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Abstract: Fraction of young water (Fyw) and mean transit time (MTT, T) calculated from water
isotope profiles are valuable information for catchment hydrological assessment, especially in anthro-
pogenically impacted region where natural conditions may not be decisive to catchment hydrology.
The calculation of Fyw and MTT were performed on three subsets of §'80_H,0O data collected at the
Hanoi meteo-hydrological station, Red River, in three periods; 2002-2005, 2015, and 2018-2019. The
mean (min and max) values of 5'80_H,0 in rainwater over the three periods are, respectively, —5.3 %o
(—11.0 and —1.2%o0), —5.4%0 (—10.7 and —1.4%o), and —4.5%o (—13.9 and 1.7%o.). The corresponding
values in river water are —8.4%o0 (—9.8 and —6.9%o), —8.5%0 (—9.1 and —7.7%0), and —8.4%. (—9.5
and —7.2%o), respectively. The mean of Fyw calculated from the §'80_H,O data for different periods
is 22 £ 9%, 10 £ 5%, and 8 & 3%. Mean transit time is 4.69 & 15.57, 1.65 & 1.53, and 2.06 & 1.87 years.
The calculated Fyw (MTT) is negatively (positively) proportional to change in reservoir volume over
the three periods, which is logical, since reservoirs tend to keep more water in the catchment and
slower down water flow. The strong variation of Fyw and T, two essential variables characterizing
the catchment hydrology, represents an anthropogenic impact in the Red River system.

Keywords: regional water balance; fraction of young water; mean transit time; water stable isotopes;
hydropower reservoirs

1. Introduction

The concentrations of oxygen and hydrogen isotopes in a water molecule undergo
small changes during phase transitions. As a result, in different parts of the hydrologic cycle,
water is naturally tagged with isotopic fingerprints, which vary according to the history of
a particular body of water and its route through the hydrologic cycle. Since water isotopes
are in water molecules, they are unique to trace the movements and storages of water in
the hydrological cycle. Indeed, water stable isotopes ('O or §2H) are commonly used to
investigate water storage in catchments [1-3]. Timescales of catchment storage are typically
quantified by the mean transit time (MTT, T), meaning the average time that elapses
between parcels of water entering as precipitation and leaving again as streamflow [4].
The longer mean transit times imply greater damping of seasonal tracer cycles. Thus,
the amplitudes of tracer cycles in precipitation and streamflow are commonly used to
calculate catchment mean transit times. In addition to MTT, fraction of young water
(Fyw), characterizing the storage capacity of a catchment, was recently proposed [5,6]. It is
defined as the streamflow fraction that is roughly younger than three months after entering
the catchment as meteoric water (e.g., precipitation). Estimation of Fyw is also done by
comparing the amplitudes of sine waves, fitted to the seasonally varying isotope tracer
signal in precipitation and streamflow. To date, this Fyw estimation method has only been
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applied to theoretical datasets and smaller catchments in temperate areas [5-8]. It remains
to be tested if Fyw can also be estimated for a complete river system (from headwater to
estuary) where large reservoirs have been built to alter water course.

In developing and tropical countries, hydropower is a main energy source and large
river systems such as the Red River, an interboundary river system, have been extensively
exploited for power production. Extensive economic growth since the end of the 20th
century in China and Vietnam has pushed a high demand for energy and water. Numerous
large hydropower dams have been built in the Red River system during that period. A
problem is that little information on hydropower dams (e.g., reservoir volume, operation
plan) is exchanged among neighboring countries, causing difficulties for water resource
development and management in countries located downstream of the river [9]. There
is a need to revisit older dataset collected during the time of fewer hydropower projects
and compare with contemporary data to see if and how hydropower development have
impacted the river hydrology.

This paper represents the application of water isotopes for estimating of MTT and Fyw
to the Red River, which has undergone intensive human alteration, especially hydropower
production. The approach is considered simple, efficient, and particularly useful for in-
terboundary river systems where comprehensive hydrological assessment is not always
practicable. The broader aim is that the use of isotopic data for the calculation of principal
hydrological characteristics will help inform regional stakeholders and policymakers in
better water resource management practices. The time taken for water to travel from precip-
itation, through a catchment and to its outlet, is an important descriptor of the catchment
functioning with broad implications for runoff generation, contaminant transport, and
biogeochemical cycling [6].

2. Materials and Methods
2.1. Red River and Its Reservoirs Built Recently

The Red River stems from a mountainous area of Yunnan Province, China, at an
elevation of 1776 m, flows southeasterly to Vietnam territory before emptying its water
into Tolkin Bay. The total length of the main stream is 1149 km in which 510 km are in the
Vietnam territory [10]. The total catchment area of the Red River is 169,020 km? in which
86,720 km? are in Vietnam. The Red River basin consists of 3 headwater mountainous
sub-basins and 1 downstream delta area [11,12]. Three upstream-mountainous sub-basins,
namely, Da, Lo, and Thao, merge their water together at Viet Tri, upstream of the delta area
(Figure 1).

The region’s climate is tropical monsoon with the rainy season between May and
October. More than 80% of rainfall concentrates during this period. The mean discharge of
the river at the river mouth is 2640 m3 s~1, which highly fluctuates between dry and rainy
seasons. Peaks of discharge usually occur in July-August [13].

Since 2007, in the Da sub-basin, China has put into operation about 11 hydroelec-
tric projects with the total volume of about 2.5 billion m® of water [9]. In the Vietnam
territory, several large reservoirs such as Hoa Binh, Son, and Lai Chau have been built.
These reservoirs were commissioned in the period of 1990-2016 (Table 1). In the Thao
sub-basin, the Chinese side currently has about 29 reservoirs and dams including two
large dams, Nanshan (commissioned around 2008) and Madushan (commissioned around
2011) [9,14] (Table 1). In Vietnam territory, no hydropower project has ever been established
in this sub-basin. In the Lo sub-basin, the Chinese side has also built and operated about
8 hydropower reservoirs, of which 2 large reservoirs are Malutang (commissioned around
2018) and Baisheng (commissioned around 2010). In the Vietnam territory, a number of
large reservoirs have been built, such as Thac Ba and Tuyen Quang. Thac Ba reservoir
has been commissioned since 1972, and Tuyen Quang reservoir has been operated since
2010 [14] (Table 1).
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Figure 1. Dams in Red River basin and the Hanoi monitoring site.

2.2. Sampling Site and Analysis

River waters for water isotope analysis were collected monthly, usually in the middle
of the month, at the Hanoi hydrological station (21°02/07.2” N 105°51’58.1” E). The monthly
sampling protocol meets the standards set forth by the International Atomic Energy Agency
(IAEA) [15]. Sampling was conducted in 3 periods; January 2003-December 2005, January
2015-December 2015, and January 2018-December 2019. Correspondingly, rainwater was
also collected during the same periods.

The river water was collected by a bucket, filtrated through filter paper (8 pm pore
size), and fully filled (avoiding bubbles) in 30 mL HDPE plastic bottles. They were then
kept at 20 °C before being sent to the Isotope Hydrology Laboratory of IAEA, Vienna,
Austria for analysis.

All samples were pipetted into 2 mL laser vials, and high-precision measurement
using a Los Gatos Research liquid water isotope analyzer model 912-0032 (Los Gatos Re-
search, CA, USA) was carried out. The method consisted of 9 injections per vial, excluding
the first 4, with data processing procedures correcting for between-sample memory and
instrumental drift, and normalization to the VSMOW-SLAP scale using LIMS for Lasers
2015 as fully described elsewhere [16,17]. A 2-point normalization used IAEA laboratory
standards W-34 (low standard) and W-39 (high standard) to bracket the isotopic compo-
sition of the samples. IAEA laboratory standards were calibrated using VSMOW?2 and
SLAP2 primary reference materials with their assigned values of 0 & 0.3, 0 & 0.02%o and
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—427.5 4 0.3%0, —55.5 £ 0.02%0 for 8?H and §'80, respectively. The assigned values for
the laboratory calibration standards W-39, W-34, and control W-31 were +25.4 £ 0.8 %0 and
+3.634 + 0.04%0; —189.5 = 0.9%0 and —24.778 4= 0.02%0; —61.04 & 0.6%0 and —8.6 £ 0.09 %o
for 82H and 30 relative to VSMOW, respectively. The control W-31 long-term (1-year run-
ning average) analytical reproducibility (SD) was 0.11%0 and +0.7%o. for '80 and §’H,
respectively. It should be noted that in this paper, only 580 was used for the calculation of
Fyw, as required by the method.

Table 1. Main reservoirs in the Red River system [9,14].

Name Country Volume (million m3) Commision Year
Thac Ba Vietnam 2940 1972
Hoa Binh Vietnam 9862 1989
Longma China 590 2007
Jufudu China 174 2008
Gelantan China 409 2008
Tukahe China 88 2008
Sinanjiang China 270 2008
Malutang China 546 2018
Son La Vietnam 9260 2010
Shimenkan China 197 2010
Madushan China 551 2011
Lai Chau Vietnam 1215 2016
Hudi Quang Vietnam 184.2 2016
Ban Chat Vietnam 162.7 2016
Puxigiao China 531 2016

Oxygen isotopic composition (6180, %) is defined as:

(180/160)Sumple

(180/16O)V5MOW

Whereas, (180/ 16O)SmplE is a ratio of 1¥0 and '°0O abundances of sample and (**0/'°O)ysp10w
is a ratio of 180 and 1O abundances of standard—Vienna Standard Mean Ocean Water.

5'%0 =

— 1] x 1000%o 1)

2.3. Supplementary Data Acquisition

Monthly rainwater stable isotope data from Hanoi’s GNIP stations were obtained
from IAEA’s NUCLEUS information resources. Meteo-hydrological data (rainfall and
water discharge) collected daily at the Hanoi meteo-hydrological station (Figure 1) was
acquired from the Vietnam National Hydro-Meteorological Station network. Water isotope
data and meteo-hydrological data are provided in Table S1.

2.4. Estimation of MTT (T) and Fyw

Both T and Fyw were calculated by fitting a sine wave to both the seasonal-varying pre-
cipitation and streamflow §'80 isotope signals [6,7]. These are calculated, respectively, as:

Cp(t) = Ap sin(ant — q)p) + kp (2)

Cs(t) = Assin(27ft — @s) + ks ®)
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where Cp(t) is simulated precipitation and Cs(t) is streamflow, 5'80 isotope values of time
t (decimal years), A is the amplitude (%o), ¢ is the phase of the seasonal cycle (in radians,
with 27 rad equaling 1 year), f is the frequency (yr—'), and k (%) is a constant describing
the vertical offset of the isotope signal. After fitting these multiple regression equations,
the Fyw can be calculated as:

_ As
Fyw = A (4)
and T was calculated as:
T=uaxf (5)

where & and B are shape factor and scale factor, respectively. The shape factor («) was
implicitly expressed as:

@s — @p = w arctan (\/(AS/AP)Z/“ — 1) (6)

and p was then calculated as:

p= g 4/ 40P -1 )

After « and  were determined, the mean transit time T was then calculated straight-
forwardly using Equation (5):

The OriginPro 2019 software providing the user-defined function/model was used
for this regression analysis to obtain the coefficients A, ¢, ky, 1, and m in Equations (2),
(3), (6) and (7). The Levenberg-Marquardt algorithm was used to solve this generic
curve-fitting problem.

Uncertainties in the calculated MTT and Fyw are expressed as standard errors (SEs)
and are estimated using Gaussian error propagation (see Appendix A). Further description
of the method can be found in [8].

Correlation analysis was used to assess the impact of forcing factors (rainfall, discharge,
reservoir volume) on the MTT and Fyw over the monitoring years. The analysis was
performed using OriginPro 2019 (9.65).

3. Results and Discussion
3.1. Meteo-Hydrological Seasonality

Rainfall data of three monitoring periods, 2003-2005, 2015, and 2018-2019, are shown
in Figure 2a, which represents a clear rainy-dry seasonality with rainy peaks (about 400 mm
month 1) occurring in late summer: typical tropical monsoon climate [18,19]. The mean
values of rainfall of three periods are, respectively, 148, 121, and 139 mm month 1. Water
discharge at the hydrological station of Hanoi is shown in Figure 2b. Mean discharges are,
respectively, 2177, 1689, and 2058 m3 s~ 1. It can be seen that discharge in 2015 and 2019
was lower than in other periods (about more than 20%). This can be explained by lower
rainfall in 2015 and 2019 (approx. 20%) than in other periods. In terms of discharge, the
dry season in 2015 (about 6 months) was longer than any of the other years (3—4 months)
(Figure 2b).

3.2. Composition of Oxygen Isotopes—3'80

The isotope composition of 5'80 of rainwater and river water in the study periods is
shown in Figure 3. There is a clearly sinusoidal variability of rain and river water isotopic
signal. The lowest value occurs during the rainy season and the highest value occurs during
the dry season. This variability is agreed with a precedent study [20], which concluded that
the equatorial-maritime air mass, well known for its amount effect (an inverse relationship
between precipitation and the isotopic composition), dominates the precipitation regime in
the region. Over the whole monitoring period, the mean (min and max) value of rainwater
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8180 is —5.1%0 (—13.9 and 1.7%o). During the 2003-2005, the mean (min and max) values
of rainwater and river water are —5.3%o (—11 and —1.2%0) and 8.4%. (—9.8 and —6.9%.),
respectively. In 2015, the corresponding values are —5.4%o (—10.7 and —1.4%o0) and —8.5 %o
(—9.1 and —7.7%o), respectively. During the 2018-2019, the values are —4.5%. (—13.9 and
1.7%o) and —8.4%o0 (—9.5 and —7.2%o), respectively.
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Figure 2. Monthly rainfall in Hanoi (a) and Red River’s discharge at the Hanoi hydrological
station (b).
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Figure 3. 5180 in rainwater (a) and in river water (b).



Water 2021, 13, 2051

7 of 14

3.3. Fraction of Young Water (Fyw)

Minimum and maximum annual Fyw is, respectively, 7.96% and 31.76% (Figure 4).
Over the three periods, Fyw decreases gradually, from 19.13% during the 2003-2005 period
to 10.2% and 7.12% during the 2018-2019 period. The decreasing Fyw means that a fraction
of older water components increases. There are various factors that can cause a change in
Fyw, including external changes (e.g., rainfall) or changes inside watershed. The watershed
changes may be natural processes of flows such as sedimentation, flow narrowing, or
flow changes, but can also be caused by human impacts such as stream channeling, flow
barring/dam building, or water saving. Among them, the interception and retention
of water in hydropower reservoirs will increase the length of stay of the water, thereby
increasing the age of the water and subsequently decreasing Fyw.

0.5 1

0.4 1

0.3 1

Fyw

0.2 1 1

0.1 1

r ]
|

00 T T 1 T 1 T 1 N 1 1 T
2004 2007 2010 2013 2016 2019
Years

Figure 4. Fyw over the monitoring years.

3.4. Mean Transit Time (T)

Mean transit time is calculated based on Equations (5)—(7), and the results show that
mean transit time increases relatively over the monitoring years (Figure 5). Natural causes
for an increase in MTT are, for example, an increase in vegetation coverage, reduction in
precipitation, or natural extension of waterways [21-23]. This increase can also be explained
by man-made constructions such as dams. The increasing number of hydropower dams
in the Red River system recently could be a cause for the T increase, since hydropower
dams hold back water to increase transit time. Peculiarly, MTT calculated for 2005 is high
compared to the adjacent years. We are inclined to explain that the 2005 river water isotope
profile, shown in Figure 3b, is less variable due to an unusual operation of hydropower
dams to increase water storage during a long dry period. The precipitation data (Figure 2a)
suggest that the 20042005 dry season was longer than usual. The monthly average
precipitation during the dry season of 2005 is 23 mm, while the values of 2003 and 2004 are,
respectively, 31 and 54 mm. To avoid falling to the non-operational water level, hydropower
reservoirs in the Red River were being filled for a longer than usual time period. This
critical operation is partly reflected by a low river discharge for six consecutive months
(Figure 2b). Mean discharge during dry season of 2003, 2004, and 2005 at the Hanoi meteo-
hydrological station is 1271, 1305, and 922 m3 s~ !, respectively. As a consequence, the river
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water isotope signal at the Hanoi Site during dry period of 2005 was peculiarly lower than
of other years—the longer mixing of different water sources in the reservoirs to average out
the isotopic signal (Figure 3b). Thus, calculation on this less variable river water isotope
profile resulted in a low Fyw (Figure 4) and a high MTT (Figure 5). This explanation is
consistent with our assumption that hydropower reservoirs and their operation are critical
to the Red River hydrology. Notably, MTT calculated for 2005 should be cautiously taken
into account because of its high uncertainty (high SE) (Figure 5). In term of management
practices, the success of using isotopes to identify the change in reservoir operation shows
the potential of using isotopes to identify changes in regulation that may impact the river
system ecohydrology.

15

12

©
1

MTT (years)
(o]

! T T T T T T T T T T T
2004 2007 2010 2013 2016 2019
Years

Figure 5. Mean transit time (T).

3.5. Impact of Forcing Factors to the Red River Hydrology

Although our information about reservoir construction and commission in China is
scarce, it is certain that the number of dams and the total reservoir volume on the Red
River system has dramatically increased over the last 20 years. In the Vietnamese territory,
until 2005, there were only two large reservoirs, the Hoa Binh and Thac Ba hydropower
reservoirs, with a total storage capacity of about 12.8 billion m3. By 2015, the total volume
of reservoirs increased to 24.5 billion m3 and by 2018 was 27.0 billion m3 (Table 1). Logically,
in response to an increase in the number of reservoirs and the total reservoir volume is
an increase in MTT and a decrease in Fyw. Thus, correlation analysis would help reveal a
linkage between reservoir commission in Red River with MTT and Fyw (Table 2).



Water 2021, 13, 2051

9of 14

Table 2. Spearman correlation coefficients (p-values) between forcing factors (annual rainfall, annual discharge, reservoir

volume) and hydrological variables (Fyw and MTT); data used for correlation calculation are in Appendix B.

Annual Discharge = Annual Rainfall ~ Reservoir Volume Fyw MTT
Annual discharge 1(-) 0.49 (0.33) —0.19 (0.73) 0.43 (0.40) —0.09 (0.87)
—_ T 7-\\
s 7 a )
c | . B
Annual rainfall S/ = - // 1(-) —0.31 (0.55) 0.37 (0.47) —0.03 (0.96)
Discharge
g 5
| . 3|
o S | ~
. z L o AT TN
Reservoir volume 5§ - S N 1(-) —0.93 (0.01) 0.28 (0.59)
[0} [0)
14 Discharge 1 Rainfall
z [ | ‘ z s " / g A
wa i sanm / = :/ amn )/ [ \:\- \\‘ 1(-) —0.49 (0.33)
o N ~__ /
Discharge Rainfall Reservoir volume
) et (i (i
| / / \ \ \ \
MTT = "™ = [ ™ N ) N 1)
Discharge Rainfall Reservoir volume Fyw

Bold: Significant correlation at p-value < 0.05. Ellipse: 95% confidence level.

Among forcing factors, we notice logical and insignificant tendencies; a positive
correlation coefficient between annual rainfall and annual discharge (0.49) and negative
coefficients between reservoir volume and annual discharge/annual rainfall (—0.19/—0.31).
We interpret that in a year of high (low) rainfall, the river discharge would be high (low),
producing a positive correlation between rainfall and runoff. On the other hand, an increase
in reservoir volume would increase water storage in the catchments [24,25]. Hydrological
processes related to the catchment storage variability such as infiltration, groundwater
recharge, and evaporation are enhanced to reduce the surface water runoff. As a result,
reservoir volume tends to correlate negatively with discharge and rainfall.

As expected, Fyw and accumulative volume of reservoirs are significantly negatively
correlated with each other (at p-value < 0.05) (Table 2). To a lesser extent, the reservoir
volume is positively and insignificantly correlated with MTT (Corr. Coef. = 0.28). Annually,
there is a weak correlation between MTT and Fyw (Corr. Coef. = —0.49). Thus, correlation
analysis suggests that hydrology in the Red River system (indicated by Fyw and T) is
severely altered by the commission of numerous hydropower reservoirs. In fact, the lower
correlation between MTT and forcing factors than between Fyw and forcing factors is not
a surprise. Kirchner [6] showed that the use of seasonal cycles in chemical or isotopic
tracers to estimate MTT will typically be wrong by several hundred percent, when applied
to catchments with realistic degrees of spatial heterogeneity such as the Red River Basin.
This aggregation bias arises from the strong nonlinearity in the relationship between tracer
cycle amplitude and mean travel time. Meanwhile, Fyw is accurately predicted by seasonal
tracer cycles within a precision of a few percent, across the entire range of MTT from almost
zero to almost infinity.

In theory, Fyw can be considered a catchment characteristic, analogous (but far from
equivalent) to MTT. Mean transit time should be particularly useful as a catchment descrip-
tor, because the MTT times the mean annual discharge yields the total catchment storage.
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Fraction of young water, such as the amplitude of the seasonal tracer cycle, depends on the
relative proportions of younger and older water, but is insensitive to how old the “older”
water is. Meanwhile, MTT depends critically on the age of the older water, which cannot
be reliably determined because it has almost no effect on the seasonal tracer cycle (or on
more elaborate convolution analyses; see [7]). Because Fyw is indifferent to the age of the
older water, it cannot be used to estimate residual storage.

What Fyw estimates, instead, is the fraction of water reaching the stream by relatively
fast (less than 3 months) flowpaths. That, in turn, will depend on precipitation climatology.
Concurrently, reservoirs are built to store rainwater (fast flow water). They are very much
functioning with precipitation regime. Thus, Fyw would be explicitly useful in helping
water resources managers assess the impact of reservoirs to the downstream flow regime.

Apart from the reservoir volume-Fyw/MTT relationship, a positive and insignificant
correlation between Fyw and annual discharge (Corr. Coef. = 0.43) and annual rainfall
(Corr. Coef. =0.37) is found. A possible explanation for this positive correlation is that at
intensified rain events, new fast flow paths are formed in sloping lands to increase Fyw in
river flow [8]. From the management perspective, this positive discharge/rainfall—Fyw
relationship is not encouraging, since fast flow paths are related to soil erosion, landslides,
and flash floods in headwater catchments. Indeed, such hazards have been widely reported
in the media recently [20,26-28].

Besides the catchment heterogeneity issue, a weak correlation between MTT and
forcing factors (Table 2) could also be due to the sparseness and uncertainty of our dataset.
As discussed in the previous sub-section, the low variability of isotope profile due to
unusual hydropower dam operation results in an MTT of a peculiarly high uncertainty
(high SE) for 2005 (Figure 5). Statistically, including the 2005 data into regression analysis is
not significant. If the 2005 data were excluded, the correlation coefficient (p-value) between
MTT and discharge, rainfall, and reservoir volume would, respectively, be 0.10 (0.87), —0.30
(0.62), and 0.79 (0.11), higher than when these 2005 data were included and close to the
Fyw-forcing factor coefficients (Table 2). Importantly, the new calculated trends are logical;
MTT would increase with the reservoir volume and decrease with the annual rainfall. This
observation implies that analysis of a sparse but accurate dataset still provides reliable
and meaningful results. The results here also reinforce the operational value of using
isotopes as “early indicators” of operational change and subsequent hydrologic functions
of a catchment.

All the same, the correlation analysis suggests that reservoirs always play a major
role controlling these hydrological variables (high Corr. Coef.). To a lesser degree, rainfall
is a formidable factor changing Fyw and MTT. In contrast, discharge in the Red River is
well controlled by hydropower dams and so does not pose a particular relationship with
hydrological variables (low Corr. Coef.). Depending on the extreme events occurring
during the year or inter-annually, the dams will control the flow regime and then modify
MTT and Fyw. Above all, humans appear to be the biggest forcing factor regulating the
Red River hydrology.

4. Conclusions

Results from this study suggest that mean transit time increases and the Fyw decreases
due to the impact of water storage from dams in the upstream area in the Red River system.

Together with MTT, Fyw is a highly reliable variable applied to hydrological assess-
ment in heterogeneous, anthropogenic impacted basins such as the Red River and Mekong
River Systems. The approach is simple and straightforward, needed only water stable
isotope data, and can be used by student level practitioners.

This study shows a versatility of isotopic tracers to assess water regime change /hydrology.
Water stable isotopes as compared to other artificial tracers are unique of their own and
should be highly appreciated in water resources research programs. Regrettably, not many
people including stakeholders and water managers in the region understand the compre-
hensive application of water isotopes for water resources assessment and monitoring.
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High uncertainty of some calculated results implies that further investigation is needed
to enrich the currently sparse dataset. The investigation should be conducted at other
sites to downscale the Red River basin into smaller domains with and without severely
anthropogenic impacts. Data obtained from smaller domains characterized with different
impacts would help to make a firm conclusion on the role of hydropower reservoirs and
other forcing factors to the river hydrology.

It is necessary to have cooperation and strengthening of information sharing between
Vietnam and China for hydrological research of the Red River basin in order to obtain more
accurate and meaningful results in water resource management and exploitation.

Globally, the number of dam constructions has increased dramatically over the past
six decades and is forecast to continue to rise, particularly in less industrialized regions and
that identifying development pathways that can deliver the benefits of new infrastructure
while also maintaining healthy and productive river systems is a great challenge that
requires understanding the multifaceted impacts of dams at a range of scales [29]. In
this context, the isotopically based approach can be used as a simple and reliable tool
to improve predictions of how dam construction will affect ecohydrology, ecosystem
functioning, and fluvial geomorphology worldwide, helping to frame a global strategy to
achieve sustainable dam development.
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Appendix A
Formulation of SE Calculation for Fyw and MTT (T)

e  (Calculation of o,
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We have,
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Thus, 0 can be calculated by the expression:
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The calculation of 02 and ¢, were performed with Microsoft excel.
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Appendix B
Data Used for Correlation Calculation

Table Al. Annual precipitation, monthly mean discharge, reservoir volume, Fyw, and MTT over the monitoring years.

Year Discharge Rainfall Reservoir Volume Fuw MTT
(m3s-1) (mm month—1) (mill m3) Y (years)
2003 2197 130 12,802 0.23 0.70
2004 2226 160 12,802 0.32 0.45
2005 2109 155 12,802 0.10 12.93
2015 1689 121 24,887 0.10 1.65
2018 2448 141 26,980 0.08 2.87
2019 1668 137 26,980 0.08 1.24
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