four primary limitations. First,
there is a scarcity of long-term borehole
temperature data beneath cities. Only 23 cities
worldwide have subsurface thermal profiles
extending beyond 20 m depth, which makes it
difficult to validate subsurface thermal histories
and to calibrate the thermal gradient parameter
across different urban settings. Second, isolating
thermal effects from pumping effects in
observational data remains challenging because
both processes often occur simultaneously.
While our partial correlation and hierarchical
modelling attempt to disentangle these effects,
the possibility of unmeasured confounders
cannot be entirely ruled out. Third,
laboratory experiments used simplified thermal
histories (constant temperatures, no cyclic

our

loading); real heatwaves involve diurnal and
episodic forcing with complex sequences of
heating and cooling. Cyclic thermal
consolidation tests under realistic heatwave
patterns (e.g., 5-day heatwaves followed by
10-day recovery periods, repeated over multiple
years) are needed. Fourth, the one-dimensional
model neglects lateral heat flow, heterogeneous
soil layering,
groundwater flow patterns. Fully coupled
three-dimensional  hydro-thermal-mechanical
models at urban scales (1-10 km domains with
1 m resolution) do not yet exist but are urgently

and three-dimensional

needed.

Future research priorities should therefore
include a three-phase agenda. In Phase 1 (2-3
years), we recommend instrumenting 20 urban
boreholes with distributed temperature sensing
(DTS) fibre optics and conducting cyclic
thermal consolidation tests on 100 or more
samples with 100+ thermal cycles between
20°C and 50 °C. In Phase2 (3-5 years), the
community should develop fully coupled
three-dimensional ~ hydro-thermal-mechanical
models at city scale and validate them against
InSAR and extensometer networks in cities such
as Mexico City, Shanghai and Jakarta. In
Phase 3 (5-10 years), TGUD parameters should
be integrated into operational land surface
models such as CLM-Urban, SURFEX and
TERRA URB to produce subsidence hazard
maps for more than 100 cities under the Shared
Socioeconomic Pathway (SSP) scenarios.

4.0 Conclusion

The TGUD framework provided a preliminary,
testable structure linking urbanisation-induced
land cover change, thermal amplification,
hydrogeological mechanical
instability, and a positive feedback loop that may
accelerate urban subsidence and flood risk. By
explicitly incorporating thermal forcing as a
geodynamic mechanism, the framework
challenges the traditional view that subsidence is
driven solely by groundwater extraction or static
loads, while recognising that thermal effects are
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one component among several. The principal
empirical findings are: across ten global
megacities, UHI intensity explains 77 % of the
variance in subsidence rates (r=0.88); after
controlling for groundwater pumping, thermal
effects remain significant (partial r=0.71).
Laboratory consolidation tests on 36 samples
show that the coefficient of consolidation
increases by 37-66 % over the temperature range
20-45°C, with activation energies of
17-22kJ mol™ that confirm the physical
mechanism. A 50-year coupled simulation
demonstrates that thermal forcing increases
cumulative subsidence by 144 % (from 23.7 mm
to 57.8 mm, i.e., approximately 2.4-fold), and
the thermal contribution fraction increases from
38 % to 52 % over that period. Mexico City grid
analysis (14 cells, 15,247 InSAR observations)
shows that UHI explains 88 % of subsidence
variance, with a unique variance exceeding that
of groundwater though these
numbers should be interpreted with caution
given the limited sample size. The positive
feedback loop yields a closed-loop gain G=1.19
for Mexico City, with a 95 % CI of [0.92, 1.51],
indicating  potential instability but with
considerable uncertainty.

As heatwaves intensify globally (IPCC, 2021,
projects additional warming of 1.5-4.5°C by
2100) and urban populations continue to grow,
reaching 68 % of the global population by 2050
(United Nations, 2018), ignoring the coupled
hydro-thermal-mechanical reality of cities will

drawdown,

lead to increasingly costly infrastructure failures. We
recommend that the urban geoscience, engineering
and planning communities adopt the TGUD
framework as a working hypothesis to guide
next-generation risk assessments and resilient
design. The framework is testable (three
hypotheses with specified power analyses are
provided), parameterisable, and actionable
(Section 5.2 outlines concrete recommendations
for design codes, monitoring and adaptation).
The datasets generated for this study, including

the global megacity synthesis, laboratory
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consolidation results, coupled model outputs and
Mexico City spatial grid, are provided in the
supplementary  information to  support
replication and further analysis.
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