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ABSTRACT

Among the impacts of climate change and variabilities, change in the terrestrial water cycle has been investigated
extensively due to the importance of water resources to the Earth System. The detection and attribution of changes in
river flows, however, are usually complicated by the impacts of on-ground human activities such as urbanization or
dam construction that have altered flow regimes. As a result, hydrological reference stations — gauges measuring river
flows of catchments that are unregulated - have been identified in many countries to provide streamflow records that
are suitable for climate studies. Such a network, to the best of our knowledge, has not been promoted widely in
Vietnam, making it difficult to determine the actual impact of climate change and variability to river flow regimes at
the national scale. To address this limitation, this study uses a data-driven approach to identify stations that have not
been influenced substantially by human activities for Vietnam. Specifically, we have carefully assessed streamflow
records at 68 locations that are not influenced by tidal regime to identify stations with relatively good data quality.
The drainage area associated with each of these stations was then delineated following international standards, and
then used to identify catchments that were not associated with large dams. The catchment boundary was also used to
extract land surface information, available through an ensemble of different satellite-based data products, to further
identify catchments that are not featured by large urban areas, or experienced a substantial change in land cover
during the 2000-2019 period. Using these criteria, this study suggested two subsets of stations distributed across the
countries, providing a good starting point for future investigations into the impacts of climate change on water
resources in Vietnam. The investigation also suggests that more investments are required to maintain and expand the
hydrologic reference network for Vietnam.

Keywords: watershed hydrology, statistical analysis, large-sample hydrology, catchment characteristics.

1. Introduction to the importance of water resources to almost

Among the implications of climate change, all components of the Earth System. To assess

changes in the terrestrial water cycle are one
of the most compelling (IPCC, 2021), owing
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the impacts of climate change on the global

water cycle, numerous studies have
investigated changes in hydrologic regimes -

including droughts (Marengo and Espinoza,
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2016; Le et al., 2019; Gudmundsson et al.,
2021), floods (Burn, et al., 2016; Bloschl et
al., 2020; Do et al., 2020a) and identify the
dominant factors modulating these changes
(Mallakpour and Villarini, 2015; Wasko and
Nathan, 2019; Do et al., 2020b; Fowler et al.,
2021). The backbone of these investigations is
high-quality streamflow data that are
appropriate for detecting trends in streamflow
indices and attributing these changes to
external factors (Addor et al, 2020).
However, not all streamflow records are
suitable for climate-related research (Burn et
al., 2012; Whitfield et al., 2012), as
streamflow is sensitive to many catchment
attributes that are subject to human
intervention, such as changes in channel
morphology,  urbanization, or  water
engineering. As a result, data requirements for
climate research are wusually strict, and
streamflow information needs to be recorded
at near natural or unregulated basins (Slack
and Landwehr, 1992; Archfield et al., 2016;
Beck et al., 2017; Hodgkins et al., 2017; Do et

al., 2017).
Due to the strict data criteria, reference
hydrologic networks (RHN) - stations

recording streamflow over catchments that are
not heavily affected by human activities - are
crucial to support investigations into long-
term changes and variabilities of streamflow
as a response to climate change. In many
countries, substantial efforts have been
invested in RHNs, particularly through
systematic efforts of water agencies to operate
and maintain such networks. In the United
States (US), the “reference network™ concept
was proposed in the middle of the 20™ century
(Langbein and Hoyt, 1959) and has since been
realized into the Hydrologic Benchmark
Network (HBN) by the US Geological Survey
(Mast et al., 1984). The same concept has also
been adopted in Canada (Whitfield et al.,
2012), the United Kingdom (Harrigan et al.,
2018), Australia (Turner et al., 2012), and

many other countries to support climate
studies. The World  Meteorological
Organization (WMO, 2005) has also
promoted this practice to establish a global
network of streamflow stations that are
suitable for climate studies. The common
approach to establish these RHNs is to select
stream gauges with a minimal human
footprint in that catchment characteristics. For
instance, RHNs usually include catchments
that are not associated with either large dams
(and reservoirs) or established urban areas.

In Vietnam, a general consensus among
the hydrology community is that there is no
such “reference station”. It is because the
country has experienced significant changes
in land use, land cover, as well as rapid
urbanization since the 1980s (Truong et al.,
2018). The intensive development of dams
and reservoirs in the last two decades has
further exacerbated the situation, making it
seems unrealistic to have any catchments that
were not regulated by human activities.
However, there was no systematic effort (to
the best of our knowledge) has been invested
to assess whether the above-mentioned
notation (i.e., Vietnam does not have any
gauged catchment that is unregulated) is valid.
This limitation is one of the primary reasons
that has led to a lack of large-scale
investigations into climate change impacts on
hydrological regimes for Vietnam, as it is
challenging to identify catchments with
streamflow records unaffected by human
interventions.

This study aims to fill this gap and adopt a
data-driven approach to identify streamflow
stations that could be classified as “reference”
among active stream gauges in Vietnam. Such
a network, should it be identifiable, is crucial
for future investigations into changes in
Vietnam’s water resources. To achieve this
objective, we first synthesized the metadata of
all streamflow stations in Vietnam obtained
from the Vietnam Meteorological and
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Hydrological =~ Administration (VHMA)
through multiple projects. Stations that are
active (as of June 2021) and not subject to
lunar tidal influence were then identified, and
discharges recorded at those stations were
then synthesized. We also put substantial
efforts into developing catchment boundaries
associated with each of the selected stations.
We then identified two subsets of potential
“reference stations” as those with (i) high-
quality streamflow records (i.e., those that do
not show spurious changes) and (ii) were not
influenced substantially by human activities.

2. Data and Method
2.1. Data

2.1.1. A nationwide streamflow archive for
surface water

In Vietnam, the Ministry of Natural
Resources and Environment (MONRE) is
responsible for planning the observational
networks for hydro-meteorological variables.
The VHMA specifically operates and
maintains stream gauges across Vietnam. As
described in Decision 90, Vietnam has a total
number of 354 hydrological stations,
including both traditional and automated
hydrological stations. Traditional stations are
those that have been installed for several
decades and thus can provide long-term data
suitable for any investigations into changes in
river discharge and water resources. This
characteristic is aligned with the purpose of
our study, and thus we have restricted our
search to only traditional stations.

We then adopted three criteria to narrow
down the number of stations selected for this
investigation: (i) stations that still operate as
of June 2021; (ii) stations that are classified as
level 1 and level 2 (i.e., the ones that measure
both streamflow and water level); and
(iii) non-tidal hydrological stations. The
rationale of the first two criteria is to select
stations that still operate (thus are useful for
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future investigation), while the last criterion
was chosen to remove gauges that are
influenced by reverse flow, which could
create substantial noises in the signal of
changes in streamflow regimes.

Of all stations listed in Decision 90, only
74 hydrological stations met the proposed
criteria. We further removed six stations that
do not have drainage area information in their
metadata (this information is crucial to get a
reliable catchment boundary). Discharge data
available across those 68 stations (see
Appendix 1 for station metadata) were then
synthesized for this investigation. The first
year of data entrance was 1956, when
Vietnam had reliable measurement equipment
(Tran, 2006; Tran et al., 2012), and the last
data entrance was in 2019.

As shown in Fig. la, the number of
stations with available data has gradually
increased over time - indicating substantial
investment of  water  authorities to
hydrological observation network - and there
are 57 stations that have more than 30 years of
data (Fig. 1b; data is not necessarily
continuous) available. We note that, due to
data entrance criteria, the Mekong Delta was
not included (Fig. 1c). This region is
influenced by not only tidal effect but also
upstream human activities, and thus is not
suitable for this investigation.

We also note that, according to
international standards, a reference station
usually has data records for at least 30 years.
However, we decided to investigate all 68
stations that have been identified from our
initial screening process. The rationale of our
approach is to provide a holistic perspective
about Vietnam’s observational network for
river discharge, which is still not available to
the public at large from our knowledge.
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Figure 1. Overview of streamflow stations collected for this investigation: (a) the number of gauges with
available data (at least 350 data points for any specific year) per year during the 1955-2019 period; (b)
histogram of data length (in years) for gauging stations; (c) spatial distribution of 68 active stations that
were used for this investigation (color dots) as well as stations that were filtered prior to this investigation
(grey dots; more information is available in the “Data” section)

2.1.2 Digital elevation model (DEM) and land
cover information derived from satellite
imagery

The 90m DEM has been obtained from
the Hydrological data and maps based on
SHuttle Elevation Derivatives at multiple
Scales (HydroSHEDS, available from
hydrosheds.org). HydroSHEDS is based on
high-resolution elevation data obtained by the
Space Shuttle for NASA's Shuttle Radar
Topography Mission (SRTM). HydroSHEDS
is a mapping product that provides consistent
hydrological information for global and
regional scale applications (river networks,
drainage directions, flow accumulations, and
watershed boundaries). The HydroSHEDS
DEM was used to generate catchment
boundaries for the selected stations.

This study used the European Space
Agency Climate Change Initiative Land
Cover (ESA CCI LC; hereafter referred to as
ESA LC) to represent land cover across
Vietnam. This product provides consistent
annual global land cover maps at 300 m
spatial resolution from 1992 to 2019. The
ESA LC is based on various satellite data
sources, including Envisat MERIS, AVHRR,
SPOT-VGT, and PROBA-V datasets. It
provides different land categories that are
suitable at the scale of the entire world. The
ESA LC dataset has been validated in several
regions in Asia and Africa, demonstrating its
good agreement with ground observation
(ESA, 2017). The ESA LC dataset was used
in our investigation to show the magnitude of
land cover change over each catchment
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between 2000 and 2019. In this study, we

agriculture, forest, wetland, water, built-up,

grouped 37 land cover types into 7 classes of  barren land, and snow (Table 1).

Table 1. Land cover classes that were used in this investigation and corresponding land cover types of

ESA CCI LC data
Classes (code) ESA CCILC code
IAgriculture (1) 10, 11, 12, 20, 30, 40, 120, 121, 122, 130, 140, 150, 151, 152, 153
[Forest (2) 50, 60, 61, 62, 70, 71, 72, 80, 81, 82, 90, 100, 110, 160, 170
(Wetland (3) 180
Built-up (4) 190
IBarren land (5) 200, 201, 202
(Water (6) 210
Snow (7) 220
See http://maps.elie.ucl.ac.be/CCl/viewer/download/CCI-LC_Maps_Legend.pdf for complete nomenclature of ESA
CCI LC data

2.1.3. A compiled database of major dams in
Vietnam

In this investigation, we have synthesized a
database of water infrastructure presence
across Vietnam, wusing the Mekong
Infrastructure Tracker database — developed
by the Stimson Center (available at
https://www.stimson.org/2020/mekong-
infrastructure-tracker-tool/; last access: Sep
2021) — as the starting data product. The data
underlying the Stimson database is collected
from  various sources (from  water
infrastructure developers to the community),
and the information has undergone a careful
verification process.

This dataset, however, does not include all
major water infrastructures within Vietnam
and thus we have consulted extra data sources
in this study. To ensure that all required
information is freely accessible, we have
limited the database to only major dams (i.e.,
those associated with a reservoir of at least 10
million cubic meters). Specifically, the
following sources were used to generate a list
of all major infrastructures for Vietnam,
including (i) hydrological reports for river
basins provided by VHMA; (ii) public data
available on disaster prevention website
(http://dulieu.phongchongthientai.vn; last
access: Sep 2021); (iii) public data available
on irrigation database system
(http://thuyloivietnam.vn; last access: Sep
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2021); and (iv) public data available on the
open data portal of the Ministry of Industry
and Trade (https:/thuydienvietnam.vn; last
access: Sep 2021). We also consulted
websites of investors, managers, and operators
of reservoirs as well as the association of large
dams and water resources development in
Vietnam (http://www.vncold.vn; last access:
Sep 2021) to fill in the required information
for this investigation (i.e., geographical
coordinates and volume storage) whenever the
information is not available from the listed
data sources.

Figure 2 shows the spatial distribution of
87 major dams included in our water
infrastructure  database to support our
investigation. These dams are associated with
a total storage volume of at least 10 million
cubic meters. Our database, therefore,
provides a better representation of human
intervention to local hydrology compared to
other international databases (e.g., most dams
in the Global Reservoir and Dam Database
(Lehner et al., 2011) have a storage capacity
of at least 100 million cubic meters). It is
apparent from Fig. 2 that most major dams in
Vietnam have been constructed within the last
two decades (note that there are 17 dams that
do not have information about construction
time), indicating the need for identifying
stations with streamflow records unaffected
by human intervention through dam
construction and operation.


https://www.stimson.org/2020/mekong-infrastructure-tracker-tool/
https://www.stimson.org/2020/mekong-infrastructure-tracker-tool/
http://dulieu.phongchongthientai.vn/
http://thuyloivietnam.vn/
http://www.vncold.vn/
http://www.vncold.vn/
http://www.vncold.vn/
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Figure 2. Spatial distribution of major dams (associated with a total storage volume of at least 10 million
cubic meters) across Vietnam. The “construction year” was shown for reference (grey dots are dams with

no information of construction year)

2.2. Method
2.2.1. Assessing streamflow homogeneity

There is a consensus among Vietnamese
hydrologists that all streamflow records across
Vietnam’s River have been impacted by many
factors, including river regulations, water
abstraction, and human activities in river

basins. Many other factors can also lead to
changes in streamflow records that cannot be
explained by natural variabilities, such as
changes in gauging instruments, relocation of
stations, or revision of the rating curve
whenever new  data is  available
(Gudmundsson et al., 2018). However, there
is no publication (to the best of our
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knowledge) that systematically documents
these factors for the selected stations thus it is
not possible to explicitly remove time series
associated with abrupt changes that could
mislead detection and attribution analysis.

To ensure that catchments identified as
“reference” through this investigation are
accompanied by streamflow records that do
not exhibit spurious patterns, we adopted an
international standard (ECA & D Project
Team and Royal Netherlands Meteorological
Institute, 2013) and assessed the homogeneity
in streamflow records across the selected
stations. The approach of this assessment
comprises of two steps: (i) -calculating
streamflow indices (see Appendix 2) that are
usually used in trend detection and attribution
studies; and (ii) conducting statistical tests to
assess whether the time series of the
calculated indices exhibit spurious changes
that are unlikely climate-induced.

Specifically, we first screened all daily
data points and provided a “suspect” flag if
these data points were either negative,
outliers, or consecutively constant for more
than 10 days. The remaining data points were
then assigned a “reliable” flag. We then
assessed the homogeneity of streamflow data
recorded at each station separately, following
the procedure described in Gudmundsson et
al. (2018). We first derived, from the quality-
controlled records, a range of different indices
that are regularly used for trend detection
studies at the monthly, seasonal, and annual
time steps (e.g., annual maximum, annual
mean streamflow; see Gudmundsson et al.
(2018) for a full list of these indices). The
indices  were  only calculated  for
months/seasons/years that have at least
25/85/350  “reliable” daily observations,
respectively.

We then applied four independent
homogeneity tests - including (i) the standard
normal homogeneity test (Alexandersson,
1986), (ii) the Buishand range test (Buishand,
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1982), (iii) the Pettitt test (Pettitt, 1979), and
(iv) the von Neumann ratio test (von
Neumann, 1941) - to each of the indices (e.g.,
the four mentioned tests were applied to time
series of annual mean discharge of a specific
catchment). The time series of a specific
streamflow index was then assigned into one
of the following four categories:

- “Useful”: if only one or no homogeneity
test rejects the null hypothesis (the time series
is homogeneous) at the 1% level;

- “Doubtful”: if two tests reject the null
hypothesis at the 1% level;

- “Suspect”: if three or four tests reject the
null hypothesis at the 1% level;

- “Not sufficient data”: if less than 20
reliable data points (at either the yearly,
seasonal, or monthly resolution) are available
for that specific index.

We note that this procedure was discussed
in more detail in Gudmundsson et al. (2018),
and the readers are recommended to consult
this  publication for more in-depth
information. To be classified as “reference” in
our assessment, stations must be associated
with “useful” time series across all calculated
streamflow indices.

2.2.2. Identifying best outlet and delineating
catchment boundary

An important input for our investigation is
a reliable drainage boundary corresponding to
each of the selected stations. Such
information, however, is not readily available
from data providers, and thus an ad hoc effort
was adopted to delineate catchment
boundaries. To fulfill this task, outlet
identification is one of the most important
steps, and we have adopted a consistent
procedure across all catchments to manually
identify the locations representing the best
outlet.

Specifically, we first reviewed station
reports (obtained from VHMA) which provide
geographical  coordinates, administrative
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address, river name, and describe the river
section where the stations are located. We
then used Google Earth to verify whether the
geographical coordinates are consistent with
the physical locations described in the reports.
For cases where there was substantial
inconsistency, we carefully reviewed the area
surrounding the provided geographical
coordinates and identified locations that fit the
descriptions in station reports.

Station locations were then imported into
ArcGIS software for watershed delineation.
As HydroSHEDS was used to represent
catchment topography, several outlets were
slightly relocated (from the station location) to
ensure it resides on the correct stream in the
HydroSHEDS river network. After the
catchment was delineated, we used the
reported catchment area as the benchmark to
assess the quality of the delineated
catchments, similar to the approach described
in Do et al. (2018). Specifically, if the
delineated catchment has a discrepancy in
catchment area within £10% relative to the
reported catchment area, the boundary was
flagged as “reliable”. Otherwise, we made a
search for an outlet (within a 10-km radius
and that is closest to the correct geographical
coordinates of the station) that would generate
a catchment boundary with a discrepancy rate
within £10%. For cases where such an outlet
(i.e., the one that would yield a discrepancy
within £10%) is not identifiable, we flag the
catchment boundary as “suspect”.

Figure 3 provides an example of this
procedure for the Dong Nai River at Thanh
Binh station. The coordinates reported in the
metadata (denoted in Fig. 3 as point A) are
inconsistent with station description (available
in station report). We have manually relocated
the station location to the new one (denoted as
point B) to fix this error in the metadata. An
adjustment was then made to ensure the outlet
(used for catchment delineation) is on the
HydroSHEDS river network, and the area

calculated from the delineated catchment
boundary yields a small area discrepancy
relative to the reported catchment area.

2.2.3. Identifying human influence across
upstream drainage area

To investigate human influence, we used
the delineated catchment boundary to extract -
from the dams and land cover databases - the
following information: (i) number of dams
located within a specific catchment, (ii) total
storage capacity of all these dams, (iii)
percentage of catchment associated with an
“urban” land cover type, and (iv) percentage
of the catchment that has undergone land
cover conversion.

To generate the last metric, we calculated
the percentage change of land use/cover types
between 2000 and 2019 (as illustrated in
Fig. 4). We first assigned a code varying from
1 to 7 (described in Table 1) to each land
use/cover type. We then overlayed the land
cover data of the two timesteps and calculated
the percentage of cells exhibiting changes
following equation 1.

L

p=2=% 100 with i % j

(D
where, P is the percentage of land area
exhibiting land cover change over the 2000-
2019 period; A4; is the area of the land cover
category changes from i to j during the period
(i, j has a value from 1 to 7) and A is the total
area of the catchment.

Having all these metrics processed for
selected catchments, we then applied the
following data-driven filters to get the final
subset of “reference stations™:

- Time series of all indices are classified
as “useful” from the homogeneity assessment
(i.e., the hydrograph does not show abrupt
changes that are unlikely climate-induced;
ECA & D Project Team and Royal
Netherlands Meteorological Institute, 2013);
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- The total storage capacity of upstream
dams is less than 10% of the recorded annual
flow volume, following established standards
of RHNs (Marsh and Hannaford 2008;
Whitfield et al., 2012).

- Catchment has less than 2% of its area
classified as “urban”. This type of land cover
could introduce substantial impacts to flow
regimes - even when it only represents a
relatively small proportion of the total
catchment - that cannot be explained by
changes in climate conditions (Lins, 2009).

- Catchment has less than 10% of land
cover change rate (Whitfield et al., 2012)
during the 2000-2019 period when Vietnam
has undergone one of the most dynamic eras
in terms of land-use change (World Bank

RS b ’ = - ~ -

Group, 2012).

- Catchment has more than 50% of its
area within the Vietnam boundary.

We note that these criteria are generally
consistent with the approach used in previous
investigations to identify natural or near-
natural catchments. The rationale of these
criteria is to identify (and remove) stations
that have either abrupt changes in their time
series or substantial presence of human
intervention over their drainage area. The
final criterion, on the other hand, was
proposed to reduce the uncertainty in our
evaluation, as we have limited information of
dam constructions outside of Vietnam border
to support this investigation.

,.'2_ '_".F & P ';;,\ A :‘\:7‘

Figure 3. Example of the procedure to identify the catchment outlet that was used to delineate the
catchment boundary associated with Thanh Binh station located on the Dong Nai River. The geographical
coordinates reported in the metadata (point A) were first manually relocated to point B, which was then
used as the initial location to search for the best outlet (point C). The best outlet is the location that lies on
HydroSHEDS river network and would generate a catchment boundary with a low area discrepancy
relative to the reported catchment area (obtained from station documents)
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Figure 4. Illustration of land-cover change assessment. Each land cover type was assigned a numeric
code. Cells exhibiting change from one code to another one (colored) between the two timesteps were
identified. The percentage of catchment showing changes in land cover were then calculated

3. Results and Discussions
3.1. Homogeneity assessment

Figure 5 summarizes the result of the
homogeneity assessments for all indices
generated at the yearly (panel a), seasonal
(panel b), and monthly (panel c¢) resolutions.
At the yearly resolution, there are nine time
series that do not have sufficient data for the
homogeneity assessment (i.e., there are less
than 20 years with reliable data over those 9
stations). Of all 59 remaining stations, almost
all indices time series were classified as
“useful”, indicating that the null hypothesis of
homogeneity was not rejected in at least three
out of the four statistical tests. At the monthly
and seasonal resolutions, there was sufficient
data for the homogeneity tests across all
selected stations, although it is important to
note that the 20-month threshold is still
relatively short. As a result, the assessment
should be consulted with care for cases with
less than 10 years of records (see Fig. lc for
these locations).

It is apparent from Fig. 5 that there were
many cases when the null hypothesis of
homogeneity was rejected in two or more

statistical tests (i.e., those time series
classified as “doubtful” and “suspect”) when
the analysis was conducted at either the
seasonal or monthly resolution. Among the
analyzed indices, the minimum (MIN) and 7-
day minimum (MIN7) were the ones having
the most inhomogeneous time series (over up
to 20 locations, or 29% of all stations),
indicating the high sensitivity of this index to
external factors that could modulate
streamflow regimes. On the other hand, the
standard deviation (SD) index tends to be
insensitive to external factors, as less than 5
stations exhibit inhomogeneity in both
seasonal and monthly resolution.

The results of the homogeneity assessment
suggest the importance of considering a wide
range of streamflow indices to reliably
conclude about the quality of streamflow
records that are of interest (as some indices
might be more sensitive to external factors
than the others). As a result, our study also
identified the stations exhibiting homogeneity
across all of the assessed indices to ensure that
the stations recommended for future
investigations are generally not subject to
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abrupt changes that cannot be attributed to
climate changes and variabilities.

Figure 6 shows the distribution of stations
exhibiting homogeneity across all indices. Of
all 68 stations that were assessed, there were
57, 42, and 40 stations that have all indices
classified as “useful” at the yearly (Fig. 6a),
seasonal (Fig. 6b), and monthly (Fig. 6c)
resolutions. Even when we applied a stricter
criterion, of which all indices (regardless of
temporal resolutions) must be classified as

“useful”, there were still 29 stations that
satisfied the condition (Fig. 6d). In general,
these stations are distributed across all climate
regions of Vietnam (except for the southern
part, which was not included in this
investigation as mentioned in our Data
section), indicating it is possible to investigate
changes in Vietnam’s water resources and
attribute any detected changes to climate
influence using a large sample of catchments
with good data quality.
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Figure 5. Summary of the homogeneity analysis for all generated indices at yearly, seasonal and monthly
resolution. The number of stations that are classified as (1) useful, (2) doubtful, (3) suspect, and (4) not

sufficient data are shown

We also note that this assessment only
considers  spurious patterns from the
hydrograph and thus might miss other factors
that still yield substantial influence on the
hydrological regimes. To address this
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limitation, the next sections will describe our
efforts in identifying catchments that are
likely influenced substantially by human
activities using data derived from satellite

imagery.
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Figure 6. Maps showing the distribution of useful/suspect stations. Red dots represent time series that
have all indices classified as useful at (a) the yearly resolution, (b) the seasonal resolution, (c¢) the monthly
resolution, and (d) all temporal resolutions. Grey dots represent time series that have at least one index
classified as either “suspect”, “doubtful”, or “not sufficient data”

3.2. Catchment boundaries associated with
selected stations

To assess human intervention in the
streamflow regime, it is essential to reliably
delineate the drainage boundary upstream of
each selected station. To achieve this
objective, we have manually reviewed all
station locations and selected the best outlet
that generates a catchment boundary with a
delineated catchment area highly consistent
with the area reported in station documents.

Figure 7 illustrates the result of this effort
and shows the boundaries of all 68 catchments
that will be used to extract human intervention
information associated with the assessed
stations. There were 57 stations associated
with an area discrepancy of less than 10%,
indicating the relatively high quality of the
delineated catchment boundary. Figure 7 also
highlights that many of Vietnam’s
catchments, particularly over the Hong - Thai
Binh River and the Ma River, are
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transboundary catchments, with a significant
portion of their catchment boundaries
belonging to the neighboring countries. We
note that, due to data accessibility, we only
collected information on dams located within

Vietnam’s administrative boundary. This
approach will potentially lead to high
uncertainty in our evaluation of transboundary
catchments. We thus have applied a filter to
separate all catchments into two groups:

Area discrepancy <=10%
10% < Area discrepancy <=20%
20% < Area discrepancy <=50%
Area discrepancy > 50%

Hoang Sa
Islands

East Sea

Truong Sa
Islands

Figure 7. Catchment boundaries of all selected stations (grey lines) and the associated stations (colored
dots). The colors represent the discrepancy between the area calculated from the delineated catchment and
information reported in station documents. Circled dots represent stations that were classified as domestic

“Domestic” catchments are those with
more than 50% of their catchment boundary
inside the Vietnam administrative borders.

- “International” catchments are those
with at least 50% of their catchment boundary
outside the Vietnam administrative borders.
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Of all 68 catchments, there were 54
classified as “domestic” (circled dots in

Fig. 7), and this flag will then be used as a

condition to identify hydrologic reference
stations.
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3.3. Evaluation of human influence across
catchments

The catchment boundaries were then used to
extract information of human intervention
across the upstream of each selected streamflow
station. We first identified the major dams
(those with a designed total storage capacity of
at least 10 million m’) located within each
catchment boundary. The sum of storage
capacity of all those dams was then calculated
and compared to long-term average annual flow
volume. We then made a pragmatic decision and

identified stations with relatively low influence
by dam operations as those with the ratio
between storage capacity and annual flow of no
more than 10%. Figure 8 shows the results of
this assessment and highlights the locations of
20 stations that were classified as being
influenced substantially by dam operation in our
investigation (orange dots). There are 35 stations
that do not have any large dams located in their
upstream drainage area and another 13 stations

that have the sum storage capacity of less than
10% of annual flow.

« No large dam
Total reservoir storage < 10% annual streamflow
Reservoir storage > 10% annual streamflow
Hoang Sa
Islands
A
3 ?;1
e T~
East Sea
P
e 7
o
Truong Sa o2 0 b
Islands Lo &
0 =0
7 °
~
0
®
®° o w, °
o oo
o, o / 2%
a & . °
fq 2 ° . L

Figure 8. Large-dam presence across 68 hydrological stations. Each station was classified into one of the
three classes representing the potential influence of large-dam on the catchment’s streamflow regime.
Only dams with the total storage capacity of at least 10 million m® are considered in this assessment
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Figure 9 shows two important factors
representing  human  intervention  on
hydrologic  regimes of the assessed
catchments: the presence of urban areas
(calculated from the 2019 land cover map)
and land cover changes rate across each of the
catchments during the 2000-2019 period. Of
all 68 catchments, the vast majority (67) has
less than 2% of the catchment area classified
as built-up (or urban), as shown in Figure 9a.
This result is reasonable as our investigation
only focuses on gauges that are not subject to
lunar tidal influence; thus, the major coastal
cities (i.e., Ho Chi Minh City, Hai Phong, Da
Nang, and Can Tho) are not present in any of
the assessed catchments.

Figure 9b shows the result of our
investigation into changes in land cover across

each of the catchments. Our approach is similar
to that discussed in Whitfield et al. (2012), and
consider that catchments with a large
agricultural area can still be classified as
“undisturbed” if the land cover has not exhibited
substantial changes (and thus the physical
attributes of land cover remain relatively stable)
during the assessed period. This assessment
reviews an interesting pattern in the land cover
change in Vietnam: catchments located in the
Central Highland exhibit the highest rate of land
cover changes during the 2000-2019 period,
reflecting the implication on the land cover of
national policies in recent decades to boost the
regional economy. There are 40 catchments
experiencing changes in land cover types over
no more than 10% of their drainage area
(blue dots).
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Figure 9. Land cover characteristics across 68 catchments: (a) the percentage of catchment area classified
as “built-up” (or “urban”) land cover type; (b) the percentage of catchment area exhibiting a conversion
from one land cover type to another type during the 2000-2019 period

3.4. Spatial distribution of potential RHNs to
support climate studies in Vietnam

Figure 10 shows the final subsets of
stations that could be identified as
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“reference” using the data-driven approach
described in this article. Fig. 10a provides a
more “generous” set of criteria (denoted as
“Set A”), as the stations only need to have
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yearly  streamflow  indices  showing
homogeneity to be classified as “useful”. The
subset showed in Fig. 10b (denoted as “Set
B”), on the other hand, represents stations

that met stricter data quality criteria, as all
indices at the seasonal and monthly
resolutions need to be classified as “useful”
to be included.
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Figure 10. Spatial distribution of potential RHNs that met all data-driven criteria described in this study.
The same criteria for catchment characteristics were used, but different homogeneity criteria were
considered: (a) only yearly indices need to be homogeneous (corresponding to blue dots in Fig. 6a), and
(b) all indices must be homogeneous (corresponding to blue dots in Fig. 6d)

The rationale for providing these two
subsets lies in the potential applications of
these catchments in climate studies. For
studies that focus on long-term changes in the
normal condition of water resources,
homogeneous indices at the yearly resolution
are arguably sufficient, and thus catchments
included in Set A are recommended. For
studies focusing on more detailed aspects of
the hydrologic regime, high-quality data at the
seasonal and monthly resolutions are needed,
and thus stricter criteria should be considered,
leading to a smaller subset included in Set B.
Although the number of catchments available
in the proposed networks is relatively small
(22 for set A and 11 for Set B), they generally

provide good spatial coverage and are still
useful to provide a large picture of any
changes in the hydrologic regime across
Vietnam.

4. Conclusions

This study reports the first systematic
effort to identify the network of stations that
are relatively unaffected by on-ground human
activities. Using a data-driven approach, we
have identified two subsets of stations that
could be used as the initial search for
catchments that are suitable for future
investigations into natural changes in
hydrologic regimes and water accounting
across Vietnam in a warming climate. Our
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investigation also shows that some important
regions are not adequately covered by the
proposed “reference stations”, including the
Central Highland, the Red River, and the
South. This finding indicates an urgent
demand for establishing new stream gauges
across Vietnam to support water decision-
making processes.

We note that our ad hoc effort by no means
provides the definition of the RHN for
Vietnam due to the limited resources available
for this investigation. For instance, our dam
database was limited to those with a total
storage capacity of at least 10 million m® and
thus might not represent the actual influence
of dams and reservoirs on streamflow
regimes. Another limitation lies in our simple
method to quantify land-use change, as only
seven land cover types were considered.

These limitations do not overshadow our
intention, which was to initiate the discussion
from water agencies as well as the Vietnam
hydrology community about an RHN for
Vietnam. To establish the RHN, ad hoc efforts
such as that described in this article are not
(and never be) sustainable. Indeed, an
orchestrated effort and substantial investments
coordinated by water authorities are required
to identify, maintain suitable stations as well
as to establish new stations that meet
international standards. Such a hydrologic
reference network, should it be officially
established, will be a crucial asset for Vietnam
to better understand the uncertain future
facing us in a warming climate.

To achieve this important objective,
collective efforts should be implemented by
the authorities as well as Vietnamese
hydrologists. From our perspective, water
agencies remain the key players and should
invest more efforts to make streamflow
records become more FAIR (Findable,
Accessible, Interoperable and Reusable;
Wilkinson et al.,, 2016) to the public at
large. A data portal similar to that of
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the Mekong River Commission
(https://portal. mrcmekong.org/; last access: 21
Sep 2021) would be a good starting point to
make streamflow data more accessible, even
with or without a payable fee. Other important
databases, such as dams and reservoirs
operational rules (currently coordinated by the
Ministry of Industry and Trade), should also
be synthesized and made accessible through
the streamflow data portal. This initiative will
make it is possible to assess human
interventions to streamflow regimes more
comprehensively in the future. Vietnamese
hydrologists should also pay more attention to
archiving the data underlying independent
investigations (at the local scale) using data
repositories that are accessible to the larger
community. Finally, investment from the
government into the water sector should
consider a larger share into establishing new
stream gauges as well as maintaining active
stations. This effort is particularly important
for future research, as our findings have
demonstrated a very low density of stations
that are relatively free from human
interventions.
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Appendix 1. Key metadata of all 68 streamflow stations assessed in this study

Q_BA 0001 AnKhe| 144 108.652343[ 13.958335 7.132 0.233 2 1 2 2
Q BA 0002 AyunP, 294 108.45327] 13.39758 751 0.19) 1 1 2 2 2
Q_BA 0003 CungSo; 1280 108.999982) 13.04301] 6.23 0.147| 1 2 1 2 2
Q BA 0004 PoMoRd 312 108.350936 14.032699] 5.259 0] 1 1 2 2 1
Q_SD_0001 CanDang 617 105.99963] 11.542277 1.934) 0.067| 1 1 1 1 1
Q_SD_0002 DakNong| 30 107.687968 12.004217 12.883 0.237| 2 1 1 2 1
Q_SD_0003 DaiNgal 367.5 107.877855 11.53480" 12.168 0.19| 2 2 2 2 1
Q _SD 0005 PhuocHoz 524 106.766946] 11.244803] 8.699) 0.139) 2 2 1 2 2
Q_SD_0006 TaLail 1017 107.361247] 11.376967 8.702| 0.637| 1 1 1 1 2
Q_SD_0007 TaPao] 2012 107.729436  11.134845| 7.102| 0.396| 2 2 1 2 2
Q _SD 0008 ThanhBin] 20 108.285296]  11.77602§] 3.893) 7.424 1 1 1 1 1
Q_MK_ 0001 BanDon| 1060 107.783103] 12.897859| 9.971 0.732] 2 2 1 2 2
Q_MK 0002 BanYen| 638 103.014142] 21.27419 1.125 0.028| 1 1 1 1 1
Q_MK 0003 Caul4 864 107.928854) 12.613317 10.203| 0.464| 2 2 1 2 2
Q MK_0004 DakMof| 752 107.77078]_14.656968 7.141 0.052] 1 1 1 1 1
Q_MK 0005 GiangSon| 310 108.183431) 12.510001 8.77 0.73 1 1 1 1 1
Q_MK_0006 Konplong] 963 108.180321] 14.47038 5324 0.01 1 1 2 2 2
Q_MK 0007 KonTum| 303 108.034111 14.34711 7.342| 0.642| 1 1 1 1 1
Q_MK 0008 KrongBul 503 108.3755 12.77182 12.591 1.995 1 1 1 1 2
Q SK_0001 AnChi 834 108.80721] 14.985987 11.812 0.024] 2 2 1 2 1
Q _SK 0002 AnHoa| 383 108.909297]  14.577917] 8.182 0.023 1 1 1 1 1
Q SK_0003 BinhLie: 505 107.387022] 21.488299 4.663 0l 2 2 1 2 1
Q_SK 0004 DongTam| 1151 106.020672[ 17.90405 3.4 0l 1 1 1 1 1
Q _SK_0005 DongTrang| 1244 109.012254] 12.28083 7.219 0| 1 2 1 2 1
Q_SK 0006 GiaVong] 267 106.950942) 16.956599 3.681] 0] 2 2 1 2 1
Q_SK 0007 SonGiang] 244 108.566667] 15.033333 17.792 0.063 1 1 1 1 1
Q _SK_0008 SongLu 964 108.346016] 11.19561¢ 3.362) 0| 1 1 1 1 1
Q_SK_0009 ThuongNha 208] 107.684719 16.128361] 3.841] 0] 2 2 1 2 1
Station ID Station Name Area Longitude Latitude | LU change (%) | Urban (%) | usefulMon | usefulSea | usefulYear | usefulAll | UpstreamDams
Q_HT 0002 BanCung] 262 103.831333] 21.825913 6.087] 0.438] 2 1 2 2 2
Q _HT 0003 BaoYer 496 104.525036 22.21114 3.991 0.353] 2 2 1 2 1
Q_HT 0004 CauPhe 363 105.83775 22.15323 1.444| 0.44 1 1 2 2 1
Q_HT 0005 ChiemHo: 1650 105.274337  22.142407 5.126f 0.017, 1 1 1 1 2
Q_HT 0006 Ch 209¢ 106.590319)  21.362772 1.354] 0.034) 1 1 1 1 1
Q_HT 0007 DaoDuc]| 8298 105.00551) 22.76877 4.88 0.908] 1 1 1 1 1
Q_HT_0008 DauDang| 189 105.557872)  22.44816 1.701 [ 1 1 2 2 1
Q_HT_0009 GhenhGa| 29601 105.203372]  21.881692 4.291] 0.292] 2 2 1 2 1
Q _HT 0010 GiaBa 276 105.8347 21.5993 1.1¢| 0.425] 2 2 1 2 1
Q _HT 0011 HamYe 1190 105.089663] 22.054125 3.672 0.65) 1 1 1 1 1
Q _HT 0012 HoaBin 51801 105.356606 20.843148§| 4.642 0.202] 2 2 1 2 2
Q _HT 0013 KheLech| 503 104.281144 22.145064 0.802] 0.071 2 2 1 2 1
Q _HT 0014 LaiChaul 33801 103.17194  22.077224 5.047 0.087] 2 1 1 2 1
Q_HT 0015 LamSon| 33.1  105.495937 20.882525 2.546 0 1 1 1 1 1
Q_HT 0016 LaoCai 4100 103.97013] 22.4979¢ 3.514 0.31 2 2 2 2 1
Q_HT 0017 MuCangChail 23 104.059433]  21.855945| 12.704 0] 1 1 2 2 1
Q _HT 0018 NaHu| 155 102.869502] 22.373179 4.89¢| 0] 1 1 2 2 1
Q_HT 0019 NamGiang] 674 103.161135 22.27770 4.497 0.063] 1 1 1 1 1
Q_HT 0020 NamMuc| 268 103.291854)  21.88467 1.724 0.022] 2 2 1 2 1
Q _HT 0021 NgoiHut 602  104.549636 21.95343 0.924 0.014 2 2 1 2 1
Q _HT 0022 QuangCi 119¢ 105.498638]  21.518397 0.441 0.023] 1 1 2 2 1
Q _HT 0023 SonTa; 143601 105.511923] 21.153991 3.878 0.293] 1 1 1 1 2
Q_HT 0024 TaB 4950 104.056368 21.448679 4.929 0.215] 1 1 1 1 2
Q_HT_0025 ThanhSon| 159 105.152134  21.191483| 1.66 0| 2 2 1 2 1
Q_HT 0027 VinhYen| 138 104.472919] 22.37758, 2.256| 0.13 2 2 1 2 1
Q_HT 0028 VuQuan; 3679 105.25266)  21.576135 3.997 0.29 2 2 1 2 2
Q_HT 0029 YenBalil 4800 104.869147]  21.700615| 3.192 0.326] 1 1 1 1 1
Q _BK 0001 LangSo: 156 106.759609] 21.841984 10.594 0.272] 2 1 1 2 1
Q_MA 0001 CamThu 1750 105.483215] 20.209717 1.732] 0.038] 1 2 1 2 1
Q _MA 0002 CuaDa] 600 105.306721] 19.881464 2.288 0.001 1 1 1 1 2
Q_MA_0004 XalL: 643 103.924276  20.938545) 1.756 0.104 1 1 1 1 1
Q_CA_0001 Dua| 2080 105.0364  18.994201] 2.41 0.006] 1 1 1 1 2
Q_CA 0002 HoaDuyet| 188! 105.598643| 18.38337¢| 7.122) 0.077] 1 1 1 1 1
Q_CA 0003 MuongXe: 262 104.11804) 19.413919 3.367 0| 1 1 1 1 1
Q_CA_0004 NghiaKhanh 4024  105.413132)  19.22248 2.537 0.023] 1 1 1 1 1
Q_CA 0005 QuyChau| 150 105.149316  19.55699 2.427 0] 2 2 1 2 1
Q_CA 0006 SonDiem| 59 105.356568  18.507271] 3.3 0.015] 1 1 1 1 1
Q_CA 0007 YenThuong] 2300¢ 105.441818  18.68492! 2473 0.02] 1 1 1 1 2
Q VT 0001 NongSor 3155 108.033986[ 15.70273 14.232 0l 2 1 1 2 2
Q_VT 0002 ThanhM 185 107.830234]  15.76693 8.44. 0 2 2 1 2 1
Notes

- For columns 8 to 11 (“useful” time series indicators): a value of 1 indicates “Yes” (i.e., no abrupt change detected
using the statistical tests described in section 2.2.1 for all indices listed in Appendix 2); a value of 2 indicates “No”
(i.e., at least one index shows statistical evidence toward an abrupt change in more than one homogeneity test
described in section 2.2.1).

- For columns 12 (dam presence): a value of 1 indicates that the total capacity of all upstream dams is less than or
equal to 10% of the average annual flow of the corresponding catchment (i.e., dams have a low influence on
streamflow regime); a value of 2 indicates the opposite (i.e., dams imply a substantial influence on streamflow
regime)
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Appendix 2. Definition of streamflow indices calculated in this investigation (reproduced from
Gudmundsson et al., 2018)

Title Abbrev. Units Resol. Definition

Mean daily streamflow MEAN (m3 s~ l) Y.S5.M  Arithmetic mean of daily streamtlow.

Standard deviation of daily ~ SD m3s™l)  Y,S,M  Standard deviation of daily streamflow.

streamflow

Coefficient of variation of CV (=) Y,.S.M  Standard deviation of daily streamflow divided by the mean daily stream-

daily streamflow flow (SD/MEAN).

Interquartile range of daily  IQR m?s~"  Y.S.M  75th-25th percentile of daily streamflow.

streamflow

Minimum daily stream- MIN (m" sy Y,8.M  Minimum value of daily streamflow.

flow

Maximum daily stream- MAX m3s~!)  Y,$,M  Maximum value of daily streamflow.

flow

Minimum  7-day mean MIN7 (m3 s’l) Y.S.M  Minimum 7-day arithmetic mean streamflow. For computation, the com-

streamflow plete daily time series are first smoothed with a backward looking moving
average with a 7-day window. Subsequently, the minimum value for each
yearly, seasonal or monthly period is determined.

Maximum 7-day mean MAX7 (m3 s~ l) Y.S.M  Maximum 7-day arithmetic mean streamflow. For computation, the com-

streamflow plete daily time series are first smoothed with a backward looking moving
average with a 7-day window. Subsequently, the maximum value for each
yearly, seasonal or monthly period is determined.

10th, 20th, 30th, 40th, P10, P20, (m’s~!) Y.§ Percentile values of daily streamflow computed for each yearly and seasonal

50th, 60th, 70th, 80th and P30, P40, period, where low percentiles (e.g. 10th percentile) correspond to low flows.

90th percentiles of daily P50, P60,

streamflow P70, P80,

P90

Centre timing CT (doy) Y The day of the year (doy) at which 50 % of the annual flow is reached. The
index is computed for calendar years, where 1 denotes 1 January.

Day of minimum stream- DOYMIN (doy) Y The day of the year (doy) at which the minimum flow occurred, where 1

flow denotes 1 January. The maximum value is 365 for normal years and 366 for
leap years.

Day of maximum stream- DOYMAX  (doy) Y The day of the year (doy) at which the maximum flow occurred, where |

flow denotes | January. The maximum value is 365 for normal years and 366 for
leap years.

Day of minimum 7-day DOYMIN7 (doy) Y Day of the year (doy) at which the minimum 7-day arithmetic mean stream-

mean streamflow flow occurred, where 1 denotes 1 January. The maximum value is 365 for
normal years and 366 for leap years. For computation, the daily time series
is first smoothed using a backward looking moving average with a 7-day
window length. Subsequently, the day of the minimum of each year is de-
termined.

Day of maximum 7-day DOYMAXT7 (doy) Y Day of the year (doy) at which the maximum 7-day arithmetic mean stream-

mean streamflow flow occurred, where 1 denotes | January. The maximum value is 365 for
normal years and 366 for leap years. For computation, the daily time series
is first smoothed using a backward looking moving average with a 7-day
window length. Subsequently, the Julian day of the maximum of each year
is determined.

Gini coefficient GINI (=) Y For daily runoff values ¢ of each year. that are sorted with index i in in-

creasing order such that ¢; < ¢; | GINT is defined as
_9 S n+1—1gi
2iidi
able for that year. The Gini coefficient ranges from 0 to 1. Values of 0 in-
dicate uniform distribution of flows throughout the time period (i.e. year),
whereas values close to 1 indicate that all the flows occur on a single day.

% n+1 , where n is the number data points avail-
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