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Water is all around us in all its forms

A vital and strategic resource for sustaining life on Earth
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The water cycle

In the face of climate variability, quantifying the responses of Earth’s water cycle across time
and space is crucial for the sustainable management of water resources.

Pools and Fluxes

S On Earth, water can be fresh, saline, ora mixof both.
Pools are places where water is stored, like the ocean.
Fluxes are the ways that water moves between pools, such
as evaporation | | , precipitation I3 i, discharge\~,,
recharge /{ \, or human use ,.>.

atmospheric moisture
over ocean

- r atmospheric moisture
“ —— . over land

See www.usgs.gov/water-cycle for definitions.
transport of moisture g5.9 yC

from ocean to land

A

e precipitation over land c. ! B - zUSGs

0~ : 7 ice sheets | e

2 ) \Q(_//\\__/Iﬁeva . _ and glaciers e
~——A Tt S Ty .

groundwéter
; recharge

—

\ weftlaﬂds ‘
Yo = res|
& \\ N T

o A grazing
water use

\

-

~ wetlands & ks
_ 1 brackish

1) S
.. “agricultural -
water use

rivers |
> 1l

| .. municipal = |
’ a l‘\\ water use

;\
>

From USGS

e




Seismology: a powerful water-sensing tool

Provide water signatures of the regions it samples, particularly the long- & short-term behavior of the
water cycle in the subsurface and ocean.
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Enhancing and exploiting the subtle waveform signatures to
characterize water reservoirs with dense seismic arrays (e.g., DAS).



Distributed Acoustic Sensing (DAS)

» Ultra dense spacing (meter-scale)
» Large aperture (~100 km long)
* Fast and convenient installation Fiber defects

Fiber

DAS
interrogator

Other signals on land (e.g., cars) or offshore
(e.g., ocean waves, marine mammals) Earthquake signals 5



Critical Zone

Part |. DAS for vadose zone hydrology

Function as a backup water reservoir in semiarid regions, thus crucial for strengthening the
resilience of our ecological and agricultural systems.

UL ﬁ»‘“‘*@%"‘* b

‘a-*(o.um- oY

e

"
W
) e
- J

https://www.nsf.gov/news/special_reports/announcements/090120.04.jsp



Observational bottleneck for vadose zone

The inability to observe vadose zone soil moisture at large spatiotemporal scales hinders quantitative
characterization of vadose zone water dynamics in face of climate variability.

Atmosphere Challenging to quantify the long-term, large-scale vadose zone soil moisture
T l dynamics at depth.
> Satellite-based tools
Evapo- Precipitation S
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Groundwater . '
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» Electromagnetics et al.

Shen et al., 2024



Time-lapse seismology

Water content change perturbs seismic velocity, thus can be inferred by repeatedly measuring
the arrival time variation of surface waves propagating between two stations on a regular basis.
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Seismic velocity changes (dv/v) <= water content > depth sensitivity 8



Shown promise in groundwater studies

Limited by the conventional seismic network spacing, time-lapse seismology can only probe water at
depths of hundreds of meters, not shallow enough for vadose zone soil moisture.
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Fiber-optic seismic sensing principle

The meter-scale channel spacing of DAS enables to fill in the observational gap for vadose zone.

Continuous DAS data == Shallow seismic velocity change (dv/v) == Vadose zone soil moisture change

Time-lapse
seismology

e

Filling the
gap: DAS
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Wang et al., 2021

Rock physics

Mapping observed dv/v to
vadose zone soil moisture changes

Dry soil frame: Partially saturated frame
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Study region: Ridgecrest (DAS array), CA
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Fiber-optic seismic sensing on Ridgecrest DAS
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Observation of vadose zone soil moisture dynamics

Space-time view of seismic velocity change (dv/v)
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Observation of vadose zone soil moisture dynamics

Space-time view of seismic velocity change (dv/v)

Spatial dimension

Q  dvwvamplitudes strikingly correlate with
shallow sedimentary thickness

How about other frequencies?
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Observation of vadose zone soil moisture dynamics

Multi-frequency analysis of dv/v observations suggests a primary dv/v contribution from the top 20 m
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Quantification of vadose zone soil moisture dynamics
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Long-term vadose zone soil moisture loss
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Long-term vadose zone soil moisture loss

Q

Still, quantitative discrepancies still exist in finer details.
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Part I. Summary

« With Ridgecrest DAS array, we demonstrate that fiber-optic seismic sensing can

robustly capture the response of vadose zone soil moisture to episodic precipitation
and long-term droughts.

« Our results highlight the promise of DAS as a large-scale, long-term, and cost-effective
observational tool to enhance our climate resilience in semi-arid regions.

DAS B
E interrogato,.
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Part Il. DAS for ocean temperature
ﬁhgangogg‘m% of the global warming heat due to green gases, but accurate estimate of global

ocean temperature is challenging.

Warming trend dominates global ocean
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T-wave & seismic ocean thermometry
(SOT)

O T(tertiary) wave: long-distance with little energy loss
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Current T-wave stations are sparse

Can DAS help improve the spatial resolution of global SOT?

T-waves can be observed on submarine DAS, but
how good itis in detecting small repeating EQs?

Global T-wave stations
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OOI DAS: a community experiment

2021 Nov. 1T ~ Nov. 5

0 Two backbone cables:
* OOI North (65 km; 2-m spacing)
* OOl South (96 km; 2-m spacing)

Whale calls

-+~ Aleutian trench
— Transform fault
— Spreading ridge
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Wilcock et al., 2022
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T-wave observations on OOI DAS
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Time after origin [s]

Enhancing T-waves: curvelet denoising

O Curvelets: suitable for DAS smooth wavefield

O Stochastic & Slowness removal: background random noise & coherent noise
O Finest-scale removal: spiky incoherent noise
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Improved EQ detectability using DAS

Detection examples 0 A total of 92 EQ events detected
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Aleutian-OOIl: a feasible ocean path for SOT

Generating Pseudo-repeating earthquake:
real noise + scaled T-wave from the Mw5.2 EQ
Example for a Mw3.5 pseudo-repeating pair
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SOT performance: DAS vs. OBS
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Part Il. Summary

« DAS can detect 3x more earthquakes than cabled OBSs after denoising, making more

small repeating earthquakes useable for seismic ocean thermometry.

» Qur results highlight the promise of submarine DAS as a long-term and large-scale
complementary tool to enhance our capability to monitor ocean warming.
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