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ABSTRACT

Gravity measurements are attracting attention for monitoring groundwater storage changes due to their sensitivity to
subsurface mass variations. Changes in groundwater storage through recharge or extraction lead to mass redistribution
within the subsurface, which induces subtle variations in surface gravity. These variations can be detected using gravimeters.
Recently, high-precision superconducting gravimeters (SGs) have been emerged as a new approach to groundwater
monitoring. The SGs can detect gravity variations as small as 0.1 pGal, allowing to track subtle gravity changes induced
by groundwater fluctuations. The SGs are well-suited for detecting long-term and gradual mass changes associated with
groundwater, and can provide insights into aquifer heterogeneity. These characteristics highlight their substantial potential
in hydrogeological investigations. This paper presented the fundamental principles and key advantages of SGs, and
explored their applicability to groundwater monitoring through a review of selected case studies. Additionally, it reviewed
essential aspects of data processing and correction, and proposed future directions for the broader application of SGs.
Although the successful application of SGs to groundwater studies requires the isolation of groundwater signals through precise
data corrections with various auxiliary observations (e.g., groundwater levels), interdisciplinary collaboration can facilitate
this process. This, in turn, enables the early detection of groundwater changes and supports sustainable groundwater
resources management.
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Fig. 1. 1.5-year absolute gravity measurements at the Pingtung artificial recharge lake, Taiwan. (left) gravity changes as well as rainfall,
groundwater level, and soil water content, (right) depth-dependent specific yield (S,) values (modified from Chen et al. (2021)).
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Fig. 2. Hydrogeological structure inferred by gravity changes in the Tatun Volcano Group (TVG), Taiwan. The porous media form an
aquifer below the central TVG. Fluids from the deep hydrothermal reservoir migrate to the east and west of the TVG, where the major

fumaroles are located (Modified from Lien et al. (2022)).
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Table 1. Hydrological Application Studies Using Data from Superconducting Gravimeter (SG) Observatories in South Korea and

Abroad
Location Institution (Country) Sensor Purpose & Output
* The first continuous SG observation in South Korea, began in 2005 and ended in
2009.

Mungyeong SG Sejong Univ. * Research fo.cused on Eaﬂh tides and crustgl deformation, and gravity data were
Observatory, KIGAM ’ GWR analyzeq le[h corrections ff)r atmospheric pressure and groundwaFer. .
South Kore; (South Korea) OSG-045  * The reliability of the gravity data was verified through comparison with

GRACE satellite gravity measurements.
¢ These efforts enabled the detection of groundwater variation signals and the
establishment of a national standard for gravity data in Korea.
GWR OSG. * A globally recognized core site for geodesy, Wettzell Observatory, conducts
Wettzell BKG-GFZ? Grav. continuous gravity observations to track groundwater and soil moisture vari-
Obaservatory, y ations and to validate satellite gravity data (GRACE).
(Germany) Absolute . ..
Germany Gravimeter . Resegrch on Earth tides and polar mogon is als'o conducted. .
* Gravity data are further utilized to calibrate regional hydrological models.
* With over 22 years of continuous operation, Membach Observatory holds the
Membach . world’s longest record for SQ monitoring. '
Observatory, ROB GWR Co21 © It epables long.-term. observation of storm surge loading, groundwater fluc-
Belgium ’ (Belgium) tuations, and tidal signals.
* Hydrological applications include detecting gravity decreases due to soil mois-
ture loss (e.g., during European drought in 2003).
* A six-month deployment experiment of a SG was conducted at a karst aquifer
site to verify unmanned operation and field applicability. Results showed that, in
Barton Springs BEGY, Univ. f’f the absence of groundwater level changes, gravity variations were primarily
USA > Texas at Austin  portable SG  governed by atmospheric effects.
(USA) * During rainfall events, the potential to detect hydrological signals was demon-
strated. An attempt was also made to estimate the aquifer’s specific yield from
gravity data, yielding a value of approximately 0.26.
* The only integrated geodetic observatory in South America since 2015, AGGO
provides a foundation for studying large-scale hydrological variations in the
AGGO® BKG-Conicet® Southern Hemisphere using continuous gravity data.
Observatory, (Germany- GWR OSG e It contributes to the International Terrestrial Reference Frame(ITRF) and sup-
Argentina Argentina) ports the calibration of GRACE satellite data.
¢ The site offers long-term monitoring potential for groundwater changes across
the South American plains.
NIMS-NGI-KISTI * Since the 2020s, efforts have been underway to establish a SG data hub for East
. GWR iGrav, Asia.
ENIGMA” (i,ollith /Il(<orea), [Ijlnv. OSG etc  * The goal is to enable early detection of earthquaeks in East-Asian countries and
Network, (Ja(;))aill()) Ayf(’)ltjl) ngé) (10 SGs in  monitor groundwater changes through real-time gravity data sharing.
East-Asia (China; NYMCTU® East-Asian * This international collaboration is expected to enhance regional studies of
’ Countries)  hydrological and geophysical phenomena and promote scientific information

(Taiwan) exchange.

Y Bundesamt fiir Kartographie und Geodsie (Federal Agency for Cartography and Geodesy), 2GeoForschungsZentrum Potsdam (German
Research Centre for Geosciences), ¥ Royal Observatory of Belgium, ¥Bureau of Economic Geology, > Argentine-German Geodetic Obser-
vatory; ®National Scientific and Technical Research Council (Consejo Nacional de Investigaciones Cientificas y Técnicas), "https:/
english.cas.cn/East-Asia Superconducting Gravity Measurement Network; ¥State Key Laboratory of Precision Geodesy, Innovation Acad-
emy for Precision Measurement Science and Technology, Chinese Academy of Sciences, ”National Yang Ming Chiao Tung University
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Table 2. Observed gravity changes (nGal), water level variations, and the radius of influence (sensitive area) at each superconducting
gravimeter (SC) observation site. The radius of influence refers to the horizontal distance from the SG within which approximately 90%
of the subsurface water mass change contributes to the measured gravity signal—that is, the hydrological “detection footprint” of the SG

. Gravity Water Level Radius of Topography & Hydrological
Site Sensor - ..
Change Variation Influence Condition
Barton Springs, Texas, . ..
USA (Wilson et al,  ~1-3 uGal  Portable SG Small (< 0.3 m) 0.5 km for ~50 m  Karst aquifer, drought condition,
water depth strong atmospheric effects
2012b)
. Mainly within . .

Zugspitze, Germany up to 1,957 mm snow water kmvhi Alpine region, complex karst,
(Voigt et al., 2021) ~75 pGal 08G-052 equivalent (SWE) 4 ighest snow/rain cycles

gt et al, W d sensitivity within 1 km 4
Muneveone. South Groundwater level fluc- Located near the Mungyeong

gyeons, a few pGal OGS-045  tuations by ~1300 mm ~1 km seismic observatory owned by
Korea (Kim et al., 2007) .

annual precipitation KIGAM
YeMiGO, Jeongsun, Not considered, assuming Underground Research Labora-
South Korea sub-uGal iGrav-001 minimal variations in the ~10 km tory (URL) at 118 m below the
(Dehghan et al., 2025) saturated URL mean sea level, ultra-low noise
ol Gemny o osgow, e semschue e g
(Creutzfeldt et al., 2008) K 030 e 4 YCTOI0EYs
water height bration

Membach, Belgium Infiltration from major Drought detection, storm surge
(Van Camp et al., 2021) 4 nGal €021 rain events 0.5 km tracking, long-term signals
AGGO, Argentina 510 uGal 0SG-038 ~1 m seasonal variation 03-05 km Geodetic integration, GRACE

(Pendiuk et al., 2023)

in groundwater level

calibration, ITRF contribution

31 =43 Fig. 3). 2= F3A19F 2] 71414
ZHIAIZH v o] Hol ArIzteE QE AR
AES Holn, o] 0= (.1 uGal oJ3te] 8 WA
AZ 7153 tH(Goodkind, 1999; Hinderer et al., 2007).
Goodkind(1999)8] ZA=FEA A% B0 w2, A
7y 220y A Je 22 vl vekst S 2zt
A= Fg ol e 0 Hold sigEE Helth
oyt 2w EAE Bl AFERY, Fols, v
3% sk WsHERt ope} Aal Wed 2 5
A= B8 ANE ARe] A o)Fo] o3t Hals x3}
o) =S 2ATTEAE ARl e HIlE A}
TOZ A& VIS 7] wlell, AA vRRlel whA
1% o3} 1HA9] ¥ sl ¥AE = glom Fd o]
o] 7] A=l Hg 7Fs3IcH(Hinderer et al., 2007).
ZATZEA L] o] S-EARE= Table 1 2 Table 29}
gom AR= 383} 48] 2AIE] A7REHIT)

ey e:)

¢
)

ZHESHAIE 0|26 X5k Hat ZX| 22|

AeFEAE 19909 o] % A72M, A2 &5, A%
Us Ws)l g1 59| Holol] &-85]o] $ith(Hinderer et
al,, 2007). AAEEAI(GGP: Global Geodynamics Project)
< B3l A Al A tie] 2AEFEA) sk A =

B

Hog gl glon, ol AFE A Y] T ¥
S ATl T} (Crossley and Hinderer, 2009). A
3 AT BoplMe 2AEFEAE SR AM=E
83T A=) vlad FHe YeRgor, ol A7
ol Azl A% FEAFZRE L9 FFo 2 gk A|s)
9] WEel 7108 T8 2155 Felslar) she Eol|A
A ZFEIAcH(Wilson et al., 2012b; Voigt et al., 2021).
tE FEAET vud v 2A=FEA] Ho) FHe
A714R1 =gz E} - Arke ook, A AR %
AeFEAe 49 4 &9 =2ZET} °F 0.1 pGal <
o= A7t FHE Z pGal H=ol £33 (Hinderer et
al,, 2007), °l= TR AzF Ha} ol figh 4=
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ol 2ATFTEAE AelrAE dnket $xo] 7)AQ1
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<=9 7Rk Aol ©R] dEle dEgE B
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Fig. 4. Gravity response due to a 1-meter-thick water change in a
layer distributed along the topography. The radius of this layer is
progressively increased to investigate the radius of influence.
The effect of different water storage, like soil moisture or
groundwater, is simulated by moving this layer into different
depths (GWR Instruments, 2010).
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Fig. 5. Time series of measured superconducting gravimeter
(SG) residuals. (top) the modeled hydrological gravity response,
(bottom) the corresponding modeled water storage changes
(GWR Instruments, 2010).
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Aol FEF F7FE AT 2A=THA 28 47

AAE fetehs T, TEAE o83 ATt
(Geodynamic Process) S-7+(ell: WS- Uiy A2 8 )
o oM g2 Fag AASH: o= AlEde). gt
ol z]7} | v¥<] Djougou RS A= GHYRAF (Gravity
and Hydrology in Africa) Z2AES] dgho g ZHTF
HAE AAJsl] ddll 715 233001x9] Ak 2 EYGE
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gt 7159t A 2o SHE A7ES 2AET
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o 2= 5 s or & FAIEE AXSiaL St &
5o, $9 2se oy ddo] A YEEE =+,

&, AskE, AFEFY 9F E7F a3, ol
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Camp et al,, 2017; Voigt et al., 2021).
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Fig. 6. Superconducting gravimeter installed and operated by Sejong University and KIGAM at the Mungyeong seismic observatory.
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Fig. 7. Superconducting gravimeters (SGs) installed in South Korea. (left) SG by NIMS and University of Calgary and triaxial broadband
seismometer by Kyoto University installed at the Yemi Micro-Gravity Observatory (YeMiGO, Jeongsun, Kangwon Province), (right)
Comparison of noise power spectra of the Yemi iGrav [blue], Mungyeong SG [black], and Strasbourg SG [gray] (Modified from

Dehghan et al. (2025)).
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ENIGMA Collaboration

East-Asian Network Initiative for Gravity Measurement Alliance
advantage of getting N times SNR gain for
Ns detectors.

0, Yemi (2)

n: Tsinchu, Taipei (2)
sawa (1)

L
CLE

In progress

Fig. 8. ENIGMA (East-Asian Network Initiative for Gravity Measurement Alliance): An international collaboration for gravity
measurement in East Asia, consisting of the National Institute for Mathematical Sciences (NIMS), National Geographic Information Institute
(NGII), Korea Institute of Science and Technology Information (KISTI), University of Tokyo, Kyoto University, National Yang Ming
Chiao Tung University, Chinese Academy of Sciences, and University of Calgary. The network includes over 10 superconducting
gravimeter stations across East Asia, with an integrated data hub center established at KISTI (Son et al. (2024)).
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Hetb 5o A= sAsloF sFck(Wilson et al., 2012b).
olgfgt o= IR 2HAEFTEHAE Ak ZUEH
|52 P 83k ARIZE =2, T2 O] Aoy
71E AFEY AFAAM 7R AR FEe A
7F Bk 2ey Ve e mep 2AEFEAY A&
3} B st JSEa dar, HZollw A THA
7IRk] N2 TEA WIS o] Folx ¢ % 484
o] /jXE Hrdolr}, Tk Auj&-o] 1y
wEthd, A8k RUEEY) 8 5o IiEo] A
AREe R e A HEE ARSI Aol &8
= A= 7FsE Aolth(Van Camp et al., 2017).
ok, 2HAEFTEAIE 283 A8k A= A8t
F AsE AFete d A FAs Eos F Ue
7o o} A1 A wsle] gk 220 A5S S3
71&d ofH¥d Y & AR Hsls AHE
AL, Yolrt 78 Bdls BAYSIAY Sk dlell
= 282 4= th(Pool and Eychaner, 1995; Voigt et al.,
2021). ¥15 & @AM FRHIES] 3, A s
o] B, w98 T THIAT SASHARE, A&F
Ql AT} 7| HHE T oleld EAlEe] S5
Atk 53] 45 Amete] A, Askr e EdH
o] 5, 1Ela o] AXE 83 bgskAld = 2
HPAA &M 8 #S50] Fa3 3 5 AAsH
2 Ao Z 7|EtH(Rodell et al., 2009; Van Camp et al.,
2017).

6.4 =

FHEL BEY A3 ATE ASS A9 wal
e AAH BelABOR FAT & e J0HA
Aol 1 FoME ZAEFHAE Holt guws
PP HlgoE AS] % v F WA
TG 5 glo], FHI} Pololle] B8 o] Z w7
sztes gle), 2AEFE HolRE Ba) 4Rt
Z= ololAis 78 8 FYol A5 gl BHE

I~

Q%A 0 ol 4 glow, ol TlEe] B 49
GO Q) ofele B3 Auold). 58 Al2iE
tlrgol} i B4 B2 AR sk el
B0 BRk A9, FHATE 1A Aagle] A5
sefal o) BRA TAE AT 5 o
ZASFAAE Boale] sk AR s 434
o sjota] gt AU AR 1A R BE

Do) Suklolo} ). 5 SHARAN Asi- A5

Ho lo
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