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Abstract
There is long-standing interest in the interactions between atmospheric and hydrological processes
and solid Earth deformation, including the occurrence of earthquakes. Here, we review evidence
for the effects of climatic processes and weather on deformation and seismicity in the lithosphere
over a wide range of time scales, ranging from load cycles associated with the ice ages to the
effects of short-term weather events. Space- and ground-based geophysical observations allow us
to capture the redistribution of surface loads in the form of water, ice, and sediments, as well
as near-surface pressure and temperature changes in the atmosphere and varying fluid pressure
in the shallow subsurface. While earthquakes are generally the result of tectonic or volcanic
activity, the climatic forcings induce stress changes on faults that in some cases can be shown to
significantly encourage or retard the occurrence of earthquakes, depending on the degree to which
the external forces align with the background tectonic stress field. Stress changes associated with
the emplacement and removal of km-thick ice sheets and lakes are large enough to substantially
change slip- and earthquake rates on major plate-boundary faults and can also trigger events in
largely aseismic continental interiors. However, climate-earthquake interactions are subtle and
proving the interaction between climate and earthquakes requires careful mechanical modeling
and statistical analysis. While investigations of earthquake weather and climate are not likely to
be relevant for the characterization and mitigation of earthquake hazard, they provide important
insights into the physical processes associated with lithospheric deformation, the earthquake cycle
and frictional faulting in the Earth.

Key Words: Climate and Weather; Hydrology; Seismicity; Deformation; Stress; Earthquake
Triggering and Modulation; Surface Loading; Geodesy
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1 INTRODUCTION

1 Introduction
Earth’s surface represents the interface of the lithosphere, the outer layer of the solid Earth,

with the cryosphere, hydrosphere and atmosphere. Surface processes, including the hydrological
cycle and the erosion, transport and deposition of sediments, reflect the effect of climate and
weather on the solid Earth. Tectonics and crustal deformation, in turn, can affect climate and
weather by reshaping Earth’s topography. Thus, the lithosphere and the atmosphere may interact
over a range of time scales, from billions of years (associated with the compositional evolution of
the atmosphere, the formation and growth of continents, and plate tectonics), to seconds (associ-
ated with storm events, earthquakes, and volcanic eruptions). Mankind has long been fascinated
by the possibility of atmospheric and hydrological processes (i.e., climate,weather and the hy-
drological cycle) affecting solid Earth deformation processes in the brittle lithosphere, including
earthquakes that are generally understood to mostly be a result of plate tectonics. For good rea-
sons, the idea of “earthquake weather”; that is, a particular weather pattern or season in which
earthquakes preferably occur, has generally been considered an urban myth (e.g., Fallou et al.,
2022).

Recent advances in geophysical observations, including the Global Navigation Satellite System,
GNSS, have revealed significant deformation associated with climate and weather (e.g., White et
al., 2022), which is superimposed on plate tectonic and earthquake cycle deformation. Processes
involved in this atmospheric forcing of solid Earth deformation include the redistribution of sur-
face loads via sediments, water and ice, near-surface pressure and temperature changes in the
atmosphere, and varying fluid pressures in the shallow subsurface (Figure 1). Deformation associ-
ated with changes in surface loads and poroelastic and thermoelastic eigenstrains associated with
changes in subsurface fluid pressure and temperature will also perturb the state of stress on faults
at depth. Depending on how close such faults are to their critical failure stress and to what degree
the climate-driven stress changes encourage or discourage failure, we may thus expect some effect
on the distribution of earthquakes in space and time.

Tectonic stressing rates in plate boundary zones are on the order of 1-100 kPa/yr, and substan-
tially less in intra-continental regions. Earthquakes typically cause a drop in stress of about 1 to
100 MPa, but the absolute ambient stress is rather poorly known, with an upper bound provided
by the frictional strength of faults (Byerlee, 1978). Atmospheric processes drive hydrological and
sedimentary mass transport and produce changes in temperature and fluid pressure in the shallow
Earth, which modify subsurface stress over a wide range of spatial and temporal scales (Figure 2).
The addition or removal of a meter-thick layer of water or ice on the Earth’s surface adds or sub-
tracts a vertical load of about 10 kPa and the most extreme atmospheric pressure drops associated
with tropical cyclones can also approach 10 kPa. Thus, while stresses caused by atmospheric and
hydrological processes are generally small compared to those from the unrelenting forces associated
with plate tectonics, they can cause substantial variations in stressing rates and may thus change
the distribution of seismicity in space and time. Of course, lake- or sea-level changes of many
tens of meters or the growth and retreat of glaciers and ice sheets many hundreds of meters thick
will have an even greater effect on solid Earth deformation and stress. Here, we review recent
advances in our understanding of climate- and weather-driven solid-Earth deformation, stress and
seismicity. We consider time scales ranging from a hundred thousand years (associated with ice
age cycles) to days (associated with daily weather events). We find that while most earthquakes
are the result of tectonic processes, the occurrence of a small but significant number of earthquakes
appears to have been accelerated, delayed or modulated by atmospheric and hydrological processes.
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Figure 1: Deformation and stresses due to climate-driven surface loading and poro- and ther-
moelastic eigenstrain. (A) Schematic representation of the effect of various processes involving
past and present surface and subsurface loading, including Glacial Isostatic Adjustment (GIA)
in response to unloading of the last glacial maximum ice cap, recent ice melting, lake loading,
groundwater, precipitation, atmospheric pressure, and sediments. (B) Schematic representation
of the effect of poroelastic and thermoelastic eigenstrain induced by fluctuations in groundwater
level and surface temperature. Geodetic measurements by GNSS, InSAR and space-based gravity
illuminate these processes.
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Figure 2: Timescales of climate-driven surface processes and associated stress variations. Note
the substantially higher peak stress changes of several MPa associated with ice sheet loading and
glacial isostatic adjustment (GIA, right y-axis), compared to atmospheric, hydrological, erosional,
and thermally induced stress changes of a few kPa that occur on shorter time scales (left y-axis).

2 Observing and Modeling Climate-driven Deformation, Stress
and Seismicity

2.1 Measuring climate-driven deformation
The solid Earth deforms in response to climate-driven spatial and temporal changes in surface

mass load, including terrestrial water storage, ice, snow, and sediment transport through lands-
liding and erosion (Figure 1A). Additionally, temperature variations near the Earth’s surface and
pressure fluctuations in groundwater are associated with thermoelastic and poroelastic eigenstrain
in the shallow Earth, which also causes the solid Earth to deform (Figure 1B). Using space geodetic
observations, it becomes possible to comprehensively capture and constrain models of these mass
load changes and deformation processes (Figure 1).

Measuring climate-driven mass load changes has been enabled by the launch of the Gravity
Recovery and Climate Experiment (GRACE; 2002-2017) and GRACE Follow-On (GRACE-FO,
2018-in orbit) satellite missions which introduced a unique observable: monthly global measure-
ments of Earth’s space and time-varying gravity field at a spatial resolution of 300-400 km (Tapley
et al., 2004; Landerer et al., 2020). By combining GRACE-derived mass loads with a (visco-)elastic
Earth model through the load Love numbers theory, it is possible to compute the loading-induced
deformation of the Earth (Farrell, 1972; Cathles, 1975), which can be compared to independent
GNSS measurements.
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Figure 3: Amplitude and phase of maximum (A) East, (B) North and (C) Vertical annual
displacements in the Southwestern US, estimated from GNSS time series processed by the Nevada
Geodetic Laboratory (Blewitt et al., 2018) aligned to the IGS14 reference frame (Altamimi et al.,
2016). Black triangles highlight GNSS stations QUIN and PLSB, located in the Sierra Nevada
mountain range and above the Sacramento aquifer system, respectively. Detrended daily East,
North and Vertical positions time series at these two GNSS stations are shown in (D) and (E) with
deformation models derived from, in blue, hydrological (GLDAS; Rodell et al., 2004), in green,
atmospheric (ERA5; Hersbach et al., 2020), in purple, non-tidal oceanic (ECCO; Wunsch et al.,
2009) and in red, GRACE/-FO load (Gauer et al., 2023).
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Climate-induced deformation of the Earth’s surface can be directly measured using geodetic
observations (Figure 3). GNSS stations measure positions and changes in position at millimeter-
level accuracy. Time series of GNSS stations have been used to investigate the, primarily elastic,
solid Earth’s response to global (e.g., Blewitt et al., 2001; van Dam et al., 2001; Dong et al.,
2002) and regional seasonal and long-term variations in continental water storage, and within the
atmosphere and ocean. Regional examples include seasonal hydrological loading deformation in
the Amazon River basin (e.g., Davis et al., 2004; Bevis et al., 2005; Knowles et al., 2020) and
the Nepal Himalaya (e.g., Fu and Freymueller, 2012a; Chanard et al., 2014), snow cover in Japan
(Heki, 2004) and Iceland (Grapenthin et al., 2006; Compton et al., 2015).. In the western US,
snow and rainfall cause strong seasonal deformation, reaching up to a few mm and a few cm
horizontal and vertical annual amplitude, and drought periods induce multi-year signals of similar
amplitudes (Figure 3; e.g. Ouellette et al., 2013; Argus et al., 2014; Borsa et al., 2014; Amos et
al., 2014; Fu et al., 2015). In addition to hydrological loads, the change in atmospheric pressure
loading causes deformation of the Earth (Darwin, 1882; van Dam and Wahr, 1987). van Dam et
al. (1994) analyzed daily GNSS time series and concluded that atmospheric loading displacements
accounts for up to 24% of the total variance in GNSS height series.

At the global scale (Chanard et al., 2018a) and in regions of large-scale hydrological, atmo-
spheric and non-tidal oceanic mass variations (Davis et al. 2004; van Dam et al., 2007) captured by
GRACE/-FO, predicted surface displacements using a purely elastic spherical and layered Earth
model (Dziewonski & Anderson, 1981)s are in good agreement with GNSS observations (Figure
3D). However, discrepancies at the regional scale exist, unlikely to be related to the choice of
Earth’s mechanical properties (Chanard et al., 2018b). These discrepancies may be due to the
high noise level of GRACE/-FO products (e.g. Chen et al., 2022) or its coarse spatial resolution
( 350 km) compared to GNSS observations. Moreover, as GRACE measures integrated mass vari-
ations, and distinguishing between sources of mass change at the Earth’s surface versus within its
interior is critical to correctly infer climate-driven deformation from gravity measurements (e.g.
Chen et al., 2022). Environnemental models, including hydrological, atmospheric and non-tidal
oceanic loads, provide sources of deformation independently and present higher spatio-temporal
resolution but, similar to GRACE-derived models, their combination can explain only up to 50%
of the observed seasonal vertical displacements and up to 20% of the horizontal ones (Figure 3D;
e.g. Li et al., 2016).

Greater details of surface loading can be mapped by inverting ground deformation recorded by
dense GNSS networks. For example, using the EarthScope Plate Boundary Observatory (PBO)
GNSS data, climate-related terrestrial water storage variations have been quantified at high spatial
resolution (tens of kilometers) in California (Amos et al., 2014; Argus et al., 2014; 2017; Johnson
et al., 2017a), the Pacific Northwest (Fu et al., 2015), and across the western United States (Borsa
et al., 2014; Enzminger et al., 2018). These studies captured both annual cycles of water load as
well as multi-year variations associated with regional drought conditions. Milliner et al. (2018)
extended this technique to load variations over the course of a few days and estimated the total
water mass released by Hurricane Harvey at the Texas Gulf Coast. Yet, the method is limited
to well-instrumented regions, with a resolution that depends on the (often uneven) inter-station
distances and may not capture the full load complexity (Wahr et al., 2013). Moreover, results may
be biased by other geophysical signals or systematic errors polluting GNSS observations (Chanard
et al., 2020; Larochelle et al., 2022).

Other geophysical signals recorded by GNSS stations include poroelastic deformation driven
by fluctuations in groundwater level and thermoelastic strain due to spatiotemporal variations
of near-surface temperature (Figure 4). When surface hydrological loading increases, it can also
lead to downwards fluid infiltration and diffusion, causing pore pressure and thus, the Coulomb
stress to rise. It can also enhance hydrofracturing in favorably oriented cracks. While surface
hydrological loading has been established as the primary source of GNSS seasonal observations,
the contribution of poroelastic processes to surface deformation has received renewed attention in
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recent years. The decametric resolution and mm/yr accuracy of Interferometric Synthetic Aper-
ture Radar (InSAR) make it a powerful tool to monitor localized surface subsidence in response
to groundwater depletion (e.g., Amelung et al., 1999; Chaussard et al., 2014, Ojha et al., 2018).
GNSS provides valuable complementary observations to monitor poroelastic deformation, offering
a better temporal resolution, a more accurate separation of horizontal and vertical displacements,
and the potential to identify errors specific to each geodetic technique (Larochelle et al., 2022).
However, while surface loading models generally agree with observations of non-linear motion at
GNSS sites anchored to bedrock (Figure 3D), they fail at predicting the amplitude and phase
of site motion when located on or around groundwater basins (Figure 3E). Additionally, fluctu-
ations in surface temperature that can span tens of degrees annually cause the shallow Earth to
deform thermoelastically, with differential motions of up to several millimeters (Prawirodirdjo et
al. 2006; Ben-Zion & Allam 2013; Xu et al., 2017). Poroelastic and thermoelastic processes are
now well recognized, but their modeling remains challenging and further research is needed to
fully comprehend and model the link between changes in groundwater, temperature and surface
deformation.

2.2 Modeling climate-driven deformation and stress
Mechanical models are needed to quantitatively relate surface loads to Earth deformation and

stress (Figure 4). In the 3D, semi-infinite, homogeneous elastic solid approximation, analytical
solutions exist for strain and stresses caused by a surface point load (Boussinesq, 1885). These so-
lutions have been used to model stresses on faults induced by seasonal hydrology (Bettinelli et al.,
2008) or erosion (Steer et al., 2014). The solution of deformation by surface loads on a more realis-
tic spherical elastic Earth model was provided by Farrell (1972) following the method of Longman
(1962 and 1963). Load Love numbers and the resulting Green’s functions can be computed based
on a spherical, radially stratified Earth model (e.g., Wang et al., 2012), such as the PREM (Pre-
liminary Reference Earth model, Dziewonski and Anderson, 1981). The loading-induced stress
changes in the Earth can then be calculated combining strain and the elastic moduli of the Earth.
Many programs have been developed to compute elastic strain induced by surface loading in the
spherical Earth approximation. For example, SPOTL is designed to calculate ocean tidal loading
(Agnew, 1997) but can be utilized to calculate deformation induced by surface loads (e.g., Borsa
et al., 2014). STATIC1D (Pollitz, 1996) can be used to model strain and stress from a surface
load force (e.g., Johnson et al., 2017a and 2017b). LoadDef models elastic deformation by surface
mass loading for any planetary body (Martens et al., 2019). ISSM-SESAW is especially designed
for cryospheric loading problems of ice and glaciers (Adhikari et al., 2016) and REAR is another
simulation tool to model loading deformation by cryospheric loads (Melini et al., 2014). These
spherical models can be extended to the viscoelastic domain for Newtonian rheologies, including
Maxwell and Burgers bodies, which are necessary to investigate deglaciation-induced strain and
stress fields through time (Wu et al., 1999; Wu and Johnston, 2000; Lambeck and Purcell, 2003;
Pollitz et al., 2013; Craig et al., 2016; Michel & Boy, 2022). In addition to analytical solutions,
programs relying on the finite element method, such as Pylith (Aagaard et al., 2017), have been
developed to compute more detailed loading-induced strain and stress of the Earth by surface
forces, but are often limited to a smaller region (Hampel et al., 2009; Lund et al., 2009; Brandes
et al., 2015).

Models also exist that allow for computing deformation and stress from subsurface fluid pres-
sure changes caused by the infiltration of surface water. These include simple point pressure
sources (Mogi, 1958), solutions of finite strain cuboid sources in a homogeneous half-space (Barbot
et al., 2017), analytical solutions for an unconfined aquifer with heterogeneous elastic properties
(Larochelle et al., 2022), and numerical solutions of the poroelastic problem (Wang and Kümpel,
2003). In the upper few kilometers of the crust, strain and stress changes from the poroelastic
response to groundwater level changes greatly exceed those from hydrological surface loading, but
rapidly decay with increasing depth (e.g., Miller, 2008; Hu and Bürgmann, 2020).
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Figure 4: (A) Schematic illustration of space-geodetic observations and models of hydrologically
induced deformation and stress changes. (B) During a wet season, an increase of near-surface water
load (surface and groundwater, ice and snow) causes 3D loading displacements and also applies
normal (σn) and shear (τ) stress changes on a nearby fault, thus inducing Coulomb stress changes
(CS = τ+µσn, where µ is the fault friction coefficient; Stein et al., 1999). An increase of subsurface
groundwater also results in an expansion and elevated pore fluid pressure, which may also lead
to Coulomb stress change on an adjacent fault. Similarly, zones of high temperature produce
thermoelastic eigenstrains and stresses. (C) The opposite scenario occurs during a dry/cold period.

Poroelasticity and thermoelasticity are based on the same mathematical framework (Biot,
1956; Rice and Cleary, 1976; Tsai, 2011). The problem of thermoelastic eigenstrain and stresses
has been relatively well studied, particularly due to its importance in material sciences. Berger
(1975) provided a solution to describe thermoelastic strain in a 2-D homogeneous elastic half-
space, induced by spatially and temporally periodic surface temperature variations. Ben-Zion and
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Leary (1986) extended this solution to the case of an elastic half-space covered by a thin layer of
unconsolidated incompetent material, and the model was further developed and applied by Tsai
(2011). The thermoelastic problem has only recently been tackled for geophysical applications in
a spherical frame, which is more suited for large-wavelength or global studies (Fang et al., 2014).

The Coulomb failure criterion has been widely applied to quantify the stress condition required
for a fault to rupture. Coulomb stress change can be simplified as ∆CS = ∆τ + µ∆σe, where ∆τ
is the shear stress change, σe = σn − p is the effective normal-stress change (i.e., the difference
between the normal stress σn and pore pressure p), and µ is the fault friction coefficient (Stein
et al., 1999). Positive Coulomb stress change is considered to promote fault failure and negative
Coulomb stress change suppresses failure. Under undrained conditions, the change in pore pressure
due to a change in normal stress is given by ∆p = B∆σn, where B is the Skempton coefficient
(and typically ranges between 0.5 and 0.9). Thus, ∆CS = ∆τ + µ∆σn(1 − B). Because of fluid
flow, the induced pore pressure changes are time-dependent and it becomes important to consider
the timescale for which a poroelastic stress change model is applied (e.g., Cocco and Rice, 2002).

2.3 Documenting earthquake triggering and modulation
The idea that climate might influence seismicity dates back to at least the fourth century

B.C., when Aristotle proposed that winds trapped in subterranean caves generated earthquakes
(Missiakoulis, 2008). Since the early twentieth century, studies have suggested that climate-driven
transient and oscillatory stresses may be sufficient to trigger or modulate seismicity given the slow
buildup of stress along active faults (Figure 5A; Drake, 1912; Sayles, 1913; Taber, 1914). However,
establishing correlations between climate forcing and seismicity is challenging because it requires
quantitative or statistical methods, high-quality data sets, and extended observation periods. A
number of studies have investigated temporal changes in the statistics of recorded seismicity, such
as earthquake frequency, seismic moment rate or the b-value of the Gutenberg-Richter earthquake
frequency-magnitude distribution, in relation to climatic events or periodic forcing (e.g., Zhai et
al., 2021).

Several statistical approaches, continuous or discrete in time, have been shown to be effective
at detecting periodicities in seismic catalogs. The Schuster test (Schuster, 1897), and its recent
extension, the Schuster spectrum (Figure 5B; Ader and Avouac, 2013), use the relative discrete
timing of seismic events for statistical analysis. The probability that the temporal distribution of
events is periodic at a given frequency is compared to the null hypothesis, where the event dis-
tribution arises from a uniform seismicity rate. Other approaches exist, based on the use of time
series analysis and periodogram statistics, such as the unifrequential Schuster periodogram (Schus-
ter, 1898) or its multi-frequential extension and generalization, the multi-frequential periodogram
(Dutilleul, 2015), which can detect overlapping signals with fractional frequencies. However, pe-
riodograms require a trigonometric model hypothesis. Hsu et al. (2021) use the empirical mode
decomposition to separate seismicity rate time series into signals with different time scales (intrin-
sic mode functions), focusing on annual and interannual variations. If the period of the external
forcing is known (e.g., annual climate cycles), simple stacks or histograms of event occurrences are
also commonly used (Figure 5A; e.g., Taber, 1914; Bollinger et al. 2008; Craig et al. 2017).

All these methods are subject to the implicit mathematical assumption of independent earth-
quake occurrences, and therefore can be biased by the occurrence of clustered aftershocks. As a
result, statistical analysis of periodicities generally requires first declustering the seismic catalog
through procedures relying on judgment-based parameter choices (e.g., Reasenberg, 1985; Zhuang
et al., 2002; Zaliapin and Ben-Zion, 2020), which may impact the inference of periodicities (Du-
tilleul et al., 2015; Ueda and Kato, 2019).

In addition to applying statistical techniques to the temporal distribution of earthquakes,
Johnson et al. (2017a; 2020) quantified the percentage of earthquakes that exceed the background
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Figure 5: Examples of methods to detect seismic modulation by climate forcing. (A) Seasonal vari-
ations in temperature, precipitation, number of earthquakes and days with earthquakes (to reduce
aftershock bias), oceanic and atmospheric pressure in South Carolina over the 1886-1913 period
(Figure from Taber, 1914). (B) Seasonal periodicity of the Mb≥ 4 mid-crustal Nepal seismic events
from a Schuster spectrum of the 1965-2008 ISC seismic catalog (Figure from Ader and Avouac,
2013). (C) Seasonal periodicity of seismicity from the 1988-2002 Central San Andreas Fault near
Parkfield seismic catalog inferred from contour maps of the multifrequential periodogram analy-
sis in the bifrequential case. Here, the lighter the color, the higher the statistical significance of
the detected periodicity (Dutilleul et al., 2015). (D) Percent excess seismicity of the 2000-2016
southern Alaska seismic catalog assuming a 3-month lagged response to hydrologically-driven dif-
ferential stress variations, suggesting a delayed modulation mechanism (Johnson et al., 2020). (E)
Correlation between the New Madrid region seismicity rate (black), variations in the Mississippi
river stage, local GNSS vertical displacement and calculated Coulomb failure stress variations from
GRACE loading variations on the Cottonwood grove fault (Craig et al., 2017).

seismicity rate with regard to climate-driven stress perturbations that encourage slip on known
faults or enhance the background stress field to assess seismic modulation. Similarly, Craig et
al. (2017) investigated correlations between seismicity rates and hydrology-driven stress varia-
tions on faults computed from satellite gravity measurements. These methods take faulting style
and orientation into consideration when determining whether or not climatic forcing increases or
decreases stress and seismic activity on faults.
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3 Deformation and Seismicity from Changing Climate and
Weather

3.1 Ice age climate cycles
Starting about 2.6 million years ago, Earth’s climate has been dominated by ice age cycles

accompanied by the emplacement and retreat of vast ice sheets and associated global sea level
changes of over 100 m. In addition to ice sheets reaching far across high-latitude and elevated
continental regions, large lakes at lower latitudes have also undergone correlated filling cycles.
This cyclic global water redistribution, as well as associated erosion, transport and deposition
of sediments, led to substantial changes in loading at the Earth’s surface and stress under and
surrounding continental ice sheets and lakes (e.g., Gilbert, 1890; Johnston, 1987), as well as in
near-coastal regions (e.g., Luttrell and Smith, 2010). Since the end of the last ice age 12,000
years ago, the Earth has been adjusting to the associated removal of vast ice sheets and sea level
rise through glacial isostatic adjustment (GIA), which, due to the time-dependent viscoelastic
relaxation of the Earth’s mantle, is an ongoing process evident in GNSS-measured deformation,
GRACE measured gravity changes, and coastal sea level variations captured by raised shorelines
and tide gauges (e.g., Milne et al. 2001; Caron et al., 2018; Sella et al. 2007; Tamisiea et al.,
2007; Kierulf et al. 2021; van Dam, 2022, this volume) . Depending on the tectonic setting and
associated lateral variation of the lithospheric thickness and effective mantle viscosity, the ampli-
tude, duration, rate, and sign of GIA-induced deformation and associated stress changes are highly
variable (e.g., Steffen et al., 2014; Wu et al., 2021; Vachon et al., 2022 and references therein).

Stress changes induced by GIA can reach more than ten MPa near, and in the forebulge of,
the continental ice-sheet load zones (Figure 6), reaching deep into the lithosphere (e.g., Wu and
Johnston, 2000; Wu et al., 2021; Vachon et al., 2022). As these stress changes can reach the range
of typical earthquake stress drops, they are capable of triggering earthquakes on faults suitably
oriented with respect to the induced stress field, or arrest slip on unfavorably oriented faults (e.g.,
Steffen and Steffen, 2021). Large prehistoric earthquake ruptures and current seismicity in Scan-
dinavia, Greenland, North America, the European Alps, and around Antarctica have been linked
to these large and enduring climate-driven stress changes (e.g., Wu and Johnston, 2000; Ivins,
2003; Steffen et al., 2020; Steffen et al., 2021; Wu et al., 2021; Vachon et al., 2022, and references
therein). In the near field, triggered earthquake activity likely was most intense during and shortly
after the latest pulse of deglaciation (e.g., Figure 6B), but enhanced seismicity in the previously
glaciated areas appears to continue into the present, both in North America and Fennoscandia
(Figure 6E). Glacial-load stresses may also suppress earthquake activity if they counteract the
applied tectonic stress field, moving faults further away from critical failure stress conditions (e.g.,
Johnston, 1987). Activity in the forebulge during loading and ice-sheet advance is also observed
(e.g., Pisarska-Jamroży et al., 2018; Steffen & Steffen, 2021; Štepancíková et al., 2022). Štep-
ancíková et al. (2022) document a case of fault-slip acceleration during the peak glaciation phase
in the Late Pleistocene on a fault in Central Europe 150 km from the ice sheet margin. This
active period was followed by a cessation of activity throughout the Holocene, consistent with
stress-change conditions in the forebulge, favoring slip during loading, rather than unloading.

Glacially triggered earthquakes generally reflect the combined effect of plate tectonic stresses
and glacially induced isostatic stresses. It is often difficult to ascertain a direct relationship be-
tween GIA and earthquake occurrence, and thus some caution is warranted in assessing proposed
triggering relationships, especially for events at large distances from the former ice sheet margin
(e.g., Wu and Johnston, 2000; Steffen et al., 2021), such as the New Madrid seismic zone in North
America. Even in Fennoscandia, the correlation of modeled current stress conditions with active
seismicity is not simple, suggesting that other factors, such as unfavorable fault orientations and
stress heterogeneity remaining from pre-glaciation conditions and earlier large triggered events
(e.g., Gregersen et al., 2021), may influence the stress field (e.g., Wu et al., 1999). Nonetheless,
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Figure 6: Stress, surface deformation and earthquakes associated with glacial isostatic adjustment
in Fennoscandia. Change in Coulomb stress at 2.5 km depth from viscoelastic model calculation at
(A) Last Glacial Maximum (22 ka), (B) soon after the ice sheet has completely melted (8 ka), and
(C) present day (modified from Wu et al., 2021 and Patrick Wu, pers. comm., 2022). The green
solid line shows the maximum ice sheet extent at Last Glacial Maximum. The numerical model
assumes a background thrust-faulting stress regime with a N150°E-oriented maximum horizontal
stress (see Wu et al., 2021 for details). Assuming zero Coulomb stress before glaciation, thrust
faults were stabilized during maximum ice sheet loading, strongly encouraged to slip immediately
following unloading, and continue to be loaded due to ongoing viscoelastic rebound. (D) Current
vertical and horizontal surface velocities measured with GNSS (modified from Kierulf et al., 2021
and Holger Steffen, pers. comm.). (E) Glacially induced faults (GIFs) (green lines, from Munier
et al., 2020) and recent (M > 3) seismicity. The dashed blue lines show the ice margin at Last
Glacial Maximum (modified from Kierulf et al., 2021 and Holger Steffen, pers. comm.).

the clear evidence of glacially triggered earthquakes since the Last Glacial Maximum (e.g., Steffen
et al., 2021) suggests that the ongoing shrinkage of many modern ice sheets owing to recent global
warming could impact earthquake occurrences in these regions (e.g., Hampel et al., 2010; Sauber
et al., 2021; Pagli et al., 2008).

The filling and desiccation of large lakes associated with glacial climate cycles also represent
substantial surface loads and lead to deformation and redistribution of stress in the subsurface.
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Lithospheric rebound due to the regression of Lake Bonneville in Utah, together with deglacia-
tion and unloading of the nearby Rocky Mountains, may have nearly doubled fault slip rates and
earthquake occurrences on normal faults in the eastern Basin and Range Province, in the early
Holocene (Friedrich et al., 2003; Hetzel and Hampel, 2005; Hampel et al., 2010). Lake filling cycles
in the Salton Trough basin in southern California during the last few thousand years have also
been correlated with seismicity in an underlying fault-stepover zone and earthquake cycles on the
nearby San Andreas fault, pointing to a direct linkage of earthquake hazard and climate-induced
stresses (Brothers et al., 2011; Hill et al., 2023). Hill et al. (2023) proposed that the past six
major events on the southern San Andreas Fault took place when the water level of Lake Cahuilla
was high, which increased Coulomb stress on the fault by several hundred kPa and stressing rate
by a factor of two.

In addition to the rapid retreat of the continental ice sheets and shrinking of large lakes in
the early Holocene, associated rapid sediment transport may also produce substantial changes in
surface loads that may trigger seismicity. For example, Calais et al. (2010) propose that M > 7
earthquakes in the intra-continental New Madrid seismic zone, which repeatedly occurred since
the last ice age, resulted from unloading stresses associated with the accelerated fluvial erosion in
the Mississippi River valley in the late Pleistocene, rather than from the direct or indirect far-field
effects of the glacial unloading (Grollimund and Zoback, 2001; Pollitz et al., 2001). Similarly,
Stein et al. (1989) and Gradmann et al. (2018) conclude that rapid coastal erosion and sediment
transport during Pleistocene glaciations was a dominant source of stress changes in northern Nor-
way.

As the massive ice sheets melted away at the end of the Pleistocene, sea level rose globally by
120 m at rates of 10–20 mm/yr, thus adding a substantial surface load in the ocean basins and along
coastal margins (e.g., Lambeck and Chappell, 2001). The consequent elastic flexure produced shear
stress changes in near-coastal regions reaching 1 MPa (Luttrell and Sandwell, 2010; Brothers et al.,
2013). Lutrell and Sandwell (2010) use viscoelastic stress-modeling to find that nearshore (within
a few hundred km) transform faults, such as the San Andreas, North Anatolian and Alpine fault
systems experienced failure-encouraging stress increments (Figure 7), thus temporarily increasing
their slip rate and decreasing earthquake recurrence intervals. However, they find that given the
long timespans over which these stress changes occur, the stressing rates due to this process are
modest compared to the rapid tectonic loading rates on the major strands of the plate-boundary
faults. On the other hand, earthquake cycles on secondary, slow-slipping faults may have been
more substantially perturbed. On the North Anatolian fault zone, where loading-induced stressing
rates were order-of-magnitude higher due to the very sudden filling of the Black Sea, it is plausible
that the high stressing rates led to seismic failure of much of the fault zone within a relatively
short time. This possibly led to the observed synchronized timing of large earthquakes on the
North Anatolian fault zone (Luttrell and Sandwell, 2010). On the Cascadia subduction zone, the
shallow and coupled offshore megathrust was exposed to increased compression and thus slip is
discouraged during sea level rise, whereas slip on the creeping downdip portion of the fault beneath
the continent is accelerated (Lutrell and Sandwell, 2010). The associated stress changes on the
subduction thrust are relatively small, but they could possibly affect the depth extent of ruptures
during times of high versus low sea level (Luttrell and Sandwell, 2010). Brothers et al. (2013)
propose that abundant slope failures observed in the sedimentary records of passive continental
margins around 15 ka – 8 ka were caused by the seismic reactivation of suitably oriented and
near-critically stressed near-coastal normal faults. Depending on the local tectonic environment,
fault geometries and rate of stress associated with ice-age sea level change, earthquake cycles on
nearshore faults may be substantially perturbed, especially on slow-moving faults for which the
climatically induced stress changes are proportionally higher.
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Figure 7: Stress perturbation on San Andreas fault system due to sea level rise since Last Glacial
Maximum. (A) Normal-stress change (positive values represent slip-encouraging tension) on
N50°W-striking, vertical strike-slip faults following 120 m of sea-level rise. (B) Normal (blue),
shear (green), and Coulomb stress (red) on the actual San Andreas fault plane whose surface trace
is shown as bold black in (A). Modified from Luttrell and Sandwell (2010).

3.2 Consequences of recent climate change
Since the 1800s, human activities have been the main driver of climate change (IPCC, 2021).

As modern Earth’s climate warms at unprecedented rates, it promotes faster melting of the polar
ice caps (The IMBIE team, 2018; 2020; Hugonnet et al., 2021), thereby raising sea levels (e.g.
Frederikse et. al, 2020). It also accelerates global and regional trends in precipitation and water
runoff and enhances regional floods and droughts (e.g., Dai, 2016; Gudmundsson et al., 2019).
Moreover, groundwater, which serves as a water-shortage buffer, is subject to major fluctuations
and often rapid depletion in some regions (e.g., Green et al., 2011). Particularly, groundwater
extraction in coastal regions can cause subsidence that adds to relative sea-level rise and increases
the risk of floods (e.g., Shirzaei et al., 2021; Tay et al., 2022; Wu et al., 2022). Accelerating
changes in the global water distribution and rising temperatures, occurring over timescales rang-
ing from months to centuries, cause the Earth to move through (visco-)elastic, poroelastic and/or
thermoelastic deformation, inducing stresses that may modulate tectonic seismicity and possibly
reactivate formerly stable faults.

In polar regions, glaciers and ice sheets are undergoing massive ice loss on timescales similar
to the seismic cycle, with meters per year thinning in regions of ablation (Shepherd et al., 2012;
Mouginot et al., 2019). Glacier surges, during which ice flow velocities transiently increase by
orders of magnitude, can abruptly modify the distribution of ice load through catastrophic glacier
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collapse (Kääb et al., 2018). In addition, several regions such as Patagonia (Dietrich et al., 2010),
Alaska (Larsen et al., 2005), the Alps (Barletta et al., 2006), and Greenland (Adhikari et al., 2021),
have been impacted by rapid GIA as a result of glacial unloading following the end of the Little
Ice Age, a period of regional cooling from the early 14th century to the mid-19th century during
which glaciers and ice-sheets expanded. Present-day ice mass loss induces an instantaneous elastic
response of the solid Earth, while past ice loss contributes a prolonged viscoelastic response. These
two responses may act simultaneously and produce among today’s fastest surface uplift rates on
Earth exceeding 30 mm/yr, and are also associated with mm/yr horizontal deformation (Hu and
Freymueller, 2019; Adhikari et al., 2021). This combined glacial unloading effect can influence
seismicity in volcanic (e.g. Sigmundsson et al., 2010), and tectonic dip-slip and strike-slip settings
(Sauber et al., 2000, 2021; Rollins et al., 2021). Rollins et al. (2021) illustrate the viscoelastic
stress changes associated with a scenario of 1 m/yr glacial unloading over 200 years, alongside a
vertical strike-slip fault. Rapid GIA acts to unclamp the fault, promoting fault failure, and the
Coulomb stress (Figure 4) amplitude reaches 0.5 MPa with an asymmetrical distribution caused
by the unloading location with respect to the fault (Figure 8A).

A particularly interesting region to investigate the impact of present-day ice retreat, thinning
surges and GIA following the Little Ice Age is Southern Alaska, a rapidly deforming and seismically
active setting with thrust and strike-slip faults. In the Bering glacier region, Sauber and Molnia
(2004) found an increase/decrease in the seismicity rate associated with ice thinning/thickening
over the 1995-2000 period, modulated by glacier surges. Similarly, Sauber and Ruppert (2008)
suggest that the rapid ice wastage between 2002 and 2006 in the Icy Bay may have affected seis-
micity rates in the area. At longer timescales, Rollins et al. (2021) show that rapid GIA following
the thinning of the Bay Icefield since 1770, and elsewhere in southeast Alaska since 1900, likely
promoted Coulomb stress at the location of the 1958 Mw 7.8 Fairweather Fault earthquake and
of at least 23 of 30 known Mw≥5.0 earthquakes in southeast Alaska (Figure 8B).

In other polar regions, where tectonic deformation is occurring at much lower rates, correla-
tions between recent ice melting and seismic activity are more difficult to establish. In Greenland,
earthquakes mainly occur along continental margins, which coincide with the ice sheet margin and
where most of the recent ice melting occurs. While Olivieri and Spada (2015) could not find a clear
correlation between seismicity and recent glacial unloading, they interestingly suggest that GIA
in response to the melting of the late-Pleistocene ice sheet may have promoted regional moderate-
size crustal earthquakes, whereas recent ice melting may be associated with local shallower and
smaller events. However, the link between seismicity and recent ice melting may be more complex.
Indeed, Lough et al. (2018) reported 27 extensional shallow to mid-crustal intraplate earthquakes
in East Antarctica that occurred in 2009, a region with no significant recent changes in ice mass
(Whitehouse et al., 2012; Martin-Espanol et al., 2017), and suggested the influence of pre-existing
tectonic weakness or subglacial hydrological processes on the seismic activity.

Recent climate change also impacts groundwater storage through an increase in frequency and
intensity of extreme weather events, such as droughts, as well as anthropogenic activities (IPCC,
2022). Sustained aquifer depletion over years to centuries can cause the Earth’s surface to subside
by up to tens of centimeters per year and will also impact the regional stress field and poten-
tially influence seismic activity. In California, decades of continual groundwater pumping have
already resulted in tens of meters of water level drop and meters of irreversible land subsidence
(Galloway et al., 1999), at rates modulated by climate forcing with more groundwater used during
dry periods related to the evolving El Nino/La Nina cycles (e.g., Faunt et al., 2016). The Central
Valley, which is surrounded by active faults and has experienced multiannual periods of drought,
has been particularly intensively studied for changes in groundwater, surface deformation, and
Coulomb stress on nearby faults. GNSS (Amos et al., 2014; Argus et al., 2017) and InSAR (Smith
et al., 2017; Ojha et al., 2019) observations indicate subsidence rates ranging from a few mm/yr to
0.3 m/yr, inducing Coulomb stress changes of a few Pa to a few kPa in the crust (Johnson et al.,
2017a,b; Carlson et al., 2020). Moreover, Lundgren et al. (2022) investigate viscoelastic effects
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Figure 8: (A) Elastic and viscoelastic effect of cumulative 200-year shear, normal and Coulomb
stress changes on a vertical right-lateral strike-slip fault caused by a constant ice unloading rate
of 1 m/yr equivalent water height (gray) for a fault located at the edge of the 100 km by 100 km
zone of unloading. Stresses are positive for unclamping. (B) Coulomb stress changes as of 1958
at 10 km depth induced by rapid GIA since 1770 in Southern Alaska. Ice mass loss in meters
of equivalent water height is shown by gray squares. Mw ≥ 5.0 earthquakes occur preferably in
regions where rapid-GIA driven Coulomb stress promotes failure. Modified after Rollins et al.
(2021).

accompanying groundwater unloading using a 150 years historical groundwater change record.
They show that the associated cumulative Coulomb stress change on the San Andreas fault is of
the order of 0.01-0.02 MPa, comparable to Coulomb stress increases triggering seismicity follow-
ing large earthquakes (Stein, 1999). Kundu et al. (2015) and Kundu et al. (2019) argue that
stress changes due to long-term groundwater extraction and hydrological unloading substantially
contributed to the stress levels at the times of the 2015 M7.8 Gorkha earthquake and 2017 M7.3
Iran–Iraq border earthquake. While these studies show clear groundwater-loss induced strain and
stress changes, assessing the impact on seismicity or the timing of individual large earthquakes is
not straightforward at these longer time scales.

Young et al. (2021) document vertical uplift and horizontal extension around Great Salt Lake
during the 2012–2016 drought, showing that in addition to the load reduction associated with
lake-level drop, additional water storage loss must have occurred in surrounding aquifers. They
also suggest that earthquakes within the region affected by Great Salt Lake and surrounding
groundwater occur preferentially during dry multi-year periods and the earthquake rate appears
anti-correlated with the lake elevation rate. In turn, earthquakes outside the load region exhibit
no relationship.

Other examples of earthquake triggering by long-term groundwater loss include the 2011 Lorca
earthquake in Spain (Gonzalez et al., 2012), earthquake swarms near the Dead Sea Fault (Wetzler
et al., 2019), and the 2016 Petermann Ranges and other shallow intraplate earthquakes in central
Australia (Wang et al., 2019). These earthquakes occurred at very shallow depths, in regions
where Coulomb stress induced by long-term fluctuations in nearby groundwater promoted failure,
providing insights into poroelastic processes that could modify seismic hazard in regions where
large aquifer depletion occurs.
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In contrast, temperature changes of a few degrees over the next century, as projected by climate
models (IPCC, 2021), are expected to only induce negligible thermoelastic deformation and stress.
These longer-term changes are indeed substantially smaller than annual temperature variations
of a few tens of degrees which result in deformation of a few mm (Dong et al. 2002; Xu et al.,
2017) and stress of a few hundred Pa (Figure 9; Johnson et al., 2017b). Similarly, the changes in
stressing rate on near-coastal faults due to the anticipated acceleration in sea level rise by several
mm/yr (IPCC, 2021), are unlikely to lead to a notable rise in earthquake occurrences or hazards.

3.3 Seasonal hydrological and atmospheric loads
The large-scale seasonal water cycle and associated mass redistribution couple with the solid

Earth and cause periodic loading strain and stress variations. The hydrologically induced loading
stress change may modulate seismicity, if they are large enough in amplitude and consistent with
the background tectonic stress in orientation. In the Nepal Himalaya, Bettinelli et al. (2008)
reported that the seasonal summer monsoon produces ∼2-4 kPa loading stress change on the
Main Himalayan Thrust zone, and the seismicity rate in winter is twice that in the summer at all
magnitudes above the detection threshold (M > 2.2). In Japan, Heki (2003) showed that the snow
load on the western flank of the backbone mountain ranges causes a few kPa stress change, and
the spring thaw decreases compressional stress and correlates with an increase in the number of
M ≥ 7 earthquakes. In California, Johnson et al. (2017a and 2017b) modeled the seasonal loading
strain and stress changes by annual snow and rainwater and showed that 1-5 kPa hydrologically
induced loading stress changes are correlated with a ∼10% increase in seismicity when the stress
conditions favor slip on faults. This correlation also holds for damaging M>5.5 earthquakes in
catalogs reaching back to 1781 (Johnson et al., 2017a). Horizontal GNSS displacements have also
been used to estimate seasonal strain variations and to discuss their potential association with
seismicity in California (e.g., Kreemer and Zaliapin, 2018; Kim et al., 2021b). Kreemer and Zali-
apin (2018) proposed that hydrologically induced seasonal strain may cause a larger stress release
in an earthquake and fewer aftershocks. In the intra-continental New Madrid seismic zone, Craig
et al (2017) identified annual and multi-annual variations in microseismicity rates (M ≤ 2.3) that
coincide with stress variations driven by elastic hydrological loading. In southern Alaska, John-
son et al. (2020) analyzed the shallow seismicity (< 40 km) and found a seasonality with more
events in winter, which correlates with ∼10 kPa seasonal loading stress changes by surface snow
and rainwater. Xue et al. (2020) compared seasonal seismicity rate variations and water level
changes of Lake Victoria and surrounding rift lakes in the western branch of the East African Rift
Valley, and suggested the seasonal 0.2-0.8 kPa Coulomb stress changes due to lake water loading
modulate seasonal seismicity rate variation. In western Taiwan, Hsu et al. (2021) reported a
seasonal pattern with a higher seismicity rate from February to April and a lower rate from July
to September, which is associated with annual water storage unloading.

In addition to hydrological loading by terrestrial water movement, atmosphere pressure loading
(e.g., van Dam et al., 1994), solid Earth tides (e.g., Wahr, 1995), tidal and nontidal ocean loading
(e.g., Agnew, 2015), and thermoelastic strain (e.g., Dong et al., 2002) of the crust all produce
elastic strain and stress on the surface and in the interior of the Earth. Gao et al. (2000) propose
that seasonal changes in atmospheric pressure of ∼2 kPa modulated seismicity in geothermal and
volcanic regions of California over a five-year period following the 1992 Landers earthquake. John-
son et al. (2017b) modeled and compared seasonal stress changes on the faults in California from
several sources, concluding that in most locations the hydrological water loading is the largest
source of seasonal stress variation, followed by contributions from atmospheric and thermoelastic
stress perturbations (Figure 9B).

Besides analyzing the statistical correlation between environmentally induced stress changes
and seismicity-rate variations, research was also carried out to investigate the possible trigger-
ing relationship with individual earthquakes. In California, Kraner et al. (2018) used horizontal
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Figure 9: (A) Phase and amplitude of peak GNSS vertical position in California. The histograms
in the inset show the results of peak GNSS uplift in the Coast Range, Sierra Nevada and Central
Valley, respectively. The comparison with seismicity rate variation indicates that both the locked
and creeping sections of the San Andreas Fault at Parkfield exhibit more events in dry later
summer and autumn, corresponding to the fault unclamping caused by the unloading of seasonal
terrestrial water mass. Modified from Amos et al. (2014). (B) Coulomb stress changes (with
a friction coefficient µ = 0.4) at three locations of three faults (O. Oceanic Fault; SA. central
San Andreas Fault; ES. eastern Sierra range front normal fault) from different sources of periodic
stress. Strike, dip, and rake directions of the corresponding receiver fault are labeled at each
location. Modified from Johnson et al. (2017b).
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GNSS time series to calculate the strain and stress changes in the northern San Francisco Bay Area
and found the 2014 M6.0 South Napa earthquake occurred during a period with peak seasonal
Coulomb stress. Using a similar method, Kim et al. (2021a) reported that the 2019 Ridgecrest
earthquake sequence took place at a time with higher seasonal stress. Both studies suggested the
possible earthquake triggering from non-tectonic seasonal loading in California (Johnson et al.,
2017a). Hu et al. (2021) modeled the stress perturbations by hydrological and industrial loads
in the Salt Lake City region and assessed the possible correlation with the 2020 M5.7 Magna
earthquake, but no definite link was found. Yao et al. (2022) reported that the 2019 M4.0 Ohio
earthquake occurred when water level of Lake Erie was high. They calculated the elastic Coulomb
stress change by lake-water loading, but a clear connection could not be found because of the
uncertainty of the frictional coefficient in the region. It is generally difficult to confidently link
modest seasonal stress changes with the occurrence of single large earthquakes, as it is not known
when those events would have occurred without such perturbations.

Some studies also focused on poroelastic stress changes due to subsurface groundwater and
aquifer pressure variations and their role in annual seismicity modulation. Kraft et al. (2006)
identified a higher seismicity rate in summer coinciding with the increase of precipitation and
groundwater level in the region of Mt. Hochstaufen, Germany. At the Long Valley Caldera, Cali-
fornia, Montgomery-Brown et al. (2019) showed the shallow seismicity rate significantly increased
during the wet snowmelt season compared with the dry season and concluded that groundwater
recharge and pore fluid pressure accelerated earthquake occurrences. Christiansen et al. (2007)
statistically analyzed earthquake records of the San Andreas Fault near Parkfield, California, iden-
tified an annual period in the creeping section and a semiannual period in the locked section of the
fault, and suggested pore-pressure diffusion may play a role in the observed modulation. Seasonal
seismicity at some volcanic centers of the western U.S. was also discovered and was inferred to be
associated with pore-fluid pressure changes due to groundwater recharge (Saar and Manga, 2003;
Christiansen et al., 2005).

3.4 "Earthquake Weather"
Short-term weather events involve rapid spatiotemporal variations in atmospheric pressure,

temperature and precipitation. Atmospheric pressure changes produce relatively modest surface
loads, but they can approach 10 kPa during the passage of great tropical cyclones (hurricanes and
typhoons). Liu et al. (2009) propose that transient strain signals during the passage of eleven
great typhoons in Taiwan reveal the occurrence of aseismic slip events on buried faults triggered
by the associated low atmospheric-pressure transients. Hsu et al. (2015) considered strain from
precipitation loading in addition to barometric pressure to find that much of the strain signal
attributed to triggered slow slip events by Liu et al. (2009) can be explained by hydrological
processes. However, some of the strain events associated with typhoons still appear to require a
tectonic explanation (Hsu et al., 2015). Zhai et al. (2021) argue that the seismicity rate in an
ongoing earthquake swarm in northeast Taiwan in August of 2009 was transiently subdued by the
local reduction of atmospheric pressure by almost 6 kPa associated with the passage of typhoon
Morakot’s eye. In 2017, a burst of seismicity in the aftershock zone of the M 5.7 Virginia earth-
quake in the eastern U.S. occurred just when atmospheric pressure dropped during the passage
of Hurricane Irene 3-5 days following the mainshock, suggesting a causal relationship (Meng et
al., 2018). While only a few cases of earthquake or slow-slip triggering by short-term atmospheric
pressure changes have been reported, the fact that transient stress changes in the crust from such
events are comparable to those leading to seismicity rate changes due to other forcings suggests
that this is likely a real phenomenon.

In addition to extreme storm events and associated atmospheric pressure changes, there are
also daily temperature and atmospheric pressure cycles. Diurnal pressure variations are maximum
near the equator, where the average amplitude reaches 300 Pa. Such atmospheric tides have been
shown to modulate the motion of shallow slow-moving landslides (Schulz et al., 2009). However,
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daily modulation of seismicity has not been documented so far and is challenged by periods very
close to those of the soli-lunar tides and the need to separate any subtle seismicity-rate changes
from the effect of daily variations in seismic noise and thus network sensitivity.

Great cyclones also represent extreme precipitation and hydrological loading events, and the
largest storms with m-level precipitation, such as Hurricane Harvey in Texas in 2017 (Milliner et
al., 2018) and typhoon Hagibis in Japan in 2018 (Zhan et al., 2021), led to multi-day subsidence
of the Earth’s surface by up to 20 mm, as measured by GNSS. Heki and Arief (2022) document
similar multi-day subsidence events of 10-20 mm caused by loads in flooded areas during four large
tropical rainstorms in Japan. Depending on the spatial extent of such load changes, storm-related
stress changes at seismogenic depth may reach several-kPa; however, no earthquake triggering has
been recognized in these cases. Typhoon Morakot in Taiwan produced up to 3 m of rainfall over
the course of 5 days. The impact of the storm on the seismic network and noise levels made it
impossible to resolve significant changes in seismicity during and in the days following the storm
(Zhai et al., 2021). More comprehensive analysis is needed to properly assess the possible linkage
of hydrological load transients of a few days and crustal seismicity.

In areas dominated by highly fractured rock in the uppermost crust, such as karst geology
marked by caves and open fracture systems, individual rain storms appear to be capable of trig-
gering earthquakes (e.g., Hainzl et al. 2006; Rigo et al. 2008; Husen et al. 2007; Chmiel et al.,
2022). In these cases, the delay between peak rainfall and seismicity-rate increases can be just a
few hours or days. Montgomery-Brown et al. (2019) document seismic swarm activity in the upper
few km of the crust near Long Valley Caldera in California, which follows stream-flow peaks with
an average delay of 3 to 4 weeks (Figure 10). Silverii et al. (2020) show that this seismic activity
is also correlated with horizontal displacement transients at nearby GNSS stations, which can be
explained with a poroelastic model of a distributed pressure source. This suggests that pore pres-
sure diffusion through fractured rock in the area drives both the shallow seismic swarms and the
GNSS-measured deformation. These cases of quite rapid activation of shallow seismicity suggest
effective triggering by rapidly increasing fluid pressure and extension in a highly permeable upper
crust and/or fluid-pressure increases in saturated rocks due to near-surface hydrological loading
(e.g., Miller, 2008; d’Agostino et al., 2018; Chmiel et al., 2022). Thus, the local geology and
permeability structure of an area appear to be important factors that determine the susceptibility
to weather-induced earthquake triggering by elastic surface loading, rapid pore-pressure diffusion,
and/or poroelastic strain.

Great storms may leave a more enduring change in stress and seismicity through the enormous
amount of erosion and sediment transport they cause. Steer et al. (2020) note an increase of
shallow (<15 km) earthquakes in the years following the August 2009 typhoon Morakot, which
they attribute to crustal unloading due to rapid sediment export after the storm’s passage. Zhai et
al. (2021) also infer a rise in background seismicity rate in the year following the event. However,
Hsu et al. (2021) note that these years of enhanced seismicity also correlate with a period of
low water storage in south Taiwan, thus suggesting an example of multi-year hydrological load
triggering that is unrelated to the typhoon.

As global weather becomes more energetic and extreme storm events more common (e.g., Otto,
2017), we can expect to see more cases of weather-triggered seismicity, especially in areas dom-
inated by highly fractured and permeable rocks and regions exposed to extreme tropical storm
systems and associated catastrophic rainfalls. Nonetheless, we don’t expect “weather earthquakes”
to become a significant source of natural hazard, given the relatively modest stress and pressure
changes and earthquake magnitudes associated with the documented cases of triggering by indi-
vidual weather events.
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Figure 10: Rainfall-triggered swarm seismicity south of Long Valley Caldera, California. (A) 35-
year time series of streamflow in a nearby creek (blue line), local groundwater level (red line), and
weekly earthquake counts (black bars) in the seismic swarm area. (B) Four weeks of seismicity in
June 2017, color-coded by time and superimposed on a simplified geologic cross section (orange
line in inset map). The swarm propagated downward along the dipping bedrock bedding contacts
and fractures. Modified from Montgomery-Brown et al. (2019).
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4 Lessons Learned from Climate-driven Deformation and Seis-
micity

4.1 Probing the Earth’s constitutive properties using climate-driven de-
formation

Interactions between climate and solid-Earth deformation include multiple forcings, such as
heavy rain and cyclones (< days), annual and multi-year hydrologic loading cycles (years to
decades), as well as unloading due to recent ice melting (years–decades), since the little ice age
( 250 years) and since the last glacial maximum ( 25,000 years). These interactions involve various
physical processes acting over a range of spatial and temporal scales. The deformational response
of the solid Earth to these forcings depends on the constitutive properties of the crust and mantle,
that is its rheological structure.

Deformation caused by changes in surface loading, which dominates this interplay, has been
a key observation to probe the Earth’s mantle rheology (Figure 11A). Mantle viscosity has been
inferred from observations related to glacial isostatic adjustment (e.g., Haskell, 1935; Peltier &
Andrews, 1976; Mitrovica & Forte, 2004; Lau et al., 2016) while rheology of the upper man-
tle has been constrained using geodetic measurements following lake drainage (e.g., Bills et al.,
2007; Austermann et al., 2020) (Figure 11B). The time-dependent response of the Earth’s mantle
to stresses induced by surface loading has been shown to progress through instantaneous elastic
strain, transient creep during which viscosity rapidly increases, to a steady-state viscous regime.
This is supported by laboratory experiments investigating deformation of crystalline aggregates
that have yielded constitutive laws allowing extrapolation to mantle conditions (e.g., Hirth and
Kohlstedt, 2003; Hansen et al., 2011). However, the majority of climate-driven mantle rheology
studies have focused on mantle elasticity and steady-state creep through observations at short and
very long timescales, respectively. Therefore, the mantle is often described as a Maxwell body,
characterized by a shear modulus for the elastic strain and a linear viscosity for the long-term
strain rate.

However, over the past decades, emerging geodetic technologies and continuously growing
spatio-temporal coverage have provided new opportunities to probe the solid Earth’s rheology us-
ing its response to changes in surface loading. It is becoming increasingly clear that the Maxwell
framework, with a single viscosity, is inadequate for capturing processes at intermediate time
scales such as recent ice melting (years to decades; Nield et al., 2014) or since the Little Ice Age
( 250 years). The inference of time- and stress-dependent viscosity is also supported by studies of
postseismic relaxation of the mantle (e.g., Bürgmann and Dresen, 2008). Indeed, the viscoelastic
relaxation of coseismic stresses in the lower crust and upper mantle with multiple relaxation times
and/or power-law rheologies, better explains the time series of postseismic deformation (e.g., Pol-
litz et al., 2003; Freed and Bürgmann, 2004; Trubienko et al., 2014). At the annual timescale,
Chanard et al. (2018b) demonstrated that Earth’s response to seasonal surface loading, which is
primarily driven by continental hydrology, can be used to constrain a lower bound on the glob-
ally averaged transient viscoelastic properties of the upper mantle using an approach relying on
multiple geodetic techniques. Pollitz et al. (2013) also explored phase delays in the deformational
response to surface loading due to the viscoelastic Earth structure. These studies imply that long
geodetic time series of hydrological load deformation could be used to obtain new rheological con-
straints over a wider range of periods. Reconciling observations at multiple timescales will require
a fully consistent rheological model (Lau and Holtzmann, 2019; Lau et al., 2021).

Variations in groundwater storage and associated poroelastic deformation can also be used to
probe the mechanical properties of the Earth’s shallow subsurface (e.g., Larochelle et al., 2022).
Moreover, investigating the rheological processes behind irreversible aquifer compaction and de-
pletion offers an opportunity to better understand the inner workings of groundwater systems,
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Figure 11: (A) Schematic illustration of climate-driven processes used to probe Earth’s rheology.
(B) Sensitivity of surface uplift rates to viscosity of the Earth interior as a function of surface load
spatial wavelength (λ) (Chanard et al., 2018b).

necessary to ensure sustainability of freshwater resources (Smith et al., 2017; Ojha et al., 2018;
Chaussard and Farr, 2019). While the Earth’s response to periodic loading processes has been
theoretically and numerically investigated, the role of climate-driven processes generating eigen-
strain in the shallow subsurface, including fluctuations in groundwater pressure or near-surface
temperature, in earthquake modulation or triggering remains poorly known. Stresses associated
with seasonal eigenstrain and variations of mechanical properties at short wavelengths that are
likely to occur at shallow depths, can reach up to a few kPa at a few km depth (Ben-Zion &
Allam, 2013), comparable to those induced by annual hydrological loading. Interestingly, these
stresses may localize across fault damage zones where detailed seismic imaging shows strong vari-
ations in seismic velocities (up to 50%) relative to the surrounding host rock in the crust at 3-5
km depth (Ben-Zion et al. 2003; Allam et al. 2014; Qin et al. 2018). Carefully conducted field
studies combined with advances in modeling approaches are needed to better understand the role
of poroelastic and thermoelastic processes and associated constitutive properties of the shallow
crust in the Earth’s response to climatic variations. The use of more advanced physical models of
Earth’s deformation and stress in response to climate and weather changes over a wide range of
spatial and temporal scales will also improve our ability to link these processes to the occurrence
of earthquakes.

4.2 Insights on frictional fault properties and state of stress in the Earth
from periodic climate forcing

Just as the Earth’s deformational response to external forcings reveals new insights about
its constitutive properties, the occurrence of earthquakes or slow slip events in response to these
forcings can inform us about the environment and frictional mechanics of faults. Similar to solid
Earth and ocean tides (Heaton 1982; Vidale et al., 1998), stresses resulting from climate forc-
ing, of comparable amplitude, may not be sufficient to cause earthquakes. Faults may need to
be critically stressed from long-term tectonic loading (Figure 12A), as supported by laboratory
experiments (Chanard et al., 2019; Noël et al., 2019), and/or combined with favorable condi-
tions including low-angle fault orientations and shallow depths (Cochran et al., 2004), resonant
fault-frictional properties (Perfettini et al., 2001; Lowry, 2006; Senopati et al., 2022), or high pore
pressure in the fault zone (Bettinelli et al., 2008). Considering natural and laboratory observa-
tions, there is growing appreciation for the fact that faults’ response to small climate-driven stress
perturbations may indicate favorable frictional properties and conditions for rupture (Figure 12A).

While Coulomb failure stress is often invoked to explain interactions between periodic loading
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Figure 12: (A) Schematic illustrating the state of stress and strength on a fault with a constant
loading rate, stress drop, and strength from which perfectly periodic failure results (top) and with
variable loading rate, stress drop, and strength in a more realistic scenario (bottom). In a natural
system, a fault is stressed by external perturbations, including climatic forcings, in addition to
long-term tectonic stress. Transient stress, even small, may initiate failure of a fault in a critical
state of stress and detailed observations of triggered small earthquakes may provide information
on state of stress and frictional properties of faults. (B) Amplitude of seismicity-rate variations as
a function of the shear stress oscillation period, according to the numerical (black) or asymptotic
(gray) solutions for the Coulomb failure model (CFM) and spring-slider rate-and-state model
(SRM). Figure modified from Ader et al. (2014).
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and seismicity (e.g. , Johnson et al., 2017a; Scholz et al., 2019), some laboratory and natural
observations suggest a time-dependent failure process (e.g., Beeler and Lockner, 2003). Mod-
els developed to explain these observations include rate-and-state spring-slider systems to simu-
late earthquake nucleation under periodic loading (Ader et al., 2014; Heimisson & Segall, 2018;
Heimisson & Avouac, 2020) or Burridge-Knopoff models (e.g., Pétrélis et al., 2021). More re-
alistic descriptions such as 2-D faults (Perfettini et al., 2003; Ader et al., 2014) or even a 3-D
interacting fault population in a rate-and-state framework under periodic loading (Dublanchet,
2022) confirm prior theoretical results with numerical simulations. These models suggest that
seismicity rate correlates with stress amplitude when the loading period is short compared to the
characteristic nucleation time but correlates with stressing rate for longer periods (Figure 12B).
Models also suggest that the highest correlation should occur at periodic loading near the charac-
teristic nucleation time. Perfettini et al. (2001) showed a potential fault-slip resonance, invoking
enhanced modulation of a spring-slider system with rate-weakening rheology subject to periodic
loading near a critical period. The frequency-dependent modulation of earthquakes inferred from
the experimental results and model predictions has been invoked to explain why there is seasonal
modulation in areas that lack evidence of modulation by the higher-frequency tides, suggesting
that the earthquake nucleation time is close to a year (e.g., Beeler and Lockner, 2003; Ader and
Avouac, 2013; Johnson et al., 2017a). Furthermore, by coupling the amplitude and frequency of
periodic loading to mechanical parameters such as stress drop and frictional fault properties, some
of these models provide a mechanical framework to further our understanding of periodic seismic
modulation.

5 Summary and Future Opportunities
In this chapter, we review the coupling effects of the solid Earth with climate and weather

systems over a wide range of spatiotemporal scales. Large ice-sheet and lake-load changes, such as
those associated with the Last Glacial Maximum and glacial isostatic adjustment, can trigger sub-
stantial earthquakes. More modest forcings due to climate processes at multi-annual time scales
may result in more subtle strain and seismicity responses. Annual hydrological loading and other
seasonal forcings produce geodetically measurable, periodic deformation cycles and can signifi-
cantly modulate seismicity on suitably oriented faults. In a few cases, even atmospheric pressure,
hydrological surface loads, and/or subsurface fluid pressure transients associated with short-term
weather events can affect earthquake occurrences. Most climate-driven stress and strain changes
in the Earth are small and careful mechanical modeling and statistical analysis are required to
discern their effect on earthquake occurrence. While there is solid evidence for climate-driven
modulation of seismicity, the impact of ongoing climate change and sea level rise caused by an-
thropogenic emissions on short- or long-term seismic hazard is probably modest.

Future studies are recommended to investigate the contributions from multiple processes, in-
cluding atmospheric and hydrological surface loads as well as poroelastic and thermoelastic strain.
These processes need to be carefully modeled to develop a comprehensive and quantitative under-
standing of the climate-driven stress tensor changes and associated solid-Earth deformation and
seismicity. We should seek evidence for, and causes of, variable seismicity modulation in different
tectonic environments. We can also further improve knowledge of fault-frictional properties based
on observations of perturbed seismicity over a range of forcing periods. Finally, it may be possible
to determine viscous rheological properties in the lower crust and upper mantle from geodetic
observations of the spatio-temporal response of the Earth to periodic loads.
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