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1 Executive Summary

The world’s freshwater systems are entering a structural governance crisis. UN-Water’s 2025 water
facts report that more than 2 billion people live in countries experiencing water stress and 3.6
billion face inadequate water access for at least one month every year.1 Agriculture still accounts for
72% of global freshwater withdrawals while covering only 22.5% of cropland as irrigated area —
yet that irrigated land generates 48% of global crop value.23 FAO projects that global freshwater
demand will exceed supply by 40% by 2030 under business-as-usual trajectories.4 The World Bank
estimates that water scarcity could reduce GDP by up to 6% in the most exposed regions by 2050,
with effects cascading across food, energy, manufacturing, and export sectors.5 Meanwhile, WMO’s
State of Global Water Resources 2024 shows that only one third of river basins experienced
normal conditions in 2024 — the sixth consecutive year of global hydrological imbalance.6

This dossier examines what would change — in practical, institutional, and financial terms — if
the τ categorical framework provides a physically faithful, bounded-error, coarse-grainable discrete
twin of basin hydrology, groundwater behavior, drought–flood dynamics, and water-productivity
relationships. The framing is deliberate. This is a yellow paper: assumption-led, translation-oriented,
and public-good framed. It does not claim that basin authorities or the broader water community
have accepted the τ assumptions. It asks what class of public good would be unlocked if those
assumptions were true enough to matter operationally.

The five core findings are:

1. Basin and groundwater governance is a first-tier τ opportunity. The institutional
demand is explicit, the baseline deficits are quantified, the public-good stakes are extraordinarily
high, and current operational tools are structurally fragmented in precisely the ways a law-faithful
basin twin would address. The WWAP 2019 projection of a 40% supply-demand gap by 2030 is
not a distant warning — it is an operational planning horizon.7

2. A τ basin twin changes the decision category. Today’s basin management stack stitches
gauging data, climate outlooks, reservoir rules, groundwater records, irrigation demand estimates,
and policy negotiation into a fragmented edifice with mismatched cadences and compounding
uncertainty. Under the strongest τ assumption, basin-state intelligence — covering precipitation,
river discharge, reservoir storage, groundwater levels and recharge, soil moisture, and ecological
flow — becomes a unified, bounded-error quantity that authorities can reason over directly.

3. Groundwater is the invisible buffer that current models cannot adequately represent.
UNESCO’s World Water Development Report states that groundwater accounts for 99% of
liquid freshwater on Earth and supplies one quarter of all water used by humans.8 The

1UN-Water, Water Facts (January 2025): https://www.unwater.org/sites/default/files/2025-01/UN-Water
_Water_Facts_one_pager_January_2025.pdf

2FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 — status and trends
(2025): https://www.fao.org/3/cd7488en/online/state-of-the-worlds-land-and-water-resources-for-foo
d-and-agriculture-2025-2025/status-trends.html

3FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 — executive summary
(2025): https://www.fao.org/3/cd7488en/online/state-of-the-worlds-land-and-water-resources-for-foo
d-and-agriculture-2025-2025/executive-summary.html

4WWAP (United Nations World Water Assessment Programme), The United Nations World Water Development
Report 2019: Leaving No One Behind (2019). UNESCO, Paris. Key projection: global demand exceeds supply by 40%
by 2030 under BAU.

5World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex
t/en/topic/water/water-for-planet

6WMO, State of Global Water Resources 2024 (2025): https://wmo.int/publication-series/state-of-globa
l-water-resources-2024

7WWAP (United Nations World Water Assessment Programme), The United Nations World Water Development
Report 2019: Leaving No One Behind (2019). UNESCO, Paris. Key projection: global demand exceeds supply by 40%
by 2030 under BAU.

8UNESCO / UN-Water, The United Nations World Water Development Report 2022: Groundwater — Making the
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World Bank’s groundwater economics report adds that groundwater can reduce drought-related
agricultural productivity losses by nearly half — but only if it is managed rather than mined.9
A τ twin that makes groundwater storage, recharge, and depletion risk explicit in operational
decisions would protect this buffer rather than erode it in crisis conditions.

4. The structured opportunity spans six clusters, each with independent public-good
value. Basin drought-allocation intelligence, groundwater accounting and anti-depletion manage-
ment, drought–flood integrated operations, water-productivity-aware allocation, source-to-sea and
ecological flow intelligence, and transboundary basin and aquifer cooperation together constitute
one of the broadest and most consequential water-governance portfolios that a computational
intelligence layer could address.

5. Finance pathways and implementation entry points are well-matched. The World Bank
Water Security Program commits more than USD 5B per year to water resource management.10

A τ basin twin for a single transboundary river basin is achievable at USD 15–40M; a national
groundwater management platform covering five major aquifers at USD 10–30M. The World
Bank estimates a 5:1 to 10:1 benefit–cost ratio for water security investment; avoided drought
losses in agricultural basins yield ratios of 3:1 to 10:1.11

2 Reader Stance, Scope, and Caveat Structure

2.1 Planning stance

This paper adopts a deliberate stance:

1. Assume, for planning purposes, that the strongest τ claims relevant to river-basin
dynamics, groundwater behavior, drought–flood management, and water productivity
are sound.

2. Ask what practical and public-good consequences would follow if those capabilities
were integrated into basin planning, allocation, drought management, groundwater
governance, and transboundary cooperation.

3. Separate clearly what official institutions already know and already want, what τ would newly
provide under the assumption, and what impact estimates are reasoned planning inferences rather
than official forecasts.

2.2 Scope of this paper

This is Paper 4 of 5 in the τ Water, WASH, and Basin Intelligence portfolio. It focuses on:

• river-basin and reservoir intelligence;
• drought–flood allocation and operating rules;
• groundwater buffering, recharge, and depletion management;
• conjunctive use of surface water and groundwater;
• water productivity at field, scheme, and basin scales;
• ecological flow and source-to-sea constraints where relevant;
• and transboundary basin and aquifer planning where cooperation is load-bearing.
Invisible Visible (2022): https://www.unesco.org/reports/wwdr/2022/en

9World Bank, The Hidden Wealth of Nations: Groundwater in Times of Climate Change (2023): https://www.wo
rldbank.org/en/topic/water/publication/the-hidden-wealth-of-nations-groundwater-in-times-of-climate
-change

10World Bank Water Security Program — portfolio overview: https://www.worldbank.org/ext/en/topic/water
11World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex

t/en/topic/water/water-for-planet
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2.3 Explicitly out of scope for Paper 4

• Paper 1: source-water, treatment, and quality early warning;
• Paper 2: drinking-water distribution, leakage, pressure, and service continuity;
• Paper 3: wastewater, stormwater, sanitation, and circular water reuse;
• Paper 5: WASH in health facilities, schools, camps, and climate-vulnerable settlements.

This paper remains focused on the resource-allocation and basin-governance layer.

2.4 How to read this dossier

Readers from a ministry of water, agriculture, or environment should focus on Sections 4, 5, and
8. Readers from basin management organizations and transboundary commissions should focus
on Sections 4, 5, 8, and 10. Development finance readers should focus on Sections 9 and 10.
Technical and modeling specialists should focus on Sections 3, 6, and 12. Governance, safeguards,
and deployment guardrails are in Section 11.

3 Why Basin, Groundwater, and Drought–Flood Intelligence Is a First-

Tier τ Opportunity

3.1 The scarcity burden is already global

UN-Water’s 2025 facts report that more than 2 billion people live under water stress and 3.6
billion face inadequate water access at least one month per year.12 This is not a service-delivery
problem alone. It is a resource-governance problem. Water scarcity at this scale affects food
production, household supply, hydropower, industrial production, ecosystem integrity, migration
pressure, and political stability simultaneously.

The trajectory is worsening. Mekonnen and Hoekstra’s widely cited analysis found that 4 billion
people experience severe water scarcity — defined as demand exceeding twice the available water —
for at least one month per year, with 500 million people facing year-round severe scarcity.13 WWAP
2019 projects that the global supply-demand gap will reach 40% by 2030 under current trends,
meaning demand will exceed sustainable supply by roughly that margin across much of the Global
South.14

3.2 Agriculture makes basin allocation unavoidable

Agriculture still represents 72% of freshwater withdrawals globally.15 That means basin
allocation is not a narrow hydrological optimization problem: it is a food-systems problem. FAO’s
2025 reporting makes the leverage explicit: although only 22.5% of cropland is equipped for

12UN-Water, Water Facts (January 2025): https://www.unwater.org/sites/default/files/2025-01/UN-Water
_Water_Facts_one_pager_January_2025.pdf

13Mekonnen, M.M. and Hoekstra, A.Y. (2016). “Four billion people facing severe water scarcity.” Science Advances,
2(2), e1500323. https://doi.org/10.1126/sciadv.1500323

14WWAP (United Nations World Water Assessment Programme), The United Nations World Water Development
Report 2019: Leaving No One Behind (2019). UNESCO, Paris. Key projection: global demand exceeds supply by 40%
by 2030 under BAU.

15UN-Water, Water Facts (January 2025): https://www.unwater.org/sites/default/files/2025-01/UN-Water
_Water_Facts_one_pager_January_2025.pdf
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irrigation, that irrigated land produces approximately 48% of crop value.1617 Allocation failures
do not merely reduce efficiency — they destabilize the most productive segments of food systems,
with cascading effects on food prices, rural livelihoods, and national GDP.

3.3 Groundwater is too important to remain invisible

UNESCO’s groundwater framing identifies one of the clearest structural failures in the current
water-governance stack. Groundwater accounts for 99% of liquid freshwater on Earth and is
the source of one quarter of all water used by humans.18 It provides approximately half of
all domestic withdrawals and around 25% of irrigation withdrawals globally.19 This is not
a niche supplement. It is the structural buffer for cities, irrigation, rural livelihoods, and drought
resilience.

The World Bank’s groundwater economics report is direct: groundwater can reduce drought-related
agricultural productivity losses by nearly half, but depletion, degradation, and weak governance
threaten that buffering capacity.20 Globally, 21 of the world’s 37 largest aquifers are now losing
mass faster than recharge.21 In the Indo-Gangetic Plain, water tables are falling at measurable rates
across multiple Indian states. In North Africa and the Middle East, non-renewable fossil aquifers are
being drawn down with no realistic recharge prospect.

3.4 Drought and flood are increasingly one governance problem

WMO’s State of Global Water Resources 2024 reports that only one third of river basins
had normal conditions in 2024, with the rest above or below normal, continuing a six-year global
hydrological imbalance trend.22 The World Bank notes that natural water storage is shrinking while
droughts and floods are intensifying.23 IPCC findings reinforce this: a warming of 1.5◦C increases
the number of people exposed to severe drought by more than 100 million, and also intensifies
extreme precipitation events in many regions — often in the same basins.24

Drought and flood can no longer be treated as separate bureaucratic worlds. Reservoirs that capture
flood risk become drought assets. Floodplains affect recharge and ecological resilience. Groundwater
abstraction changes drought buffering. Allocation rules written for normal years become brittle under
extremes. The 2022 Pakistan floods, which inundated one-third of the country and caused USD 30B in

16FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 — status and trends
(2025): https://www.fao.org/3/cd7488en/online/state-of-the-worlds-land-and-water-resources-for-foo
d-and-agriculture-2025-2025/status-trends.html

17FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 — executive summary
(2025): https://www.fao.org/3/cd7488en/online/state-of-the-worlds-land-and-water-resources-for-foo
d-and-agriculture-2025-2025/executive-summary.html

18UNESCO / UN-Water, The United Nations World Water Development Report 2022: Groundwater — Making the
Invisible Visible (2022): https://www.unesco.org/reports/wwdr/2022/en

19UNESCO, Groundwater: making the invisible visible (2022 overview article): https://www.unesco.org/en/arti
cles/groundwater-making-invisible-visible

20World Bank, The Hidden Wealth of Nations: Groundwater in Times of Climate Change (2023): https://www.wo
rldbank.org/en/topic/water/publication/the-hidden-wealth-of-nations-groundwater-in-times-of-climate
-change

21Richey, A.S., Thomas, B.F., Lo, M.H., Reager, J.T., Famiglietti, J.S., Voss, K., Swenson, S., and Rodell, M. (2015).
“Quantifying renewable groundwater stress with GRACE.” Water Resources Research, 51(7), 5217–5238. Finding: 21
of 37 largest global aquifers are losing mass faster than recharge.

22WMO, State of Global Water Resources 2024 (2025): https://wmo.int/publication-series/state-of-globa
l-water-resources-2024

23World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex
t/en/topic/water/water-for-planet

24IPCC, Special Report on Global Warming of 1.5◦C (SR1.5), Chapter 3: Impacts of 1.5◦C global warming on
natural and human systems. Geneva: IPCC, 2018. Projected exposure of 100M+ additional people to severe drought
under 1.5◦C warming.
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damages,25 illustrate how a single extreme event can simultaneously devastate agricultural production,
groundwater recharge infrastructure, and urban water supply in a hydrologically connected basin.

3.5 Basin cooperation is a resilience issue, not only diplomacy

UN-Water’s transboundary-water guidance identifies overexploitation and pollution in one jurisdiction
as a direct threat to ecosystem services and livelihoods across borders.26 The world has 276
international river basins and 286 transboundary aquifers, many of them managed under
agreements written before modern climate projections or hydrological monitoring were available.27

As climate change amplifies hydrological volatility, basin cooperation becomes a direct resilience
issue for food, water supply, hydropower, and migration — not merely a diplomatic obligation.

3.6 Water productivity is the bridge between hydrology and livelihoods

FAO’s WaPOR work establishes water productivity as a practical planning object rather than an
abstract metric.2829 A basin authority does not simply need more water or more crop production in
the abstract. It needs to know which combination of cropping, irrigation timing, and water delivery
yields the most value per unit water; which drought allocations preserve the most welfare; and which
releases or restrictions reduce losses most per cubic metre. That is precisely where a τ basin twin
could be most valuable — not as a substitute for political negotiation, but as a substrate that makes
the physical trade space explicit enough to negotiate productively.

4 Working τ Assumptions for Basin Allocation and Groundwater
Intelligence

For this paper, the strongest relevant τ assumptions are:

1. τ provides a law-faithful discrete twin of river-basin hydrology, recharge, runoff,
storage, routing, and groundwater interaction. This means the computational substrate
preserves the causal structure of basin dynamics, not merely their statistical envelope, allowing
bounded-error inference across the water cycle.

2. Precision and structural refinement stay aligned. Increasing basin resolution does not
introduce the usual drift between numerical mesh detail and decision confidence. The model
self-consistently handles fine-grained tributary behavior and basin-scale water balance within the
same formal world.

3. Groundwater, surface water, reservoir storage, and water productivity can be
represented inside one coherent execution world — not as stitched submodels with
interface approximations, but as jointly constrained components of the same physical system.

4. Drought and flood are not separate calculation regimes but different operating regions
of the same lawful substrate. The twin transitions between excess and scarcity conditions
continuously rather than switching between mode-specific approximations.

25UNDP / Government of Pakistan, Pakistan Floods 2022 Post-Disaster Needs Assessment (2022). Economic
damages estimated at USD 30B; one-third of the country inundated; major disruption to Indus irrigation system and
groundwater recharge infrastructure.

26UN-Water, Transboundary Waters (2025): https://www.unwater.org/water-facts/transboundary-waters
27UN-Water, Transboundary Waters (2025): https://www.unwater.org/water-facts/transboundary-waters
28FAO, WaPOR — Remote Sensing for Water Productivity (portal): https://www.fao.org/in-action/remote-s

ensing-for-water-productivity/en
29FAO, WaPOR Data Portal Overview: https://www.fao.org/in-action/remote-sensing-for-water-product

ivity/wapor-data/en
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5. Convergent basin-allocation computations stabilize finitely, allowing trustworthy stopping
rules for planning and operational control rather than indefinite sensitivity to parameter choices.

6. The same formal world supports both local water-productivity decisions and basin-
scale or transboundary allocation logic. A farmer-level irrigation decision, a dam operator’s
release rule, and a transboundary treaty scenario all run in the same frame of reference.

These assumptions are strong. They are not asserted as accepted external fact. They define the
planning stance for this yellow paper.

5 What Changes if τ Is Not Merely a Better Hydrology Model, but a

Law-Faithful Basin Twin?

Today, basin management is typically a fragmented stack: gauging data from one system, climate
and weather outlooks from another, reservoir operating rules from another, groundwater records
from another, irrigation and water-demand estimates from another, and policy negotiation layered
on top. That stack can function, but it makes it structurally difficult to know whether any proposed
allocation or intervention is simultaneously physically robust, politically fair, ecologically safe, and
economically defensible.

Under the strongest τ assumption, basin governance changes category.

5.1 From seasonal outlooks to executable basin-state intelligence

The relevant planning object is no longer a “dry year” or “wet year” classification. It becomes a
dynamic basin state that continuously represents: precipitation and snow or glacier contributions;
river discharge at all key nodes; reservoir storage across a system; groundwater levels and recharge
rates; soil-moisture and crop-demand pressures; urban and industrial withdrawal schedules; and
ecological flow requirements at each sensitive point.

That is a dramatically richer decision object than the periodic bulletins and rule curves that most
basin authorities currently depend on. It allows authorities to act on an integrated picture rather
than stitching together partially conflicting signals from separate agencies.

5.2 From emergency groundwater pumping to managed groundwater buffering

In most regions, groundwater is treated as a hidden reserve of last resort — tapped hardest precisely
when surface systems are already under stress, which is exactly when the least is known about the
long-term consequences of current abstraction rates. Under τ , groundwater becomes an explicitly
managed buffer: how much can be drawn without collapsing future resilience; where managed aquifer
recharge has the highest value; which drought actions preserve the most buffering capacity for future
years; and how to balance city, farm, and ecosystem claims without long-term mining that degrades
the asset permanently.

5.3 From drought plans and flood plans to one operating logic

A τ basin twin would let authorities test one integrated question: how should this basin hold, move,
release, infiltrate, and ration water across both excess and scarcity conditions? Reservoirs, diversion
systems, aquifer recharge zones, floodplains, urban drainage interfaces, and irrigation command areas
become one coupled planning picture — with consistent trade-offs rather than separate optimization
routines that produce contradictory operational guidance.
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5.4 From blunt entitlement allocation to water-productivity-aware allocation

Not every cubic metre of water creates equal social or economic value. Under τ , allocation could be
compared not only by sectoral entitlement, but by food value preserved per unit water, livelihoods
protected, urban continuity maintained, ecosystem function sustained, and future buffering capacity
retained. That does not remove politics from allocation decisions. But it makes the physical trade
space explicit enough that political negotiations proceed from shared facts rather than competing
interpretations of the same ambiguous data.

5.5 From transboundary argument to shared evidence base

For shared basins and aquifers, the most valuable near-term gain may be epistemic rather than
juridical. If parties share a bounded-error basin twin, negotiations can move from competing
narratives — each government producing its own hydrology that supports its own entitlement
claim — toward a more common causal map of storage, inflows, losses, recharge, and downstream
consequences. That does not resolve all political conflict. But it substantially reduces the volume of
avoidable conflict caused by weak, incompatible, or deliberately contested technical baselines.

6 Structured Opportunity Map

6.1 Basin drought-allocation and operating-rule intelligence

This is the clearest first opportunity. It includes reservoir release optimization, urban-agriculture-
environment allocation under scarcity, drought-trigger sequencing, emergency restrictions with
better targeting, and protection of critical service nodes. The primary public-good pathway is
more welfare preserved per unit water during scarcity — fewer crop failures, fewer service
interruptions, lower emergency transport costs, and less forced migration from water loss.

6.2 Groundwater accounting, recharge, and anti-depletion management

This includes abstraction envelopes, recharge-zone prioritization, managed aquifer recharge, conjunc-
tive use of surface and groundwater, groundwater quality and salinity risk tracking, and drought-buffer
preservation planning. The primary public-good pathway is keeping the invisible resilience asset
from being destroyed by short-term crisis behavior — the difference between a groundwater
resource that survives a multi-year drought and one that collapses under it.

6.3 Drought–flood integrated management

This includes flood-storage design, floodplain restoration and aquifer recharge, pre-release optimiza-
tion before major storm events, seasonal storage retention, and drought-carryover planning. The
primary public-good pathway is reduced disaster losses combined with stronger later-season
water security — a coupling that deterministic, mode-specific flood or drought models cannot
represent.

6.4 Water productivity and crop-per-drop basin planning

This includes irrigation scheme benchmarking, deficit-irrigation strategies, crop-switching support
under water constraint, irrigation modernization prioritization, and basin-scale allocation decisions
informed by value created per unit water. The primary public-good pathway is more food and
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income per cubic metre, with less pressure for destructive area expansion into marginal
land or declining aquifers.

6.5 Source-to-sea and environmental-flow intelligence

This includes ecological flow protection at sensitive downstream nodes, salinity intrusion prevention
in deltas, wetland and floodplain timing, downstream water-quality constraints from upstream
operations, and delta or coastal vulnerability interactions. The primary public-good pathway is
avoiding the false efficiency solution that destroys ecosystems or pushes costs down-
stream — ensuring that upstream optimization does not transfer harm to fishing communities,
estuarine ecologies, or coastal populations who have no seat at the upstream allocation table.

6.6 Transboundary river-basin and aquifer cooperation

This includes shared basin dashboards, scenario testing for treaty compliance and renegotiation,
agreement-support tools, coordinated drought and flood protocols, and benefit-sharing analysis
across food, energy, and water sectors. The primary public-good pathway is less avoidable conflict,
more credible shared planning, and more resilient cross-border systems — a public good
that traditional hydrological models cannot deliver because they produce competing rather than
shared evidence.

7 Competitive Landscape: Current State-of-Practice Tools

τ -based basin intelligence must be situated against the tools currently used by basin authorities,
hydromet agencies, groundwater regulators, and water planners. This section describes the principal
operational and planning tools, their capabilities, and their structural limitations.

7.1 MODFLOW (USGS)

MODFLOW is the world’s most widely used groundwater flow model and the regulatory and research
baseline for aquifer simulation in most jurisdictions.30 It simulates three-dimensional groundwater
flow in porous media, supports transient simulation, and has been extended to handle variably-
saturated zones, surface-water interaction, and land subsidence. Its broad institutional adoption
means it is embedded in regulatory frameworks, lending due-diligence requirements, and national
groundwater assessments across dozens of countries.

MODFLOW’s limitations in the context of this paper are structural: it is a deterministic numerical
model requiring extensive site-specific calibration; it is not architected for real-time twin operation
with bounded-error inference; and coupling it to surface-water, atmospheric, or agricultural-demand
models requires external glue layers that reintroduce the fragmentation problem. For large trans-
boundary aquifers or drought-stressed basins requiring operational decision support at sub-weekly
cadence, MODFLOW provides calibrated simulation but not the integrated, self-consistent decision
intelligence that a τ twin would offer.

30Harbaugh, A.W. (2005). MODFLOW-2005, The U.S. Geological Survey Modular Ground-Water Model — the
Ground-Water Flow Process. US Geological Survey Techniques and Methods 6-A16. Reston, Virginia: USGS.
https://pubs.usgs.gov/tm/2005/tm6A16/
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7.2 HEC-HMS and HEC-RAS (USACE)

HEC-HMS (Hydrologic Engineering Center – Hydrologic Modeling System) and HEC-RAS (River
Analysis System) are the US Army Corps of Engineers’ flagship hydrologic and hydraulic simulation
tools, used globally for flood forecasting, reservoir operations design, and water resource planning.31

HEC-RAS’s 2D hydraulic modeling capabilities are widely used for flood inundation mapping and
floodplain management; HEC-HMS simulates watershed-scale rainfall-runoff dynamics.

Both tools are architecturally deterministic. They are calibrated, scenario-driven planning tools
rather than real-time physics-faithful digital twins with bounded-error inference. They do not
natively integrate groundwater, ecological flow, or water-productivity dimensions, and they require
substantial expert operation. Their strength is authoritative, auditable flood-routing simulation;
their limitation is precisely the fragmentation and determinism that leaves drought-allocation and
groundwater-buffering decisions in a separate system.

7.3 DHI MIKE FLOOD and MIKE HYDRO

DHI’s MIKE product suite — including MIKE FLOOD for coupled surface-subsurface inundation
modeling and MIKE HYDRO for integrated water resources management — represents the most
capable commercial integrated surface-groundwater simulation platform currently available.32 MIKE
HYDRO can couple river routing, reservoir operations, irrigation demand, groundwater, and water
quality in one computational framework, which positions it closer to the τ basin twin concept than
most competing tools.

DHI’s limitations are cost, computational intensity, and the continued dependence on expert
calibration and parameter-intensive setup. MIKE HYDRO is not architected for real-time operational
decision support at basin scale: it is a planning and design tool, not a continuous operational twin.
The coupling between its surface and groundwater components, while functional, is not law-faithful in
the τ sense — it stitches finite-difference submodels rather than grounding the dynamics in a coherent
discrete substrate. For major commercial or regulatory projects with multi-year implementation
horizons, MIKE is a credible planning tool; for real-time drought-allocation and groundwater-buffer
management, its operational cadence and cost structure remain limiting.

7.4 SWAT (Soil andWater Assessment Tool)

SWAT is a semi-distributed watershed hydrology model developed by USDA-ARS and Texas
A&M, widely used for long-run water balance simulation, non-point-source pollution assessment,
and agricultural catchment management.33 Its particular strength is in agricultural watersheds
where land use, soil type, crop rotation, and management practice data are available: it handles
evapotranspiration, soil-water balance, groundwater recharge, and stream routing in an integrated
but spatially simplified framework.

SWAT’s limitations for the purposes of this paper are significant. It requires extensive, parameter-
intensive calibration; it is not designed for real-time or operational decision support; it does not
provide bounded-error inference for individual decisions; and its spatial resolution and process
representation are too coarse for conjunctive use management or groundwater-buffer optimization

31US Army Corps of Engineers, HEC-HMS Hydrologic Modeling System User’s Manual (current version); HEC-
RAS River Analysis System User’s Manual (current version). Davis, CA: USACE Hydrologic Engineering Center.
https://www.hec.usace.army.mil/

32DHI, MIKE HYDRO River and MIKE FLOOD — Product Overview (2025). Horsholm, Denmark: DHI Group.
https://www.dhigroup.com/technologies/mikepoweredbydhi/mikehydro

33Arnold, J.G., Srinivasan, R., Muttiah, R.S., and Williams, J.R. (1998). “Large area hydrologic modeling and
assessment — Part I: model development.” Journal of the American Water Resources Association, 34(1), 73–89. SWAT
model: https://swat.tamu.edu/
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in stressed aquifers. SWAT is most valuable as a long-run planning and scenario tool, not as an
operational twin for drought-allocation or transboundary negotiation support.

7.5 Global Flood Awareness System (GloFAS)

GloFAS, operated by the Copernicus Emergency Management Service and the European Centre for
Medium-Range Weather Forecasts (ECMWF) jointly with the JRC, provides global ensemble-based
flood forecasting at up to 30-day lead time and daily updates.34 It processes medium-range weather
forecasts from the ECMWF global model through the LISFLOOD hydrological model to produce
probabilistic river discharge forecasts for more than 2,000 river monitoring stations globally. For
large river basins with meaningful upstream-downstream lead times — the Amazon, Congo, Ganges,
Mississippi — GloFAS provides genuinely operational flood early warning at medium range.

GloFAS does not address groundwater buffering, drought allocation, water productivity, or trans-
boundary treaty negotiation. Its spatial resolution of approximately 0.1◦ (roughly 10 km) is too
coarse for small catchments, irrigation command areas, or fine-grained conjunctive-use decisions. It
operates in one direction — flood early warning — rather than as an integrated basin management
twin. A τ basin twin would address complementary and largely non-overlapping decision needs,
rather than competing directly with GloFAS’s established operational role.

7.6 World Resources Institute Aqueduct

WRI Aqueduct is the leading global water risk mapping and scenario platform, providing country-
and basin-level water stress, depletion, variability, and flood risk indicators under future climate
scenarios.35 Aqueduct is widely used by corporations, financial institutions, development banks, and
governments for water-risk screening, climate due diligence, and high-level strategic planning. Its
global coverage, scenario framework, and accessibility make it a first-line tool for institutional water
risk awareness.

Aqueduct is a policy framing and risk-screening tool, not an operational planning twin. It produces
risk indicators at country and sub-basin scale, not site-level or time-step-level decision intelligence.
It cannot optimize reservoir operating rules, guide groundwater abstraction envelopes, or support
real-time drought-allocation decisions. In the deployment landscape, Aqueduct functions best as a
gateway tool — identifying which basins and institutions face the highest systemic water risk —
before more capable operational tools like a τ basin twin take over. The two tools are complementary
in function rather than competing.

8 Realistic-Optimistic Public-Good Scenarios

This section translates the τ assumptions into planning-style public-good scenarios across three time
horizons. These are planning inferences, not official forecasts.

8.1 Scenario A— 2 to 5 years: better drought playbooks and groundwater protection

If τ basin twins first enter drought-prone regions as decision-support tools alongside existing systems,
the earliest gains would likely come from better reservoir release timing, less panic pumping of

34Copernicus Emergency Management Service / ECMWF / JRC, Global Flood Awareness System (GloFAS) —
operational product description and user guide (2024). https://www.globalfloods.eu/

35World Resources Institute, Aqueduct Water Risk Atlas (2024). Washington DC: WRI. https://www.wri.org/aque
duct
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groundwater during dry spells, earlier and better-targeted water restrictions, and stronger irrigation
prioritization under scarcity. The public-good signal would appear as:

• fewer people facing severe service interruptions per drought episode;
• fewer hectares pushed into catastrophic crop failure through misallocated relief releases;
• lower emergency water-transport costs in affected municipalities;
• and materially slower groundwater depletion during high-abstraction drought years.

The scale of even modest improvement in this domain is significant. A single severe drought episode
affecting a major agricultural basin — the Colorado in 2021–2022, the Yangtze in 2022, the Horn of
Africa in 2022–2023 — generates agricultural losses in the hundreds of millions to billions of dollars
and food-security impacts affecting tens of millions of people.

8.2 Scenario B— 5 to 10 years: basin modernization and productivity gains

If basin agencies, irrigation departments, and groundwater regulators adopt τ twins more system-
atically as planning and modernization tools, the medium-term gains would come from improved
conjunctive use, more efficient reservoir operations across hydrological regimes, better managed
aquifer recharge siting and timing, and water-productivity-aware allocation that steers water toward
higher-value uses without arbitrary sectoral rationing. The public-good signal would be:

• more stable food output under climate variability — less interannual yield volatility in irrigated
systems;

• more basin value per unit water extracted — measurable in economic output per cubic metre;
• reduced inter-sectoral conflict because the physical trade space is explicit;
• and lower long-run infrastructure cost from avoiding maladaptive investment in the wrong storage

or diversion projects.

8.3 Scenario C— 10 to 20 years: transboundary and source-to-sea resilience

If the shared-evidence and source-to-sea capabilities mature at institutional scale, the long-run
gain is structurally transformative. Stronger basin treaties and protocols grounded in shared
physical evidence rather than contested narratives; more realistic groundwater governance that
preserves rather than mines the sub-surface buffer; better coupling of upstream allocation decisions
to downstream ecological and coastal outcomes; and more coherent long-range resilience planning
under 1.5◦C and 2◦C warming scenarios. This is where τ could become a genuine institution-shaping
tool — the difference between a Mekong River Commission that negotiates from competing national
hydrology models and one that negotiates from a shared bounded-error basin twin.

9 Case Studies

9.1 Colorado River Basin: Over-Allocation Crisis

Scale and context. The Colorado River supplies water to approximately 40 million people across
seven US states and two Mexican states. The basin has been chronically over-allocated — annual
water use commitments exceed actual average river flow by approximately 1.5 million acre-feet
(MAF) per year, a structural deficit that has been managed for decades through drawdown of
reservoir storage. By 2022, Lake Mead and Lake Powell — the two largest reservoirs in the United
States — had fallen to approximately 25% of capacity, triggering Tier 1 and Tier 2 shortage
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declarations for the first time in the history of the 1922 Colorado River Compact.36

The economic exposure is extraordinary. The US Bureau of Reclamation estimates that the regional
economy dependent on Colorado River water generates approximately USD 1.4 trillion in GDP
annually.37 Agriculture accounts for roughly 80% of water use; urban users including Las Vegas,
Phoenix, and the Metropolitan Water District of Southern California face mandatory cuts of
increasing severity under declared shortage conditions.

The baseline planning failure. The Bureau of Reclamation’s primary operational planning
tool — the 24-Month Study — uses deterministic hydrological scenarios that cannot adequately
represent compound drought probability or ENSO-linked forecast skill.38 Udall and Overpeck’s 2017
analysis in Science established that the Colorado is experiencing a “hot drought” driven not only by
precipitation deficit but by elevated evaporative demand from warming — a compound hazard that
deterministic rule curves are not designed to reflect.39 The result is that allocation decisions have
systematically under-estimated the pace of reservoir depletion and triggered shortage declarations
reactively rather than prospectively.

The failure is not one of data or political will alone. It is a model architecture failure: the planning
substrate cannot represent compound drought probability, warming-driven evaporative demand,
groundwater reserve interactions with river baseflow, or adaptive allocation scenarios in a physically
consistent, bounded-error frame.

τ -enabled change. A τ basin twin for the Colorado would provide: a probabilistic, physics-faithful
representation of seasonal-to-decadal river-flow futures under compound drought risk and ENSO
teleconnections; integrated groundwater-surface-water interactions, particularly the buffering role of
alluvial aquifers along the lower mainstem; adaptive management trigger points — defined thresholds
at which voluntary fallowing agreements, demand-reduction incentives, or pre-positioned reservoir
releases should activate — rather than the current crisis-management approach that waits for
storage to reach declared shortage tiers; and scenario analysis for the Drought Response Operations
Agreement and related frameworks that allows parties to evaluate the long-run consequences of
different allocation sharing arrangements.

The Central Arizona Project, Southern Nevada Water Authority, and Metropolitan Water District
of Southern California are among the institutional actors already investing heavily in sophisticated
demand-management and predictive tools. A τ twin would not replace those efforts — it would
provide a more physically faithful substrate for exactly the integrated basin-state reasoning those
institutions need.4041

36US Bureau of Reclamation, Colorado River Basin — Lower Colorado Region Operations and Water Accounting
(2022); Drought Response Operations Agreement (2022); 2022 Five-Year Action Plan for Colorado River system
conservation. https://www.usbr.gov/lc/region/programs/strategies.html

37US Bureau of Reclamation, Colorado River Basin — Lower Colorado Region Operations and Water Accounting
(2022); Drought Response Operations Agreement (2022); 2022 Five-Year Action Plan for Colorado River system
conservation. https://www.usbr.gov/lc/region/programs/strategies.html

38US Bureau of Reclamation, Colorado River Basin — Lower Colorado Region Operations and Water Accounting
(2022); Drought Response Operations Agreement (2022); 2022 Five-Year Action Plan for Colorado River system
conservation. https://www.usbr.gov/lc/region/programs/strategies.html

39Udall, B. and Overpeck, J. (2017). “The twenty-first century Colorado River hot drought and implications for the
future.” Water Resources Research, 53(3), 2404–2418. https://doi.org/10.1002/2016WR019638

40US Bureau of Reclamation, Colorado River Basin — Lower Colorado Region Operations and Water Accounting
(2022); Drought Response Operations Agreement (2022); 2022 Five-Year Action Plan for Colorado River system
conservation. https://www.usbr.gov/lc/region/programs/strategies.html

41Udall, B. and Overpeck, J. (2017). “The twenty-first century Colorado River hot drought and implications for the
future.” Water Resources Research, 53(3), 2404–2418. https://doi.org/10.1002/2016WR019638
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9.2 Mekong River: Hydropower Versus Downstream Agriculture

Scale and context. The Mekong River serves more than 70 million people across six countries —
China, Myanmar, Laos, Thailand, Cambodia, and Vietnam. The river provides the basis for one of
the most productive inland fisheries in the world and irrigates the Mekong Delta in Vietnam, which
produces approximately 50% of Vietnam’s rice output and serves as one of the most productive
agricultural deltas in Asia.42 Cambodia and Laos depend on the Mekong’s seasonal flood pulse to
support rice cultivation, fisheries, and rural livelihoods that have no readily available substitutes.

The 2019 Mekong drought exposed the structural fragility of the current governance arrangement.
The drought coincided with reduced releases from Chinese upstream reservoirs, producing record-low
water levels at monitoring stations across the lower Mekong from June through October 2019.43

Analysis by Eyes on Earth using satellite remote-sensing data found that Chinese dams withheld
water during a period when downstream precipitation and snowmelt would have supported higher
flows — a finding disputed by Chinese authorities and illustrating precisely the incompatible-baselines
problem that afflicts transboundary management without a shared physical model.44

The economic and ecological consequences were severe. Fisheries catches in Cambodia and Laos
fell by 80–90% in some areas during the low-flow period; Vietnam’s Mekong Delta experienced
saltwater intrusion significantly earlier and further inland than historical norms; the combined
agricultural and fisheries losses were estimated at more than USD 1 billion.45 Eyler’s 2020
analysis in Science documented the systematic disconnection between upstream dam operations and
downstream ecological and agricultural needs.46

The baseline governance failure. The Mekong River Commission (MRC) — the principal
transboundary governance body for the lower Mekong — operates under a 1995 framework agreement
that predates both the major Chinese dam cascade and the current scale of climate-driven hydrological
variability. MRC’s monitoring and assessment tools are data-limited and politically constrained:
China, which controls the most consequential upstream infrastructure, participates as a dialogue
partner rather than a full MRC member and is not obligated to share operational reservoir information
in a form that can be integrated with downstream flow modeling.47

The consequence is that the MRC and downstream governments cannot distinguish the drought
signal from the dam-operations signal in observed river flows. They cannot forecast low-flow periods
far enough in advance to shift cropping calendars, pre-position emergency supplies, or negotiate

42Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

43Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

44Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

45Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

46Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

47Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).
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compensatory releases. And they cannot evaluate the long-run ecological flow consequences of
proposed new dam projects with the physical fidelity that would justify sustained opposition from
downstream states in international forums.

τ -enabled change. A τ basin twin for the Mekong would address each of these failures systematically.
It would provide a law-faithful basin hydrology twin that simultaneously tracks precipitation, glacier
and snowmelt contributions, dam operations where data is shared, and resulting downstream flow at
any required spatial and temporal resolution. It would provide 4–6 week early warning of low-flow
periods with bounded-error uncertainty bands — enough lead time to shift cropping calendars,
alert fishing communities, and initiate diplomatic consultations before the low-flow event makes
agricultural intervention impractical. It would support the MRC and downstream governments
with scenario analysis for the consequences of different dam operating rules, allowing negotiation to
proceed from a shared physical model rather than from competing national hydrology assessments.
And it would quantify the ecological flow requirements for the Tonle Sap lake–river system and
the Mekong Delta with sufficient precision to define enforceable ecological flow thresholds in treaty
language.

The World Bank’s water-food-energy nexus work on the Mekong has already identified the need for
precisely this class of shared-evidence basin planning.48 A τ twin would provide the computational
substrate that current tools cannot offer: physically faithful, jointly inspectable, bounded-error
basin-state intelligence available to all riparian parties simultaneously.

10 Finance Landscape and Cost Scenarios

10.1 Principal financing pathways

World Bank Water Security Program. The World Bank commits more than USD 5 billion
per year to water resource management globally, with a portfolio spanning irrigation modernization,
basin management, groundwater governance, drought resilience, and flood management.49 The
Bank’s “Water for Planet” strategy explicitly targets integrated water security, climate resilience, and
the productivity-allocation nexus — the exact domain of this paper.50 The Bank’s B:C benchmark
for water security investment is USD 5–10 of economic benefit per USD 1 invested, based on
avoided losses and productivity gains across agricultural and urban water users.51

Asian Development Bank (ADB). ADB has a substantial water governance and basin man-
agement portfolio across Asia, with major programs in the Mekong, Indus, Ganges-Brahmaputra,
and Central Asian basin systems. ADB’s water financing covers transboundary basin management,
groundwater governance reform, integrated flood-drought management, and water productivity im-
provement in irrigated agriculture — all directly applicable to the τ deployment scenarios described
in this paper.

Green Climate Fund (GCF). GCF’s climate-resilient water management window supports invest-
ments in climate adaptation for water security, including integrated drought and flood management,
transboundary water cooperation under climate stress, and water productivity improvement in
climate-vulnerable agricultural systems. GCF financing is available on concessional terms for devel-
oping country parties, making it a viable vehicle for basin-twin deployments in the most vulnerable

48Eyler, B. (2020). “Scientists say Chinese dams are starving the Mekong.” Science, 370(6519), 936–938. https:
//doi.org/10.1126/science.abf0198. Also: Eyes on Earth Inc. (2020). Mekong Dam Monitor satellite analysis.
Save the Mekong Coalition (2020). Mekong River Commission, Annual Report and Mekong River Hydrological Situation
Report (2019, 2020). World Bank, Water-Food-Energy Nexus in the Greater Mekong Subregion (2019).

49World Bank Water Security Program — portfolio overview: https://www.worldbank.org/ext/en/topic/water
50World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex

t/en/topic/water/water-for-planet
51World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex

t/en/topic/water/water-for-planet
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and under-resourced basins.

USAID Water and Development Strategy. USAID’s water programming focuses on water
security in climate-vulnerable developing countries, with programmatic emphasis on integrated water
resource management, groundwater governance, and transboundary basin cooperation — particularly
in sub-Saharan Africa, South Asia, and the Middle East. USAID programming typically operates
through implementing partners and national government counterparts, with a blended-finance model
that can incorporate commercial digital tools alongside institutional capacity support.

National government procurement and bilateral development finance. Many of the world’s
most water-stressed governments — India, Egypt, Pakistan, Mexico, Iran, Morocco, South Africa —
have national water investment programs of sufficient scale to finance basin-twin deployment directly.
Bilateral development finance from Germany (KfW), Japan (JICA), France (AFD), and the UK
(FCDO) provides additional channels with established technical-assistance modalities.

10.2 Cost scenarios

Cost scenario 1: τ basin hydrology twin for one transboundary river basin (e.g., Mekong
basin or Nile upper basin tributary system)

Indicative cost: USD 15–40 million over a 3–5 year implementation period, including digital
infrastructure, institutional embedding, training, monitoring, and first-tier data integration. Key
cost drivers include the geographic extent and data availability of the target basin, the number of
riparian states involved, and the degree of existing hydromet infrastructure. At this scale, a τ twin
would deliver: seasonal-to-decadal river-flow forecasting under compound drought risk; integrated
groundwater-surface-water balance tracking for the key aquifer systems within the basin; early
warning of low-flow periods at 4–6 week lead times sufficient to shift cropping calendars; and
negotiation-support tools for the transboundary governance body. Against the Mekong’s USD 1
billion-plus annual crisis losses under current governance, a USD 20M investment in a shared basin
twin would need to prevent or defer only 2% of average annual crisis costs to recover its investment
within five years at World Bank B:C standards.

Cost scenario 2: national groundwater management platform covering 5 major aquifers

Indicative cost: USD 10–30 million over 3–4 years. This scenario covers digital platform build-out,
integration with existing MODFLOW or national monitoring data, decision-support interfaces for
licensing authorities and basin agencies, training, and ongoing operational costs. Key deliverables
include: abstraction envelope calculations at sub-basin scale; recharge-zone mapping and managed
aquifer recharge site prioritization; drought-buffer preservation alerts; conjunctive use optimization
between surface and groundwater allocation; and groundwater quality and salinity risk tracking. In
water-stressed agricultural economies — India’s Indus-Ganges Plain, Iran’s Urmia Basin, Mexico’s
Central Highlands — where groundwater depletion is already eliminating agricultural production
capacity at measurable rates, a USD 20M national groundwater platform could preserve tens of
millions of dollars per year in agricultural production value while protecting the long-run asset.

10.3 Benefit–cost framing

The World Bank’s comprehensive assessment of water security investment returns frames the B:C
benchmark at USD 5–10 returned per USD 1 invested across water resource management
programs globally.52 For drought-specific interventions in agricultural basins, the literature sup-
ports B:C ratios of 3:1 to 10:1 when avoided crop losses, prevented emergency costs, reduced

52World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex
t/en/topic/water/water-for-planet
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infrastructure damage, and sustained livelihood value are fully accounted.53 These are conservative
benchmarks: they do not capture the second-order GDP effects of improved basin-level water security
on industrial production, energy reliability, and urban economic output.

A τ basin twin, properly deployed, would be expected to materially exceed these benchmarks in
highly stressed basins because its gains compound: better drought allocation in year one protects
groundwater that provides buffering in year three; better ecological flow protection in a delta protects
fisheries that sustain livelihoods over decades; and better transboundary evidence reduces conflict
costs that are rarely fully priced in project-level B:C calculations.

11 Evidence and Translation Ladder

11.1 Stage 1 — Shadowmode in high-stress basins

Begin with a small, focused initial portfolio: - one drought-dominated basin with a clear chronic
over-allocation or depletion problem (e.g., Colorado, Indus, Yellow River, or Lerma-Chapala); - one
flood–drought swing basin where both extremes impose large recurring costs (e.g., Mekong, Irrawaddy,
or Zambezi); - one groundwater-stressed agricultural basin where depletion is already measurable
and economically significant (e.g., Indo-Gangetic Plain sub-basin, Souss-Massa in Morocco, or the
Ogallala in the US Great Plains); - and one transboundary pilot where political conditions allow
technical cooperation in shadow mode without requiring formal treaty modification.

In shadow mode, the τ twin runs alongside existing decision systems. It is judged by forecast
consistency against observed conditions, allocation-scenario usefulness as assessed by basin operators,
groundwater signal reliability against monitoring bore data, and operator trust over one to two full
hydrological cycles.

11.2 Stage 2— Planning-grade basin twin

Transition to: - seasonal and annual allocation scenario generation for basin management authorities; -
reservoir-rule redesign inputs for dam operators and hydropower managers; - recharge and abstraction
envelope guidance for groundwater licensing bodies; - and modernization-sequencing analysis for
irrigation infrastructure investment prioritization.

At this stage the twin begins to inform real decisions — not yet as the sole decision input, but as a
first-class input into planning processes alongside existing tools and expert judgment.

11.3 Stage 3—Operational decision support

Full integration with: - basin dashboards accessible to hydromet services, irrigation authorities,
groundwater licensing agencies, and drought and flood emergency operations centers; - real-time
inflow and reservoir release guidance at operational cadence (daily to weekly); - groundwater drought-
buffer alerts at sub-basin scale; - ecological flow compliance monitoring; - and early warning outputs
that trigger predefined adaptive management protocols rather than reactive crisis response.

11.4 Stage 4— Treaty and investment support

Use τ twin outputs for: - transboundary negotiation support, providing shared bounded-error
basin-state evidence to multilateral commissions and treaty review processes; - development-bank

53World Bank, Water for Planet / Water Resources Management Overview (2025): https://www.worldbank.org/ex
t/en/topic/water/water-for-planet
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investment screening, with basin-twin scenario analysis informing which storage, diversion, or
modernization investments are robust across climate scenarios; - ecological flow safeguard verification
in environmental and social impact assessments for major basin infrastructure projects; - and
long-range resilience planning for national water security strategies under 1.5◦C and 2◦C climate
scenarios.

12 Governance and Deployment Guardrails

A τ basin twin, if real, would be powerful. That power requires explicit discipline — a set of
non-negotiable guardrails that prevent the technology from producing outcomes contrary to the
public good it is designed to serve.

12.1 Do not allow the basin twin to become technocratic opacity

Allocation decisions have inherent ethical and political content that cannot be resolved by a model.
The twin should clarify trade-offs and make the physical consequences of allocation choices visible —
not conceal political choices behind the authority of algorithmic outputs. Basin authorities must
remain accountable to their public mandates, and the twin should be designed so that its trade-off
surfaces are legible to non-technical stakeholders and affected communities, not only to hydrological
engineers.

12.2 Protect groundwater from “better mining”

A better model must not become a license for faster depletion. There is a structural risk that
groundwater users — cities, irrigation districts, and industrial users — will interpret improved
quantification of aquifer state as permission to extract at the margin of current safe-yield estimates.
Groundwater governance design must include explicit provisions for preserving buffering capacity,
and those provisions must be binding rather than advisory.

12.3 Keep ecological flows visible and enforceable

Water-productivity optimization at basin scale must not erase downstream ecosystems, wetlands,
floodplain habitats, or delta ecologies. The twin should incorporate ecological flow requirements
as hard constraints — defined in physically grounded minimum-flow terms — rather than as
soft preferences that are traded away under scarcity. Fisheries, wetland services, and delta-coast
interactions represent enormous economic and ecological value that is chronically under-counted in
basin allocation models that focus primarily on consumptive use.

12.4 Build shared legitimacy early in transboundary contexts

In transboundary settings, the political credibility of the basin twin depends on all parties’ ability to
inspect its assumptions, boundaries, calibration data, and scenario outputs. A twin that is perceived
as technically controlled by the upstream riparian — or by the development bank financing the
deployment — will not achieve the shared-evidence function that is its most valuable contribution
to transboundary governance. Governance design should prioritize joint technical oversight from the
earliest stages, even if that slows initial deployment.
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12.5 Treat public-good metrics as first-class outputs

The point of the twin is not only cubic metres saved or agricultural production optimized. The public-
good metrics that matter most are: people protected from severe service interruption; livelihoods
stabilized during drought; ecosystems preserved for future generations; conflicts avoided through
shared evidence; and groundwater buffers maintained for long-run resilience. These are not easy
to quantify, but they must be tracked and reported alongside operational performance metrics.
Deployment frameworks that measure only operational hydrological performance will miss the most
important long-run outcomes.

12.6 Manage data-sovereignty risks for vulnerable riparian states

Transboundary basin twin deployments necessarily involve sharing hydrological monitoring data, dam
operating records, and groundwater information across national boundaries. For smaller riparian
states — Cambodia and Laos in the Mekong, Ethiopia and Sudan in the Nile — there is a genuine risk
that a technically superior upstream or donor-funded party gains structural information advantages
through the twinning process. Deployment governance must include data-sovereignty protections
and information-sharing protocols that are genuinely symmetric across all riparian parties.

13 Benchmark Suite and Success Metrics

A credible τ basin rollout should be evaluated against a focused set of technically demanding tests
that probe the capabilities that differentiate a τ twin from existing tools.

13.1 Technical benchmarks

Reservoir-operation benchmark. Can τ outperform existing operating rules — by measurable
criteria such as energy yield, agricultural allocation reliability, or carry-over storage — across a full
hydrological cycle that includes drought years, flood years, and compound events? This benchmark
requires a retrospective evaluation on historical data, not only prospective scenario agreement.

Groundwater-buffer benchmark. Can τ better predict safe abstraction rates and managed
aquifer recharge opportunities than MODFLOW-based approaches calibrated to the same monitoring
data? Key performance criteria: accuracy of water-table elevation forecasts at 30, 90, and 365 days;
prediction of depletion-threshold crossings; and identification of high-value recharge sites.

Basin water-productivity benchmark. Can τ identify allocation pathways that produce
measurably higher food value, livelihood value, or economic output per unit water allocated,
compared with current operating rules — without concealing ecological costs downstream? This
benchmark requires an integrated welfare accounting framework, not only physical water-balance
matching.

Drought–flood integrated benchmark. Can τ demonstrate that integrated drought-flood rule
sets — designed jointly for excess and scarcity conditions in the same computational frame —
outperform paired drought and flood playbooks designed independently? Key metric: reduction in
total losses across a multi-year sequence containing both drought and flood episodes.

Transboundary shared-baseline benchmark. Can riparian parties from different countries
work from a common τ scenario base — obtaining consistent basin-state estimates from the same
model — without losing trust in the impartiality of the shared evidence? This benchmark is
partly technical (consistency of basin-state estimates across national boundary nodes) and partly
institutional (demonstrable acceptance by multiple national agencies).
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13.2 Public-good metrics

• Service protection: reduction in person-episodes of severe water service interruption per drought
episode of a given severity;

• Groundwater preservation: reduction in mean groundwater table decline rate during high-
abstraction periods;

• Agricultural productivity: improvement in crop value or food output per cubic metre allocated,
measured across an irrigation system or basin;

• Flood-drought coordination: reduction in avoidable flood losses attributable to better reservoir
pre-release and storage allocation in years following the twin’s operational deployment;

• Ecological flow: measurable improvement in ecological flow compliance at key downstream
monitoring sites;

• Policy decisions changed: number and significance of basin authority, government, or devel-
opment bank decisions changed because the τ twin revealed a physically preferable allocation
pathway that existing tools did not identify.

14 The Broader Portfolio Context

Paper 4 matters because basin and groundwater governance sit structurally upstream of most other
water outcomes. This is not a claim about organizational hierarchy — it is a causal point. If
source-water quality improves but basins are chronically over-allocated, water treatment systems
will face input variability they cannot manage. If distribution infrastructure improves but drought
operating rules are inadequate, utilities will still collapse under scarcity. If sanitation improves
but river basins are unmanaged, downstream water quality will continue to degrade regardless of
upstream treatment investment. If WASH services improve in schools and health facilities but the
regional basin is being depleted, the supply those services depend on will eventually fail.

Basin and groundwater governance is therefore not merely one paper among five in the water
portfolio. It is the resource layer that determines whether every other investment in the portfolio is
durable. That is the justification for its inclusion as Paper 4 — placed between the infrastructure
and service-delivery papers (Papers 1–3) and the human-service endpoint (Paper 5), but logically
prior to all of them.

15 Immediate Next Steps

1. Select three candidate pilot settings: one drought-dominated basin; one flood–drought swing
basin; one groundwater-stressed irrigation basin. Criteria: political access, existing hydromet
infrastructure, severity of the baseline allocation problem, and institutional partner readiness.

2. Define a minimum benchmark suite covering reservoir operations, groundwater drawdown
and recharge, water-productivity allocation, and ecological-flow constraints. Agree benchmark
protocols with candidate partner institutions before committing to deployment.

3. Build a public-good scorecard that includes people protected, food value preserved, ecosystems
maintained, groundwater buffer change, and policy decisions changed. This scorecard should be
agreed at the outset of any pilot, not retrofitted afterward.

4. Identify one transboundary use case where the τ twin can enter in technical shadow mode
— providing analysis to the commission secretariat without formally replacing existing models —
as a pathway to shared-evidence legitimacy that does not require immediate treaty modification.

5. Prepare cross-links to Paper 5, where WASH in vulnerable settings becomes the human-
service endpoint of the full water and basin stack. The basin governance and groundwater
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buffering capabilities in Paper 4 are the resource foundation on which Paper 5’s service delivery
ultimately depends.

16 Bottom Line

Under the strong τ assumption, river-basin, groundwater, drought–flood allocation, and water
productivity intelligence may constitute one of the most consequential public-good entry points
in the entire water portfolio — and one of the highest-leverage applications of a law-faithful
computational twin in any domain.

The official baseline already tells us the four crucial structural facts:

1. Water scarcity is already large and seasonally widespread — 3.6 billion people face
inadequate access at least one month per year, and the trajectory under business-as-usual is
worse.54

2. Agriculture and basin allocation remain the dominant load-bearing issues — 72% of
freshwater withdrawals, with irrigated land generating 48% of crop value.5556

3. Groundwater is a central but under-governed resilience asset — 99% of liquid freshwater,
capable of halving drought losses, but being depleted faster than recharge in most of the world’s
major aquifers.5758

4. Hydrological variability is becoming more erratic, not more manageable — six consec-
utive years of global imbalance, with IPCC projections of intensifying drought and precipitation
extremes under any warming scenario.5960

The current toolset — MODFLOW, HEC-HMS, MIKE HYDRO, SWAT, GloFAS, Aqueduct —
represents the state of the art in deterministic or ensemble-based hydrology modeling and risk
mapping. These tools are embedded, trusted, and valuable. They are also structurally fragmented,
architecturally deterministic, and not designed for the integrated, bounded-error, real-time basin-state
intelligence that the next generation of water governance requires.

A τ basin twin, if the framework is sound, provides the missing substrate: a law-faithful, self-consistent,
coarse-grainable digital twin that can represent drought and flood in the same frame, integrate
groundwater and surface water without interface approximations, optimize water productivity
alongside allocation, and provide transboundary parties with a shared rather than contested evidence
base.

This is not only a hydrology paper. It is a paper about food security, drought resilience, flood
resilience, groundwater survival, ecosystem continuity, and water peace. That is why it is Paper 4 —
and why it deserves sustained investment and institutional attention proportional to the public good

54UN-Water, Water Facts (January 2025): https://www.unwater.org/sites/default/files/2025-01/UN-Water
_Water_Facts_one_pager_January_2025.pdf

55UN-Water, Water Facts (January 2025): https://www.unwater.org/sites/default/files/2025-01/UN-Water
_Water_Facts_one_pager_January_2025.pdf

56FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 — status and trends
(2025): https://www.fao.org/3/cd7488en/online/state-of-the-worlds-land-and-water-resources-for-foo
d-and-agriculture-2025-2025/status-trends.html

57UNESCO / UN-Water, The United Nations World Water Development Report 2022: Groundwater — Making the
Invisible Visible (2022): https://www.unesco.org/reports/wwdr/2022/en

58World Bank, The Hidden Wealth of Nations: Groundwater in Times of Climate Change (2023): https://www.wo
rldbank.org/en/topic/water/publication/the-hidden-wealth-of-nations-groundwater-in-times-of-climate
-change

59WMO, State of Global Water Resources 2024 (2025): https://wmo.int/publication-series/state-of-globa
l-water-resources-2024

60IPCC, Special Report on Global Warming of 1.5◦C (SR1.5), Chapter 3: Impacts of 1.5◦C global warming on
natural and human systems. Geneva: IPCC, 2018. Projected exposure of 100M+ additional people to severe drought
under 1.5◦C warming.
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it is positioned to protect.

17 References

Source: Full manuscript text integrated from Public-Good Briefing draft.
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing on how τ could improve river-basin intelligence, groundwater manage-
ment, drought-flood allocation, and water productivity for food and ecosystem security. The
v3 impact thesis is conditional: a Tau-grade river-basin, groundwater, drought-flood allocation,
and water-productivity twin would become valuable if it improves benchmarked public decisions
while preserving transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing on how τ could improve river-basin intelligence, groundwater management,
drought-flood allocation, and water productivity for food and ecosystem security. The public-good
burden is treated here as an institutional decision problem: existing agencies already monitor parts
of the domain, but the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline

• UN-Water, Water Facts (January 2025): [8]: source-page evidence item.

• FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 [1]:
status and trends (2025):.

• FAO, The State of the World’s Land and Water Resources for Food and Agriculture 2025 [2]:
executive summary (2025):.

• UNESCO / UN-Water, The United Nations World Water Development Report 2022: Ground-
water [9]: Making the Invisible Visible (2022):.

• World Bank, The Hidden Wealth of Nations: Groundwater in Times of Climate Change (2023):
[11]: source-page evidence item.

• WMO, State of Global Water Resources 2024 (2025): [10]: source-page evidence item.

• World Bank, Water for Planet / Water Resources Management Overview (2025): [12]: source-
page evidence item.

• UN-Water, Transboundary Waters (2025): [7]: source-page evidence item.

• FAO, WaPOR [3]: Remote Sensing for Water Productivity (portal):.

• FAO, WaPOR Data Portal Overview: [4]: source-page evidence item.

18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including FAO, UN-Water, UNESCO / UN-Water, WMO, World Bank. These references are
evidence and adoption surfaces, not endorsements or deployment partners.
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18.3 Capability gap

The practical gap is a benchmarkable translation gap: current systems expose useful data or partial
models, but they do not yet provide a single law-faithful, bounded-error decision layer for river-basin,
groundwater, drought-flood allocation, and water-productivity twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation
Recover Core Mathematics mathematical bridge and model interface
Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive

Corpus mapping is available
public-docs-mapping-withheld TauLib module links are asserted only where public docu-

mentation exposes a clear surface
Release Manifest release baseline
Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: river-basin, groundwater, drought-flood allocation, and water-
productivity twin.

First benchmarkable test: allocation, drought/flood tradeoff, groundwater stress, and water-
productivity outputs against basin records and satellite products.

• domain-specific model construction

• data ingestion and validation

• benchmark harness

• pilot protocol

• independent review workflow

18.6 Impact mechanism chain

Public-good burden → external evidence baseline → τ capability hypothesis → upstream Results /
Corpus / Verify dependency → translation assumptions → benchmarked pilot → governed adoption
pathway.
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18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci-
sion task for River-Basin, Groundwater, Drought-Flood
Allocation, and Water Productivity without operational
authority.

medium

Realistic A reviewed prototype strengthens several public-sector
workflows for River-Basin, Groundwater, Drought-Flood
Allocation, and Water Productivity after benchmark com-
parison with incumbent systems.

medium-low

Optimistic A reusable public-good intelligence layer becomes plausible
for River-Basin, Groundwater, Drought-Flood Allocation,
and Water Productivity after external validation and trans-
parent governance review.

low

18.8 Impact scorecard

Public-good scale 5/5 The affected public-good burden is large or
institutionally significant within the portfo-
lio.

Tau fit 4/5 The proposed pathway depends on coupled
state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

Evidence proximity 5/5 The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

Measurability 4/5 A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption readiness 2/5 Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

Equity leverage 5/5 The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

18.9 Candidate pilot pathways

basin allocation shadow pilot with water authority, agriculture ministry, and hydromet agency

18.10 Benchmark suite and success metrics

Type Incumbent base-
line

Required Tau
benchmark

Success metric Validator
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translation
benchmark

current public or in-
stitutional systems
in the domain

allocation,
drought/flood
tradeoff, ground-
water stress, and
water-productivity
outputs against
basin records and
satellite products

pre-registered accu-
racy, latency, uncer-
tainty, or decision-
quality metric

indepen-
dent
domain
reviewers

governance
benchmark

existing audit, disclo-
sure, and reporting
practice

transparent assump-
tion, data, model,
and failure-mode dis-
closure

reviewable evidence
pack and adverse-
outcome protocol

public-
sector or
expert gov-
ernance
panel

equity bench-
mark

current access,
service-quality, or
exposure disparities

documented path-
way for underserved
or vulnerable users
without hidden
exclusion

distributional benefit
and risk review be-
fore pilot expansion

equity,
community,
or public-
interest
review
process

18.11 Governance and risk guardrails

• Human oversight for any operational use.

• Public benchmark disclosure before institutional adoption.

• Equity access review for underserved or vulnerable communities.

• Data-rights and privacy controls for operational datasets.

• Misuse-prevention and adverse-outcome monitoring.

• Adverse-outcome monitoring with a documented escalation path.

• External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather
than decorative.

18.13 Bibliography and external evidence
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