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Abstract

Extreme weather events, e.g., droughts, floods, heatwaves, and freezes, are increas-
ing in frequency and intensity, posing.severe socio-economic impacts as growing
populations heighten exposure to risks,that conventional infrastructure cannot fully
address. We propose supplementing disaster management with Weather Jiu-Jitsu: a
strategy that exploits.the chaotic sensitivity of mid-latitude atmospheric dynamics to
redirect destructive weather trajectories through small, precisely timed perturbations
guided by Finite-Timed.yapunov Exponent (FTLE) diagnostics and deep learning
forecast models. Proof-of-concept experiments using the Aurora deep-learning Earth
system model show that FTLE-guided nudges applied days before peak impact can
shift a hurricane track to avoid landfall on a major city, weaken the peak intensity

of a blocking=driven cold extreme, and reduce atmospheric river moisture transport
under favorable upstream conditions. Control inputs remain below 2% of total system
energy.in idealized models, though real-world implementation will require advances
in monitoring, attribution, and international governance. This nature-assisted
approach could form a transformative complement to conventional disaster manage-
ment in the 21st century.

Main

Floods, droughts and major storms have shaped human history and the march of
civilization. They continue to impact societies worldwide. Over the centuries, humans
have mastered flight, harnessed the atom, and reached the age of the Anthropocene,
a human-dominated planet. Yet, control of extreme weather eludes us. Indeed, it is
not even discussed as a national or global priority. Most weather modification applica-
tions today involve small-scale operations, such as cloud seeding aimed at improving
precipitation locally, typically during droughts [1]. A changing climate, and its control
through geoengineering and decarbonization, has been part of a global debate over
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the last three decades—a discussion where the increasing impact of climate change
extremes takes center stage. These discussions focus on managing the global
radiation balance, necessitating coordinated efforts on a planetary scale. They do not
directly address weather extremes. In this perspective paper, we outline an argument
that control over catastrophic weather extremes is imperative to reduce exposure to
catastrophic events that are not mitigated by traditional physical, financial or social
infrastructure, and explore conditions under which this may be feasible. If such an
approach were successful, it could revolutionize hydroclimaticgisk mitigation.

We need to understand which weather extremes may be controllable; when,
where and how. An interdisciplinary global research agenda‘is,needed to control
and avert the impact of weather extremes, as a complement to millennia-old place-
based infrastructure strategies such as dams and levees; and century-old strategies
for heating and cooling, while addressing social and environmental concerns with
both the traditional and the proposed infrastructure.lmagine harnessing the power of
nature to help steer hurricanes away from land, redirect atmospheric rivers to spread
their rain safely and evenly, or defusefextremeyweather patterns like heatwaves,
freezes, or prolonged droughts before they take hold. It's a vision where we partner
with Earth’s own forces to create resilience, rather than reacting to disasters. We call
it Weather Jiu-Jitsu.

Climate and weather eéxtremes,pose an ever-increasing threat to human societies.
Storms, floods, heatwaves, droughts, tornadoes, and freezes are the most prevalent
natural hazards. Exposure to these events and their derivative events, such as fires
and landslides, is inereasing, due in part to climate change and in part to the growing
human population andiits occupation of vulnerable areas (Fig A in S1 Appendix). The
costs ofdeveloping physical infrastructure, financial relief (e.g., insurance), and other
coping programs at the global scale are large, and traditional physical infrastructure,
such'as dams, has increased the potential for adverse environmental and social
outcomesy, The limited ability of these mechanisms to avert disasters manifests as
catastrophic or billion-dollar disasters [2]. Can a new approach provide a complemen-
tary §trategy for averting these disasters globally?

Extreme climate events are largely determined by the dominant modes of atmo-
spheric circulation and the associated thermodynamics and heat transport, which
manifest at weather time scales. The underlying equations driving these phenomena
are typically nonlinear and chaotic, resulting in varying and limited predictability due
to their sensitivity to initial conditions and perturbations. Could this sensitivity be
an opportunity? Could a nudge at the right time and place be amplified by natural
dynamics in a way that reduces the threat? If such an approach could be developed,
it would revolutionize the field of disaster management. The technical and social
implications would be far-reaching, and one may require appropriate safeguards to
ensure social acceptance. This is the premise of Weather Jiu-Jitsu.

Initially, we consider weather extremes, in particular those associated with mid-
latitude atmospheric circulation, rather than the climatic hazards related to sea level
rise or tides. This choice is motivated by our understanding of mid-latitude circula-
tion as a nonlinear dynamical system, and that compound climate hazards can be
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contemporaneously or sequentially associated with these dynamics worldwide. Given the time scales of weather anomaly
evolution, there may be opportunities for the preemptive modification of their trajectories, leveraging recent advances in
deep learning applications to multi-variable space-time weather prediction. This could be achieved through strategically
timed and placed recurrent perturbations that redirect the trajectories of concern.

Growing impacts of extreme hazards and their relation to weather dynamics

Climate extremes caused an estimated $417 billion in total economic costs in 2024, of which insurance ‘entities covered
only $154 billion [3]. Hydrometeorological hazards accounted for 74% of losses due to natural hazards over the period
from 1970 to 2019 [4]. Hurricanes, extreme rainfall, droughts and floods pose a complex challenge givenitheir spatio-
temporal structure and impacts, which often manifest as compound extremes [5]. Many suchsevents are historic, pre-
dating significant climate change, and are of concern even if decarbonization efforts are successful. Astan example, in
the winter of 1861, California was struck by extreme winter storms which submerged large, pafts of the Central Valley and
caused widespread destruction [6]. Looking ahead, the ARkStorm simulation, developed by'the UfS. Geological Survey
[7], highlights the escalating risk of future flood catastrophes under a warming climate. ARkStorm models the conse-
quences of clustered Atmospheric Rivers (ARs) events, projecting $400 billion in property damages and as much as $325
billion in business interruption losses in California.

Persistent atmospheric blocking patterns associated with anomalous'jet stream dynamics are implicated for such
clustered flood events, and also for concurrent droughts, heatwaves, and.ffeezesfin the mid-latitudes [8,9,10]. With global
warming, the atmosphere’s moisture-holding capacity increases#hich increasés the potential for more frequent and
intense events across diverse climate regions [11]. Large scale tropical.moisture exports, including but not limited to ARs,
are typically associated with fronts or eddies that subsequently interact with the mid-latitude jet stream, and are directed
by the persistent high and low pressure centers and traveling waves associated with the jet stream, leading to recurrent
high precipitation where they are transported to persistent low pressure centers, and drought where they are diverted
away from persistent high pressure centers or atmospheric'blocks (8, 10, Video A in S1 Appendix).

The relevance of nonlinear dynamics and chaos theory to weather dynamics was established by idealized models of
such eddy-jet stream interactions developed by.Saltzman [12], and Lorenz [13,14]. The persistent or semi-permanent fea-
tures of these systems have been explored extensively since [15,16]. It is remarkable that so many of the climate/weather
extremes of concern are associated with thésetypes of interactions of atmospheric Rossby waves with the mid-latitude jet
stream [17]. Our thesis is that Weather Jiu-Jitsu, i.e., adaptive chaos control applied to mid-latitude atmospheric dynamics
may provide a 21st century approach to managing a range of extreme weather events by nudging the system trajectories.
We review some of the traditional’climaté risk management approaches in use as a precursor to outlining how Weather
Jiu-Jitsu could work.

Traditional approaches for hydroclimatic risk management

To mitigate thé impacts of extreme weather events, societies have long relied on two risk management strategies: (1)
structural solutions (e.g., dams, levees, heating and cooling systems), (2) financial securitization (e.g., insurance or
catastrophe bonds): While each plays an important role, these measures are increasingly proving inadequate due to
climate volatility, compounding or hyperclustered, persistent, large area risks [18], and vulnerability of the built environ-
ment [19,20]. Each is typically designed to cover some level of weather risk, leaving open exposure to more catastrophic
events. For instance, flood control measures are designed for a 5- to 10-year return period for urban flooding, or a
100-year return period for regional flooding [21]. Flood insurance, on the other hand, may provide coverage for up to a
100-year event, while catastrophe bonds are designed for rarer events, but with a total cap on the payout [22]. We view
Weather Jiu-Jitsu as primarily of interest for events more extreme than those covered by these measures, e.g., potential
billion-dollar disasters.
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Physical Infrastructure

Many dams and levees in countries like the U.S. are now over 60 years old [23]. More than 552 U.S. dams failed due to
hydrologic factors between 2000 and 2023, while experiencing rainfall with an annual probability of about 10-20%
(equivalent to a 510 year return period), and over 25,000 high-hazard dams remain at risk due to insufficient capacity
to withstand rainfall events and systemic deterioration [24]. Even state-of-the-art defenses can be overwhelmed during
unprecedented events that exceed their nominal design levels [19], and as conditions change, this may be more frequent.

The 2021 Texas freeze led to cascading failures of electrical and water infrastructure, with nearly $195billion in dam-
ages, 4.5 million customers without electricity and 210 deaths, largely due to a lack of winterization(ofithe electrical and
water systems [25]. It was initially argued that it was unprecedented. However, an analysis of the climate data showed
that this was the 5th such freeze in the previous 70 years [26]. An extreme southern migration of a‘weather pattern that
often brings Arctic air and freezing temperatures to the Midwestern USA, a region that isgrepared for such events with
extensive winterization [26], was responsible. This raises the question of whether WeathenJit-Jitsudeould defuse such an
extreme event by nudging the atmospheric circulation at the right time and location?

For catastrophic weather extreme events, traditional physical infrastructure solutions offer only a limited solution. From
a layered, risk management perspective, these gaps are typically addressedtby.financial instruments such as insurance,
catastrophe bonds, and derivatives.

Financial Instruments: Insurance

Insurance mechanisms, including indemnity-based, index-based, and insurance-linked securities, are designed to pool
and transfer risk across populations or financial markets. Insurancedlinkedysecurities like catastrophe bonds can distribute
risks globally but require advanced financial literacy and.strong regulation, often lacking in vulnerable regions [27,28].

In the U.S., climate-linked insurance programs like the National Flood Insurance Program (NFIP) face chronic under-
funding, with regulated premiums failing to match payoutebligations. Despite past debt forgiveness, the NFIP remains
over $20 billion in debt, with major financial stress stemming from catastrophic “hyperclustered” events, large-scale,
multi-region floods driven by shared meteorglogicalferces (e.g., hurricanes), that exceed premium recovery capacity. Just
eight such events, including Katrina, Sandy, Harvey, and lan, account for over 50% of total NFIP payouts, each causing
damages greater than the annual national premiumgintake [18]. In parallel, recurrent, low-intensity losses—typically in
high-risk areas with repeat claims—generate chronic deficits, costing the NFIP over $2 billion historically and averaging
$63 million per year. These lossés are not linked to rare events, but rather to frequent precipitation with return periods
under 5 years [18,29]. The NEIP could be financially viable with appropriate risk-based premiums, if the catastrophic
storm/flood events that cover large areas and persist over several days were excluded. Typically, these events correspond
to tropical storms, tropical storm remnants, or recurrent frontal systems associated with persistent atmospheric circulation
anomalies.

In summary,ghysicaland financial infrastructure can provide relief from weather extremes but is overwhelmed by
catastrophicfpersistent, and recurrent events, and addressing these uncovered risks using Weather Jiu-Jitsu would be an
attractive possibility.

Towards weather Jiu-Jitsu

Efforts to explore weather control at broader spatiotemporal scales are already underway. Japan’s Moonshot Goal 8 aims
to demonstrate weather-modification feasibility by 2050 [30], while China operates the world’s largest national
weather-modification program, conducting large-scale cloud seeding for precipitation enhancement and hail suppres-
sion [31], and the United Arab Emirates runs sustained rain-enhancement operations to increase rainfall in arid regions
[32]. Beyond these national programs, a substantial history of weather modification research—from early cloud seeding
experiments to hurricane mitigation studies—has established both the physical plausibility of small-scale atmospheric
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interventions and the governance challenges that any operational system must confront [33,34,35]. These emerging initia-
tives motivate a deeper examination of the underlying physics: what aspects of the atmospheric circulation are potentially
controllable, over which time scales, and by what mechanisms?

A common perception is that vast amounts of energy would be needed to induce changes in atmospheric circulation,
i.e., nudging the system with small amounts of energy is not feasible. To move from this perception towards Jiu-Jitsu,
we consider mid-latitude phenomena whose physics and nonlinear dynamics are relatively well understood, and whose

emerging trajectories are working as intended or are updated with new nudges. These
control (Fig 1).

The concept of Weather Jiu-Jitsu leverages the nonlinear and chaotic nature of
Edward Lorenz’s seminal work on idealized systems such as the Lorenz 63 (L63)

ensitivity to initial conditions also implies
sirable regimes. This idea forms the

rotational system (L63), and of the interaction between
(L84). For L63, a number of chaos-control strategies have t
regime switching and trajectory stabilization
tem dynamics and guide interventions, whil
used to identify where and when to a erturbati
Model Predictive Control (MPC) to steer

7

ospheric jet stream and the eddies that are coupled to it
2en shown to be numerically and physically feasible for both
,38]. Recent advances have integrated deep learning to approximate sys-
Exponents (LEs), which quantify sensitivity to initial conditions, are
[39,40]. Researchers have also used Data Assimilation (DA) and
systems like L63 toward specific attractor basins [41,42]. Similar results

5
]
5
Lorenz Theory Engineering Evaluation & 0}
Chaos Control Implementation Safeguards ‘E-'
<
=
%]
c
- Lorenz models (L63, L84) - Aurora, Pangu, AIFS - Cloud seeding - Risk & tradeoff assessments
- Initial condition sensitivity - Baseline extreme prediction - Aircraft, UAV, - Governance, ethics, societal
- Local Lyapunov exponents - FTLE-guided (Finite-Time ground-based generators impacts
- Non-Homogeneous Hidden  Lyapunov Exponent) perturb - Validation against DL - Public communication,
Markov Model (NHMM) - Sensitivity analysis forecasts transparency

Fig 1. Weather Jiu-Jitsu Framework Overview. The framework progresses from nonlinear dynamical theory and chaos-control concepts (Lorenz
models, sensitivity diagnostics, NHMM triggers) to deep-learning-guided perturbation experiments, followed by engineering implementation pathways for
applying small interventions in the atmosphere, and finally evaluation, risk assessment, and governance safeguards. Together, these components outline
a potential research agenda for low-energy, adaptive control of extreme weather trajectories.

https://doi.org/10.1371/journal.pwat.0000562.9g001

PLOS Water | https://doi.org/10.137 1/journal.pwat.0000562  June 24, 2026 5/11




UNDER EMBARGO: June 24, 2026

2. 11AM Pacific / 2PM Eastern / 7PM British Time
PLO?*\ Water

are being achieved for L84, which has a more complex attractor, and has been explored with seasonal variations [43,44]
in the forcings provided by the equator-to-pole and land-ocean temperature gradients, as well as ENSO forcings [45].

In noise-perturbed L63 and L84 systems, our studies show that adaptive chaos control requires only very small relative
energy: control inputs in L63 remain <0.03% of total system energy in typical runs, while L84 requires <2% for most of the
simulation [38,44].

How can one transition from controlling chaos in toy mathematical models of the atmosphere to controlling atmo-
spheric circulation in the real world with small perturbations? Which features are likely to be most or'least tractable
and over which space and time scales? In the mid-20th century, the USA pursued Project Stormfury [38,34], whose
goal was to weaken hurricanes using a variety of possible weather control methods. One of the hypotheses was to
modify the convective cloud properties through cloud seeding or other means, resulting inga weakening of the winds
and the associated rainfall. The number of actual experiments was few, and the resultsfiwere deemed inconclusive
regarding hurricane modification, although the effects of seeding were noted in at least,oné of the experiments. We
reframe the question of hurricane modification by asking whether it could be more ‘effective tosmodify the steering
winds of a hurricane than to modify the hurricane’s power. A substantial literature discusses‘the role of the jet stream
and associated wave dynamics in determining the hurricane tracks, especially asthe tropical cyclones enter the
mid-latitude [46,47,48]. Poor predictions of the jet stream in the vicinity,0f the evelving hurricane have been shown to
be a significant factor in poor hurricane track prediction. Can the jet stream¢dynamics sufficiently upstream of the hur-
ricane be adaptively perturbed in a way that favorably impacts the resulting hurticane track? We performed a proof-
of-concept test using the Aurora deep-learning forecast systemi'to evaluate awvhether such upstream perturbations can
produce measurable effects on a real hurricane (Fig 2).

A related question is whether one could perturb the trajectories‘of Atmospheric Rivers, or large-scale Tropical Moisture
Exports that translate into extreme regional floods? In_the mid-latitudes, these features connect to the stationary and trav-
eling waves associated with the jet stream and eddies orfrants that bring latent and sensible heat from the tropics. These
are essentially the dynamics represented in the L84 model‘at a highly idealized level.

The atmospheric blocking patterns and associated troughs that set up persistent high- and low-pressure centers, often
associated with concurrent heatwaves (VidegAdn'S1 Appendix)/ droughts, or freezes/ recurrent floods, are another inter-
esting target. Recent research [54,55,56] using Lyapdnov exponents as a diagnostic tool has identified that these phe-
nomena are marked by particularly high instability or low predictability as the system transitions in or out of a block, while
predictability increases as the block persists. The implication is that if a prediction system could detect an impending state
transition into a blocking setting, early action on appropriate nudging could avert that situation.

To adaptively control weather.extremes, we can consider two settings. The first considers conditional perturbation
based on near-term prediction, e.g:,.@s a hurricane or an atmospheric river is in place, and we wish to change its trajec-
tory with a finite set @f. monitored nudges. The second condition would be one where the system is regularly nudged, per-
haps at sub-seasonal time scales, to reduce the potential for undesirable weather regimes, such as atmospheric blocking
patterns thatéad to)persistent heatwaves, freezes, droughts, and floods. In this setting, one may need an identification of
the latent statesyof'the atmospheric circulation that include these regimes, and their transition probabilities, to decide when
to nudge and change the probabilities of regime transition. In both situations, a deeper understanding of the circulation
dynamics, its predictability, and regime dynamics is needed. We consider low-order models, like Lorenz’s, to be useful for
building such intuition and emerging spatio-temporal deep learning models as operationally useful for developing these
ideas.

One would need to explore methods to explore the stable and unstable manifolds of the spatio-temporal dynamics to
identify feasible or optimal solutions to when or where or how often to perturb and how this can be done. Given the recent
advances in multiscale deep learning models of the atmosphere [57,58,59], the question is ripe for study, and we propose
that an inter-disciplinary group take this on as a fundamental challenge.
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Fig 2. Weather Jiu-Jitsu perturbation experiments for three extreme events using the Aurora [49] deep-learning Earth system model. Perturba-
tions are applied once, several days before peak impact, at 2-3 locations and atmospheric levels identified using Finite-Time Lyapunov Exponent (FTLE)
diagnostics [50], which highlight upstream regions of maximal sensitivity in the flow. At each site, a small, localized cloud-seeding-simulated microphys-
ical perturbation (latent-heating and humidity anomaly; AT=6.7-10.4 K, Aq=2.3-3.4 g kg") is introduced into Aurora’s forecast to modify downstream
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evolution [51]. a) Hurricane Sandy (2012): FTLE-guided nudges applied 7 days before landfall shift the simulated track by ~322 km [52]. b) Texas Freeze
(2021): Upstream perturbations weaken Arctic blocking, reducing the minimum temperature anomaly by ~10°C [51]. ¢) Atmospheric River (2022):
Targeted jet-wave interference shifts AR trajectory, reducing integrated vapor transport (IVT) by approximately 5% in a one-time perturbation under favor-
able upstream kinematic conditions [53]. Basemap boundaries were generated using Natural Earth public-domain shapefiles, including Admin 0 country
boundaries and Admin 1 state/province boundaries (Natural Earth, https://www.naturalearthdata.com/). Data are in the public domain; terms of use
available at https://www.naturalearthdata.com/about/terms-of-use/.

https://doi.org/10.1371/journal.pwat.0000562.9002

The practical challenge is how to physically perturb the atmospheric circulation. This comes downite. identifying feasible
ways of delivering the energy of perturbation such that the flow is perturbed in the right way, i.e., the perturbation is ampli-
fied by natural dynamics. Weather Jiu-Jitsu interventions would target synoptic-scale weather features'at weather times-
cales of days to weeks, with perturbation sites located upstream of the evolving event asddentified by FTLE diagnostics,
consistent with the proof-of-concept experiments in Fig 2 [52,53]. The Stormfury cloud seeding experiments demonstrated
that silver iodide as well as salt provided the nucleation necessary for precipitationg@and hence)the thermodynamic agency
for changing the energetics [33,34,35]. More recently, the SNOWIE field experiments (2017) provided the first unambigu-
ous physical evidence of the complete chain from silver iodide release throughiice nucleation to surface precipitation, and
demonstrated that seeding-induced snowfall can be quantified and directly attributedwsing radar, airborne probes, and
chemical tracers [60,61]. Laser lightning control has emerged [62] as an interesting research area, where lightning goes
to a cloud level focal point created by multiple ground-based lasers, rathef than 16 the ground, leading to a significant
concentration of heating at the focal point. Other ideas as to how to accomplish perturbations with low energy inputs need
to be explored and tested.

Finally, multiple algorithms for adaptive stochastic or chaas,control have been applied to a number of problems [63,64],
including spatio-temporal dynamics. Consequently, the literature on appropriate algorithms is accessible, and the chal-
lenge is the acquisition of and access to real time data onithe evolving systems and its assimilation into the state space
for adaptive control. The minimum set of observables that isihecessary for this exercise, drawing on real-time satellite
wind retrievals, radiosonde profiles, aircraft réconnaissance data, and potentially drone-based in-situ measurements at
perturbation sites, needs to be identified andintegrated into a data assimilation framework purpose-built for adaptive
control.

We recognize that there are numerousdegal, social, and environmental challenges posed by our proposal. Targeted
atmospheric interventions can gfeate winnerséand losers across national boundaries, raising critical questions of trans-
boundary liability, consent, and equitable risk distribution [31]. International frameworks, including the UN Environmental
Modification Convention [65] and WMOQfprotocols for weather modification activities [66], offer relevant precedents, but
their adaptation to synoptic-scale ‘adaptive interventions will require new governance structures developed in consultation
with affected states and interfational scientific bodies. Transparent stakeholder engagement and proactive public commu-
nication are preconditions,for the social legitimacy of any operational program; lessons from the broader geoengineering
governance literature suggest that deliberative, multi-stakeholder processes must be embedded from the earliest stages
of research [67],l6ng before any operational deployment is contemplated. Weather Jiu-Jitsu focuses on subtle, adaptive
intervention, integrated with real-time forecasts and physical constraints, and its potential risks may prove more manage-
able and its benefits more precisely targeted than those of conventional geoengineering or hard infrastructure.

Demonstrating these benefits will require concrete evaluation metrics, such as reductions in peak precipitation intensity,
flood inundation extent, and insured economic losses, assessed through counterfactual ensemble experiments that com-
pare large sets of perturbed and unperturbed simulations to attribute outcomes to interventions rather than natural vari-
ability [53]. We envision a staged research agenda: in the near term, controlled deep-learning perturbation experiments for
historical extreme events paired with observational system design; in the medium term, scaled regional pilot studies and
governance framework development with WMO and UNEP; and in the longer term, limited operational pilots under formal
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international oversight with systematic outcome monitoring. By leveraging the atmosphere’s inherent sensitivity, Weather
Jiu-Jitsu seeks not to overpower nature, but to collaborate with it: nudging storm tracks, influencing jet stream meanders,
and possibly mitigating compound extremes before they fully develop. We invite discussion and collaboration to develop
and evaluate the ideas.

Supporting information

S1 Appendix. Appendix for Weather Jiu-Jitsu: prospects for atmospheric nudging to defuse the impact of cata-
strophic weather extremes.
(DOCX)
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