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Supplementary Text 1, Methods 1:

Simulation and validation data

This section outlines the data inputs used by the Jordan Water Model (JWM) and the JWM
for Tanker Water Market Analyses (JWM-T) to simulate Jordan’s tanker water markets
(TWMs). The remainder of the section describes which data the model uses to simulate
varying conditions across simulation years (Subsection 1.1) and illustrates this with the
example of the validation analyses shown in Fig. 2 of the Article (Subsection 1.2). Additional
data used in estimating the demand functions that inform agent behavior in the model and
corresponding sensitivity analyses are described in Supplementary Methods 2, Water
demand modeling and sensitivity analyses.

1.1. Coupled systems simulation inputs

The JWM-T uses a coupled human-natural systems modeling approach to simulate TWMs in
Jordan’s 89 subdistricts in monthly time steps, accounting for monthly interactions between
water users (households, businesses, farms) and institutions (water utilities, water sector
authorities, TWMs), as well as between institutions and water resources. The coupled model
reflects the varying biophysical and socio-economic conditions in each historical (2006-2015)
and future (2016-2050) simulation year and month via (1) updating exogenous model inputs
and (2) endogenous interactions between modules. The JWM-T extends the JWM'’s transport
cost simulation, policy interventions and metrics, but uses the same inputs.

Exogenous model inputs: A comprehensive documentation of the exogenous model
inputs, their data sources, and the projections used is available in Yoon et al. (2021, Article
and Supplementary Information). The exogenous model inputs include:

Urban supply and demand modules, main exogenous inputs:

1. Population by subdistrict and category (permanent residents, tourists, refugees),

updated monthly, future projections by Shared Socio-economic Pathway (SSP) (Riahi

et al., 2007, 2017)

Household income by subdistrict, updated monthly, future projections by SSP

3. Other household characteristics by subdistrict (see Supplementary Table S.1),
updated annually in the historical simulation

4. Commercial establishment number by subdistrict and five size categories, updated
monthly, future projections by SSP

5. Public water tariffs by governorate, updated annually, future projections based on
average household income development

6. Technical and administrative non-revenue water (leakage and theft) by
governorate, updated annually, future projections based on policy targets

7. Historical groundwater and surface water abstraction targets by node in the bulk
water conveyance network, updated monthly, future projections based on supply
project investment targets

8. Governorate supply allocation targets for the bulk water conveyance network,
updated monthly, future projections based on governorate population developments

N

Agricultural and biophysical modules, main exogenous inputs:

1. Surface water module climate forcings (precipitation, temperature), other inflows,
and agricultural land use in upstream riparians by reservoir, updated monthly,
projections based on downscaled inputs for Representative Concentration Pathway
(RCP) 4.5 (Yoon et al., 2021; Rajsekhar and Gorelick, 2017)
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2. Groundwater module assumes monthly recharge values at 1x1km resolution (Yoon,
2017; Yoon et al., 2021)

3. Yield module climate forcings (precipitation, temperature) by subdistrict, updated
monthly, projections based on RCP 4.5 (Yoon, 2017; Yoon et al., 2021)

4. Agricultural module crop prices for the six modeled crop categories, updated
annually, projections described in Supplementary Methods 4, Future Projections

Endogenous variables: The exogenous inputs listed above drive changes in endogenous
variables passed between modules. Interactions between the various modules related to
TWNMs are illustrated in Supplementary Figure S.1. The main endogenous variable changes
are:

1. Groundwater abstraction constraints by subdistrict, passed monthly from the
Groundwater Module to the Bulk Water Conveyance Module and the Farm Agents

2. Groundwater pumping costs by subdistrict, passed monthly from the Groundwater
Module to the Bulk Water Conveyance Module and the Farm Agents

3. Public water supply availability by governorate, passed monthly from the Bulk
Water Conveyance Module to the Governorate Water Utilities

4. Tanker water offer quantity and price by subdistrict, passed monthly from the Farm
Agents to the TWM Module

5. Urban water demands by agent (see Supplementary Methods 2.1 and 2.2, Water
Demand Modeling), passed monthly from the Urban Water User Agents to the
Governorate Water Utilities and the TWM Module

These variables then shape the water allocations by the Governorate Water Utilities and the
TWM Module. A comprehensive documentation of the modules and their interactions is
provided in Yoon et al. (2021, Article and Supplementary Information).

1.2. Comparison to validation data

The use of annual historical model inputs allows for comparisons of model outputs to
independent data from various years. This is demonstrated in the analyses shown in Fig. 2 of
the Article. Fig. 2.b compares simulated commercial tanker water prices for 2016 to observed
tanker water prices from a commercial establishment survey conducted in that year (n=343;
Sigel et al., 2017). This survey used face-to-face interviews supported by business records.
The price data obtained were further validated in Sigel et al. (2017) by comparing them to
price data from a separate survey of tanker truck drivers (n=300). Fig. 2.c compares a
simulation of sales quantities by governorate for 2015 to observed tanker truck registrations
by governorate recorded by the Department of Motor Vehicles and Licensing (Sigel et al.,
2017). Fig. 2.d compares simulated wastewater influent at Jordan’s largest wastewater
treatment plant for 2006-2012 to observed influent data! for the same years.

! Data provided to the authors by the Water Authority of Jordan, displayed in Fig. 2.d.
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Supplementary Text 2, Methods 2:

Water demand modeling and sensitivity analyses

This section describes the demand modeling approach used in the Jordan Water Model
(JWM) and the JWM for Tanker Water Market Analyses (JWM-T) (Subsection 2.1). Further
information on the approach is available in Yoon et al. (2021, Article and Supplementary
Information). Subsection 2.2 summarizes the econometric demand function estimates based
on Klassert et al. (2018) and Sigel et al. (2017) and quantifies their uncertainty. Subsection
2.3 analyzes the sensitivity of model outputs to this uncertainty and uncertainty in tanker offer
price parameters, and analyzes its effect on the tanker water market simulation results.

2.1. Water demand modeling approach

The JWM uses a tiered supply curve approach in order to model Urban Water User Agents’
water demand. The approach allows for modeling demand for water from multiple sources
with a single demand function estimate, by ranking the sources by their cost per m3
(Srinivasan et al., 2009). More expensive water sources are used when more affordable
sources are unavailable. This approach is adapted to model tanker water demand in Jordan,
when piped water is temporarily unavailable due to supply intermittency or permanently
constrained due to limited connection sizes and water pressure (Klassert et al., 2015), see
illustration in Supplementary Figure S.2. In the JWM, the public water supply constraints
experienced by urban water users are determined by a piped water distribution algorithm
described in Yoon et al. (2021, Supplementary Information, pp. 17-18), using neighborhood-
level data on supply durations provided by the Water Authority of Jordan (WAJ) (WAJ, 2015).
The piped water consumption outputs from a JWM simulation for 2006-2014 are validated
against observed governorate-level data in Yoon et al. (2021, Supplementary Figure S.3),
with a model fit R2 of 0.995.

2.2. Econometric demand estimates

Household tanker water demand: Households use tanker water to balance temporary
public water supply shortages and local access constraints (Potter and Darmame, 2010;
Rosenberg et al., 2008; Sigel et al., 2017). In order to model this, the tiered supply curve
approach is applied to an econometric estimate of residential water demand (Klassert et al.,
2018), based on household-level water expenditure data from five rounds the Jordanian
Department of Statistics’ (DOS) country-wide Household Expenditure and Income Survey
(HEIS; n=15,811; OAMDI, 2014). The study applies a maximum likelihood estimation (MLE)
formulation of a Discrete-Continuous Choice (DCC) model to estimate the following
residential water demand function

In(q) =Pfo+pip+BIn(y)+Z+n+e (1)

where g is demand quantity, p is water price, y is household income, B; are demand function
coefficients, and Z is the sum-product of additional household characteristics and coefficients
(see Supplementary Table S.1). The error terms n and e account for household
heterogeneity and observation errors, respectively. The DCC formulation compensates for
the endogeneity problem resulting from the fact that water tariff rates are a function of the
quantity consumed under Jordan’s increasing block tariff (Klassert et al., 2018).

Results of the residential demand function estimation are presented in Supplementary Table
S.1. The log-linear price coefficient yields a price elasticity of -0.24 for the average residential
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water tariff, which is smaller than the average value of -0.34 reported in Nauges and
Whittington’s (2009) review of water demand estimates for developing countries, but larger
than Salman et al.’s (2008) previous estimate of -0.19 for Jordan. The income elasticity of
0.22 is within the range of 0.2-0.3 reported by Nauges and Whittington (2009). The ratio of
unexplained variation in household heterogeneity (o) to unexplained variation by other
sources of error (o,.) is 0.83. This is moderately lower than the ratio of 1.16 found for a
comparable log-linear DCC model of water demand in Vasquez Lavin et al. (2017). The two
error terms translate to a constant 95% confidence interval (Cl) around aggregate demand
ranging from -1.1% to +1.1%, narrow due to the large sample size. This 95% ClI is used in
the sensitivity analysis in Subsection 2.3.

Commercial tanker water demand: Businesses in Jordan purchase a much larger share of
their water supply from tanker trucks than households, due to limited piped water connection
capacity and high commercial water tariffs (Sigel et al., 2017). Commercial water demand is
estimated with a DCC model applied to a representative survey of commercial piped and
tanker water use in summer and winter in two Jordanian cities and one rural governorate
(n=343; Sigel et al., 2017), building on the modeling approach applied in Zozmann et al.
(2019). A Discrete-Continuous Choice (DCC) model with the MLE formulation from Klassert
et al. (2018) is used to estimate the following commercial water demand function

In(q) = Bo + Bip + Bopb + B3 In(D) + Bys + Z + 1 + € (2)

where q,p, B;, Z,n, and € remain as defined above, [ indicates the number of full-time
employees, s is a Boolean variable distinguishing summer and winter observations, and b is
a Boolean variable distinguishing small (1-4 employees) establishments from larger ones.

Coefficient estimates for the commercial demand function estimation are summarized in
Supplementary Table S.2. The log-linear price coefficients translate to elasticities of -0.75 for
small and -0.51 for large establishments, both well within the wide ranges of values reported
in Worthington (2010) and Renzetti (2015). The two error terms result in a 95% ClI of -7.4%
to +8.0% used in the following sensitivity analysis in Subsection 2.3.

Agent demand parameterization: In the JWM, each coefficient of the residential demand
function is parametrized with individual household characteristics for 804 subdistrict-level
household and refugee household agents across Jordan, further distinguished by their
average public water supply duration (1-3 categories per subdistrict) and their sewage
connection status (connected, unconnected), as described in Yoon et al. (2021, Article and
Supplementary Information). 1,005 commercial water user agents, distinguished by supply
duration and size (five categories) use average country-level demand function parameters,
calculated from the survey data for each of size category, and governorate-level
establishment numbers by year and size category, further distributed to subdistricts in
proportion to population (Yoon et al., 2021; Article and Supplementary Information).

2.3. Sensitivity analysis

We conduct eight JWM-T simulations for the year 2015 in order to assess the sensitivity of
the tanker water market simulation results to uncertainty in the two demand function
estimates and tanker offer prices. A comprehensive quantification of uncertainty in coupled
human-natural systems models is challenging, as parametric uncertainty is accompanied by
sampling and structural uncertainty (Srikrishnan, et al., 2022). Here, we aim to test the
sensitivity of JWM-T results to two key sources of parametric uncertainty affecting our tanker
water sales simulations, namely the water demand functions described above and the tanker
water offer prices.
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Tanker offer price uncertainty: Tanker offer prices are the sum of the opportunity cost of
water at its source and the transportation cost to urban users (see Methods, Spatial Price
Equilibrium Optimization). Transportation cost is determined by the road distance times a
coefficient derived from a survey of 300 tanker truck drivers in Amman (Sigel et al., 2017). It
includes fuel, labor, administrative, and maintenance costs per kilometer for the average
truck. The overall 95% CI for tanker drivers’ reported transportation cost coefficient
components used in the JWM ranges from -10.2% to +9.2%. For the sensitivity analyses
presented below, we extend the 95% CI factor obtained for the transportation cost coefficient
to the relatively smaller rural opportunity cost value of water generated by the Agricultural
and Groundwater Modules.

Model sensitivity to demand and price uncertainty: The uncertainty analysis is
implemented by varying household and commercial demand function coefficients and tanker
offer prices in the coupled model by factors equal to the upper and lower limits of the
respective 95% Cls. This requires six JWM-T simulations. An additional two simulations are
conducted to assess the combined impacts of (1) low demands and high offer prices, as well
as (2) high demands and low offer prices. The resulting variations in household and
commercial tanker water prices and purchases are shown in Supplementary Table S.3. The
largest effects are obtained for the combined uncertainty simulations, resulting in overall
tanker water consumption changes of -12.7% (lower limit) to +17.5% (upper limit).

Effect on simulated tanker water market volume: We also compare the size of demand
and price uncertainty in the simulated 2015 tanker water market sales volume to license-
based estimates of tanker water market size (Supplementary Figure S.3). The lowest tanker
water sales quantity found in any sensitivity simulation is 51 million m3 per year. This quantity
is within the range between the high and the low estimate based on tanker truck
registrations, described in Supplementary Methods 3, Validation (41-68 million m3 per year).
The highest tanker water sales quantity found in any sensitivity simulation is 69 million m3 per
year. This quantity is moderately higher than the high registration-based estimate (68 million
m3 per year), but still within the range of the log-normal 95% CI for that estimate (66-71
million m3 per year; see Supplementary Methods 3, Validation).
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Supplementary Text 3, Methods 3:

Model validation

Analyses of private TWMs are impeded by an inherent difficulty to obtain direct observations
(Garrick et al., 2019; Whittington et al., 1991). The partly informal nature of these markets
means that there are only limited public records of their activities. Direct surveys of informal
or illegal activities risk exhibiting a downward bias. Jordanian water sector authorities face
the same challenge. Tanker trucks require a license and are subject to public health
regulations (Sigel et al., 2017). The enforcement of licensing requirements for rural wells,
however, is severely limited by the fact that these wells are spread across Jordan and
difficult to access (Sigel et al., 2017). Well metering is sparse and the fact that the tariff on
groundwater abstractions for tanker water is 50 times higher than that for agricultural
abstractions provides a strong incentive against registering a well for tanker water supply (Al-
Karablieh and Salman, 2016). The simulation results presented in Fig. 2 of the Article
suggest that the quantity of tanker water sold in 2015 across Jordan was 10.7 times as large
as officially estimated (Fig. 2.a). Initial evidence for this order of magnitude can be found in a
representative survey of commercial establishments in Jordan. The commercial piped water
use after losses was 33.7 million m3in 2014 (MWI, 2016a). The survey finds that 56% of the
establishments representing 59% of all commercial water use rely on tanker supply as their
only water source (Sigel et al., 2017), suggesting that the commercial tanker sales volume
alone is substantially larger than the total sales volume officially acknowledged. In order to
further support these results, we rely on three types of evidence:

3.1. Piped consumption. Firstly, the JWM-T modules producing tanker water demand and
supply have been validated in the Supplementary Information to Yoon et al. (2021). The
results show a very good fit between modeled and observed piped water consumption
values, giving support to the residual tanker water demand, as well as between modeled and
observed well water abstractions, determining the tanker water supply availability and
opportunity costs.

3.2. Tanker registrations. Secondly, we estimate the range of tanker water sales volumes
based on survey data and from vehicle registrations: Public records from the Jordanian
Department of Motor Vehicles and Licensing (DMVL) allow us to estimate the range of likely
annual tanker water sales quantities. For 2015, these indicate a number of 3,251 active
licenses for tanker trucks transporting potable water (Sigel et al., 2017). Annual license fees
of US$247 and an obligation to participate in frequent health inspections suggest few if any
registered trucks remain unused (Sigel et al., 2017). We multiply these licenses with the
average weekly sales quantity from a survey of 300 tanker truck drivers (Sigel et al., 2017),
larger than various previous surveys (Raina et al., 2019; Whittington et al., 1991; Wutich et
al., 2016; Ahlers et al., 2013; Hailu et al., 2011). A robust Jarque-Bera test (Gel and
Gastwirth, 2008) confirms that sales follow a log-normal distribution with a corrected mean of
241 m3 per truck per week (95% CI [218.3, 265.9] m3, determined with the Cox modified
method; Olsson, 2005). This yields an estimated annual sales volume of 40.8 million m3 of
potable water (95% CI [37.0, 45.1] million m3). In addition to this, the DMVL registers 2,192
trucks not licensed for potable water. Either these could supply an additional 27.5 million m3
(95% CI [25.0, 30.4] million m3) of non-potable water per year for commercial water uses,
which would fall under the scope of the TWMs analyzed here, or they could partly transport
water between farms. Taking this additional range into account yields an estimated total
sales volume of between 40.8 and 68.4 million m3 per year (37.0 to 75.5 million m3 with the
95% Cls), 7.4 to 12.4 times that of the official assessment (6.7 to 13.7 times when including
the 95% CI range), see Supplementary Figure S.3.
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3.3. Market attributes. Finally, our ability to capture three attributes of Jordan’'s TWMs is
supported by the findings presented in Fig. 2.b-d of the Article. Importantly for our economic
evaluation of Jordan’s TWMs, the model results for 2016 are able to capture most prices well
compared to observations from a 2016 commercial establishment survey (Fig. 2.b; Sigel et
al., 2017). The results significantly overestimate prices for large firms in Irbid and, to a lesser
degree, in Amman. Large firms might benefit from an ability to enter large or long-term
contracts in ways that the model cannot capture. While market prices are sensitive to many
influencing factors, the model is able to closely approximate observed price levels and to
capture differences between governorates and size groups. Modeled sales quantities exhibit
a very good fit (R2 = 99%) across space with observed registrations of tanker water trucks
from official records, reported in Sigel et al. (2017) (Fig. 2.c). These data likely provide a
reliable indicator of the actual number of tanker water trucks in use, since registrations
require the high annual fee and regular health inspections mentioned above (Sigel et al.,
2017). Fig. 2.c shows that the Amman-Zarga agglomeration receives 29.9 million m3 per
year, exceeding the quantity abstracted in the Amman-Zarga basin. This is unsurprising,
however, as the agglomeration extends into the neighboring Azraq, Deir-Alla, and Jiza
basins. Fig. 2.d illustrates that the inclusion of TWMs in the JWM model allows us to
reproduce observed wastewater influent at Jordan’s main treatment plant As-Samra to a
higher degree. The analysis compares results from a normal historical JWM-T simulation to
those from a counterfactual simulation where TWMs are deactivated. Without the additional
water consumption from TWMs, simulated fall short of observed influents by 21.8% on
average. The inclusion of TWMs reduces this difference to 6.2%, with the remaining
deviation mostly attributable to the first year and one outlier event.
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Supplementary Text 4, Methods 4:

Future projections

In order to project future TWM developments, we conduct an ensemble of ten simulations
until 2050 with the JWM, capturing all five Shared Socio-economic Pathway (SSP)
projections for Jordan (Riahi et al., 2007, 2017), climate change under Representative
Concentration Pathway (RCP) 4.5 (Yoon et al., 2021; Rajsekhar and Gorelick, 2017), and
alternative assumptions about future crop price developments.

The two crop price scenarios use 2000-2014 farm-gate crop price data to project either (a) a
continuation of the observed mean crop prices (“constant mean”) or (b) an extension of crop
price trends (“trend”), with added price volatility. The price trend is projected with Holt’s
double exponential smoothing method (Hyndman et al., 2008, 2018). Price volatility is
generated with random draws from a normal distribution, using the standard deviation in the
historical data for the constant scenario and the standard deviation from Holt's method for
the trend scenario.

We find that the average tanker water sales quantities across the ten simulations are very
close to those obtained with the baseline (“optimistic”) scenario and policy intervention
assumptions for the basic JWM described in Yoon et al. (2021), which we use to project and
analyze the future value of tanker water and its components. This baseline simulation
includes the intermediate climate stabilization of RCP 4.5 and SSP 2 (“Middle of the Road”),
as well as a conservative set of future demand policies and supply enhancements used by
the Jordanian Ministry of Water and Irrigation (MWI) for planning purposes, which does not
include major TWM policy changes or piped supply system improvements. As one deviation
from the JWM baseline scenario, we use the alternative assumption that Syrian agriculture
recovers, leading to reduced flows in the Yarmouk River (Yoon et al., 2021, Article and
Supplementary Information).
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Supplementary Text 5, Methods 5:

Policy interventions to limit groundwater extractions

Results for the policy interventions presented in Fig. 4 of the Article and assessed in the
sections Results, Public supply improvements and Results, Water market policy reform are
generated in JWM-T simulation runs for 2015-2050. The policy interventions are
implemented by adjusting the input parameters of the JWM (supply augmentation) or via
code scripts, which represent various policy interventions addressing Jordan’s TWMs
(equitable water distribution, well closures, tanker license cap, and household priority cap).
These scripts are added to the JWM as part of the JWM-T extension. Each script updates
the rate of a policy factor for the given intervention in every simulation month to target a
previously determined countrywide tanker water sales quantity objective (Q*). In the analyses
conducted here, the value of Q* is set to the total sales quantity estimated for the year 2020,
of 58.6 million m3 per year. The individual policy interventions are:

5.1. Supply augmentation. The supply augmentation intervention is simulated as a 300
million m3 water input into the public water conveyance network near Agaba, phased in
during two stages (80 million m3 in 2025, 220 million m3 in 2027). It is implemented by
adjusting the capacity parameter of the desalination intervention presented in Yoon et al.
(2021). The intervention is based on the earlier plans to build a 230 million m3 seawater
reverse osmosis plant on the Red Sea near Agaba and a conveyor pipeline to deliver the
desalinated water to Amman and the populous Northern Governorates, described in Yoon et
al. (2021), as well as recent announcements to accelerate the project and expand it to 300
million m3 (Arab News, 2022; EIB, 2022; Petra, 2022).

5.2. Equitable water distribution. This intervention reflects general improvements to
efficiency, reliability, and equity of the public water distribution system. The intervention is
implemented by allocating water equally among all users and gradually reducing the
technical non-revenue water (NRW) percentages across all governorates, representing the
shares of water lost through leakages. The intervention allows the system to regain capacity
that is otherwise lost to ongoing leaks. Repairing leaks is also important from a resource
vantage as most productive aquifers used for urban water supply are located outside the
major cities and well depths are often greater than 100 meters (Bruckner et al., 2021; Goode
et al., 2013). Moreover, private wells are not allowed in Jordan's cities (Rosenberg et al.,
2008), largely precluding recovery near the location of leaks. Hence, any recharge to the
main aquifers from leakages takes time, exposes groundwater to other forms of loss (e.g.,
contamination) during the process and requiring duplicative pumping costs to recover once
reaching an aquifer. All technical NRW rates are multiplied by a given policy factor rp,
adjusted to meet the policy objective.

5.3. Improved distribution and augmentation. This intervention combines interventions (1)
and (2) in one simulation.

5.4. Well closures. The well closure intervention mimics the current Jordanian policy
approach of closing a share of known tanker wells (Al-Naber and Molle, 2017; Sigel et al.,
2017). This policy is implemented by reducing the quantity offered to the TWM mechanism
by each farm agent by an absolute quantity. The quantity is calculated by multiplying that
farm agent’s average offer quantity for that same month in previous years by a given policy
factor ry,. The policy, thereby, affects farm agents in proportion to their past TWM activity.
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5.5. Tanker license cap. The license cap intervention reflects the imposition of a quantity
constraint on the TWM mechanism in a way that allows for an efficient allocation of the
constrained sales quantity. In practice, this constrained optimization result could be
approximated by limiting the number of available water tanker licenses. Tanker trucks
already face a substantially more stringent monitoring regime than wells (Sigel et al., 2017),
as illustrated in Supplementary Figure S.3. The accuracy of the intervention could be
enhanced by monitoring and potentially regulating the number of trips per vehicle via log
books or satellite tracking devices, potentially aided by technological support from other
countries. Future advances in remote sensing could further reduce monitoring costs (Zhang
et al., 2022). In the model, the intervention is implemented by imposing an additional
constraint () on the TWM optimization, which limits the total sales quantity.

5.6. Household priority cap. The household priority cap implements the same overall
capacity constraint on tanker licenses as the tanker cap (Subsection 5.5). It prioritizes
household tanker water purchases by imposing caps of different severity on licenses for
water deliveries to households and to commercial establishments. Precedents for such a
separation can be found in the existing tanker truck fleets for drinking water, agricultural
water, and construction water, which have separate licenses and can be identified by
different vehicle colors (Sigel et al., 2017).

The modeled intervention builds on the tanker license cap intervention. The constraint on
tanker water sales to households (1) is determined by multiplying the tanker license cap
parameter with a household share coefficient sy € [0, 1]:

Try = SHTT (3)

The constraint on tanker water sales to commercial establishments (1) is determined as:
rr¢ = max(0, (rr — rry) ) (4)

The initial value of sy is the average ratio of household tanker water sales to total tanker
water sales, calculated from a 2015-2020 baseline simulation. Over the course of the
simulation, the value of sy rises in proportion to population.

The factors rp, and 1, and are adjusted each month to minimize the deviation of the past
months’ total tanker water sales quantity from Q*. The factor r; requires no monthly
adjustments, since it directly acts as an upper bound constraint on the spatial price
equilibrium optimization.

5.7. Note on public water tariff reforms. Reforms of piped water tariffs could support the
financial viability of the investments to improve public water supply outlined above
(Subsections 5.1-5.3). While tariff reforms are beyond the scope of this study, previous
analyses provide insight into their potential: Kubursi et al. (2011) find that water tariffs in
Jordan are substantially below the scarcity value of water and fall short covering the
operation and maintenance cost of the public water supply system. Al-Saidi and Dehnavi
(2019) identify affordability as a key consideration in Jordan’s urban water pricing policies. A
simulation of alternative tariff structures for Jordan finds that substantial increases cost
recovery in residential water tariffs can only be reconciled with affordability and household
water security, if Jordan’s increasing block tariff structure is reformulated to account for
household size (Klassert et al., 2018).

Commercial piped water tariffs in Jordan are used to cross-subsidize other uses, with
average rates near the level of tanker water prices (Sigel et al., 2017). Jordan’s water
authorities, therefore, only have limited leeway to raise commercial water tariffs without
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risking to lose high-revenue customers (Gerlach and Franceys; Sigel et al., 2017). A
separation of household and commercial tanker truck fleets, as described in Subsection 5.6
(household priority cap) might create new opportunities to address this challenge that could
be analyzed in future research.

12



Supplementary Information - Unexpected growth of an illegal water market

Supplementary Text 6, Results 1:

Public supply improvements

The TWM projections raise the question: Would public supply investments currently
considered in Jordan improve water security sufficiently to reduce or at least stabilize TWM
demand and externalities? We find that even a large-scale supply augmentation by more
than 50% can only stabilize groundwater abstractions if it is combined with network
investments achieving a more equitable water distribution.

6.1. Supply augmentation. Water authorities in Jordan have long sought to augment public
water supply by building a large-scale desalination plant on the Red Sea, originally combined
with a water trading agreement with Israel to get water to Jordan’s densely populated north
(Whitman, 2019). Recent plans aim to produce 300 million m3 per year of desalinated water
by 2027, conveyed from the Red Sea to Amman via pipeline (see Supplementary Methods
5.1). Desalination can have substantial negative environmental impacts that would need to
be considered in the implementation (Elsaid et al., 2020). In Fig. 4 of the Article we test the
resulting supply augmentation in a JWM-T simulation until 2050 and find that it would cause
a reduction of tanker water sales below average 2015-2020 levels from 2027 to 2032, after
which sales would rise again (Fig. 4.a). Notably, this vast expansion of the public water
supply sources by more than 50% (MWI, 2017) would maintain only a moderate impact on
TWM sales in 2050, reducing them from 95 to 76 million m3 per year.

6.2. Remaining inequity. Supply augmentation on its own does not address the high
inequality in Jordan’s public water distribution that causes supply shortages and TWM
demand. In the baseline case, the severely vulnerable share of the population, receiving less
public water supply than the World Health Organization minimum requirement of 20 liters per
person per day, grows to 11% until 2050. The supply augmentation reduces this severe
public supply vulnerability below 2%, but does not eliminate it (Fig. 4.c). 15% of households
remain substantially vulnerable (Fig. 4.b).

6.3. Equitable distribution. Investing in a more equitable public water distribution system to
reduce shortages is a key policy recommendation for addressing informal TWMs (Shah,
2007; Gerlach and Franceys, 2009). We find that Jordan could prevent any further expansion
of household tanker water sales beyond average 2015-2020 sales through 2050, if it phased
out public supply intermittency, provided equal access to all users, and gradually eliminated
leakages (see Supplementary Methods 5.2). The investment would reduce the overall growth
of uncontrolled annual abstractions from stressed aquifers in 2050 to just +19%, compared to
+64% in the baseline case (Fig. 4.a).

Substantially improving the distribution system would naturally be highly beneficial for
households, assuming that piped water tariffs remained lower than tanker water prices. An
equitable and nearly loss-free distribution system would keep severe public supply
vulnerability at zero (Fig. 4.c). Such substantial improvements, however, are difficult to
implement in practice, due to high investment needs and because reversing supply
intermittency is much more challenging than introducing it (Laspidou and Spyropoulou,
2017). While reduced levels of water losses and theft have been achieved in the past, a
complete restoration is likely infeasible.

6.4. Improved distribution and desalination. Combining desalination with a more equitable
and efficient public water distribution system would achieve stabilization of tanker water
abstractions at present levels (Fig. 4.a) and eliminate severe vulnerability (Fig. 4.c), while
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only requiring water losses to be reduced to half of their current rate. This would, however,
require two highly capital-intensive investment efforts whose feasibility is uncertain. Tariff
reforms could support these efforts by enhancing cost recovery in public water supply (see
Supplementary Methods 5.7).
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Supplementary Text 7, Results 2:

Water market policy reform

Unless investments completely alleviate public supply shortages, TWMs will remain part of
Jordan’s urban water supply. Can tanker water market reforms contribute to stabilizing
TWMs’ groundwater abstractions while maintaining water security?

7.1. Institutional preconditions. Comparative analyses of water markets have established
institutional preconditions to facilitate an efficient re-allocation of water under various
hydrological and socio-technical contexts (Wheeler et al., 2017; Teytelboym, 2019; Wheeler
and Garrick, 2020). For informal TWMs, important preconditions are low transaction costs
relative to potential trade gains, a sufficient level of competition, and an absence of
substantial water abstraction externalities (Garrick et al., 2019; Wheeler and Garrick, 2020;
Garrick et al., 2023). Our finding that tanker water is sold at prices near marginal costs
suggests that neither transaction costs nor market power pose substantial barriers to sales
on Jordan’s TWMs. Their main inefficiency stems from uncontrolled groundwater
abstractions. Recent studies have assessed Jordan's well regulations as ambitious yet
challenged by severe enforcement obstacles, and have suggested indirect approaches to
improve enforcement (Al Naber and Molle, 2017).

7.2. Improved monitoring and enforcement. We find that such an indirect enforcement has
the potential to stabilize groundwater abstractions more cost-effectively than Jordan’s
existing enforcement approach. The core of Jordan’s current strategy to implement
groundwater regulations is to gradually close known illegal agricultural and tanker wells
(Sigel et al., 2017; Al Naber and Molle, 2017). This approach has raised concerns about
being particularly inefficient and selectively enforced (Al Naber and Molle, 2017).

We compare this to an example of an indirect enforcement intervention that leverages the
existing licensing system for tanker trucks. Tanker trucks, in contrast to tanker wells, are
subject to stringent monitoring, including annual registration fees and regular health
inspections (Sigel et al., 2017). The intervention enforces a cap on the number of active
vehicles to reduce tanker abstractions. While the analysis presented here models the
potential impacts of this intervention on TWMs and groundwater abstractions, additional
assessments of its practical and political feasibility are needed.

The impacts of the well closure and tanker license cap policies on TWM sales and
groundwater abstractions are tested in JWM-T simulations until 2050, presented in Fig. 4 of
the Article (see Supplementary Methods 5.4, 5.5). We assume that enforcement efforts for
each policy are intensified until groundwater abstractions are stabilized at the average 2015-
2020 level. Both policies achieve this objective (Fig. 4.a). The license cap, however, is much
more cost effective, requiring only 32% of the reduction of the net benefits of TWMs
compared to the well closure policy by 2050 (Supplementary Figure S.4). Closing known
illegal tanker wells means tanker trucks have to rely on fewer licensed wells and travel
further out to remaining unlicensed wells, resulting in particularly high costs per m3 of water
supplied (Fig. 4.f and Supplementary Figure S.5). This supports the concerns about the
inefficiency of the current policy (Al Naber and Molle, 2017).

7.3. Maintaining household water security. While the license cap policy achieves a more

cost-effective stabilization of groundwater abstractions, it reduces the tanker water available
to vulnerable households by nearly 50% (Fig. 4.e). This could be avoided by allowing water
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sales to households to grow in proportion to the population. We analyze a modified version of
the license cap policy, which prioritizes household water use. It pursues the same
groundwater abstraction target as the license cap by separating licenses for sales to
households and commercial users, and gradually reducing the latter (see Supplementary
Methods 5.6).

We find that such a household priority cap policy would have the potential to stabilize
groundwater abstractions (Fig. 4.a), while keeping severely vulnerable households’ tanker
water use near baseline levels (Fig. 4.e) and raising their water access to 97% (Fig. 4.d). It
significantly reduces vulnerability (Fig. 4.b-c), while leading to lower transport distances and
costs than the general license cap (see Supplementary Figure S.5). The reduction in
commercial tanker water access under the household priority cap, however, results in 50%
greater net benefit losses than under the general license cap (see Supplementary Figure
S.4). Adjustments to the intervention could balance the objectives of abstraction reduction,
household water access, and commercial net benefits differently.

7.4. Feasibility. The extent to which Jordan will be able to address the water security
challenges it faces via public supply investments remains uncertain (Yoon et al., 2021).
Assessing the feasibility of the market reforms in Jordan’s political and institutional
environment requires further analysis. The above analysis suggests that market reforms,
however, which explicitly account for TWMSs’ institutional preconditions and their role in
extending household water access, can complement public supply investments to enhance
the viability of water security objectives.

16



Supplementary Information - Unexpected growth of an illegal water market

Supplementary Figure S.1:
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Fig. S.1. Human Modules in the Jordan Water Model. Schematic representation of agent
interactions among the Human Modules and of water flows between Human Modules and the

Groundwater Module in the Jordan Water Model and the Jordan Water Model for Tanker Water

Market Analyses (JWM-T), adapted from Yoon et al. (2017). Human Modules represent
policies and allocation decisions (Governmental Agents and Suppliers) as well as consumption
decisions and impacts (Urban Agents and Farmers). A detailed description of the Modules can
be found in Yoon et al. (2021, Article and Supplementary Information).

17




Supplementary Information - Unexpected growth of an illegal water market

Supplementary Figure S.2:
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Fig. S.2. Determination of residual tanker water demand in the Jordan Water Model. The
plot illustrates the tiered-supply curve approach for consumer choice among multiple water
sources (Srinivasan et al., 2010), adapted for the combination of an increasing block tariff for
public water supply and tanker water supply present in Jordan (Klassert et al., 2015). The
tanker water demand quantity is determined by the demand curve w(p) and the tiered supply
curve, where w represents the water consumption quantity, p the water price, w; is the
boundary of tariff block k € {1,2}, and p is the tariff rate for block k. Public water supply
constraints in Jordan’s intermittent water supply system are reflected by w. The water
quantities (w, — w) and (w;" — w) are two examples of residual tanker water demand quantities,
resulting from the tanker water prices p; and p{', respectively.
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Supplementary Figure S.3:

601

Sales quantity in
million m3/year
S

N
o

o,

1. Well 2. Potable 3. All tanker 3. JWM-T
licenses tanker registr. registrations simulation

Basis of estimate

Fig. S.3. Effect of demand and price uncertainty on the simulated tanker water market
volume. Simulated tanker water market sales volume in 2015 (blue), compared to well licenses
(red), a high estimate based tanker truck registrations (grey, left), and a low estimate based
tanker truck registrations (grey, right) (MWI, 2016b; Sigel et al., 2017). Error bars on the
registration-based estimates reflect the log-normal 95% confidence interval, see
Supplementary Methods 3, Validation. *Dark blue error bars on the simulated sales volume
indicate the lower and upper limit simulations for combined uncertainty in the demand functions
and offer prices, see Supplementary Methods 2.3, Sensitivity analysis and Supplementary
Table 3. Challenges of a comprehensive uncertainty quantification for coupled human-natural
systems models are discussed in Supplementary Methods 2.3.
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Supplementary Figure S.4:
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Fig. S.4. Development of net tanker water benefits under three tanker market
interventions, relative to baseline. The plot shows the difference in net benefits (consumer
surplus plus private and government revenue) between three tanker water market reform
interventions and the baseline simulation, based on JWM-T simulations for 2015-2050.
Jordan’s current policy to close known tanker wells (light blue) reaches a net benefit difference
below US$ -90 million per year after 2034, due to its high water cost per m3 (Fig. 4.f of the
Article). The net benefit losses under the household priority cap intervention (dark blue) are
50% higher in 2050 than under the overall tanker license cap (medium blue), due to the higher
constraint of sales to businesses under the former. The interventions are described in
Supplementary Methods 5. All monetary values are in constant 2015 USS$.
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Supplementary Figure S.5:
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Fig. S.5. Growth of tanker water transportation distances and costs under three tanker
market interventions. Bar plots show the increase in tanker water transportation distances
relative to 2015 (a) and the resulting transportation costs in 2030 and 2050, compared to 2015
(b) for three tanker water market reform interventions and the baseline simulation, based on
JWM-T simulations for 2015-2050. Growing tanker water sales quantities in the baseline
simulation lead to an increase of the average tanker water transportation distance by +52%,
with a resulting rise in transportation costs from US$2.1 per m3 in 2015 to US$3.2 per m3 in
2050. Using Jordan’s current policy to close known tanker wells (light blue) to stabilize tanker
water abstractions at current levels induces trucks to travel to more remote wells, leading to
distance increase of +76% by 2050 and transportation costs of US$3.66 per m3, despite the
smaller sales quantity. Using the tanker license cap (medium blue) or the household priority
cap (dark blue) stabilizes tanker water abstractions at current levels, while also reducing
increases in the average transportation distances in 2050 to +40% and +29%, respectively. As
a consequence, transportation costs only rise to US$2.9 per m?3 under the tanker license cap
and US$2.6 per m3 under the household priority cap. The interventions are described in
Supplementary Methods 5 and Supplementary Results 7. All monetary values are in constant
2015 US$.

21



Supplementary Information - Unexpected growth of an illegal water market

Supplementary Table S.1:

Table S.1. Econometric residential water demand estimates. Estimates of the natural
logarithm of quarterly household water demand from the Discrete Continuous Choice (DCC)
model used to inform household agent behavior in the Jordan Water Model, as well as two
Ordinary Least Squares (OLS) models applied to the same data for comparison, from
Klassert et al. (2018). JOD are constant 2013 Jordanian Dinar. For the JWM household agent
parameters, the DCC price and intercept coefficients are adjusted to reflect constant 2015

US$. The income coefficient requires no adjustment as it expresses an elasticity.

All Years
Variable Units
oLS1 oLS?2 DCC
nercept ] 33207 1.9951%* 145877
(0.0343) (0.0590) (0.1019)
. 0.7798%%* 0.4510%%x
Price JOD/m? (0.0043) - (0.0601)
~0.0067 0.1526%** 0.2181%**
Log(Income) JOD/a (0.0042) (0.0071) (0.0125)
Adults count 0.0386%** 0.1345%% 0.1852%%*
(0.0047) (0.0081) (0.0132)
0.0018%%* —0.0084%* ~0.0113%#x
Adults? Count (0.0005) (0.0008) (0.0012)
children count 0.0085%** 0.0236%** 0.0313%**
(0.0015) (0.0026) (0.0038)
Seniore count 0.0124%* 0.0286%** 0.0443%%
(0.0045) (0.0079) (0.0116)
Married Boolean 0.0076 ~0.0258* 0.0423*
(0.0068) (0.0120) (0.0167)
Education Boolean 0.0169%* —0.0409%# —0.0542%%%
(0.0060) (0.0106) (0.0145)
Owm house Boolean 0.0762%** 0.1493%% 0.1673%%
(0.0054) (0.0095) (0.0127)
Large house Boolean 0.0031 0.1055%** 0.1546%%
(0.0075) (0.0132) (0.0195)
Urban Boslean ~0.1970%%* 0,195 1% —0.2268%%*
(0.0060) (0.0105) (0.0157)
N Count 15,811 15,811 15,811
RSE : 0.2764 0.4857 :
. ] ) ] 0.3315%%
. (0.0175)
0.3996%*
Oe ) ) i (0.0106)
R? : 0.7344 0.1797 :
Log-Likelihood - - - —10,938.12

Notes: * Significant at o = 0.05, ** at = 0.01, *** at a = 0.001.
coefficient estimates.
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Supplementary Table S.2:

Table S.2. Econometric commercial water demand estimates. Estimates of the natural
logarithm of weekly commercial water demand from the Discrete Continuous Choice (DCC)
model used to inform commercial agent behavior in the Jordan Water Model, as well as two
Ordinary Least Squares (OLS) models applied to the same data for comparison. JOD are
constant 2016 Jordanian Dinar. For the JWM commercial agent parameters, the DCC price
and intercept coefficients are adjusted to reflect constant 2015 US$.

Variable Unit OLS1 OLS2 DCC
Intercept ) -0.8037 (0.4452) -2.0099*** (0.4291) -0.7729 (0.4514)
Price (if Employees >4)  JoD/m3  ~0-2196™** (0.0418) - -0.2416%** (0.0452)
Price (Employees <=4)  JOD/m?  -0.3185%**(0.0447) - L0.355%** (0.049)
Log(Employees) Count  0.3562%%% (0.0467)  0.4695**(0.0332)  0.3688*** (0.0465)
Summer Boolean  0-4416%** (0.061) 0.4295%** (0.0636)  0.4372%** (0.0615)
Toilets count  0.0052* (0.0021) 0.0046* (0.0022) 0.0048* (0.0021)
Storage s 0.0007%** (0.0002) 0.0006*** (0.0002) 0.0007*** (0.0002)
Urban Boolean  1-1015% (0.4487) 13687 (0.4657) 0.9382* (0.4562)
Filtered Water Store ~ Boolean  1:2125°*% (01013)  1.1411%% (0.1023)  1.2583%** (0.1029)
Hotel Boolean  0-8259%** (0.1329)  0.9048%** (0.1363)  0.9115%** (0.1318)
Piped Connection  Boolean  0-4513* (0.0688) 0.5101%** (0.071) 0.6115%** (0.072)
N Count 557 557 557
RSE - 0.7564 0.7564 -
s - - - 0.4912%** (0.128)
o, - - - 0.5289*** (0.1151)
R2 - 0.6049 0.5623 -

Log-Likelihood

1227.505

Notes: * Significant at o = 0.05, ** at 0. = 0.01, *** at o = 0.001. Standard errors are listed in parenthesis below the

coefficient estimates.
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Supplementary Table S.3:

Table S.3. Demand and price sensitivity analysis. Sensitivity of 2015 tanker water market
outputs to demand and price uncertainty.

Input Total Avg. Hhld. Hhld. Comm. Comm.
Scenario variable tanker tanker tanker tanker tanker tanker
change sales price sales price sales price
Hhld. water demand
+1.1% +0.9% +0.4% +4.0% +1.1% -0.1% +0.4%
+95% CI
Hhld. water demand
-1.1% -0.8% +0.4% -3.9% +0.9% +0.2% +0.1%
-95% CI
Comm. water demand
+8.0% +4.3% +2.0% -71.2% -0.2% +8.2% +1.7%
+95% CI
Comm. water demand
-7.4% -4.2% -2.3% +7.4% +0.7% -8.2% -2.3%
-95% CI
Tanker offer prices
+9.2% -8.9% +5.1% -17.9% +6.4% -5.8% +4.0%
+95% CI
Tanker offer prices
-10.2% +9.9% -4.1% +21.3% -3.0% +6.1% -3.6%

-95% ClI

Combined uncertainty, high demands,

- . +175%  -1.2%  +202%  -25%  +16.6%  -0.7%
upper limit low prices

Combined uncertainty,  low demands,

. ) . -127% +2.9%  -122%  +55% @ -129% @ +2.2%
lower limit high prices

Notes: Hhld. = Household, Comm. = Commercial
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Supplementary Table S.4:

Table S.4. Components of the economic value of tanker water. Modeled components of
the economic value of tanker water in 2015, excluding external environmental and resource
costs. All monetary values are in constant 2015 USS$.

Category Units All Consumers Households Businesses
Population and no. of businesses million persons or firms - 8.1 0.16
Tanker water consumption million m3 per year 58.7 14.9 43.8
Tanker share of total water use % of total water use 14.6% 4.6% 53.3%
Tanker sales revenue million US$ per year 176 45 132
Gross tanker water value million US$ per year 317 60 258
Net tanker water benefits million US$ per year 166 21 145
Tanker water costs million US$ per year 152 38 113
Gross tanker water value per unit US$ per m? 54 4.0 5.9
Tanker water benefits per unit US$ per m3 2.8 14 33

- Consumer surplus? US$ per m3 2.4 1.0 2.9

- Government revenue US$ per m3 0.04 0.04 0.04
- Private net revenue US$ per m? 0.4 0.4 0.4
Tanker water costs per unit US$ per m3 2.6 2.6 2.6

- Agricultural opportunity costs US$ per m? 0.5 0.5 0.5

- Water pumping cost US$ per m3 0.02 0.02 0.02
- Tanker transport cost US$ per m3 2.1 21 2.1

@ Consumer surplus is the aggregate difference between consumers’ willingness to pay for water and the price paid.
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