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Abstract Groundwater withdrawal can cause localized and rapid poroelastic subsidence, spatially broad
elastic uplift of low amplitude, and changes in the gravity field. Constraining groundwater loss in Mexico City,
we analyze data from the Gravity Recovery and Climate Experiment and its follow-on mission (GRACE/FO)
and Synthetic Aperture Radar (SAR) Sentinel-1A/B images between 2014 and 2021. GRACE/FO observations
yield a groundwater loss of 0.85-3.87 km?*/yr for a region of ~300 x 600 km surrounding Mexico City. Using
the high-resolution interferometric SAR data set, we measure >35 cm/yr subsidence within the city and up

to 2 cm/yr of uplift in nearby areas. Attributing the long-term subsidence to poroelastic aquifer compaction
and the long-term uplift to elastic unloading, we apply respective models informed by local geology, yielding
groundwater loss of 0.86—-12.57 km3/yr. Our results suggest Mexico City aquifers have been depleting at faster
rates since 2015, exacerbating the socioeconomic and health impacts of long-term groundwater overdrafts.

Plain Language Summary Groundwater overdraft in Mexico City results from excessive freshwater
demand and unsustainable water resource management in a subtropical environment with warm summers

and dry winters. Groundwater depletion can result in ground surface deformation and changes in the gravity
field, observable by Sentinel-1 and GRACE satellites. Here, we examine data from both satellite missions
between November 2014 and October 2021 to determine groundwater volume loss. Using GRACE, which has a
footprint of ~350 km, we quantify groundwater volume loss to a rate of 0.85-3.87 km? per year in the broader
area surrounding Mexico City. Analysis of high-resolution Sentinel-1 synthetic aperture radar images shows
land sinks at a rate of 35 cm/yr within the city and surrounding areas uplifts at a rate of ~2 cm/yr. While the
subsidence is a consequence of aquifer compaction, the uplift represents an elastic unloading response of the
Earth's crust to water mass loss. Using geophysical models informed by local geology, we show that the region
loses groundwater at rates of 0.86—12.57 km?/yr. Our results emphasize the need for groundwater monitoring in
Mexico City to assist with managing freshwater resources.

1. Introduction

Land subsidence due to groundwater extraction has been observed in major cities worldwide, such as Mexico
City (Cigna & Tapete, 2022), Jakarta (Wu et al., 2022), Mashhad (Khorrami et al., 2020), Lagos (Ohenhen &
Shirzaei, 2022), and Southwest USA (Khorrami, Alizadeh, et al., 2019; Ojha et al., 2020). Groundwater with-
drawal can generate a poroelastic deformation response by reducing pore-pressure within the aquifer unit, causing
the closure of pore-spaces under overburden pressure, manifested in subsidence (Galloway & Burbey, 2011).
Aquifer overdraft can permanently reduce aquifer-system storage capacity (Ojha et al., 2018), deteriorate ground-
water quality (Khorrami, Hatami, et al., 2019; Smith et al., 2018), cause earth-fissures (Ye et al., 2018), damage
infrastructure (Cigna & Tapete, 2021a), and increase flood hazards (Miller & Shirzaei, 2019). Additionally,
removing mass near the Earth's surface can cause an elastic rebound of Earth's crust, which is of the opposite sign
and has a much smaller amplitude than aquifer compaction (Argus et al., 2017; Carlson et al., 2020). The Earth's
elastic response to mass loading can manifest at a global scale (Blewitt et al., 2001), regional scale (Heki, 2001),
and local scale (Bevis et al., 2005) and it has been investigated in a wide range of hydrologic settings to constrain
water storage changes (Amos et al., 2014; Wahr et al., 2013).

Mexico City (Ciudad de México or CDMX) is a well-known example affected by rapid subsidence and additional
adverse consequences due to groundwater depletion (Chaussard et al., 2021; Cigna and Tapete, 2021a, 2021b).
The subsidence in CDMX, first reported in 1925 (Carrillo, 1947; Gayol, 1925), caused differential settlements in
the colonial and modern structures. The area's leveling data from 1898 to 2005 shows constant land subsidence
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during the whole period (Auvinet et al., 2013), with a maximum subsidence of 40 cm/yr during 1998-2002.
Recent studies used Interferometric Synthetic Aperture Radar (InSAR) and found large subsidence rates of 30 cm/
yr within the city for 2007-2011 (Chaussard et al., 2014), ~35 cm/yr for 2014-2021 (Chaussard et al., 2021), and
~45 cm/year for 2019-2020 (Cigna & Tapete, 2022). The subsidence has damaged infrastructure, and disturbed
water and wastewater drainage systems. For example, differential subsidence caused the left-leaning of the
Metropolitan Cathedral in CDMX (Poreh et al., 2021).

Possible mechanisms driving Vertical Land Motion (VLM) in CDMX and its relationship to groundwater with-
drawal are generally well-understood. A recent study by Chaussard et al. (2021) investigated InSAR and Global
Navigation Satellite System (GNSS) data and suggested that within recent years no direct relationship exists
between groundwater level fluctuations and subsidence rates and that the observed subsidence was caused by
compaction of the lacustrine aquitard. In contrast (Cigna & Tapete, 2022), reported evidence of a moderate
association between compaction and extractions at the aquifer-system within CDMX. Here, we use several
remote-sensing datasets and apply different mechanical models to revisit conclusions made in recent studies.
First, we estimate groundwater volume loss in the broader CDMX from analysis of Gravity Recovery and Climate
Experiment (GRACE) and GRACE Follow-On (GRACE-FO) satellite observations. This analysis is followed by
a multi-temporal interferometric analysis of SAR Sentinel-1A/B datasets from November 2014—October 2021
to obtain a high-resolution map of VLM over the CDMX. Finally, we use elastic unloading and 1D-poroelastic
models to obtain independent estimates of groundwater loss. In conjunction with other climate and meteorologi-
cal datasets, our data and results improve our understanding of groundwater storage changes in the area.

2. Hydrogeology, Datasets and Methods

CDMX is underlain by an extensive plain of low-strength, very compressible, lacustrine-clayey aquitards
partially overlain by highly productive aquifers of volcanic and sedimentary origin (Vizquez-Guillén &
Auvinet-Guichard, 2019). The region relies heavily on groundwater resources for more than 70% of the total water
consumption, causing extraction of at least ~53 m?/s, significantly exceeding the natural recharge of ~20 m?¥/s,
and causing a steady groundwater level decline of 1.0-1.5 m/yr (Palma Nava et al., 2022).

2.1. Total Water Storage

Estimates of Total Water Storage (TWS) change are obtained from the GRACE (Tapley et al., 2004) during
2002-2017 and from the GRACE-FO during 2018-present (Landerer et al., 2020). Here, we refer to both satel-
lite missions simply as GRACE. The observations provide an unprecedented look into the dynamics of the
global water cycle and quantify monthly TWS changes with an accuracy of ~1-2 cm equivalent water height at
~350 km resolution (Tapley et al., 2019), determined by the altitude of the satellites at around ~450 km above
sea level. GRACE TWS change observations can be refined to quantify groundwater storage changes (AGWS)
over a specific period and a given area (Frappart & Ramillien, 2018), following removing contributions from
other relevant components:

AGWS = ATWS — (ASWS + ASMS + ASIS) 1)

where ATWS is the TWS change from GRACE, ASWS is the surface water storage change, ASMS is the soil
moisture storage change, and ASIS is the change in snow water equivalent that occurs during the same period and
over the same area. Here, we use Level-3 GRACE solutions from the NASA Jet Propulsion Laboratory (JPL),
designed for hydrological applications, which provide TWS changes using a mass concentration approach for
3°-spherical caps (Watkins et al., 2015). Given the region's semi-arid to arid climate and lack of major surface
reservoirs, ASIS and ASWS are negligible compared to soil moisture and groundwater components (Castellazzi
et al., 2016).

We retrieve ASMS from the Global Land Data Assimilation System (GLDAS) Noah model (Rodell et al., 2004).
GLDAS Noabh, hereafter referred to only as GLDAS, is a land-surface model, forced with Princeton meteoro-
logical input data, assimilating various satellite observed surface parameters, and applied to simulate terrestrial
water-energy cycles to quantify major hydrological fluxes and states. The model output includes ASMS within
the 2 m top-soil, at 0.25-degree spatial and 1-month temporal resolution (Rodell et al., 2004). Finally, we apply
GRACE-based ATWS and GLDAS-based ASMS estimates to study AGWS in the broader region surrounding
CDMX, which is defined by the footprint of two of the GRACE JPL mascon tiles (1484 and 1597) (Figure 1a).
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Figure 1. (a) Rate of GRACE-based TWS change from November 2014—October 2021. (b) Rate of GLDAS-based SMS change from November 2014—-October
2021. (c) Time-series of TWS change from GRACE, SMS change from GLDAS, and average SPEI drought index for the area of the mascon 1484 from April 2002 to
October 2021. (d) Same as (c) but for mascon 1597.

We include both of these tiles in our GRACE AGWS analysis because the CMDX falls exactly on the boundary
between them. The previous studies (Castellazzi et al., 2016, 2018) using these datasets do not show significant
groundwater loss based on GRACE observations during 2002-2014 in the area.

2.2. Surface Deformation

To obtain deformation map over CDMX, we apply advanced multi-temporal processing of large sets of SAR
images (Shirzaei, 2013; Shirzaei et al., 2017) between Nov 2014 and Oct 2021. The data set includes 599 C-band
Sentinel-1 images with 6-12 days revisit time, comprising 175 scenes from ascending path 78, 142 scenes from
descending path 41, and 282 scenes from descending path 143 (Table S1 in Supporting Information S1). We
apply multi-looking factors of 32 (range) by 6 (azimuth) to obtain a pixel size of ~75 X ~75 m. We selected
the interferograms so they form triplets and that the interferometric data set comprises a comparable number of
short, medium, and long temporal baselines, minimizing the phase closure error impact (Lee & Shirzaei, 2023).
We use a Shuttle Radar Topography Mission (SRTM) Digital Elevation Model of 1-arcsecond (~30 m) spatial
resolution (Farr et al., 2007) and precise satellite orbital information to estimate and remove the effect of topo-
graphic phase and flat earth correction (Franceschetti & Lanari, 1999). We apply a 2D-minimum-cost-flow algo-
rithm to obtain the absolute phase values, which are then combined using a reweighted least-squares approach
to create a Line-of-Sight (LOS) time-series of deformation for each pixel (Shirzaei, 2012). The spatially
correlated and temporally uncorrelated atmospheric delay is removed using adaptive wavelet-based filters and
a 2D-smoothing-spline (Lee & Shirzaei, 2023) and then LOS-rates are estimated as the best-fitting lines' slope
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to each pixel's time-series. Comparison of the LOS rates with and without atmospheric corrections (Figure S6
in Supporting Information S1) indicate a significant reduction in variance after corrections. Next, we project
the LOS-rates into the vertical direction using the incidence angle of the SAR satellite, given that the horizontal
component of deformation is negligible in the region (Blewitt et al., 2018). We further combine ascending and
descending datasets to obtain time-series of vertical and east-west deformation for overlapping pixels (Miller
et al., 2017). To validate the results, vertical measurements of GNSS stations with an observation period of at
least 3 years during 2014-2021 are used and compared with averaged InSAR-derived VLM within 10 m of each
GNSS station.

2.3. Elastic Load Modeling

We implement a least-squares-optimization scheme to invert the deformation signal and resolve the distribution
of mass unloading (primarily groundwater volume change). To account for the unusually compliant sediments in
the area, we employ elastic half-space Green's functions provided by Becker and Bevis (2004). Such Earth models
are suitable when considering loads of limited spatial extent compared to the Earth's radius (Boussinesq, 1885;
Love, 1929). The elastic half-space model provides an efficient analytical solution for non-trivial loading prob-
lems. Although it is neither a layered model nor does it consider the curvature of the Earth's surface, it allows the
application of local elastic properties rather than globally averaged properties, as is the case for the Preliminary
Reference Earth Model (PREM) (Dziewonski & Anderson, 1981). Notably, the accuracy of PREM reduces in the
Earth's outermost 50 km due to the heterogeneity of the crust and the uppermost mantle (D'Urso & Marmo, 2013;
Dill et al., 2015). Here, we examine two sets of half-space Green's functions characterized by endmember Young's
modulus of 6 and 50 MPa as lower and upper bounds, consistent with local geology and subsoil beneath Mexico
City, which is dominated by fine-grained material, mostly silt and soft clay with lenses of sand, gravel, and hard
clay (Vazquez-Guillén & Auvinet-Guichard, 2019).

For comparison, we employ Green's functions for a spherical, gravitating Earth (Farrell, 1972), character-
ized by the PREM following earlier works (Argus et al., 2017; Carlson et al., 2022). Following work by Wang
et al. (2012), we also employ PREM-soft and PREM-hard models, refining PREM properties to include soft and
hard sediments as the outmost crustal layer.

To set up the optimization framework, the model domain is divided into a 2D-array of circular disks with a radius
of 2.5 km, comprising m elements. We excluded the observation points located above compacting aquifers before
the inversion to mitigate the model artifacts due to local-scale large poroelastic deformations. But, we do not
further correct the uplift signal for the possible remaining effect from aquifer compaction because the aquifer
compaction is mainly of short wavelengths. Given the observation of vertical displacement at n InSAR pixels,
L=I[L, L, ...,L,]", and m unknown of ATWS for each disk x = [x, x,, ..., x,,]7, the following stochastic model
applies (Carlson et al., 2022):

L+v=0Gx )

where G is an n x m matrix of Green's functions, and v = [v,, v,, ..., vn]T is the observations' residual vector
(Mikhail, 1982) to be minimized. We minimize the second gradients of the parameters following (Segall &
Harris, 1986) to obtain a smooth-solution that fulfills the least-squares-error criteria. Thus, we solve Equation 2
subject to the following condition:

IIPv||* + A%||IDx||* - min 3)

where P is a diagonal weight matrix, proportional to the inverse of observations variance, D is the Laplace oper-
ator, and 2 is a smoothing-factor determined with trade-off curves (Hansen & O’Leary, 1993). To solve Equa-
tions 2 and 3, representing a constrained least-squares adjustment, we apply MATLAB's Isglin routine.

2.4. 1D Poroelastic Modeling

We further apply a 1D-poroelastic model, using the subsidence signal, to estimate groundwater volume loss in
confined aquifers of the study area. The relationship between hydrostatic-pressure change in the aquifer (dp) and
volumetric-strain (de,), assuming the soil skeleton deforms elastically, is given by Verruijt (2017):

_dav _ _dp

de,
14 K

“
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where K is bulk-modulus of the soil and V" is bulk-volume. Assuming 1D-consolidation in the vertical direction
(Terzaghi et al., 1996), Equation 4 is rewritten as:

db dp

e 5

b K )
where b is the aquifer thickness and db is the subsidence rate measured by InSAR within a pixel of area A.
Following (Ojha et al., 2018), the equivalent groundwater volume change (dv,,) for the subsiding pixels is given
by

dvy = —— 6

where «; is the Biot-Wills coefficient (0 < ay < 1), p is water density, and g is the gravitational acceleration.
Summing the estimated values of dv,, for all subsiding pixels yields the corresponding groundwater volume
change. To this end, we oversampled the InSAR VLM-rates on a grid of 500 by 500 m and assume «; = 0.9
corresponding to confined aquifer layers (Rivera et al., 1991). We selected the aquifer thickness of ~50 m,
Young's modulus E of 6 and 50 MPa, and Poisson's ratio (v) of 0.33 based on the local geology of the area
(Vazquez-Guillén & Auvinet-Guichard, 2019). Given Poisson's ratio and Young's modulus, one can calculate the
bulk-modulus (Verruijt, 2017).

3. Results and Discussion

Figure (1A) shows the GRACE-derived TWS change from Nov 2014-Oct 2021 for both 3°-mascons covering a
broad region of about 300 X 600 km that includes CDMX. The ASMS rate from the GLDAS model is shown
in Figure (1b). The time-series of TWS changes for mascons 1484 and 1597 (Figures 1c and 1d) mainly show
seasonal variations over 2002-2014 and only slight inter-annual variations in the northern mascon tile. However,
at the end of 2014, TWS suddenly declined, continuing for the following years. Comparing this decline with SMS
loss from GLDAS, the TWS decline cannot be explained solely by the SMS change. This indicates a significant
groundwater depletion over the broader region. The TWS decline starting in late 2014 has a rate of 2.79 and
2.30 km?/yr for mascons 1484 and 1597, respectively. Considering SMS loss (obtained from GLDAS) of 0.95
and 0.27 km?3/yr, during the same period, we obtained a groundwater loss of 1.84 and 2.03 km?3/yr for the two
mascon areas. Given the large footprint of GRACE observations, interpreting its estimate of groundwater loss in
the context of CDMX is not trivial. One can assume that no other major depleting aquifer unit is located within
the two mascons; thus, all groundwater loss can be attributed to the CDMX aquifers (mapped by a dashed-line in
Figure 1a). Therefore, the estimates of both mascons can be summed to a total groundwater loss of 3.87 km?*/yr.
Alternatively, one can assume an evenly distributed groundwater mass loss over the two mascons and estimate
groundwater loss proportionally for a smaller CDMX area, resulting in a loss of 0.85 km?3/yr. The first assump-
tion is consistent with results from Cigna and Tapete (2022), who show that Mexico City is the major subsiding
zone in central Mexico. Thus, we consider 0.85 and 3.87 km?/yr as the lower and upper bound estimates for the
groundwater loss in the CDMX.

Unusual drought conditions in Central Mexico might catalyze the observed decline following 2015 in the
GRACE-based estimate of groundwater. Time-series of the Standardized Precipitation-Evapotranspiration Index
(SPEI) drought index (Vicente-Serrano et al., 2010) (Figures 1c and 1d) suggest the presence of continuous
drought starting in 2015 with varying severity, peaking in 2016 and 2020, and approaching extreme intensity
(SPEI of —3) during these peaks within the mascon 1484. Drought often causes a shortage of surface water
supplies, usually compensated by increased groundwater pumping.

The regional groundwater loss detected by GRACE observations led us to reanalyze SAR datasets over CDMX
and apply an advanced multi-temporal InSAR to obtain LOS-deformation maps (Figure 2a, Figures Sla and Slc
in Supporting Information S1) and the associated uncertainties (Figure 2b, Figures S1b and S1d in Support-
ing Information S1). Converting LOS into VLM-rate using satellite unit vectors, we obtain a subsidence rate
of ~35 cm/yr surrounded by an uplift of up to 2 cm/yr (Figure 2c, Figure S5 in Supporting Information S1).
Comparing the VLM obtained for path 143 with paths 78 and 41 at collocated pixels yields average differences
of 0.13 and 0.17 cm/yr. We combined the LOS time-series of paths 78 and 143 to generate time-series of east-
west and vertical displacement for overlapping periods and collocated pixels (Figure S4 in Supporting Infor-
mation S1). The results suggest that vertical deformation dominates the LOS-displacement. We also compared

KHORRAMI ET AL.

Sof 1l

85U9017 SUOWIWOD 9A1TES1D 3eatdde au Aq pauseno ae SapILe VO '8sN JO oI I0j Aeud18UIUO A1\ UO (SUONIPUOD-pUE-SWLRIALIY" A3 1M AleIq 1 jpul|uo//:Sdny) SUOIIPUOD pue Swie | 841 89S *[£202/0T/0T] uo Ariqiauljuo A8|Im ‘yoe L euiBIIA Aq Z96TOT 192202/620T 0T/10p/w0d"Ae|im Arelqipuljuo'sqndnBe//sdny wouj pepeojumod 'S ‘€202 ‘2008Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL101962

0.5

20

0.3

Latitude
"
o

Latitude

LOS Deformation (cm/yr)
LOS Deformation (cm/yr)

18

~
N

Latitude
e
N

>

-
o

73
Vertical Deformation (cm/yr)
InSAR Deformation (cm/yr)

1

18.5 P STD = 0.32 cm/yr

230 . . .
2 0 2

GPS Deformation (cm/yr)

99.5 -99 985  [C--_—__ Study Area
Longitude Subsid Bound

A\V4 GPS Station

P4

Figure 2. (a) InSAR-derived LOS-velocity map for descending path 143 from November 2014—October 2021 (dashed-line
represents the Inversion Area discussed in Section 2.3 and the star represents the reference point of zero LOS-displacements
for InSAR analysis), (b) Standard-deviation of the LOS-rate, (c) InSAR-derived VLM where the triangles display the GNSS
stations and color-coded to their corresponding vertical rates, a and b mark location of pixels whose time-series is used for
time-frequency analysis in Figure S8 in Supporting Information S1. (d) Comparison between InSAR and GNSS vertical rates.
The bars denote uncertainties of the InSAR and GPS measurements at two standard deviations, (¢) A conceptual sketch shows
key deformation processes linked to groundwater depletion.

the VLM obtained for path 143 with the VLM obtained from combining descending and ascending datasets at
collocated pixels, yielding average differences of 0.14 cm/yr. These comparisons suggest that the contribution of
horizontal signal contribution is minimal.

Since the maps of VLM obtained from the back-projection of LOS in the vertical direction provide adequate cover-
age, we use them for the rest of our analysis. Comparing the VLM-rate against GNSS observations (Figure 2d)
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yields a robust agreement between the two datasets with a standard deviation of 0.32 cm/yr for their differences.
The uplift rate has not been reported before (Castellazzi et al., 2016; Chaussard et al., 2014, 2021; Cigna &
Tapete, 2022), likely because previous studies chose their reference point of zero LOS-displacements next to the
subsidence zone within the uplift area. Our examination of nearby volcanic systems rules out the possibility that
the uplift signal is associated with any apparent volcanic activities (Figure S7 in Supporting Information S1).
Furthermore, time-frequency analysis of the sample time-series of VLM using continuous wavelets (Figure S8 in
Supporting Information S1), following (Shirzaei et al., 2013), identifies seasonal components in subsidence and
uplift comparable to that observed by GRACE (Figure 1), suggesting a relationship between the two observations.
Thus, we hypothesize that the observed uplift and subsidence are linked to groundwater change in the region.
Visualizing these key deformation processes, we provide a sketch in Figure 2e, comprising localized poroelastic
aquifer compaction and regional elastic unloading.

To resolve the distribution of water loss over CDMX, we invert the high-resolution uplift signal by implementing
elastic unloading models. Considering a range of geological properties, the half-space model (Figure 3) yields
TWS loss between 1.00 and 8.20 km?3/yr, within the same magnitude as GRACE estimates. The modeled TWS
uncertainties in terms of standard-deviation are also reported (Figures 3c and 3d), which are in a reasonable range
compared with the amplitude of resolved TWS. In the CDMX,, the unloading happens on a small spatial scale, and
it is reasonable to ignore the Earth's curvature and assume it is an elastic half-space. Corrected for contributions
from soil moisture, the equivalent groundwater loss ranges between 0.86 and 8.06 km?*/yr.

We also employed spherical models using layered Earth structures (Figure S2 in Supporting Information S1),
yielding TWS rates an order of magnitude larger than GRACE estimates. Such discrepancies between GRACE
observations and spherical elastic load model estimates of TWS are observed in previous studies (Overacker
et al., 2022), likely due to heterogeneous local geology deviating from the spherically layered PREM.

We then performed checkerboard tests to evaluate the ability of the implemented inversion algorithm to resolve
water mass variation. To do this, we employed a synthetic mass distribution in a checkerboard pattern with a 9 km
resolution and each mass has an equivalent water height of —0.1 m (0 outside of the masses). We forward calcu-
lated the uplift, due to the input synthetic mass, at the locations of InSAR pixels and added a Gaussian noise with
a standard deviation of 0.3 cm/yr to the synthetic observations, comparable to the maximum standard-deviation
of the estimated LOS-velocities. Using the inversion framework and elastic half-space Green's functions, we
can resolve the mass change well, particularly near the center of the mass anomalies and where the InSAR pixel
density is adequate. As shown in Figure S3 in Supporting Information S1, the higher spatial resolution test
demonstrates that masses of this size can be resolved if the pixel density is sufficient. There is smearing between
the edges of the masses and the masses, a consequence of applying the Laplacian operator in these optimization
problems.

As an additional independent analysis, we applied a 1D-poroelastic model, given by Equation 4 and endmember
geological properties, to quantify groundwater volume change in the confined units directly. To this end, we first
correct the observed subsidence rate for the contribution from elastic unloading through forward calculation of the
models obtained above (Figure 3). Following the correction, we found a groundwater loss of 1.02-12.57 km?/yr, a
6%—-57% increase in estimated loss over the range of 0.96-8.00 km?/yr obtained without applying the correction.

The discussed estimates from various observations and model analyses are summarized in Table 1, indicating
a broad agreement given the range of errors and uncertainties. In summary, combining all the observations, we
conclude that as much as 12.57 km?/yr up to as little as 0.86 km?/yr of groundwater might have been lost during
2014-2021 within the CDMX region. This conclusion is at odds with the interpretations made by Chaussard
et al. (2021), but consistent with results from Cigna & Tapete (2022).

4. Conclusions

We presented an integrated analysis of groundwater changes in Mexico City from various remote sensing data
and mechanical models. We estimated a groundwater loss of 0.86-12.57 km?/yr within CDMX aquifers during
Nov 2014-Oct 2021, which manifested in up to 35 cm/yr of aquifer compaction-related subsidence over Mexico
City, and up to 2 cm/yr of elastic unloading uplift in surrounding areas. Nearly 20 years of TWS change obser-
vations by the GRACE satellites show a steady near-zero trend until 2014, followed by a steep decline until the
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Figure 3. TWS loss derived from the elastic unloading using half-space Green's functions with Elastic modulus of
6 (a) and 50 MPa (b). Insets show trade-off curves and red-dots represent the optimum smoothing parameter. (c), (d)
Standard deviations of modeled TWS associated with panels (a) and (b). Color ranges are not the same.
present day. Despite the frequent and recurrent droughts in the region, our observation of TWS decline is curious
and indicates a significant shift in regional and local groundwater management.
This work is significant because it is the first to report the unloading of Earth's crust around a depleting aquifer,
measured by InSAR. We showed that an elastic unloading half-space model could provide a realistic estimate
of TWS change when the forces are localized and local geology deviates significantly from the average global
structure.
KHORRAMI ET AL. 8of 11

85U9017 SUOWIWOD 9A1TES1D 3edtdde au Aq pausenob ae SILe VO '8sn JO o[ 10} Aeud18UlUO A1 UO (SUONIPUOD-pUE-SWLRIL0Y" A3 1M AfeIq 1 jput|uo//:sdny) SUOTIPUOD pue swie | 841 885 *[£202/0T/0T] uo Areiqiauljuo As|Im ‘yoe L euiBIIA Aq Z96TOT 192202/620T 0T/10p/u0d As|im Arelqipuljuo'sqndnBe//sdny wo.j pepeojumod ‘s ‘€202 'Z008v6T



I Y ed N | .
NI Geophysical Research Letters 10.1029/2022GL101962
ADVANCING EARTH
AND SPACE SCIENCE
Table 1
Summary of Results Obtained in This Study
Soil Total water
Young's storage storage Groundwater
modulus  Poisson's loss loss (km?/  storage loss
Method Analysis area E (MPa) ratiov (km?/yr) yr) (km?/yr)
GRACE and GLDAS (upper bound) Mascon Tiles #1484 and #1597 N/A N/A 1.22 5.09 3.87
GRACE and GLDAS (lower bound) CDMX Inversion Area N/A N/A 0.14 0.99 0.85
Half-space CDMX Inversion Area 6-50 0.33 0.14 1.00-8.20 0.86-8.06
1D Poroelastic Model CDMX Subsidence Zone 6-50 0.33 N/A N/A 0.96-8.00
1D Poroelastic Model (subsidence corrected for unloading effects) CDMX Subsidence Zone 6-50 0.33 N/A N/A 1.02-12.57

Note. The CDMX Inversion Area is marked by dashed-lines in Figure 2a.
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