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Abstract: The principles of Integrated Water Resources Management (IWRM), conservation of natural
capital, and water accounting requires Hydrological Eco-System Services (HESS) to be determined.
This paper presents a modeling approach for quantifying the HESS framework using the Soil Water
Assessment Tool (SWAT). SWAT was used–after calibration against remote sensing data–to quantify
and spatially identify total runoff, natural livestock feed production, fuelwood from natural forests,
dry season flow, groundwater recharge, root zone storage for carrying over water from wet to
dry season, sustaining rainfall, peak flow attenuation, carbon sequestration, microclimate cooling,
and meeting environmental flow requirements. The environmental value of the current land use
and vegetation was made explicit by carrying out parallel simulations for bare soil and vegetation
conditions and reporting the incremental ecosystem services. Geographical areas with more and fewer
HESS are identified. The spatial and temporal variability of annual HESS services is demonstrated
for the Day Basin—which is part of the Red River delta (Vietnam)—for the period 2003 to 2013.
The result shows that even though the basin is abundant with HESS, e.g., 7482 m3/ha of runoff,
3820 m3/ha of groundwater recharge, the trend for many HESS values, e.g., micro-climate cooling,
meeting environmental flow requirements, and rootzone storage, are declining. It is found and
proven that quantified HESS indicators highlighted the provisioning and regulating characters of
ecosystem services, as well as geographical hotspots across the basin. The SWAT model shows the
capability of simulating terrestrial eco-hydrological processes such as climate, soil, and current land
use. The methodology illustrates how eco-hydrologists can benchmark ecosystem values and include
HESS in exploring river basin management scenarios, climate change studies, and land use planning.

Keywords: hydrological ecosystem services; hydrological modeling; remote sensing; ecosystem
service accounting; SWAT; Red River Basin

1. Introduction

Ecosystem services are defined as the benefits that people obtain from natural sys-
tems [1,2]. The concept of ecosystem services is relevant for connecting people to na-
ture [3,4]. Hydrological Eco-System Services (HESS), also known as Water-related Ecosys-
tem Services, comprise those ecosystem services that explicitly describe the services ren-
dered from and regulated by water resources [5]. Because regions with local water scarcity
are expanding and intensifying [6], it is becoming more important to understand and
quantitatively describe the environmental benefits of water in longer-term water policy
plans. Too often, multiple-use aspects of water allocation and water resources evaluation
are restricted to food production, industrial use, domestic sector, and hydropower (e.g.,
FAO AquaStat database [7]). A HESS is less common because it is a co-product of given
practices. For instance, crops are grown to generate food, not for the reduction of erosion or
sequestration of carbon. Nevertheless, this co-product can be very valuable for conserving
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the environment and sometimes have economic benefits such as certified carbon pools. The
lacking of standardized processing and reporting of the HESS process limits the uptake by
policymakers [8–10].

Based on an internationally recognized framework for Ecosystem Services and Re-
silience produced under the CGIAR Research Program on Water, Land, and Ecosystems [11],
Ha et al., 2023 [12] described key HESS indicators that are ascribed to consumptive use
and non-consumptive use. The HESS framework can be used for implementing policy
frameworks such as Water Accounting [13,14].

The quantification of HESS in heterogeneous watersheds and river basins requires
modeling efforts. This is especially a challenge in low-income countries such as Vietnam,
where data on water resources and the environment are scarce and not easily available.
Conceptually different approaches have been used for modeling, mapping, and quantifying
of hydrological ecosystem services [15–19]. Quantification of these hydrological ecosys-
tem services is based on empirically established relationships and look-up tables [20,21],
hydrological-based simulation models [22], remote sensing measurements [23], or big data
sets where various data sources are merged [24,25]. The main advantage of hydrological
models is their great flexibility in forecasting changing conditions and assessing trade-
offs if certain interventions are implemented, i.e., what is the impact of deforestation on
peak flow attenuation and groundwater recharge? Some examples of modeling provision-
ing services are water yield, carbon stock in vegetation and soil [26], carbon fluxes [27],
crop biomass production [28,29], and feed biomass production [30]. Regulating services
can be described using numerical simulations of dry season base flow and groundwater
recharge [31], nutrient load, sediment [32], etc.

Various types of hydrological models are suitable for modeling hydrological ecosys-
tem services, such as SWAT [33], ARIES [34,35], INVEST [36], and VIC [37]. SWAT was
recommended as a preferred tool to simulate provisioning and regulating services due
to the inclusion of processes on hydrological, flow dynamics, water quality, as well as
plant growth, and nutrient loading as well as in basins with no or little field measure-
ments [38–40]. As a hydrological model, SWAT has been used at various temporal scales to
simulate plot size as well as continental watersheds [41]. Its multiple input parameters and
process-based biogeochemical sub-models strengthen the model’s applicability to simulate not
only water flow dynamics but also estimate several water quality and plant growth variables
that can be used in the assessments of land and agricultural management impacts on ES.
Various authors used SWAT to simulate crop growth and soil water modules [42], water and
carbon fluxes [43], nutrient and sediment transport related to best management practices,
wetlands, irrigation, bioenergy crops, climate change, land use change, and others [44,45].

While [12] defined a standard set of HESS indicators and pleaded for determination
by means of earth observation data, not all of them can be determined from remote sensing
measurements. Certain hydrological processes, such as base flow, environmental flow, and
peak flow mitigation, need to be derived from a hydrological model. [46] showed how
SWAT and SWAT-CUP could be employed to calibrate key eco-hydrological processes for
the Day River Basin using remote sensing data on land use, rainfall, actual evapotranspira-
tion, and Leaf Area Index (LAI). Knowledge of soil and vegetation parameters is a proper
basis for quantification of the natural and anthropogenic eco-hydrological processes at
un-gauged basins. This is the novelty of the paper as it demonstrated a methodology to
assess terrestrial eco-hydrological processes and the translation into ecosystem services that
are benefiting human beings in the Day River Basin, such as total runoff, natural livestock
feed production, fuelwood from natural forests, dry season flow, groundwater recharge,
root zone storage for carrying over water from wet to dry season, sustaining rainfall, peak
flow attenuation, carbon sequestration, microclimate cooling, and meeting environmental
flow requirements. It is shown that eleven selected HESS from [12] can be computed from
a SWAT model that is calibrated with remote sensing data and that this methodology could
become a routine effort to support the preparation of longer-term water resource plans.
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2. Materials
2.1. Study Area

The Day Basin, located in Northern Vietnam, is a sub-basin within the transboundary
Red River system (Figure 1). The area is approximately 6300 km2, and the rainfall is
1700 mm/y. The Day Basin comprises several river tributaries, among which the largest
is the Day River, with a total length of approximately 250 km. The Day Basin has a high
biodiversity with abundant flora and fauna in the forested hills, freshwater aquatics, and
wetlands, although agricultural land use is dominant. Topographical elevation ranges from
low-lying delta (~0 m amsl) to mountainous areas (~1100 m amsl). The major land cover in
the Day Basin is agricultural land (64%), followed by forested land (24%) and mixed mosaic
(12%). An amount of 3100 km2 (76%) of agricultural land is irrigated. The land use–land
cover map contains 14 classes, and they form an essential input for the evaluation of HESS.

The Day Basin hosts the country’s capital of Hanoi, an essential economic hub with an
impact on prosperity in the basin. The climate in the Day Basin has a monsoonal character.
The wet season elapses from May to October, and the dry season from November to April.
The contribution of precipitation is mainly from rainfall, as there is no snowfall in the Day
Basin. Precipitation can reach up to 450 mm per month in some parts of the basin. Over
against that, precipitation can be as low as a few mm during January and February.
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Red River Delta in Northern Vietnam and (c) Land cover map of Day Basin.

2.2. SWAT Model Input Data

The input data into SWAT is based on spatial input data layers, wherever possible.
Following [46], precipitation (P) in SWAT is derived from the Climate Hazards Group In-
frared Precipitation with Stations (CHIRPS) data. Other climatic forcing data, e.g., radiation,
wind speed, wind direction, daily minimum and maximum temperature, etc., was derived
from the Global Land Data Assimilation System (GLDAS). The actual evapotranspiration
(ET) used for SWAT was an ensemble product of 4 different datasets, namely CMRSET,
SSEBop, MOD16, and SEBS [47,48]. The Leaf Area Index data is taken from the routine
MODIS products. Observed streamflow data from 2003–2013 has been used in this study to
calibrate the soil water balance. Daily measurements were taken from the discharge stations
of Ninh Binh and Phu Ly (Figure 1c). Ha et al., 2022 [12] composed a list of remote-sensing
datasets and derived parameters that can be used to quantify HESS. For instance, biomass
production-related parameters, e.g., land surface temperature, Net Primary Production
(NPP), can be derived from Landsat, MODIS Terra/Aqua, or Sentinel missions. Other
parameters, such as precipitation, were reviewed and assessed the accuracy using criteria
such as percent bias (PBIAS), Nash-Sutcliffe Error (NSE), and mean absolute error (MAE).
Ha et al. [46] concluded that precipitation product such as CHIRPS shows a good corre-



Sustainability 2023, 15, 6247 4 of 24

lation with field measurements as compared with other products such as TRMM. Table 1
summarizes the input data used to execute the SWAT model for the Day Basin.

Table 1. Description of open access spatial data and their resolutions used in the study.

Data Description Resolution Source

DEM SRTM 30 m global DEM 30 m Farr, T.G. et al. (2007) [49]

Soil Coupled FAO and
ISRIC soil maps 1 km Ha et al. (2018) [46]

Land cover GlobCover global land
cover map 300 m Arino et al., 2008 [50]

Precipitation Daily precipitation
from CHIRPS 5 km Ha et al. (2018) [46]

Meteorology GLDAS 25 km
NASA Goddard Earth Sciences
Data and Information Services

Center (GES DISC) [51]

ET Ensemble ET 500 m Ha et al. (2018) [46]

LAI MODIS LAI 250 m

MOD15-LAI data (NASA
EOSDIS Land Processes

DAAC, USGS Earth Resources
Observation and Science

(EROS) Center, Sioux Falls,
South Dakota, U.S.) [52]

2.3. Remote Sensing and SWAT Modeling Approach

The SWAT computes vertical and horizontal water flows and fluxes for each Hydro-
logical Response Unit (HRU). One HRU has similar soil and vegetation properties but can
be geographically dispersed so that they can be located in different parts of the sub-basin.
There is no spatial variability present within HRU. The unsaturated zone is a combination
of the root zone, a transition zone, and the capillary fringe that together form the vadose
zone. The saturated zone is composed of a shallow and deep aquifer (see Figure 2). Lateral
flow or interflow occurs from the unsaturated zone. Base flow occurs from the shallow aquifer.
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The calibration of SWAT requires various soil and vegetation parameters to be op-
timized to ensure a rigorous representation of surface runoff, recharge, base flow, soil
moisture storage, net primary production, etc. SWAT-CUP appeared to be a very useful
auto-calibration and uncertainty analysis tool for SWAT. A total number of 15 SWAT model
parameters that are closely linked to the evolution of ET and LAI have been optimized.
The numerical range of these model parameters affecting ET and LAI was derived from the
SWAT user’s manual [53]. The long list is based on the fact that one parameter might control
more than one physical process, e.g., soil water-holding capacity affects the generation
of overland flow but also determines water uptake by roots and percolation losses to the
deeper underground. Earlier works with SWAT and sensitivity assessment recommended
different parameters needed for the calibration [54–56].

SWAT parameters ESCO, EPCO, REVAPMN, SOL_K, SOL_AWC, and SOL_BD mainly
affect ET. ESCO is the soil evaporation compensation factor that reflects the effect of
capillary rise, crusting, and cracks. EPCO is the plant uptake compensation factor that
controls the amount of water uptake by roots and the drought sensitivity of vegetation.
REVAPMN is the threshold depth of water (in mm) in the shallow water aquifer for ‘revap’
or capillary rise from the deep aquifer to occur. SOL_K, or saturated hydraulic conductivity,
relates soil water flow rate or flux density (in mm/h) to hydraulic conductivity. SOL_AWC
is the plant’s available water (in mm H20/mm soil). SOL_BD, or the moist bulk density (in
mg/m3 or g/cm3), is the ratio of the mass of solid particles to the total volume of the soil.
The baseflow recession constant ALPHA_BF and SCS runoff curve number (CN2) influence
the actual water storage in the unsaturated zone and root zone.

Apart from soil evaporation parameters, the calibration of a distributed SWAT model
involved modeling plant physiological characteristics to ensure a well-represented river
basin’s terrestrial eco-hydrological processes such as runoff, evapotranspiration, and
plant and crop growth. With regard to plant physiology, six parameters are identified
that influence the leaf area index development, see [57], which are very important for
the quantification of the photosynthesis and the subsequent carbon assimilation process:
BLAI, ALAI_MIN, LAIMX1, LAIMX2, DLAI, FRGRW1, and FRGRE2. BLAI is the maxi-
mum potential leaf area index (m2/m2). ALAI_MIN is the minimum leaf area index for
the plant during the dormant period (m2/m2). LAIMX1 and LAIMX2 are the fractions
of the maximum leaf area index corresponding to the 1st and 2nd points, respectively,
on the optimal lead area development curve. FRGRW1 and FRGRW2 are fractions of
the plant growing season or fractions of total potential heat units corresponding to the
1st and 2nd point, respectively, on the optimal leaf area development curve. DLAI is the
fraction of the growing season when the leaf area begins to decline. These parameters are
crucial to obtain plant physiological characteristics as described in Equation (A7). More
details on the calibration process are described and demonstrated in [46]. SWAT-CUP
solves all these model parameters for every Hydrological Response Unit. An HRU exists
of various non-contiguous polygons with commonalities in soil type, slope, and land use.
There are approximately 7000 HRUs in the Day Basin. The water balance, and hence all
HESS values presented later, are computed for each HRU.

The results are displayed for HRU (e.g., distributed representation) for the HESS on total
runoff, natural livestock feed production, fuelwood from natural forest, groundwater recharge,
root zone storage, sustaining rainfall, carbon sequestration, and microclimate cooling. HESS,
such as dry season flow (baseflow), peak flow attenuation, and meeting environmental flow
requirements, are shown for river sections (i.e., directional polygonal representation).

3. SWAT-Modeling Framework for HESS

There are different analytical solutions to quantify the remaining HESS indicators.
Ha et al. [12] presented a framework of 17 HESS that could be measured to support river
basin plans and environmental monitoring. Within this framework, HESS is categorized
into Provisioning services (HESS1: Total runoff, HESS2: Inland capture fishery, HESS3:
Natural livestock feed production, HESS4: Fuelwood from natural forest), Regulating
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services (HESS5: Dry season flow (“baseflow”), HESS6: Total groundwater recharge, HESS7:
Surface water storage, HESS8: Root zone water storage, HESS9: Sustaining rainfall, HESS10:
Peak flow attenuation, HESS11: Carbon sequestration, HESS12: Reduce Greenhouse Gas
Emissions, HESS13: Micro-climate cooling, HESS14: Natural reduction of eutrophication
in water, HESS15: Reduction of soil erosion), Supporting services (HESS16: Meeting
environmental flow requirements), Cultural services (HESS17: Leisure). This paper aims
to present the spatial determination of eleven selected HESS, i.e., HESS1, HESS3, HESS4,
HESS5, HESS6, HESS8, HESS9, HESS10, HESS11, HESS13, and HESS16, which were
computed from a SWAT model combined with remote sensing data.

3.1. Water-Related Provisioning Services
3.1.1. Total Runoff (HESS1)

Total runoff is the source of all blue water resources (streams, rivers, lakes, lagoons,
aquifers), and it describes the longer-term renewable water resources provided to mankind
and is originally based on rainfall and snowfall somewhere in the catchment. Some of this
water is withdrawn by natural ecosystems, including groundwater ecosystems, and is thus
not available for withdrawal. Total runoff is the combination of surface runoff, lateral flow,
and base flow:

Qtotal = Qsurf + Qlat + Qbf (1)

where Qtotal p(m3/ha) represents the total runoff, Qsurf (m3/ha) is the horizontal fast
overland flow, Qlat (m3/ha) is the horizontal interflow that occurs from lateral drainage
processes in undulating terrain, and Qbf (m3/ha) represents the horizontal seepage that
drains saturated soil towards rivers. The determination of these component flows was
extensively discussed in the literature [58]. Appendix A explains a step-wise calculation
of Qsurf, Qlat, and Qbf that can be used to determine HESS1. For the sake of science and
progressive insights into the HESS mechanisms, runoff is computed with current and
historic land use; hence historic land use is taken as the reference. Landscape modifications
such as the building of reservoirs and urban areas have affected the natural rainfall–runoff
process. Pristine land cover with more forests and pastures will increase the total runoff
generated in the Day Basin.

3.1.2. Natural Livestock Feed Production (HESS3)

The livestock in the Day Basin consists of buffalo, cows, and goats. Feed production
for livestock comprises approximately 48% of grasses [59]. The other part has to come
from feed crops or remnants of food crops. Three land cover classes in the Day Basin are
found potentially suitable for grazing: mosaic crop, cropland, and mosaic vegetation crop.
The cropland is, however, not natural for livestock, and mosaic crops are planted for food
production, so only the land-cover class of mosaic vegetation crop is considered in the
following analysis. The mosaic vegetation crop in the Day Basin comprises 2746 km2. The
plant physiological equation demonstrating actual plant growth in SWAT is:

∆Bio = ∆Biomax.{1−max(wstrs, tstrs, nstrs, pstrs)} (2)

where ∆Biomax is the potential increase in total plant biomass on a given day (g/m2/d)
derived from the light use efficiency of the plant (LUE) and the amount of Absorbed Photo-
synthetically Active Radiation (APAR) as described in Appendix A. wstrs, tstrs, nstrs, pstrs
describe the stress scalars that represent water, temperature, nitrogen, and phosphorous.
Contrary to other crop growth models, SWAT considers only the maximum stress indicator
out of these four. The water stress factor is governed by the actual and potential transpira-
tion fluxes. The annual biomass production is a simple accumulation of ∆Bio for the entire
cycle and reflects the total dry matter production of fresh leaves, stems, roots, flowers,
grains, tubers, and bulbs. The first distribution of the crop organs is between above-ground
and below-ground accumulated biomass. This is classically expressed by means of the
shoot/root ratio. Further to that, not all above-ground biomass production is taken for
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livestock feed. The fraction of above-ground biomass production was taken as 65 percent
of the total biomass production, and 40 percent of this amount is taken as natural livestock.

3.1.3. Fuelwood from Natural Forest (HESS4)

Forests are important sources of fuelwood [60]. The broadleaved, deciduous, and
evergreen land-cover classes are considered to be representative of natural forests. The
ratio of the above and below-ground biomass production for natural landscapes has been
measured for several biomes. [61] estimated the below-ground biomass to be 0.25–0.30
of the above-ground biomass, using plant growth simulation models. The fraction of
above-ground biomass production usable as firewood is taken as five percent (e.g., dead
wood, debris). The simulation of the increase in biomass is demonstrated in Equations (A6)
and (A7) in the Appendix A.

The SWAT computes the net carbon assimilation for natural forests in a similar bio-
physical manner as was done for crops and mosaic vegetation. Woody plants are–however–
characterized by secondary growth and continuous conversion of structural tissue into
non-living, therefore non-respiring biomass. To simulate the smaller amount of biomass
accumulation seen in seedlings/saplings, tree growth within a single year is limited to
a fixed amount determined by the age of the tree relative to the number of years for the
tree species to reach full development. Parameters in the plant growth database define
the total number of years for trees to reach full development as well as the biomass of a
fully-developed tree. Once the total growth in biomass in a year, bio reaches the annual
limit; no more growth occurs until the next year when a new annual limit is calculated.

3.2. Water-Related Regulating Services
3.2.1. Dry Season Flow (HESS5)

Base flow is highly desirable to meet the water demands from domestic and industrial
requirements during the dry season, besides keeping a minimum environmental flow
for fish stocks. Water percolating past the bottom of the root zone is partitioned into
two fractions: a shallow and deep aquifer. Water stored in the shallow aquifer may
replenish moisture in the soil profile in very dry conditions by means of capillary rise or be
directly removed by deep rooting plants (REVAP). Groundwater-dependent ecosystems,
for instance, tap directly into these unconfined aquifers. The remaining water stored in the
shallow aquifer flows to the river as a classical lateral drainage flow. Water from the deep
aquifer flows out of the watershed and does not contribute to dry season river flow.

The dry season flow in Day Basin relates to the dry period between November-April
(6 months). For all the major streams of Day Basin, the average dry season flow (m3/s) is
computed as:

Qbf,i = Qbf,i−1.exp
(
−αgw,shi.∆t

)
+ wrchrg,sh,i.

[
1− exp

(
−αgw,sh.∆t

)]
(3)

where Qb f ,i is the baseflow from a shallow aquifer on day i (mm), αgw is the baseflow
recession constant, ∆t is the time step (1 day), wrchrg,sh,i is the amount of recharge entering
the shallow aquifer (mm).

3.2.2. Total Groundwater Recharge (HESS6)

Groundwater recharge describes the replenishment of aquifers. Aquifers should be
considered as savings accounts for periods of water storage, and this describes the cap of
groundwater withdrawals. The total recharge to the aquifer on a given day is calculated as
an exponential decay weighting function based on hydrological conditions. It is neither
related to land use nor the source of water. Hence the total recharge includes water from
floods, irrigations, leaking rivers, and more. The delay function accommodates situations
where the recharge from the soil zone to the aquifer is not instantaneous:
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wrchrg,i =

[
1− exp

(
− 1

δgw

))]
.wperc + exp

(
− 1

δgw

)
.wrchrg,i−1 (4)

where wrchrg,i is the amount of recharge entering the aquifers on day i (mm/d), δgw is the
delay time or drainage time of the overlying geologic formations (day), wperc is the total
amount of water exiting the bottom of the soil profile on day i (mm) (calculated as in
Appendix A), and wrchrg,i−1 is the amount of recharge entering the aquifers on day i −
1 (mm). Without the delay time δgw, recharge equals seepage. Percolation occurs if the
drainable volume of water in the soil layer on a given day exceeds field capacity. If a given
HRU has a seasonably high water table, then percolation is not allowed.

3.2.3. Root Zone Storage (HESS8)

The root zone depth is the depth within the soil profile that commodity crop (cc) roots
can effectively extract water and nutrients for growth. The presence of roots in the soil
matrix develops certain matric potentials that increase the retentive forces to hold water
for a certain period. For many vegetation types, the root zone depth is constant with time,
and the deeper the roots, the more water can be retained. For non-perennial vegetation,
SWAT computes root development on the basis of heat units. The root depth and root
density are a fraction of the total biomass production and the shoot/root ratio. In addition
to that, soil moisture is also stored in the vadose zone between the lower part of the root
zone and the depth of the unconfined groundwater table. Reference work [62] showed a
simplified method to assess changes in soil moisture in the entire vadose zone based on
the average soil moisture content in the root zone and an equilibrium soil water potential
distribution below up to the phreatic level where retention is absent. In SWAT, the change
in soil moisture between the end of the rainy season and the start of the next rainy season
is used as an indicator for storage change:

∆Sθ =
∫

θ(z).dz(t)−
∫

θ(z).dz(t + 1) (5)

where ∆Sθ is the storage change for the entire unsaturated soil profile, thus including the
root zone and the vadose zone at t (end of rainy season) and t + 1 (end of the dry season),
θ(z) is the moisture content at depth z at t (end of rainy season) and t + 1 (end of the dry
season), and dz is the soil profile depth. For practical reasons, the total soil depth of 100 cm
is considered for HESS8 because the underground is rocky at locations, although this could
be improved with the inclusion of a root depth for each land-use land-cover class.

3.2.4. Sustaining Regional Rainfall (HESS9)

Usually, the evaporated water is considered to have been consumed and is no longer
available for downstream water use. However, regional rainfall processes can also be
triggered by local evaporation processes. Convectional rainfall occurs, for instance, when
the warm air deflected from a landform rises and is full of water vapor originating from
land surface evaporation. Convectional rainfall is more severe in tropical areas where
climates are warmer. Reference work [63] demonstrated that the tropical forests in Africa
generate their own rainfall. Hence, it seems that not all evaporated water is truly consumed,
and it is very interesting to understand which part of the evaporated water contributes to
sustaining regional rainfall within the same basin.

Reference work [64] showed that globally, nearly 20% of the total yearly precipitation
on land originates from vegetation evaporation-regulated moisture recycling, with large
spatial variability. For the Day Basin, 40% of the annual rainfall originates from upwind,
continental-scale land evaporation [65]. A lower evaporation recycling ratio is expected
when the evaporative surface has to be located inside the geographic boundaries of the Day
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Basin. An unpublished study [66], using a simple atmospheric moisture accounting scheme,
showed that less than 10% of rainfall in the Day Basin is recycled from evapotranspiration.

Psus = P− Padv = αET (6)

where Psus is the sustained rainfall due to local evaporation processes (mm/y), Padv is the
rainfall that originates from external sources (mm/y), α is the evaporation recycling ratio,
P is precipitation rate (mm/y), and ET is the evapotranspiration rate (mm/y). A pragmatic
value of α = 7.5% has been applied for this Day Basin study.

3.2.5. Peak Flow Attenuation (HESS10)

The purpose of HESS 10 is to show to which extent the presence of vegetation reduces
peak flow. A more comprehensive modeling should also include the presence of (wet) land
located nether rivers that can be used for inundation. Consumptive use of vegetation has
several by-products, and peak flow attenuation due to decreased surface runoff is one of
them. SWAT automatically generates main categories of reaches on the basis of the Digital
Elevation Model. Stream flow in every reach of the catchment was computed first on the
basis of 100% bare soil conditions. A monthly flood with a return period of 1 out of 10 years
was used as a baseline in every HRU above which flood hazard prevails. For practical
reasons, longer periods of consideration were not feasible due to the absence of high-quality
remote sensing data. Monthly flows between June and October were considered for every
reach of a major stream.

During a second SWAT model run, actual land use and LAI status were used instead of
bare soil. Due to a different Curve Number value and antecedent soil moisture, the retention
will increase, and surface runoff Qsurf will decrease. A reduction of Qsurf will undoubtedly
lower the number of events with flow exceeding the threshold value. The calculation of
the retention parameter is provided in Appendix A. The peak flow attenuation (%) was
calculated as the relative difference of the number of peak flows; the results confirm that
the number of peak flow events decreases due to the presence of vegetation.

3.2.6. Carbon Sequestration (HESS11)

Net carbon assimilation is responsible for the growth of plant organs. The different
organs have various life cycles. Crop residues and litter are generally conceived as short-term
carbon storage; carbon from these organs is often released again into the atmosphere during
the same year. Soil organic carbon and harvested stems have a significantly longer time scale.
The sequestration of carbon for HESS11 relates to wood from trees and soil organic carbon.

Carbon sequestration is a fraction of biomass production (CH2O). One unit of seques-
trated carbon C is equivalent to 12/30 (calculated from the molecular weight) or 0.4 unit
of biomass if biomass consists entirely of carbon hydrates. Because of other substances
present, it is more convenient to use a factor of 0.45. IPCC 2006 Guidelines for National
Greenhouse Gas Inventories Volume 4 Agriculture, Forestry, and Other Land Use [67] also
suggested a range between 0.43 and 0.55.

Further to C/biomass ratios, the shoot/root ratio is a critical element in describing
organ distributions. [68] found that for most tree species in Sweden above-ground biomass
is 65% of the total biomass production value, being equivalent to a shoot/root ratio of 1.85.
Cereal crops have typical shoot/root ratios of 2.0 (barley), 4.0 (rice), to 5.0 (wheat). Root
crops have much lower shoot/root ratios (0.25 to 0.5) because the harvestable product is
essentially formed below ground. Carbon sequestration is not computed in SWAT but can
be approximated using the partitioning factors. For trees and shrubs, the above-ground
carbon stored per year can be approximated is:
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Cag=
0.45.Sr

(Sr+1)∑ Bio (7)

where Sr is the shoot/root ratio being 1.85 for trees, ∑ Bio is the increase in biomass. The
above-ground C-sequestration is 0.29∑Bio.

The below-ground biomass is partitioned into root mortality and exudation, as well as
soil organic matter from litter, dead wood, root mortality, and exudation. The humification
coefficient for converting dry matter into soil organic matter is typically 0.35 [69]. If we,
for simplicity, assume 35% of below-ground biomass to be sequestered, then it can be
approximated mathematically as:

Cbg=0.35x0.45x
{

1− Sr

(Sr+1)

}
∑ Bio (8)

Note that above-ground crop residues can also be considered as an input for soil
organic carbon, but then this material must be plowed or disked in. Rice is a key crop in
Day Basin, and a shoot/root ratio of 4.0 is taken, see [70]. The annual carbon storage for
rice then becomes 0.02∑Bio. Hence, the sequestrated carbon is 2% and 34% of the total crop
biomass production for crops and woody vegetation (shrubs and trees), respectively.

3.2.7. Microclimate Cooling (HESS13)

Photosynthesis creates evaporative cooling over green and biologically active vegeta-
tion. The transpiration process requires a considerable amount of energy
(1 mm/d is equivalent to approximately 2.5 MJ/d). This energy is not available for sen-
sible heat flux H, so H over an evaporative surface is usually small. Reference work [71]
reviewed H flux measurements over water-evaporating surfaces and concluded that H is
negligibly small. Climatic cooling at the local scale not only reduces the vegetation water
requirements but also suppresses the land surface and air temperature in, for instance,
urban heat islands [72]. The change in sensible heat flux can be converted into a change in
air temperature. H is not computed explicitly in SWAT but was determined afterward by
subtracting net radiation Rn and latent heat flux LE (W/m2) (as described in Appendix A).

The conceptual model of HESS13 is that it lowers the difference in temperature (∆T)
as compared to ∆T under conditions of bare soil (with lower ET fluxes). Presumably, the
change in the surface roughness’s effect on heat transfer is negligible, and Rn stays constant
in the two cases; the microclimate cooling (degree Celsius) was calculated as:

∆Tcooling = ∆Tsoil − ∆Tveg =
rah

ρa.Cp

(
Hsoil −Hveg

)
=

rah
ρa.Cp

(
LEveg − LEsoil

)
(9)

With ∆Tsoil being the difference in temperature with bare soil as a reference land cover,
∆Tveg being the difference in temperature with vegetation cover (current land cover), H
and LE is sensible and latent heat flux (W/m2), ρa being the density of moist air, Cp is the
specific heat at constant pressure for air (1004 J/kg·K), and rah is aerodynamic resistance to
heat transfer that we fixed at 70 s/m following [73].

3.3. Water-Related Habitat/Supporting Services

While SWAT has pesticide fate components, cycles for nutrients and bacteria, and
route metals through reaches [57], all these functions require proper parameter estimations
that could not be accomplished. For this sake, soil formation, erosion, and nutrient simula-
tions are excluded from the analysis in the Day River, and the emphasis will be more on
environmental flow requirements.

Meeting Environmental Flow Requirements (HESS16)

The vitality and biodiversity of riverine and wetland ecosystems require a certain flow
regime such as (i) magnitude, (ii) frequency, (iii) timing, (iv) duration, and (v) the rate of
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change of inter and intra-annual events. According to the Brisbane Declaration of 2018,
these aquatic ecosystems include rivers, streams, springs, riparian, floodplain, and other
wetlands, lakes, coastal waterbodies, including lagoons and estuaries, and groundwater-
dependent ecosystems. This flow regime results in a certain minimum low flow and
consumes water through the ET from open water bodies and wetland vegetation [74].

Reference work [75] assessed the mean environmental flow requirements for 128 major
basins and drainage regions worldwide using measured and simulated hydrographs. Five
different environmental classes were considered. While his work has a good solid basis,
in the end, they came up with very generic guidelines. A fraction of 0.28 of the mean
annual flow is suggested as the environmental flow for the Mekong Basin region. For the
Red River Basin, [76] suggests a fraction of 0.29. While we recognize that water demands
associated with the maintenance of the health of riverine ecosystems in the Day River can
be improved, we just use the 0.29 fraction as suggested. HESS16 is defined as the degree of
satisfaction to meet the environmental flow requirement (E f lowsat) on a yearly basis:

Eflowsat=100% if
Qlowflow

Qyr−longterm
≥0.29 (10)

Eflowsat=
Qlowflow

0.29Qyr−longterm
.100% if

Qlowflow

Qyr−longterm
<0.29 (11)

Qlowflow is the total flow during six dry months (November–April). Qyr-longterm is the
average annual flow.

4. Spatial Mapping of HESS for Day Basin

The HESS values of the Day River were simulated for the period 2000 to 2013 using
three years of initialization (2000–2002) as a warming-up period. The period 2000–2013 was
chosen as the study period under the CGIAR WLE’s funded project “Inclusive development
paths for healthy Red River landscapes based on ecosystem services.” Although the time step of
the model is daily, most outputs are presented as an annual result or longer time scale. The
spatial discretization is by HRU.

4.1. Water-Related Provisioning Services

Figure 3a shows the spatial distribution of HESS1 on generated total runoff in the
basin. The areas with high capacities for total runoff are in the mountainous and highly
dense forest cover on sloping terrain (15,000 m3/ha and more). The urban area of the basin
shows a higher total runoff due to poor infiltration and overall large CN numbers. The Day
Basin averaged total runoff is 7482 m3/ha/y.
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Figure 3b shows the mean annual distribution of HESS3 on natural livestock feed pro-
duction (ton/ha/y) in the Day Basin during the study period. The results relate to mosaic
crop areas only because other land use classes do not provide natural feed for livestock. The
western part of the basin experiences areas without feed production. The Day Basin average
feed production for livestock (including land surfaces with zero values) is 0.3 tons/ha/y.

The HESS4 on fuelwood production (ton/ha/y) taken from the natural forest of
the Day Basin is presented in Figure 3c. Since this service originated only from natural
forest land cover, the results reflect the dry matter production of forests. The areas in the
mountainous part of the basin in the west experienced a higher production (0.3–0.4 ton/ha)
as compared with other areas. The average value for the Day Basin (including land surfaces
with zero values) is 0.013 tons/ha/y.

4.2. Water-Related Regulating Services

HESS5 on dry season flow (m3/s) in Figure 4a is a very important natural ecosystem
service that provides a source of water for local communities during the long dry season,
apart from being key to meeting the water demands of fluvial ecosystems. The discharge
is low at the origin of streams (0–10 m3/s), and this swells to more than 100 m3/s in the
tail end of the basin. This flow is averaged for the six dry months running from November
to April. Communities at the downstream end thus have more access to dry season water
resources. The average flow for these major tributaries is 113 m3/s, while the basin average,
including upstream and downstream areas, is 12 m3/s.

HESS6 on total groundwater recharge (m3/ha/y) displayed in Figure 4b shows higher
HESS contributions in the forests of the northwest of the Day Basin (6000–7200 m3/ha/y).
This is mainly related to the higher rainfall regimes that are common for forested moun-
tains. The forests have a positive impact on enhanced infiltration and reduced surface
runoff (unless grown on sloping terrain). This total recharge presents vast quantities of
groundwater that will be exploited for both natural and anthropogenic usages. The average
total groundwater recharge is 3820 m3/ha/y.

The root zone storage (i.e., HESS8) is shown in Figure 4c. HRUs that contain open
water bodies are excluded from the analysis to comply with root systems only. The results
show a nice complementary relationship between HESS6 and HESS8; Areas with high
HESS8 in the delta will have a low HESS6 and vice versa. Clearly, every agroecosystem in
a complex river basin has its own share of the overall HESS performance. The average root
zone storage for Day Basin is 1493 m3/ha/y.

The delta contributes more to sustaining rainfall, i.e., HESS9 (Figure 4d), provided that
the wind direction is inland in the direction of the hills. Moist air advection into the air mass
over the Gulf of Tonkin will not sustain rainfall in the Day Basin. A similar conclusion was
drawn by [77], who demonstrated that most of the rainfall in the Himalayas originates from
irrigated wheat-rice crop rotations on the Indo-Gangetic plain. The average sustainable rainfall
is 701 m3/ha/y. Rice fields are thus obviously efficient contributors for generating rainfall in
the upstream mountains that enhance recharge and dry season flow. It is an important finding
that the consumptive use of rice is providing HESS in addition to provisioning food.

The attenuation of peak flow (i.e., HESS10) mainly follows the partitioning between
infiltration and runoff by means of overland flow (Figure 4f). First, the SWAT model was
executed with bare soil conditions to define the hydrograph statistics under reference
conditions with an emphasis on daily peak flows. The reduction of these peak flow
events was determined after running SWAT again with current land use practices. It
is witnessed that natural landscapes such as forests and wetlands provide a wealth of
regulating ecosystem services in detaining excess rainfall and, therefore, delaying peak
flows. The average reduction of peak flow varies between 5 to 10%. An upstream-to-
downstream accumulation is visible in Figure 4f; the lower part of the Day Basin is getting
less susceptible to peak flows (15 to 20% reduction of natural peak flows). The role of
forests in reducing peak flow has also been marked by others [78]. The average peak flow
attenuation due to the current land use is 5.1%.
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Atmospheric carbon sequestration in the Day Basin (HESS11) was quantified to vary
between 0.01 to 2.4 tons/ha/y (Figure 4e). Natural forest in the western part of the
basin sequesters up to 2.4 tons/ha/y. Urban areas and settlements have a much lower
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sequestration process of approximately 0.01 to 0.1 ton ha/y. The Day Basin has an average
atmospheric carbon sequestration of 0.22 tons/ha/y.

The role of a vegetation pack on reduced air temperatures (i.e., HESS13) is shown
in Figure 4g. All values are positive, which implies that every landscape element creates
a microclimate that can potentially offset temperature rises from global warming. The
maximum cooling is 4.5 to 5 degrees Celsius, and this occurs in dense forests. The basin’s
average microclimate cooling is 2.7 degrees.

4.3. Water-Related Habitat/Supporting Services

The satisfaction of meeting environmental flow, i.e., HESS16 for a dry (2011) and wet
year (2013), is illustrated in Figure 5. For every reach, the longer-term river flow was
computed from SWAT, and the environmental flow was defined as 29% of the annual
volume. The dry season flow in the six-month dry period in each year was compared
against the environmental flow (e-flow), indicating whether it satisfied the threshold
amount (E f lowsat = 1) or not (E f lowsat < 1). There is a clear-cut effect of wet and dry
years on meeting the environmental flow (e-flow) requirement. While in the dry 2011,
e-flow ranged from 20–80% in most upstream river stretches, this increased to nearly
80–100% in the wet year of 2013. In general terms, the lower delta in the Southeast better
meets the environmental flows because the hydrograph responds to a larger catchment area
where most variations in discharge are averaged out. The environmental flow satisfaction
is 82% and 95% in a dry and wet rainfall year, respectively.
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Figure 5. Habitat services for Day Basin during 2003–2013 for meeting environmental flow for (a) dry
year (2011) and (b) wet year (2013).

While Figures 3–5 show the spatial variabilities of the HRUs, Figure 6 describes
the temporal variation of ecosystem services in the Day Basin during the period between
2003 and 2013. The standardized boxplots show the trade-offs between the HESS indicators
and years. Total runoff (HESS1) and groundwater recharge (HESS6) show a tighter coupling
to rainfall than biomass-related services such as feed production, fuelwood, and carbon
sequestration. Adding a simple trend line through the average values and the quartiles
will show the following insight: For HESS 1, 3, 4, and 6, the average values increase. For
HESS 8 and 13, the average value decreases while the rest of the HESS, i.e., 5 and 11, show
a more constant trend. Overall, the quartile values have more variation with time than
the average values do. Hence, these mild extreme values are more vulnerable to external
factors, such as rainfall and inflow from upstream rivers, than the average values.
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with median, quantile (5%, 95%), and quartile (25% and 75%). The dashed and dotted red lines show
a trend line through the median, 25%, and 75% quartile, respectively.
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For benchmarking between river basins mutually, and also for studying the impact of
land use and water use planning scenarios on HESS, it is good to synthesize the major findings.
Similar results were found with the Day sub-basin in the Red River by [79]. They investigated
the impact of deforestation by thinning existing forests and projected climate change (by 2050,
an increase of 1.5 ◦C and 6% rainfall). It was observed that the removal of forests increased
sediment yield from the basin substantially and increased peak flows and corresponding
flood hazards. In their study, seven out of 11 HESS values increased with climate change.

Focusing on a single HESS value thus provides an incomplete picture. Against this
background, a synthesis table for the Day Basin was created (see Table 2).

Table 2. Synthesis table based on SWAT outputs as yearly average, gross value, and per capita.

Ecosystem Services
Average Gross Value Per Capita

Unit Value Unit * Value Unit Value

HESS 1: Total runoff m3/ha 7482 MCM 4706 m3/cap 392
HESS 3: Natural livestock feed production ton/ha 0.3 MTonnes 0.2 ton/cap 0.01

HESS 4: Fuelwood from natural forest ton/ha 0.013 MTonnes 0.008 ton/cap 0.001
HESS 5: Dry season flow (“baseflow”) m3/s 12 MCM 372 m3/cap 31

HESS 6: Groundwater recharge m3/ha 3820 MCM 2403 m3/cap 200
HESS 8: Rootzone water storage m3/ha 1493 MCM 939 m3/cap 78

HESS 9: Sustaining rainfall m3/ha 701 MCM 441 m3/cap 37
HESS 10: Peak flow attenuation % 5.1 - - - -
HESS 11: Carbon sequestration ton/ha 0.22 MTonnes 0.14 ton/cap 0.01
HESS 13: Micro-climate cooling ◦C 2.7 - - - -

HESS 17: Meeting environmental
flow requirements % 92 - - - -

* MCM: million cubic meter; MTonnes: million tonnes.

Table 2 shows a synthesis of HESS values in terms of average, gross value, and
per capita. The population of the Day River Basin in 2015 was 12 million. The average
generated total runoff in the basin is 7482 m3/ha, which contributes to a total gross value
of 0.38 million m3 (MCM) per year and a net per capita of 392 m3. Other flow-related
services, such as groundwater recharge, rootzone storage, and sustaining rainfall, achieved
average values of 3820, 1493, and 701 m3/ha, respectively. Gross groundwater recharge
was 2403 MCM while per capita reached 200 m3/cap. The average HESS8 on rootzone
water storage and HESS9 sustaining rainfall was 1493 and 701 m3/ha translating to a per
capita of 78 and 37 m3, respectively. Interestingly, microclimate cooling (HESS 13) indicated
that the ecosystem of the Day Basin reduces the air temperature by 2.7 degrees Celsius (as
compared to bare soil land cover). HESS 17 reached 92% during the period from 2003–2013,
indicating that only during certain periods the requirement for environmental flow was
not satisfied. Biomass-related HESS such as HESS 3 and 4 averaged at 0.3 and 0.013 ton/ha
leading to gross values of 0.2 and 0.008 and per capita of 0.01 and 0.001 ton/ha, respectively.
The sequestered carbon (HESS11) was 0.01 ton/cap/y.

Table 3 further describes the trendline established in Figure 6 for each HESS. The
gradient and intercept of the trendline were derived, which display the observed trend
of HESS. This information is crucial in indicating whether a HESS is maintained at a
healthy state (upward trend) or degrading (downward trend). Based on this analysis, basin
planners and water managers can justify their plans and policies in order to sustain or
restore the functions of degrading HESS.
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Table 3. Statistical performance of HESS trendline (gradient/slope) and implications into
river basin plans.

Ecosystem Services Gradient/Slope
of HESS Trend

Interpretation of
Trend and

Impacts on HESS
Implication into River Basin

Plans and Management

HESS 1: Total runoff 159 Increasing Sustain basin management practices,
implementation of IWRM

HESS 3: Natural livestock
feed production 0.0044 Increasing Sustain basin management practices

HESS 4: Fuelwood from
natural forest 0.0008 Increasing Sustain basin management practices

HESS 5: Dry season
flow (“baseflow”) 0.0215 Increasing

Improve application of IWRM and
land-water management or

Natural-based Solutions
(NbS) practice

HESS 6:
Groundwater recharge 122.3 Increasing

Apply Managed Aquifer Recharge
(MAR) to better improve

groundwater management

HESS 8: Rootzone
water storage −61.7 Decreasing

Improve basin management to
facilitate soil-water interaction.

Improve basin permeability through
green building and

permeable landscapes.

HESS 9: Sustaining rainfall −0.68 Decreasing
Improve basin management, IWRM,
and NbS to improve basin-scale soil

moisture circulation

HESS 11:
Carbon sequestration 0.0013 Increasing Sustain current basin management

practices, apply carbon credit system

HESS 13:
Micro-climate cooling −0.0191 Decreasing

Apply NbS, green building to reduce
urban heat island effect. Improve

IWRM and land-use planning

HESS 17: Meeting
environmental

flow requirements
−0.4249 Decreasing

Introduce IWRM in the basin, revise
water plans, including sharing and

allocation to prioritize
e-flow contribution

5. Discussions

HESS have received public attention for a considerable time. The definition and
quantification of HESS are rather complex and touch base with the core of multi-disciplinary
environmental sciences. The assessment of important ecosystem processes with a minimum
of anthropogenic influences requires complex algorithms. There are many good examples
available using eco-hydrological models and remote sensing techniques [80,81]. Often
these studies are, however, restricted to solving a few elements only, and they are applied
in a local context where supporting input data are available. Ha et al. [12] established
a HESS framework presenting 18 HESS that can be measured to support river basin
plans and environmental monitoring, categorized into Provisioning services (four HESS
such as total runoff, inland capture fishery, natural livestock feed production, fuelwood
from natural forest), Regulating services (eleven HESS such as dry season flow, total
groundwater recharge, surface water storage, root zone water storage, sustaining rainfall,
peak flow attenuation, carbon sequestration, reduce greenhouse gas emissions, micro-
climate cooling, natural reduction of eutrophication in water, natural reduction of (agro-)
chemical in water, reduction of soil erosion), Supporting services (one HESS on meeting
environmental flow requirements), Cultural services (one HESS on leisure). This paper
touches base with 11 HESS indicators, which provides a more comprehensive picture than
many other studies. Selected HESS, i.e., HESS1, HESS3, HESS4, HESS5, HESS6, HESS8,
HESS9, HESS10, HESS11, HESS13, and HESS16 are deemed relevant to represent a broad
spectrum of benefits to people in the Day Basin. It ranges from direct and primary benefits
(e.g., food production, provision of runoff, fuelwood, etc.) to a larger bio-physical context
such as micro-climate regulation, rootzone moisture, meeting e-flow requirement, etc.).
These assessments provide a synthesized snapshot of marginal benefits to ecosystems and
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humans resulting from basin management activities. The consideration of these eleven
HESS in the Day Basin paves the way for human-centered and multi-criteria objectives for
development and conservation.

The distribution and valuation of HESS highlight hydrological ecosystem services that
benefit the basin and its population. While showing the Day Basin’s abundant generation of
the HESS in the total runoff, carbon sequestration, groundwater recharge, and rootzone water
storage as compared to other global study sites [19,32,82], the high population significantly
reduces per capita performance. Moreover, several HESS indicate a downward trend, e.g.,
rootzone water storage, microclimate cooling, and meeting e-flow requirements suggesting a
thorough assessment and introduction of more sustainable approaches in land-use planning
and basin management practices and land-use planning such as Integrated Water Resources
Management (IWRM) or Natural-based Solutions (NbS) to enhance HESS values in the basin.

Potentially more HESS indicators could be included in the list, such as soil erosion,
natural reduction of eutrophication and agrochemical in water, water storage in lakes, etc.
The SWAT model has the capacity to include these extra HESS indicators as the model de-
sign is intrinsically meant to deal with describing the total environment of agroecosystems.
Hence, the results presented in this paper are not exhaustive but should be regarded as a
first step further in a direction with gradually more understanding and tools available to
quantify HESS in a more routine manner.

Water productivity is a concept introduced by [83,84] to pinpoint the benefits and
services of water consumption. Various studies computed the bio-physical and economic
water productivities, e.g., [85], and others also included the job opportunities for water
availability and water consumption. This paper shows that the concept of water productiv-
ity should be amended with a HESS component. Water consumption is not only good for
food security, but it also generates rainfall, cools the atmosphere, sequesters carbon, and
reduces soil erosion, to mention a few. Productive use of water resources should recognize
these ecological services.

Regarding e-flow, while the fractions proposed by [76] are generic and can be applied
to catchments of any size and in any physiographic conditions, it undermines the impor-
tance of emulating the natural flow regime with its seasonal variability, flow magnitude,
frequency, event duration, and rise and fall of the hydrograph.

The lack of standardized processing and inclusion of HESS processes in river basin
profiles prevents policymakers from realizing the value of water for provisioning and
regulating services.

The methodology demonstrated by this paper proves that ecohydrological models
are proper tools to quantify complex hydrological ecosystem services. Future works can
focus on the fusion of ecohydrological models and remote sensing to provide a seamless
zoom of HESS’s spatial and temporal variation as well as stimulating policy impacts on
nature and humans.

6. Conclusions

The principles of Integrated Water Resources Management (IWRM), conservation of
natural capital, and water accounting require Hydrological Eco-System Services (HESS)
to be determined. In this study, a number of HESS indicators were modeled for the
Day River Basin in Vietnam using remote sensing and the SWAT model based on the
definition of the framework initiated by CGIAR and IWMI’s Water Land and Ecosystem
Program. The spatial and temporal distribution of 11 HESS indicators quantified across
the basin highlighted the provisioning and regulating character of our living environment
in Southeast Asia. Geographical hotspots with lower and higher contribution could be
identified, being a logical result of combinations of hydrological processes, climate, soil
type, and the current land use.

These types of HESS assessments can be used by water resources planners in exploring
multiple management scenarios and their implications for ecosystem services or “dis-
services.” Think about reforestation, irrigation development, land consolidation, and urban
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growth: a scenario analysis requires an eco-hydrological simulation model; this cannot be
done by means of earth observations. Models such as SWAT host a wide suite of simulation
options and can provide the data at a daily time step. The latter is required to cover
dynamic processes such as peak flow attenuation and flood hazard. This feature was also
highlighted by demonstrating the capabilities in HESS quantification by combining the use
of SWAT and SWAT-CUP to model complex terrestrial eco-hydrological processes. Various
biophysical processes were modeled in a spatial-temporal context to reveal interactions
between ecosystems and benefits to humans.

A crucial step in achieving progress in eco-hydrological modeling is the inclusion of
advanced earth observation data. With the arrival of many new algorithms, there are new
technical opportunities to spatially calibrate specific eco-hydrologic processes. More future
research on the integration of remote sensing data and eco-hydrological models should
therefore be encouraged.
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Appendix A. Calculation of Intermediate Parameters for HESS Quantification

Horizontal Fast Overland Flow

Fast surface runoff in SWAT is calculated per unit of land using the common SCS
curve number procedure [58]:

Qsurf =
(P− Ia)

2

(P− Ia+S)
(A1)

where Qsurf is the surface runoff (mm/d) calculated on daily timestep, and P is the pre-
cipitation from rainfall and snowfall (mm/d). In the case of the Day Basin, precipitation
is contributed by rainfall. Ia is the initial abstraction which includes surface storage and
interception (mm/d), and S is an empirical retention parameter that reflects infiltration
capacity and soil moisture deficit (mm/d). The retention parameter S varies spatially and
depends on soil type, land use, the slope of the terrain, and soil moisture deficit.

S = 25.4
(

1000
CN
− 10

)
(A2)

where CN is the Curve Number for the day (mm/d). Note that soil moisture content and S
have to be dynamic [86]. SWAT defines three antecedent moisture conditions: dry (wilting
point), average, and wet (field capacity), and will adjust S accordingly. This is an example
of semi-dynamic water retention. The surface runoff computed in the context of HESS
relates to rainfall and snowfall only.
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Percolation

The equation used to calculate the amount of water that percolates to the layer
underneath—without bypass in cracked soils—is:

wperc = SWexcess

{
1− exp

(− ∆t
TTperc )

}
(A3)

where wperc being the amount of water percolating to the underlying soil layer (mm H2O),
SWexcess is the drainable volume of water in the soil layer on a given day (mm), ∆t is the
length of the time step (d), and TTperc is the travel time for percolation (d). The travel time
can be computed as the ratio of the layer of water that percolates from the root zone and
the value of the saturated hydraulic conductivity Ksat.

Lateral Groundwater Movement

The lateral groundwater flow Qlat will be significant in areas with soils having high
hydraulic conductivities in surface layers and an impermeable or semipermeable layer
at a shallow depth. In such a system, rainfall will percolate vertically until it encounters
the impermeable layer. The water then ponds above the impermeable layer, forming a
saturated zone of water, i.e., a perched water table. This saturated zone is the source
of water for lateral subsurface flow. The mathematical expression for Qlat is based on
Neitsch et al., 2011 [57]:

Qlat = 0.024.
(

2.SWly,excess.Ksat.slp
ϕd.Lhill

)
(A4)

where: SWly,excess is the drainable volume of water stored in the saturated zone of the
hillslope per unit area (mm/d), Lhill is the hillslope length (m), ϕd is the drainable porosity
of the soil layer (mm/mm), Ksat is the saturated hydraulic conductivity (mm/h), and slp is
the increase in elevation per unit distance. SWAT partitions groundwater into two aquifer
systems: a shallow, unconfined aquifer which contributes return flow to streams within
the watershed, and a deep, confined aquifer which contributes return flow to streams
outside the watershed [33]. The outflow from the unconfined aquifer to the stream Qbf is
approximated as being a stationary drainage flow formulated according to the Hooghoudt
drainage equation provided that the shallow aquifer exceeds a threshold value [87]:

Qgw =
8000 Ksat

L2
gw

hwtbl (A5)

where Qgw is the groundwater flow into the stream or river on day i (mm/d), Ksat is the
hydraulic conductivity of the aquifer (mm/d), hwtbl is the height of the water table (m), and
Lgw is the distance between the HRU to the main channel (m).

Maximum Increase in Biomass

The maximum increase in biomass (∆Bio_max) on a given day that will result from the
intercepted photosynthetically active radiation is estimated by [88] as:

∆Bio_max = LUE.APAR (A6)

where ∆Bio_max is the potential increase in total plant biomass on a given day (g/m2/d),
LUE is the Light-use efficiency of the plant (g/MJ), and APAR is the amount of Absorbed
Photosynthetically Active Radiation on a given day (MJ m−2). It is also known as net
carbon assimilation because corrections for respiration have been applied already. The pho-
tosynthetic rate of a canopy is a linear function of radiant energy. APAR can be calculated
using Beer’s formula:

APAR = 0.5.K ↓ .[1− exp(−kl.LAI)] (A7)
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where K↓ the global radiation incident to the land surface (MJ m−2), kl is the light extinction
coefficient, and LAI is the leaf area index. The LAI development is strongly coupled to
prevailing heat units and a number of plant species-dependent LAI values. LAI from the
SWAT model was calibrated against LAI derived from MODIS 15 to derive plant physiology
and plant growth as described in [46].

Heat Fluxes

Sensible heat flux (H) is calculated using the following formula:

H = Rn− LE
(

W/m2
)

(A8)

Latent heat flux (LE) is related to actual ET as follows:

LE = ρwL ET
(

W/m2
)

(A9)

with ρw being the density of water (kg/m3), L is the latent heat of vaporization (J/kg),
and ET is the water vapor flux expressed in m/s. The net radiation in SWAT is computed
according to the suggestions of Doorenbos and Pruitt (1977) and Allen et al. (1998):

Rn = (1− α)K↓ − [0.9(1− cc) + 0.1]
[
0.34− 0.139

√
e
]
σT4

(
W/m2

)
(A10)

where α is the surface albedo, cc is cloud cover, e is the actual vapor pressure (mbar), σ is
the Stefan Boltzmann constant (W/m2/K4), and T is the air temperature (K).
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