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Abstract: Planning and management of water supply systems require projections to account
for future changes in climate and society. Global and local future scenarios are generated by
using models at different spatial scales. The choice of the scale affects if and how the regional
socio-economic structure as well as global and local development strategies are considered, and
which uncertainties are treated explicitly. This study explores the integration of global and local
scale scenarios. Our approach is demonstrated on the Red River basin, Vietnam, where a set
of plausible water demands scenarios is generated for 2050. Results show that water demand
will increase by 28-58% compared to 2010 when considering all scenarios of climate and socio-
economic changes. The ensemble of integrated demands shows a strong dependence of water
demand upon the climate-socio-economic state, which allow a better characterization of the
future water supply sector dynamics than those obtained by global or local projections only.
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1. INTRODUCTION

New infrastructures and management strategies that will
satisfy future societal needs strongly depend on the co-
evolution of Humans and the climate system (Alcamo
et al., 2007; Arnell, 2004). This evolution is affected by
deep uncertainty, implying that a single trajectory is
not enough to fully characterize the futures state of the
climate and the socio-economic system (Lempert, 2002).
Deep uncertainty has implications for future infrastructure
resilience and its capacity of providing adequate service
during this century and should be, therefore, considered
in designing adaptation strategies that are robust across a
wide range of plausible futures (Herman et al., 2020).

Numerical models have been developed for the exploration
of socio-economic and environmental dynamics and sce-
narios (Vinca et al., 2021). Two standard methodologies
are used for the generation of scenarios. According to the
global (top-down) approach, global models are run and
then downscaled to a smaller scale to assess the impacts
in the area of interest (Bosshard et al., 2014; Gusain
et al., 2020). This method applies also to the assessment
of Shared Socio-economic Pathways (SSPs) (O’Neill et al.,
2017; Riahi et al., 2017) and Representative Concentration
Pathways (RCPs) (Van Vuuren et al., 2011). Those nar-
ratives describe independent and plausible trajectories for
the socio-economic variables (SSPs), including population
and GDP, and the radiative forcing (RCPs). Alternatively,
the local (bottom-up) approach recommends construct-
ing regional scenarios with local models exploiting local
characteristics and development pathways. Possible ap-

plications of the local methodology include assessment
of adaptation capabilities and vulnerabilities in the wa-
ter supply system (Culley et al., 2016). Local scenarios
might be generated assuming development trajectories
defined by stakeholders while overlooking the influence
of global factors such as climate (Herman et al., 2014).
Hence, local scenarios are in some sense independent of the
global dynamics but have the advantage that can describe
peculiar societal-environmental features, which might be
unexploited by large scale models.

Recent advances in the field of Integrated Assessment
Models (IAMs) have given researchers the opportunity to
explore the dynamics and interactions at a global scale
of socio-economic and environmental variables (Garner
et al., 2016). They can project variables tracking different
world regions under a predefined socio-economic trajectory
(usually one of the SSPs), with negligible or limited
feedback from the climate system. TAMs hence observe
socio-economic evolution from a global perspective and,
by applying downscaling, their scenarios can be used in
local impact estimation. SSPs can be linked to RCPs
and assessed to simultaneously produce global scenarios
that are consistent from the socio-economic and climatic
perspectives.

In this work, we focus on integrating local and global
scenarios for the generation of future projections of mul-
tisector water demand and apply our method to the case
study of the Red River Basin (RRB) in Vietnam. In a
rapidly evolving context such as the RRB, recognizing the
future uncertainty is crucial to explore how the space of
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transformations will shape (Giuliani et al., 2016). At the
same time, it is important to identify the factors relevant
to the evolution of water demand since their alteration
could expose the basin to water supply stresses or trigger
the deployment of adaptation or mitigation measures. This
work is motivated by the recognition that a gap exists be-
tween local and global generation methodologies, the first
being able to exploit the regional socio-economic structure
of the society and follow local future development path-
ways at better resolution, the latter being able to produce
downscaled but globally consistent scenario of alternative
futures. We therefore propose integrating global and local
scale scenarios of water demand to complement informa-
tion that emerges from different scales to produce a set of
water demands that simultaneously address the complex-
ity of the global socio-economic evolution, the changing
climate conditions, and local features and development
trajectories. The final set of scenarios obtained through
scale integration is able to span the range of uncertainties
and is ready to be used to assess impacts and adaptation
strategies while considering climate-socio-economic inter-
dependent scenarios and the different drivers of change.

2. THE RED RIVER BASIN

The Red River Basin is a transnational basin covering
an area of 169,000 km? between Vietnam (51.3%), China
(48%), and Laos (0.7%), the second-largest basin in the
country after the Mekong. The three main tributaries of
the Red River (Da, Lo, and Thao) rise in the northern
part of the basin and join before reaching the large flood
plain in the delta region, which extends over 21,000 km?.
The basin is characterized by a tropical monsoon climate.
The Red River Delta (RRD) is an area of rapid socio-
economic transformation, where different sectors (agricul-
ture, industry, and urbanization) compete for resources
such as water and land. Nonetheless, agriculture remains
the main economic activity, accounting for 58% of the
total water demand and involving around 50% of the local
workers in 501,000 ha of cultivated fields. Rice cultivation
in the RRB (along with the Mekong basin) makes Vietnam
the second-largest rice exporter in the world (Yu et al.,
2010). Aquaculture is the second water consumer in the
basin (29%). The delta is undergoing an expansion of
aquaculture, which is water-intensive and performed in
small inland ponds or along the coastline. Moreover, the
processes of urbanization and industrial expansion (Fox
et al., 2018) increase, even more, the pressure on the
water supply system in the delta. Finally, climate change is
expected to affect the Vietnamese economy (Arndt et al.,
2015) in the future, thus calling for a better understanding
of climate change consequences (e.g., changes in precipita-
tions).

3. MODELS AND METHODS

The workflow (Fig. 1) shows the process of generation
of local and global water demands. Initially, a weather
generator is trained on historical data. Then, synthetically
generated trajectories are perturbed to represent alterna-
tive states of the climate in the basin and used to compute
agriculture and aquaculture water demands. The locally-
generated demands are subsequently linked to RCPs con-
sidering the underlying state of the climate generating each
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Fig. 1. Workflow for this study. Blue arrows indicate the
steps for the generation of water demand with a global
model. In orange, the generation of the demand via
local modeling. Black boxes represent intermediate
processing steps.

demand. Secondly, we extract and downscale from SSPs
to basin resolution global population and urbanization
rates, which are used to compute municipal water demand
locally. Finally, the GCAM model (see section 3.4) is run
under each SSP-baseline scenario and later downscaled to
obtain water demand for each sector. Local and global
(GCAM) demands are finally integrated to exploit infor-
mation from local and global scales simultaneously.

3.1 Climate scenarios

Temperature and precipitation scenarios for the basin are
produced in two steps. First, historical climate trajectories
are used in the calibration of a semi-parametric weather
generator (Wilks and Wilby, 1999) able to produce sta-
tistically equivalent weather trajectories. Then, the gen-
erated time series are perturbed to simulate alternative
states of the climate system. The Vietnamese government
provided historical climate data (temperature and precip-
itation) for the period 1961-2000 for five meteorological
stations (Do, Gam, La, Thai, Chay) placed along the main
rivers in the Red River Basin. The weather generator is
run to obtain a set of 56 synthetic time series (40 years
each) of temperature and precipitation. The generated
trajectories keep the seasonal characteristics of the his-
torical records and preserve the spatial correlation among
the five meteorological stations. Perturbations are applied
to the time-series using additive (for temperature) and
multiplicative (for precipitation) coefficients in order to
generate alternative mild to extreme climate scenarios.
The additive coefficients vary from -2°C to +5°C with a
1°C step, while the multiplicative coefficient spans 0.8 to
1.6 with a 0.1 step.

3.2 Local water demand

Locally generated water demand is made up of three com-
ponents: agricultural, aquaculture and municipal, the first
two depending on the state of the climate and the latter
driven by the socio-economic assumptions. Alternative cli-
mate states were used to assess changes in the agricultural
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and aquaculture water demand. Downscaled SSPs were
used to quantify municipal water demand in 2050.

Agriculture water demand  We compute agriculture wa-
ter demand for alternative climate states and the corre-
sponding weather trajectories with the CROPWAT soft-
ware (Smith, 1992). The calculation of the irrigation need
is based on the water balance equation:

W = ET. + LPyep + Prep — Pesy (1)

where the variables are the surface evapotranspiration
ET., the amount of soil water LP,.,, the stability of
groundwater P,.,, and the effective rainfall P.f;. Evapo-
transpiration is based on the Penman-Monteith equation,
which requires weather data: temperature and precipita-
tion are computed via the weather generator, others are
measured on-site, such as wind speed and solar irradiance.
The remaining variables are computed based on the crop
distribution in the RRD and soil characteristics provided
by the Vietnamese government.

Aquaculture water demand  Aquaculture water demand
is computed via the equation:

W% = EP, + SP,, — P (2)

where FP. is the surface evaporation loss in the aqua
pond, SP,., is the seepage loss, P is the precipitation
of the day. Evaporative water loss is determined using
ambient air temperature, humidity, and solar radiation
(Valiantzas, 2006). Where available, as in equation (1),
generated weather data were used to simulate altered
historical conditions. The seepage loss is related to the
soil type, assumed to be loamy.

Mumnicipal water demand  Municipal water demand is
projected to 2050, taking into account the changes in the
population of the basin and the migration from the rural to
the urban areas, which implies a higher per capita water
consumption. The municipal demand is computed using
the equation:

Wwmun — Z POParea * PCCarea (3)

area€r,t,u

where POP,,., is the population living in rural, town
or urban areas (respectively, r, ¢t and u in equation (3)
), PCClyreq is the per-capita water consumption in each
area. The Vietnamese government provided data relative
to the basin’s population and the share of rural, town and
urban inhabitants in 2010. First, the total basin’s popula-
tion is computed by downscaling the projected Vietnam’s
population in 2050. Then, it is multiplied by the 2050
urbanization coefficient (Jiang and O’Neill, 2017), which
distinguishes only between rural and urban areas. Finally,
POP,,., is computed for each segment by differentiating
town and urban inhabitants. The standards of water con-
sumption PCCypeq in 2050 are assumed to equal the per-
capita water consumption in 2010 since the latter is the
most recent data provided by Vietnam’s government.

3.8 Climate states linkage to RCP

For local scenarios, we link climate states to RCP by
comparing the set of perturbed temperatures and precip-

itations with projections from 34 different General Circu-
lation Models (GCM) in the CMIP5 multimodel ensemble
run with starting conditions selected across all four RCPs
(Quinn et al., 2018). We manually select for each RCP
a set of climate states, which is compatible with GCMs’
projections. Then, climate dependent water demands pro-
jections are aggregated by RCPs in order to have a more
compact representation of the plausible demand changes
under scenarios of climate change while avoiding extreme
and unlikely climate conditions.

8.4 The GCAM model

The Global Change Assessment Model (GCAM) (Calvin
et al.,, 2019) is a global scale, open-source model that
represents the linkages between energy, water, land, cli-
mate, and economic systems. It can be used to exam-
ine, for example, how changes in population, income,
or technology cost might alter crop production, energy
demand, or water withdrawals, or how changes in one
region’s demand for energy affect energy, water, and land
in other regions. In GCAM three distinct sources of fresh-
water are modelled: renewable water (surface and ground),
non-renewable groundwater, and desalinated water. Water
withdrawals and consumption are tracked for six sectors
(irrigation, electricity, municipal, industrial, mining, and
livestock) over all regions. In this work, GCAM it is used
to project to 2050 SSP trajectories to calculate the water
demand for the macro-region which includes the RRB.
Water withdrawals are not considered in the analysis.

3.5 Global downscaled water demand

GCAM was run under all five SSP-baseline scenarios (no
additional policies or constraints on the radiative forcing).
The RRB is included in a larger region, so a downscale
proportional to the historical (2010) water consumption
was applied. Data projected to 2050 were downscaled to
the level of the RRB for all sectors.

3.6 Integrated local-global water demand

The integration process generates a set of alternative water
demands maximizing the information on the evolution
of the different sectors in the basin. Agricultural and
municipal demands, both locally and globally projected,
are compared to verify that there are no inconsistencies
across scales. Integrated local-global water demands are
created by summing up sectors and exploring the different
climate and socio-economic couplings. In particular, only
the SSP-RCP combinations which have been assessed
with TAMs are considered (Riahi et al., 2017). The set
of demands fulfils the sector gaps which had existed
if only local or global projections had been used and
it is consistent across scales and climate-socio-economic
scenarios.

4. RESULTS

We present at first water demand projections in 2050
for the RRB for the local generation process (agricul-
tural, aquaculture and municipal sectors). Then, we report
global demands generated through GCAM and downscaled
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Fig. 2. Agriculture (top) and aquaculture (bottom) locally
generated water demands. Each square represents one
of the 56 local climate states and its color gradient de-
pends on the associated water demand. Colored dots
indicate climate projections by GCMs in 2050, each
color referring to a different RCP. Temperature shifts
are reported on the x-axis, precipitation coefficients
on the y-axis.

to the basin. Finally, we show the result of the integration
procedure and the set of the resulting locally-globally
consistent demand scenarios.

4.1 Locally generated water demand

Agriculture and aquaculture demand  The agricultural
and aquaculture demands are reported in Fig. 2 for the 56
climate state. The range of the predicted demand is large
and depends on the underlying climate condition. In the
case of agriculture, a minimum of 5.9 km?/yr is reached
for the lowest temperature, highest precipitation scenario;
conversely, when the temperature is maximum and pre-
cipitation is minimum, the demand increases up to 9.4
km3 /yr. Similar behavior is observed also for aquaculture,
with the demand spanning between 2.1 and 2.8 km?/yr.
The relation between the temperature, precipitation and
water demand observable in the result is the outcome of
how the demand is modelled (equation (1) and (2)).

Municipal demand  The municipal water demand differs
across SSPs given the different assumptions on population
and urbanization rates. Water demand is the highest for
SSP1 (1.82 km?/yr), the lowest for SSP3 (1.58 km3/yr).
The remaining projections are closer to SSP1 and stand
at 1.80 km3/yr (SSP4), 1.79 km3/yr (SSP5) and 1.71
km3 /yr (SSP1). Considering all pathways, urban water
demand accounts for 50-70% of the total, followed by rural
(15-37%) and town (12-17%).

4.2 Linkage to RCP scenarios

The superimposition of the GCMs’ projections on the
grid of temperature and precipitation perturbation allows
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Fig. 3. Diamonds represent climate projections by GCMs

in 2050. Grey dots are climate states simulated in
the local generation process, while red dots identify
the local climate conditions which match global scale
projections. Same axes as in Fig. 2

the selection of four subsets of climate states which are
compatible with each climate pathway (Fig. 3). RCP2.6
is linked with n=6 local climate scenarios; for the other
RCPs, the number is similar: RCP4.5 (n=7), RCP6.0
(n=6), RCP8.5 (n =7). The most extreme climate scenar-
ios which are associated to any RCP are +2°C temperature
increase, +20% precipitations change (RCP4.5), +2°C -
20% (RCP6.0) and +4°C,4+10% (RCP8.5). The subsets
overlap, but each contains at least one unique climate state
(i-e., not included in the other subsets).

4.8 GCAM water demand

The projected GCAM water demand for 2050 in the basin
is maximum for the SSP5 at 15.0 km3/yr. The minimum
is reached for SSP3 (12.7 km?/yr). Alternative pathways
report a demand of 13.0 km3/yr (SSP4), 13.6 km?3/yr
(SSP1) and 13.7 km?/yr (SSP2). Even in the absence of
aquaculture (not modelled in GCAM), food production
remains the largest water consumer (47-55%), followed
by electricity (14-20%), industrial (14-17%) and municipal
(13-14%). In terms of absolute demand, municipal (+64%)
and industry (4+194%) have increased substantially com-
pared to 2010. We cannot make the same comparison for
electricity, having no official data. Livestock and mining
compartment remains almost negligible, with an aggregate
share lower than 3% across all SSPs.

4.4 Integration of local and global demands

Local-global consistency  The global demand for agricul-
ture underestimates the local one. The range of the GCAM
projections is 6.5-7.4 km3/yr, the highest corresponding
to SSP1 and the lowest to SSP3. Conversely, among local
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Fig. 4. Total water demand in the basin projected in
2050. Groups of bars refer to different SSPs. Height
and whiskers of the bars represent, respectively, the
median and the range of the water demand estimated
considering the local climate states matching a given
RCP.

demands, the lowest is 7.0 km3 /yr (RCP2.6 and RCP6.0),
the highest equals 8.6 km?3/yr (RCP8.5). Municipal de-
mand can be compared directly across SSPs for the local
and the global generation processes. The difference in the
demand is maximum for SSP4, in which the local demand
(2.0km? /yr) is higher than the GCAM projected demand
(1.8km?3/yr). The difference between the two generation
methods is small (10%) and even narrower in the other
SSPs (albeit not in all scenarios the local demand is higher
than the global). Since there are no large differences be-
tween global and local demands, we can safely assume the
latter as the reference for the generation of the integrated
scenarios.

Aggregated water demand  The combination of SSPs and
RCPs led to 15 climate-socio-economic scenarios (Fig. 4).
The projected total water demand for the RRB in 2050 is
between 15.3 and 19.0 km? /yr. Among socio-economic sce-
narios, SSP5 is the one associated with the highest demand
(median 17.9 km?/yr), substantially larger than the oth-
ers, followed by SSP2 at 16.7 km? /yr. The remaining SSPs
project similar demands (median 16.2 km3/yr). Across
sectors, agriculture is the main consumer (43-48%), fol-
lowed by aquaculture (14-15 %). Industrial (12-14%), mu-
nicipal (10-11%) and electricity 11-17% demands account
for 10-13% each, while the remaining sectors (primary and
livestock) occupy the remaining share (< 3%). Climate
conditions influence the total demand, even though alter-
native RCPs do not cause a substantial difference in the
median demand. The main impact of the climate is to
cause an additional fluctuation, to each SSPs’ demand,
between -4% and +7%.

5. DISCUSSION AND CONCLUSION

The projected water demand for 2050 in the RRB shows
that the area is going to strongly increase its water de-
mand. As a reference, the total demand in the basin was 12
km3 /yr in 2010 compared to 15.3-19.0 km3 /yr projected
in 2050. The integrated scenarios shows that both climate
and socio-economic changes affect the range of demand
and act as a source of uncertainty. Nonetheless, SSPs
and RCPs play different roles. From one side, SSPs are
a driver of the demand capable of shifting the median
estimate. In particular, SSP5 is significantly higher than
all the other scenarios. Conversely, the climate is a factor
of uncertainty whose influence adds a range of variability
without meaningful differences across RCPs. The roles of
climate and socio-economic assumptions suggest that at-
tention should be paid to the socio-economic development
of the basin to avoid the stronger increase of the demand
which could realize in certain conditions (e.g., SSP5). Also,
since climate will influence the availability of water beside
the demand, management and improvement of the water
supply system could be needed to mitigate the impact of
climate.

The methodology reported in this work shows that it
is possible to combine scenarios from local and global
projections. The method used to aggregate the climate
perturbations is to superimpose GCM projections to ob-
tain subsets of climate states compatible with the RCPs,
and then the RCPs can be linked to alternative SSPs
via the scenario matrix architecture (Van Vuuren et al.,
2014). The resulting set (of subsets) allowed to explore
the generated water demand for alternative climate-socio-
economic states and assess the associated uncertainty and
the level of impact of climate and socio-economic drivers
on the demand. The use of local demand projection in
addition to global projections could, in principle, allow
the exploration of extreme scenarios of climate change.
Also, compared to global projections, the local generation
process has the advantage that can be tuned ad-hoc for
the generation of sector demand non included in the global
model (GCAM).

The integration process can surely be improved by in-
creasing the detail in the sector description, which could
include, in the case of RRB, water use for the environment
which is relevant in the river delta but not modelled. The
dependence of socio-economic variables in this work has
been limited to the population and the urbanization share.
Improvements are possible in this direction, for example
by using different land-cover maps for agriculture and
aquaculture to better describe the change of the economic
structure over the future.

We think that the integration process shown in this work
could help in filling the gap between global and local
models, whose output should be consistent across scales.
The method shown can be also applied to other river basins
to build a set of future scenarios -even beyond water- which
is more complete and informative than focusing only on
one scale.
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