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Abstract

This study presents the trends of channel flow against human interventions and proposes an adaptation plan through
a public—private Partnership (PPP) model to overcome the existing deteriorating condition of the Halda River. Being the
only natural carp breeding ground in Bangladesh, the Halda River is significant for the national economy. However, the
river’s destiny is now stricken with infrastructural obstructions, industrial and residual usage exploits, and short-sighted
interventions, whereas the impacts of climate change are likely to worsen the scenarios with high salinity intrusion. The
unplanned human interventions due to agricultural purposes are continuously obstructing the river flow and demolish-
ing the carp habitats and spawning within the Halda River extremely. Most of the river bends are potential carp breeding
grounds along the river stretch, and the low river flow during pre-monsoon is also impacting the sustainability of the
aquatic eco-system. To understand the issues behind the endangering Halda River, this study conducted a sustainability
analysis through the river planform, stage trend, and frequency analyses. The planform analysis showed the encroach-
ment of the river impacting the river bends, significant for aquaculture over the last three decades, whereas the stage
trends showed the low availability water scenario in these four locations of the river stretch. Besides, the frequency
analysis reviewed the threshold minimum flow for the survival of the aquatic habitat, showing that the flow during the
pre-monsoon is unsuitable and unacceptable for the survival of the fish habitats using Gumbel distribution. Conservation
of the Halda River is a national priority due to its unique ecological and commercial importance, and it is expected that
the proposed PPP framework will ensure the long-term sustainability of the river ecosystem. This article is analysing the
existing situation of the Halda River and proposing a joint effort from government and private organisation through the
PPP model for sustainable ecosystem management as well as the economic benefits of the country. Working together,
each of the stakeholders will find direct benefits and can be instrumental for the survival of the Halda River.
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yr Year
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DEM Digital elevation model

1 Introduction

Conservation of the Halda River is a national priority due to
its unique ecological and commercial importance. In this
regard, UNDP initiated to conduct three feasibility studies
on the Halda River of Bangladesh in association with the
Centre for Climate Change and Environmental Research
(C3ER), BRAC University. The ultimate and unique objec-
tive of the study is to envisage a project to the sustainable
water management that addresses the problems of the
Halda River ecosystem and its sustainable management.

Halda River is one of the most important tributaries of
the River Karnaphuli and is the only natural carp (Cyprinus
carpio) breeding site of Bangladesh [1, 2]. Carp fries col-
lected from the river are the only natural breeding sup-
plied to different divisions of Bangladesh for aquaculture.
This river possesses a closed aquatic ecosystem that sup-
ports various species of plants, fish, and other organisms.
Also, egg collection is the primary profession of 30% of the
local community, and only 50% of them have secondary
occupations [3].

All in all, the total economic worth of the resources of
the Halda River is estimated at approximately US$ 20.5 mil-
lion, which has a significant contribution to the country’s
economy [4]. However, different human interventions and
infrastructures have increased the influence of the river
ecosystem in recent years to meet the growing demands
of local communities [5]. This situation is also evident in
the Halda River ecosystem. Sediment transport along the
riverbed influences the river morphology evolution [6].
Dam constructions reduce water level at the downstream,
which may negatively impact the ecological integrity of
the river ecosystem by river sediment dynamics and mor-
phology as well as water quality and habitat availability
of aquatic [5, 7]. The carp fish territory is under extinction
risk because rubber dams, embankments, sluice gates,
along with the loop cutting in meanders and waste dis-
charge from paper and power plant industries at the river
upstream are obstructing the minimum flow required for
the carp habitats and spawning within the Halda River [2].

Besides, industrial dumping, bank erosion, over-extrac-
tion of water, high salinity intrusion along with climate
change are also questioning the hydrologic sustainability
for the aquatic habitat in Halda River [8, 9]. High salinity
intrusion in the river has already activated and endan-
gered the river conditions [10-12]. This over-extraction of
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water for irrigation of tea and Boro rice cultivation is not
only upsetting the aquatic life but also impacting bank
erosion and saline intrusion [3]. All the waste and debris of
the large brickfields at the banks of the river directly flow
into the river during the high tide changing the chemi-
cal equilibrium of the water quality severely [13]. Another
responsible factor behind the lowering of water quality in
the Halda River is the abrupt water-level rise during mon-
soon, causes increased flow velocity, severe bank erosion,
and drops down the dissolved oxygen (DO), water tem-
perature, and acidic nature of river [8, 9]. Also, a channel
geometry study could facilitate the flow discharge of flood
better than the existing channel, thus preventing dam-
ages at river bends, which could sustain spawning [14].
Therefore, this study was initiated to understand the cur-
rent issues responsible for the deterioration of the Halda
river and propose a sustainable solution to protect the
river ecosystem.

Rapid urbanisation growth and resource constraint
are making it difficult for government agencies to pro-
vide quality public services. In this regard, the PPP model
is gaining popularity in different developed nations, as
well as developing ones as this type of models combines
the strength of the government organisations as admin-
istrators, whereas private sectors as actors with mutual
commitments [15, 16]. Also, the PPP model can play an
active role in environmental governance, as public par-
ticipation plays a supervisory role to a great extent [16].
It is expected that the adaptation of this PPP framework
will bring some positive changes to overcome the envi-
ronmental issues and ensure the long-term sustainability
of the Halda River enhanced collaboration between pub-
lic and private stakeholders with steady development of
interactive services and sharing of expenses, risks, and
benefits [17, 18]. A few essential components of strong
public—private partnerships include resource obligations,
contribution and transparency, capacity development,
flexibility, social, and ecological responsibility [19]. The
application of public-private partnership as an organisa-
tional tool requires dynamic and continuous inspection of
the services provided, to assess whether they are appro-
priately and expertly conducted by the private stakehold-
ers [20, 21]. A top-down approach is usually seen to fall
short in addressing environmental problems as potential
climate change impacts of salinity intrusion, sea-level rise,
and frequent cyclones, increasing the unsustainability of
biodiversity, and unusual discharge of hazardous wastes
[10]. The intricacy and uncertainty of these issues have
redefined the outdated roles of the private sector, gov-
ernment, and non-governmental stakeholders [22]. Thus,
a group of innovative ideas, including cross-sector alli-
ances, voluntary treaties, and evidence-based approaches
as public-private partnerships, is crucial to address the
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environmental issues [23]. Public—private partnership of
the government as administration and private sectors
along with the local community as actors can be an ideal
adaptation for the sustainability and protection of the
Halda River. This will not only enhance the ecosystem of
the Halda River and preserve the carp habitats, but also
benefit the stakeholders economically dependent on the
river.

The primary objective of the study is to conduct a sus-
tainability analysis to understand the impacts of human
interventions on a carp breeding river and develop an
adaptation solution. The specific objectives of the study
are as follows:

e Conduct the planform analysis over the last three dec-
ades to understand the increasing human interven-
tions on the Halda River.

e Conduct the stage trend analyses at different sites
throughout the river to assess and identify the low flow
river locations.

¢ A frequency analysis will be conducted to understand
the impacts of three dams on the Halda River in lower-
ing the seasonal flow compared to the threshold

e Develop a public-private partnership (PPP) model
incorporating the local communities’ perspectives and
propose an adaptation solution for sustainable river
management.

2 Study area

Halda River originates from the mountain range of the
Chittagong, Bangladesh, and merges into the Karnaphuli
River, 22 miles away from the Bay of Bengal [1]. The spa-
tial location of the Halda River in Bangladesh selected for
study and visited sites are identified in Fig. 1a and b.

A preliminary study area visit was done to assess and
observe the Halda River scenarios. A group of members
comprising water resources and hydrology experts visited
the Halda River during October 2017. Several listed carp
breeding locations, industrial areas, sand mining place,
and dams were transected, and focus group discussions
were conducted to understand the local perspectives.
Some adaptation strategies like encouraging the solar
boat use instead of fuel engine boat, stop fishing female
carp to save the river resources area campaign are already
started within the local people. The issues observed from
the site visit are listed down in Table 1.

Halda River’s destiny is now stricken with obstructions,
industrial wastes, and short-sighted interventions. Consid-
ering the problems identified by the local community and

river authority, four major issues of Halda River are identi-
fied and suggested solutions from the local community
and stakeholders are discussed briefly in Table 2.

3 Methodology

The methodology of the study is represented using a flow
chartin Fig. 2.

3.1 Data sources

The river stage data were daily, and the river flow data
were monthly data from the BWDB (Bangladesh Water
Development Board). The data resolution was selected
based on the best available data collected in the region
by BWDB, and monthly discharge data were converted to
daily using the stage-discharge rating curve. River stage
data were used to calibrate the hydrodynamic “Delft 3D”
model water level, and the flow data were used to calibrate
the hydrologic model “ArcSWAT" [1]. The sources of data
collected for the trends and frequency analysis are listed
down inTable 3.

3.2 Planform and trends analysis

River planform analysis, river stage trend analysis, and fre-
quency analysis will be done in this section to analyse the
hydrological alteration in the river reach locations. The his-
torical and present impact of hydrological changes in the
river will be examined from the observations. River plan-
form analysis of 1984, 2003, 1989, 2010, and 2014 shows
the planform change, widening or narrowing of banks,
determination of left or right bank erosion, whereas trend
analysis of the four sites in the Halda River helps to assess
the identification of dried or filled up portions of the river.

3.3 Frequency analysis

Gumbel distribution is used for the frequency analysis
of the peak flow of Panchpukuria Station for 1985-2015.
Estimated reduce variate will validate the suitability of the
expected flow prediction for Halda River. Secondly, the
expected extreme flow and flow duration curve will be
developed to estimate the expected flow (Q;;) of the river.
Finally, the minimum flow analysis of three dams on the
Halda river will be assessed for seasonal flow.

3.4 Public-private partnership model

A public—private partnership model is proposed with the
government organisations as administrators, whereas
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Fig. 1 aHalda river reach of Bangladesh and b site visit locations

private sectors as actors. The first step is the identifica-  administrative roles of the stakeholders, a model will be
tion of responsible stakeholders of the Halda River and  proposed in the public-private partnership framework as
their role in river sustainability. Based on the financialand  an adaptation strategy for the Halda River.
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Table 1 Notable spots visited during the visit

Locations Observations Problems

Anonna R/A Drainage channel Blackwater and bad smell
Fatikchhari Khal Black shell oyster of saline water observed Fish eggs production dropped
Bhujpur rubber dam The downstream section found dried up Reducing flow and fisheries

Soilkupa village
Gazaria Sluice Gate
Dhurang Dam

Sand mining spot
The sluice gate is for irrigation purpose
Water is extracted and stored for irrigation purpose

Dredged areas cause bank collapse
Interrupts the fish movement
Causes drought in the downstream

Table 2 Major problems and solutions of Halda River

Problems

Impacts

Solutions

Infrastructural obstructions (dams and bar-
rages)

Exploitation in industrial and residential
usage of river water

Short-sighted interventions

Climate change impacts and salinity intrusion

Exponential reduction of river flow

Seasonal water level depletion

Extreme bank erosion for extreme stress due
to abrupt flow rise

Destruction of the fish habitats

Lowering carp fish egg productions

Contaminating the river with waste dumping

Dropping the water quality for fish survival

Increase in river water temperature due to hot
water discharge

Lowering the PH of the river water with toxic
chemical and wastes

Over-extraction of water by tobacco and tea
cultivation farms

Contamination with use of poultry wastage
as fish food

Unplanned dredging and sand mining caus-
ing the mass failure of the banks

Bank erosion severely damages the fish habi-
tats and egg production

Straightening of the river through loop cut-
ting destroys fish habitat

Fish eggs damage due to the increasing salin-
ity intrusion

Climate change will increase the salinity
exponentially due to the backflow of the
river

Relocation of dams and barrages
Planned operations and maintenance is
essential

Introduction of mandatory water treatment
plant by industries

Proper management of drainage and dis-
charge water

Estimated water supply through a pipe
system

Introduction of biodegradable and organic
fish foods

Planned and monitored Sand mining &
dredging

The manual Sand extraction is sustainable

Protection of the loops and fish breeding
areas

Maintenance of the river flow above the
threshold

4 Results and analysis

4.2 River stage trend analysis

4.1 River planform analysis

Planform analysis of the Halda River basin area is done
for the years 1984, 2003, 1989, 2010, and 2014. From the
satellite image analysis of the Halda Basin area, it has
been observed that the number of streams around the
river basin is reducing progressively year by year. This
planform change is an indication of land deposition and
water flow scarcity in the basin area over the last three
decades (Fig. 3).
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Narayanhat, Panchpukuria, Telpari, and Enayethat BWDB
stations are located along the Halda River channel of Chit-
tagong City, Bangladesh. The upstream two stations are
non-tidal, whereas the downstream two stations are tidal
by nature. Charts have been plotted with observed river
stage data collected from BWDB for three decades from
1985 to 2014 (Fig. 4).

The mean stage for the four stations is 4.71 m, 12.36 m,
2.60 m, and 2.81 m PWD (Public Works Datum). The
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Fig.2 Flow chart of the study
methodology
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Table 3 Description of the datasets used for analysis

Data Source Extent Time period
Digital elevation model (DEM) USGS Earth explorer Global grid 2015
(30mx30m)

Natural streams of Halda River Google Earth Canals connected to river stream 2017

Historical observations of Halda River USGS Earth explorer Landsat River stream connected to tributary 1984, 1989, 2003,
Canals 2010,2014

River Stage Data Bangladesh Water Development Board Narayanhat, Panchpukuria, Telpari,and ~ 1985-2015
Enayethat Station

River Flow Data Bangladesh Water Development Board Panchpukuria Station 1985-2015

maximum stage in the stations is as high as 19.30 m,
12.54 m, 33.40 m, and 5.13 m. The minimum stage in the
stations is as low as 2.52 m, 11.09 m, 0.30 m, and 0.37 m
PWD, showing a radical change at the downstream.

4.3 Frequency analysis
4.3.1 Sensitivity analysis

The sensitive parameters of the river Halda in the hydrologi-
cal model (ArcSWAT) analysis [1] were CN (curve number),
SOL_AWC (available water capacity of the soil layer), and
ESCO (soil evaporation compensation factor). These param-
eters were selected to calibrate the model for Panchpukuria
station in 2014 and validated for the same station in 2012.
The confidence interval was 95% for this sensitivity analysis.
Moreover, another sensitivity analysis is performed for the
hydrodynamic model (Delft3D) based on the hydrological
model outputs with relevance to the river bed roughness
(n) of 0.015, 0.025, 0.035, and 0.045. Finally, a roughness of
0.035 was selected on best fit correlations with the Telpari
and Narayanhat BWDB Station stage data of April 2014 [1].

The frequency analysis is based on these sensitised flow and
stage data of the Halda River.

4.3.2 Gumbel distribution

Gumbel distribution [24] is used for the frequency analysis
of Panchpukuria Station observed discharge (1985-2015).
The peak flow value of the observed discharge is plotted in
Fig. 5, which shows a 62% reduction of flow in the last three
decades.

Flow data are organised in descending order, and return
period (T) and reduced variate (Y,) are estimated in Table 4. A
return period is an estimated average time between events
such as floods, or a river discharge flows to occur. A reduced
variate, a procedure that has long been customary in sta-
tistics, estimates the differences and variations considering
the mean and standard deviations. The equations are of the
return period, and reduced variate is as follows [25-27]:

Return Period, T = M

(1
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Fig.3 Landsatimages of Halda Basin area (1984, 1989, 2003, 2010, 2014)

Reduced Variate, Y; = —In [In <T T ] )] 2)
where,

N=sample number=31,

M=order.

The frequency analysis of flow data determined the
return period and reduced variate as high as 32 years and
3.45, whereas low as 1.03 years and — 1.24 for peak flows
of 548.67 m3/s and 15.01 m>/s. Peak flow and reduce vari-
ate (Y,) trend analysis correlate R?=0.98, which shows that
the flow prediction is suitable for the analysis. Peak flow vs
reduced variate chart is shown in Fig. 6.

4.3.3 Estimation of expected flow

Expected flow for 2-, 5-, 10-, and 15-year return periods is
estimated. The frequency factor represents the frequency
of the floods, and expected flows are the extreme flows
expected over the return periods. Equations used for the
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analysis with frequency factor and expected flow are as
follows [25-271]:

Yt_ Yn

Frequency Factor,K = (3)

n
where
Y,=reduced variate for expected return period (),
Y,=reduced mean,
S,=reduced standard deviation,

Expected flow,X; =X + K X & 4

where

)_(=average of peak flow=211.64 cumec,

o =standard deviation of the observed peak
flow=147.013.

From the above-expected flow estimation in Table 5,
2-year, 5-year, 10-year, 15-year return period expected
extreme flow results are 189.17 cumec, 338.49 cumec,
437.36 cumec, and 493.13 cumec, respectively. From
the flow duration logarithmic curve in Fig. 7, the 75
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Table 4 Frequency analysis and estimation

Year Peak flow (cumec) Order (M) Return period, T Reduced

variate, Y7
1999 548.67 1 32.00 345
2003 483.23 2 16.00 2.74
2002 48234 3 10.67 2.32
2001 476.23 4 8.00 2.01
1998 386.95 5 6.40 1.77
1989 323.00 6 533 1.57
1991 314.00 7 4.57 1.40
2000 297.65 8 4.00 1.25
1986 265.00 9 3.56 1.1
1988 256.00 10 3.20 0.98
1987 249.00 Ll 2.91 0.86
1997 244.23 12 2.67 0.76
1990 237.00 13 2.46 0.65
1985 222.00 14 2.29 0.55
1996 196.00 15 213 0.46
2008 188.41 16 2.00 0.37
1993 188.00 17 1.88 0.28
2014 162.57 18 1.78 0.19
2005 145.74 19 1.68 0.10
1994 141.93 20 1.60 0.02
2012 114.38 21 1.52 -0.07
2006 96.75 22 1.45 -0.15
2009 89.87 23 1.39 -0.24
2004 89.12 24 133 -0.33
1995 76.70 25 1.28 -0.42
1992 75.80 26 1.23 -0.52
2010 7268 27 1.19 -0.62
2007 6830 28 1.14 -0.73
2011 32.10 29 1.10 -0.86
2013 2230 30 1.07 -1.02
2015  15.01 31 1.03 -1.24

Table 5 Estimation of expected extreme flow

Return Reduced Y, S, Frequency Expected
period variate (Y}) factor (K)  flow, X;
Mm (cumec)
2 0.367 0537 1116 -0.153 189.170
5 1.500 0.537 1.116 0.863 338492
10 2.250 0.537 1.116 1.535 437.356
15 2674 0537 1.116 1915 493.134

percentile flow (Q,5) from 1985-2015 flow data is esti-
mated as 90 m3/s, showing peak flow for a significant
number of years below the required flow.

4.3.4 Minimum flow analysis of dams

Charts have been plotted with ten sequential days of mini-
mum flow in three dams for each month over the Halda
River to assess the flow scenario in Fig. 8.

4.4 Public-private partnership

Itis evident from all the trend and frequency analyses that
the river flow is dying continuously over time due to differ-
ent human interventions. The planform analyses also show
the encroachment of the river over the last three decades,
whereas the trend and frequency analyses show that the
water level and flow are decreasing linearly over the years
due to continuous human interventions. So, this study
proposes a public-private partnership model to tackle
the issues of an endangered river and the sustainability of
the river. This model proposes and envisages a partnership
between the government and the private sector, along
with the local community to save the river.

4.4.1 Stakeholder analysis

In Bangladesh, National Water Policy (1999) and the
National Water Management Plan (2001) are the basis
of the responsible stakeholders’ identification [28-30].
Hence, the recommendations from the stakeholders and
the opinion of national water experts are considered on
the identification of water sector stakeholders for Halda
River. Based on the modality of work, all stakeholders have
been clustered into six broad categories. A list of these
responsible stakeholders for the sustainability of the Halda
River is represented in Table 6.

4.4.2 Public-private partnership model

Public—private partnership takes an extensive variety of
forms shifting in the level of risk and involvement engaged
to the stakeholder and is generally set out in an agreement
to framework the responsibilities of each actor [31, 32].
So based on the major issues, authorities, and benefits,
we listed out each responsible stakeholder for the survival
of the Halda River in Table 7. The most critical aspect of
public—private partnership is to ensure effectiveness and
sustainability over time. Considering the sustainability
and cooperation among the stakeholders, a standard pub-
lic—private partnership model is proposed in Fig. 8 (Fig. 9).
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PEAK FLOW VS REDUCED VARIATE CHART
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Fig. 6 Peak flow versus reduced variate chart
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Fig.7 Flow duration curve

5 Discussion

In this study, the resolution of the DEM used for the hydro-
logical analysis was 30 m by 30 m, which was recondi-
tioned by hand delineated stream network of river Halda.
In order to have a good delineation for the watershed and
the flow analysis, finer resolution DEM may contribute an
excellent estimation of the flow and the analysis as well.
The Landsat images (Fig. 2) of Halda Basin from the
1990s (1984 and 1989) show that river streams are in a
complex network, and a significant number of streams in
the river basin can be identified. Additionally, river flow
is continuous throughout the watershed, indicating ade-
quate flow in the rivers. The Landsat image of Halda Basin
after 2000 (2003, 2010, and 2014) shows that the river
channels are although in a complex network, the number
of streams is decreasing progressively over the years. This
indicates significant unplanned human interventions over
the river flow in the 2000s. From past literature studies [33,
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34], it is also evident that the total area of the water body
in the Chittagong district decreased by 3% from 1989 to
2014. Consequently, river flow is interrupted and slowly
becoming insufficient in the river reaches for the sus-
tainability of fish spawning. So, the analysis shows that
canals and tributary of Halda River have been encroached
over the years, and the number of streams is reducing
significantly.

River stage trend is in the decreasing order for the
last 30 years, and almost 1.26 m WL has been reduced
for Panchpukuria. The stage trend in the river has almost
been similar for Narayanhat and Telpari, whereas the
trend in Enayethat is in the increasing order. Telpari and
Enayethat are the downstream tidal stations of the Halda
river, and even on their high tide, the stage is well below
the upstream stations of the river, which represents the
impacts of the infrastructural obstructions on the flow. In
this way, PWD shows an erratic change with the stream-
wise channel propagation representing the infrastructural
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Bhujpur Rubber Dam Minimum Flow Analysis (2014)
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Fig. 8 Minimum flow analysis of dams (2014)
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Table 6 List of responsible stakeholders on Halda River

Categories of stakeholders

Name of the organisations and institutes

Implementing Organizations

Academia, Research, and Activist organisation

Donor organization

Local CSOs, CBOs, NGOs, and INGOs organisation

Ministry of Water Resources (MoWR)

Ministry of Agriculture (MoA)

Ministry of Environment and Forest (MoEF)

Water Resources Planning Organization (WARPO)

Bangladesh Water Development Board (BWDB)

Bangladesh Agricultural Development Corporation (BADC)
Local Government Engineering Department (LGED)
Chittagong City Corporation (CCC)

Department of Fisheries (DoF)

Department of Water Resources Engineering (BUET)

Institute of Water and Flood Management (IWFM)

Center for Environmental and Geographic Information Services (CEGIS)
Centre for Climate Change and Environmental Research (C3ER)
Institute of Water Modelling (IWM)

International Union for Conservation of Nature, Bangladesh (IUCN)
River Research Institute (RRI)

Asian Development Bank (ADB)

World Bank (WB)

Japan International Cooperation Agency (JICA)

Embassy of the Kingdom of the Netherlands (EKN)

United Nations Development Programme (UNDP)

United States Agency for International Development (USAID)
UN Food and Agriculture Organization (FAO)

BRAC

WaterAid Bangladesh (WAB)

ActionAid Bangladesh

WorldFish Bangladesh

Practical Action Bangladesh

Christian Commission for Development (CCDB)

Table 7 Responsible stakeholders and their benefits

Problems Responsible stakeholders Benefits

Infrastructural Obstructions (dams and bar- BWDB, Chittagong CC, LGED, Fisheries Dept  Relocate, repair, and maintenance of the

rages) hydraulic infrastructures
Exploitation in industrial and residential Tobacco and tannery industries (TTI)(TTI), Protection of the river from pollution,
usage of river water Brick Fields (BF), Chittagong CC, (LGED), Tea extraction of clean water, increase in fish
estates, BADC, BWDB resources, optimal temperature for fish
survival and ensuring steady supply to all
sectors to maintain river flow
Short-sighted interventions BWDB, Chittagong CC, LGED, Department of ~ The increase in river flow, sand mining, sur-

Fisheries

vival of fish resources, protection of the fish
breeding areas, increase in fish resources,
and eggs in Halda

Climate change impacts and salinity intrusion BADC, BWDB, Chittagong CC, Department of  Protection from salinity, maintain river flow

Fisheries

and adaptation from potential climate
change impacts
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Fig. 9 Proposed PPP model for sustainable Halda River

obstruction impacts. Hydrodynamic modelling of Halda
River [1] also showed the same erratic changes in the river
water level, specifically during the pre-monsoon period.

From the sensitivity analysis, the curve number, avail-
able soil water capacity, and the soil evaporation com-
pensation factor are found to be the sensitive param-
eter. These parameters were identified as sensitive
while calibrating the discharge for the year 2014. In a
past research article [35], this finding was different from
the current finding. In that article, the calibration was
done for the 1998-2004 discharge data of Panchpuku-
ria Station. The comparison between the studies shows
that the sensitivity parameters of the river Halda have
changed over the decade.

Following the sensitivity analysis, a frequency analysis
was performed using 30 years (1985-2015) of river discharge
data. The peak flow value of the observed discharge shows
a 62% reduction of flow in the last three decades. From
frequency analysis, return period and reduced variate are
estimated for the peak flows of the period 1985-2015. The
expected extreme flows estimated for 2-year, 5-year, 10-year,
15-year return periods are 189.17 cumec, 338.49 cumec,
437.36 cumec, and 493.13 cumec, respectively. According
to Water Quality Accountability Act (WQAA) requirement for
good ecological condition flow for fish habitat, 10 sequen-
tial days of minimum flow should be above 0.5% of the Q5
flow of the river [36]. Using the flow duration curve, the 75
percentile value was estimated. The estimated value for Q,;
is 90 cumec [37]. The minimum required flow (0.5% of Q75)
for fish habitat survival is estimated at 0.45 cumec. Form
the chart (Fig. 8) of the Bhujpur rubber dam, minimum flow
for ten sequential days from December to May is below
0.5% of the Q,; flow requirement. Form the chart (Fig. 8) of
the Haruwalchhari rubber dam and Irrigation Canal Dam,

minimum flow of ten sequential days from March to May
is equal to 0.5% Q; flow requirement. So, the flow in these
dams is below the threshold flow requirement and is endan-
gering the ecological sustainability required for the survival
of fish habitat and spawning, especially from March to May.
The minimum flow analysis clearly states the extreme deg-
radation in the Halda River for the ecological sustainability
required for the survival of fish habitat and spawning. Build-
ing block analysis from a previous study [1] also showed a
similar critical condition of Halda River.

Following the need for public and private engagement
to restore the endangered river as well as its aquatic life,
a public—private partnership model has been proposed
in this study. Stakeholder analysis has been performed to
generate the public—private partnership model, which will
be further investigated through consultations. According
to this model, stakeholders, government, project compa-
nies, and investors must come to an agreement in terms
of saving the endangered natural stream and its aquatic
life from extinction.

The limitations of the study were the short-term analy-
sis of the public-private partnership, and to implement
practically, the study proposes a pilot project of PPP on a
small site of Halda River. Looking forward, the study also
proposes a benthic and ecological assessment of the river
to ensure the protection of Halda’s vast aquatic and eco-
logical habitat.

6 Conclusion

Halda River, being the one and the only natural carp
breeding ground, is one of the most economically impor-
tant rivers in Bangladesh. So, a sustainability analysis is
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conducted based on river planform analysis, stage trend
analysis, and frequency analysis to address the issues of
Halda River. The planform analysis shows that canals
and tributary of Halda Rivers have been encroached
over the years, and the number of streams is reducing
significantly. Consequently, the river flow is becom-
ing insufficient for the sustainable survival of the fish
spawning. The trend analysis shows that the river stage
is in the decreasing order for the last three decades. The
minimum stage in the four locations is recorded as low
as 2.52m, 11.09 m, 0.30 m, and 0.37 m PWD, showing
a radical change at the downstream, which represents
the extensive impacts of the infrastructural obstructions
over the flow. Sensitivity analysis was conducted, and
a 95% confidence interval was found for the ArcSWAT
model in comparison with 2012 and 2014 Panchpukuria
Station flow data [1]. Frequency analysis is conducted
based on Gumbel distribution, and expected extreme
flows estimated for 2-year, 5-year, 10-year, 15-year
return periods are 189.17 cumecs, 338.49 cumecs,
437.36 cumecs, and 493.13 cumec, respectively. The
estimated value for Q,5 is 90 cumec, and the minimum
required flow requirement (0.5% of Q75) for fish habitat
survival is estimated at 0.45 Cumec. From the minimum
flow analysis for Bhujpur, Haruwalchhari, and BWDB irri-
gation canal, the flow in these dams is below the thresh-
old flow requirement and is endangering the ecological
sustainability of fish habitat and spawning especially
from March to May.

To address the issues and save the Halda River, a joint
effort from the government and the private organisation
has become essential. So to solve the issues, a number of
key stakeholders have been listed out, who has jurisdic-
tion and responsibility for Halda River. To ensure success-
ful cooperation, a public-private partnership model is
proposed for the Halda River, incorporating the responsi-
bilities of each party. This model envisages a partnership
between the government and the private sector, along
with the local community for the sustainable survival
of the river. To solve the major issues, the government
ministries like water, agriculture, fisheries, and the envi-
ronment must work together for the survival of the river.
Also, local institutes like tobacco and tannery industries,
brickfields, tea estates, Chittagong city corporations, and
local community must be partnered to support them in
the survival of Halda River. The most critical aspect of
public-private partnership is to ensure effectiveness and
sustainability over time. Working together through the
PPP model, each of the stakeholders will find future eco-
nomic and sustainability benefits. Considering all these,
a public-private partnership model can be envisioned
instrumental for the survival of the Halda River.
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