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1. Introduction

1.1  Background

Bhutan is among the countries that are most vulnerable to climate change within the Asia-Pacific regon
due to its vulnerable mountainous terrain and volatile ecosystems. The country is exposed to multiple
hazards, in particular Glacial Lake Outburst Hoods (GLOF) resulting from glacial melting, flash floods,
landslides, windstorms, forest fires, localiz2d changes in rainfall patterns and increasing droughts during
the dry season. Climate change is projected significantlyto magnify the intensity and frequency of such
natural hazards, as has already been evidenced by the&Slacial Lake Outburst Hood (GLOR of Lugge Tsho
in 1994, the high-intensity cyclone Aila in May 2009, which caused substantial damages and more
recently in July 2016, whereby the rivers and streams inSouthern Bhutan washed away houses, farmland
and affected numerous public infrastructur e.

Flash floods are among the most common climate-induced hazards in Bhutan. The monsoon season
with incessant rainfall increases the river flow which runs down the steep terrain with high velocity and
creates flooding downstream. People have lost lives, poperties, agricultural products during such a
disaster leaving them to start their living from scratch. Vehicles get stranded and school students are
unable to attend their classes as the roads and bridges get washed away. Streams in the country hae
also led to flash floods and caused enormous impacts on the livelihood. Therefore, Flood Engineering
and Management Division in its endeavor to combat the flooding hazard in all the Dzongkhags would
like to start the comprehensive flood management program from Paro.

Like in most parts of the country, rivers and streams in Paro Dzongkhag also flow through the
settlement, infrastructure, and agricultural area. There isa history of flooding in the main Paro Town,
the Nyemiazampa Area, and the villages in the Gewogs. Although, smaller streams flow through the
villages, the discharge increases hugely during the peak monsoon time affecting the people and their
properties. Hence, there is the need to conduct proper studies of the rivers and the streams in the
Dzongkhag, with particular emphasis on their flooding nature in order to place the appropriate
measures.

1.2 Rationale

Bhut ands vul ne-induted disasteys istwell kneant eélistorically, rivers and streams have

overflown their banks, causing destruction. Glacial lakes have burst because of moraine dam ruptures.

Bhut ands sloppy and mountainous terrain makes for eas
deep gorges and ravines, receive huge volumes of surface runoff during monsoon. All these set upa

perfect backdrop for water -indu ced disasters.

According to The Asian Development Bankds (ADB) cl i ms
Bhutan will experience more extreme weather events with increased frequency. The ADB identifies flood

risk, and particularly flooding from heavy downpours and GLOFs as one of the key climate threats for

Bhutan. Paro is not an exceptional as well. ParoCity has warming trends and melting glaciers pose

serious threats to its inhabitants Further, monsoon variability is now an established fact.
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1.3  Objective

The main objective of the study is to prepare a climate resilience flood management plan for Paro
Dzongkhag.

The specific objectives are:
9 To assess flood threat to the settlements and prepare the flood management plan;
I To assess the potential adverse impacts of the flood hazard areas; and

 To provide appropriate recommendations and mitigation measures to be adopted.

1.4  Study Approach

The approach for flood risk assessment and risk management are presented inFigure 1.1. Three main
steps are associated with the flood risk management: i) data collection and literature review to find out
flood hazard and vulnerability, ii) flood risk assessment using hazard and vulnerability, and iii) flood
mitigation measure.

Data and Data collection and
lievitite Literature review processing
— l
}
; Established Flood Assess Vulnerability
Hydrological a_nd Hazard Potential Value Material, people
Hydrodynamic Stream flow verses Injuries
model probability of occurrence Residency
\ |
Flood Risk !
assessment Risk Assessment
Risk = function (Hazard,
Vulnerability, Value)
Flood Risk Planning Mitigation Measure
Management Reduce flood risk through best
possible management practice

Figure 1.1: Approach of the Study

Available existing data and literature wasreviewed to get an overview of the hazard and vulnerability of
the area. Besides, hydrological and hydrodynamic modelswere used to generate flooding scenarios.
The flood risk was estimated based on flood hazard and vulnerability. Finally, flexible and climate
resilience flood management measureswere formulated depending on the hydrological and hydraulic

characteristics of river basin and sociceconomic conditions of the area. The performance of the
measures were evaluated using the model.
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Study Limitations

1

Weather data inside the river basin is limited both in terms of a number of stations and
data duration which is the main input for hydrologi cal modeling for a catchment. Only three
weather stations are available, mainly located at the downstream part of the basin;

Available rainfall data is summarized daily whereas subdaily rainfall data is essential for the
assessment of flood hazard for smdl-steep slope basin;

Discharge data is available for only one station for the entire catchment area. Besides,
reliable data is available only for the period of 2014-2019;

No water level or historical flood extent map is available for the calibration of hy drodynamic
and flood model;

Unavailability of damage assessment data; and

Time constraint for the study.
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2. Description of Study Area

2.1  Study Location

The study focuses on the Paro Dzongkhag which is situated in the north-western part of Bhutan. It
covers a total area of 1,293 Square kilometers. The Dzongkhag has a population of around 35,260. It is
one of the most important and historical Dzongkhag in Bhutan with many sacred sites and historical
buildings scattered throughout. It is situated between the co ordinates of 27.4286° N and 89.4167° E.
The only International Airport (Paro International Airport) within the jurisdiction makes the Dzongkhag
an aerial gateway to the Kingdom of Bhutan. The Dzongkhag is comprised of 10 Gewogs. They are
Dogar Gewog, Dopshari Gewog, Doteng Gewog, Hungrel Gewog, Lungnyi Gewog, Naja Gewog, Shaba
Gewog, Tsento Gewog, Lamgong Gewogand Wangchang Gewog. The Dzongkhag is bordered by Haa
District to the west, Tibet to the north, Thimphu District to the east, and Chukha District t o the south.
Figure 2.1 presentsthe map for the location of the study area.

2.2  Topography

The Paro Dzongkhag is situated in the hilly region, located at an altitude of 2,250 m above mean sea
level. The Dzongkhag consists mostly of steep and high mountains crisscrossed by a network of swift
rivers, which form on deep valleys. The average elevation of the area is about 3,630 m from the mean
sea level. The elevation of the city ranges from the minimum elevation of 1,334 m to the maximum

elevation of about 5,773 m above the mean sea level.

Table 2.1: Elevation range of study area

Elevation Range (m Mean Sea Level) Percentage of Area H Cumulative Percentage
1948-2483 10.51 10.51
2483-2768 13.10 23.61
2768-3041 13.79 37.40
3041-3315 13.08 50.48
3315-3600 11.28 61.76
3600-3903 9.93 71.69
3903-4203 12.12 83.81
4203-4485 11.55 95.36
4485-5656 4.65 100.00

By analyzing the Digital Elevation Model (DEM) of the study area, it is observed that more than half of
the Paro Dzongkhag is situated within the elevation range of (1948-3600) m from the mean sea level.
Paro City is also developed in this elevation range. As the Dzongkhag is comprised of a lot of steep
valleys, the elevation of those areasis way above the average \alues in the elevation range of (3903
5656) m above the mean sea level Figure 2.2 presents a map of the DEM for the study area.
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2.3  Geology

The Geology of the study area reveals several geological formations havinga varying potential of
groundwater availability depending upon their porosity, permeability , and hydro-geomorphological
characteristics. The geology of Bhutan is shaped by the intense tectonic activities that resulted from the
collision of the Indian and Eurasian continental plates, the closure of the intervening Tethys Ocean, and
the uplift of the Himalayas. Although the intercon tinental collision occurred about 50 -40 million years
(Ma) ago, the main uplift began at about 25 -20 Ma. Bare rock accounts for less of Bhutan than expected
from the mountainous terrain, and much of the surface is mantled with drift materials. The most
widespread deposits at high altitudes are glacial and periglacial mixtures of stones and sand. At lower
altitudes, many of the slopes are covered with colluvium, which is a mixture of soil and stones deposited
by slow creep and many small landslips and slumps Some slopes have deposits from large landslips.
These are larger, more frequent and more extensive in the South.

2.4 Weather and Climate

Weather patterns within the small confinements of Bhutan are highly variable and depend to a great

extent on the altitud e. The northern parts of the country where mountains rise up to 7,000m experiences
weather conditions are similar to the snow-clad peaks of the Himalayas; whereas the lower southern
regions with elevations as low as 100 m experience hot and humid weather n the summer and cool in

the winter. The monsoon season usually sees heavy rainfall. Amidst the variations brought on by altering
freeze-thaw and temperate climate, seasons in Bhutan can be divided into four types which are
furnished below &

9 Spring (March, April and May),

T Summer (June, July and August),

T Autumn (September, October and November) and
I Winter (December, January and February).

If broadly categorized, the dry period in the country, especially the northern parts that house the study
area falls within the months of October -April and the wet period is from May -September. Weather and
climatic characteristics for the study region is assessed through analysis of temperature and rainfall data
for selected stations. These analyses are elaborated below.

2.4.1 Temperature

To assess the annual variations of maximum and minimum temperature, analysis of temperature data
of three stations (ParoDSC, Drukgyel and Gunitsawa) a&s performed.

Gunitsawa Station

In the Gunitsawa Station, the temperature data from 2011 to 2017 was analyzed. It has been observed
that the average maximum annual temperature varies between 5.03C to 18.52C at this station. While
the average minimum annual temperature varied from -7°C to 10°C. From the analysis of maximum and
minimum monthly tempera ture data, it has been also observed that the average temperature falls
during the months of November to March. During this season snowfall in this region is also a major
reason for the falling down of temperature. The maximum temperature was in the month of August
(27°C) and the minimum temperature was (-7°C) in February.
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Figure 2.3: Monthly Maximum and Minimum Temperatures Gunitsawa Station (2011 -2017)

ParoDSC Station

In the ParoDSC3tation, the temperatur e data from 2011 to 2018 was analyzed. It has been observed
that the average maximum annual temperature varies between 12.65C to 24.41°C at this station. While

the average minimum annual temperature varied from -3.93C to 13.99C. From the temperature
analysis, it has been also observed that the average temperature falls down during the months of

November to March. During this season snowfall in this region is also a major reason for the falling

down of temperature. The maximum temperature is in the month of May-August (30°C) and the

minimum temperature was (- 9°C) in December and January.
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Figure 2.4: Monthly Maximum and Minimum Temperatures ParoDSC Station (2011 -2018)

Drukgyel Station

In the Drukgyel Station, the temperature data from 2011 to 2017 was analyzed. It has been observed
that the average maximum annual temperature varies between 14.07C to 24.46C at this station. While
the average minimum annual temperature varied from -0.48C to 15.22C. From the temperature
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analysis, it has been also observed that the average temperature falls down during the months of
November to March. During this season snowfall in this region is also a major reason for the falling
down of temperature. The maximum temperature is in the month of August (32°C) and the minimum
temperature was (-7°C) in January.
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Figure 2.5: Monthly Maximum and Minimum Temperatures Drukgyel Station (2011 -2017)
2.4.2 Rainfall

ParoDSC Station

In the ParoDSC Sation, the rainfall data from 2011 to 2018 was analyzed (Figure 2.6). It has been
observed that the average maximum annual rainfall varies between 3.8 (mm/month) in November to

229 (mm/month) in July at this station. While the average minimum annual rainfall varied from 0

(mm/month) in the winter season to 65.7 (mm/month) in May. From the rainfall data analysis, it has

been also observed that the average rainfall varies throughout the year. The highest average rainfall
was 114.45 (mm/month) in July and the lowest average rainfall was 0.96 (mm/month) in November.
From the data analysis, it is also observed that rainfall events startin late April and peaks in the month

of July. After this period of time, rainfall starts to decrease. From November to February, the amount of
rainfall decreases on a rapid scale.
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Figure 2.6: Monthly Maximum and Minimum Rainfall ParoDSC Station (2011 -2018)

Monthly rainfall distribution analysis is done for 1996 -2019 at Paro DSCStation which represents the
variance of monthly rainfall increase with the increase of rainfall amount (Figure 2.7). The rainfall is
noticed from May to October. In June, July and August a large Inter-Quartile Range (IQR) indicate
clustering rainfall distribution near the 25th and 75th percentile and large whiskers indicate how
markedly the extremes are from the remaining sample. The highest maximum is observed in July which
is 180 mm. From January to April the rainfall is comparatively low but these monthsrepresent a different
distribution of rainfall. There is no rainfall from November to December. From January to April the
rainfall is distributed about the median but in February the long tail of maximum extreme indicates large
dispersion of the relative outliers.
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Figure 2.7: Distribution of monthly rainfall at Paro DSC Station

The analysis of skewness forms this dataset represents that January, February, Junand October show
positive skewness of rainfall dataset. In these months, the median is shifted to the lower portion of the
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box indicating that the rainfall dataset is approached closer to the median in the negative direction with
a wider range of observations in the upper quartile as compared to the | ower quatrtile. In terms of other
mont hds dataset, the dat a allyaboutitieesnediag. di stri buted symn
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Figure 2.8: Annual rainfall trend at Paro DSC Station

The annual rainfall trend of at Paro DSC Station is shown in Figure 2.8. It has been observed that the
rainfall is in a decreasing trend. From the rainfall data analysis, annually around 7.41 mm rainfall is being
decreased The averageannual rainfall is 560 mm and the annual rainfall varies fom 313 to 1058 mm.

Drukgyel Station

In the Drukgyel Sation, the rainfall data from 2011 to 2017 was analyzed (Figure 2.9) . It has been
observed that the average maximum annual rainfall varies between 2 (mm/month) in February to 295.5
(mm/month) in August at this station. While the average minimum annual rainfall varied from 0

(mm/month) in the winter season to 50 (mm/month) in July. From the rainfall data analysis, it has been

also observed that the average rainfall varies throughout the year. The highestaverage rainfall was 203.8
(mm/month) in July and the lowest average rainfall was 0 (mm/month) in February. From the data
analysis, it is also observed thatthe rainfall event starts in late April and peaks during the month of July

and August. From November to February, the amount of rainfall is negligible at this station.
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Figure 2.9: Monthly Maximum and Minimum Rainfall Drukgyel Station (2011 -2017)

Gunitsawa Station

In the Gunitsawa Station, the rainfall data from 2011 to 2018 was analyzed (Figure 2.10) . It has been
observed that the average maximum annual rainfall varies between 23.3 (mm/month) in November to

1399 (mm/month) in July at this station. While the average minimum annual rainfall varied from

O(mm/month) in the winter season to 41.2 (mm/month) in May. From the rainfall data analysis, it has

been also observed that the average rainfall varies throughout the year. The highest average rainfall
was 279 (mm/month) in July and the lowest average rainfdl was 5 (mm/month) in November. From the

data analysis, it is also observed that rainfall events startin late April and peaks during the month of

July and August. After this period of time, rainfall starts to decrease. From November to February, the
amount of rainfall decreases tremendously.
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Figure 2.10: Monthly Max and Min Rainfall Gunitsawa Station (2011 -2018)
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2.5 Hydrology
2.5.1 River System

Pa Chu

Paro City is known to be situated at the height of about 2280 met ers on the banks of Pa Chu River,
which is spread across an area of 1259 sq.m. The Pa Chu River is the lifeline of Paro, adding a glorious
touch to it. The Pa Chu is a river of Western Bhutan and flows through the Paro Valley, which is the site
of one of Bhutan's main towns, Paro, and many important monasteries. It is a tributary of the Wang Chu,
which is known as the Raidak in its lower reaches. The Pa Chu rises from a glacier to the north of the
old fort of Drukgyel Dzong on the southern slopes of the mai n Himalaya. Thereafter it flows in a general
direction towards south -east and merges with the Wang Chu at Confluences. The length of the river is
approximately 83 km. The average width of the river ranges between 30-70m. The upper tracts of the
Paro catchment are under a perpetual cover of snow. Alpine meadows are found on the debris that
occurs along the upper course of this river. Sub-alpine and temperate forests are found along with its
middle and lower courses. The terraces around Paro and downstream & it are under cultivation.
Amongst the main human settlements that have come up along this river are Drukgyel Dzong and Paro.
There are two famous monasteries named Taktshang ("Tiger's nest" in Dzongkha), and Paro Dzong.
Taktshang clings to a ledge of a high cliff approximately 15 km north of Paro. Earlier versions of this
bridge were removed to protect the dzong. There are many important public infrastructures, agricultural
land, tertiary institutes, national airport s, and settlements along with the Pa Chu. During the monsoon
seasons, the river discharge increases and posea flooding threat to the settlement and infrastructure.
There wasa history of Pa Chu flooding in the year 2009 recently and a deadly one in 1968 where the
part of Paro's main town has been inundated and severe impactsoccured. Below the Dzong, a traditional
wooden covered bridge called Nyamai Zam spans the Pa Chu. The original bridge was washed away in
a flood in 1969 and the present one is a reconstruction. Although massive flood prote ction works have
been carried out along the river, the risk of flooding cannot be ruled out.

Do Chu

It is a tributary of Pa Chu and flows via villages under the Dopshashari, Doteng and Hungrel Gewog in
Paro. There are many important public infrastructures; agricultural land along the river. The length of
the river is approximately 23 km. The average width of the river ranges between 2560m. As per the
hazard report, it was found that the BPC Colony and agriculture land are found to be a flood hazard
zone. Moreover, this river poses a threat to the Hungrel Gewog administration office area.

The peak flows at Nyemezampa in Paro, which is on the main river, after the confluence of Dotengchu
and main Pa Chu. A case study had been done to estimate the magnitude of 100 years flood of
magnitude and 378 m3/s was used to determine the extent of flooding. The stretch of Pa Chu from
Gunitsawa to Tshongdue, Dotey (near Kuenga HSS) to Tshongdugand Tshongdue to Isuna with a total
length of about 45 km was analyzed. Acoording to the analysis, it is found that a lot of the Paro Valley
is under flood threat, although parts of the river banks are fairly well protected . However, there areparts
of the valley that definitely need more attention and study, such as the villagesin Tsento Gewog behind
Drukgyel Dzong, Parts of Hungrel Gewog after the confluence towards the base of the Rimpung Dzong,
parts of Woochu, and Shaba near the riverside.
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Streams

Satsham Chu (Southside): This is the Satshamchu north side stream which ges bifurcated just above
the Zhiwaling Resort. It then runs down through Udumvara Resort and finally joins Pa Chu.

The pie chart illustrates how different land-use type contributes to the catchments of Satsam (S) Chu.
Figure 2.11 indicates that Water and Pasture contributed least to the overall land -use type of Satsam
(S) Chu while the Mixed Forest occupies about 80 percent of the total area. There is no human settlement
though around 20 percent of agricultural land exists.

Dominant Landuse of Satsam (S) Chu by Percentage of Area

1.35
1 FO.SZ

Pasture & Water m Agricultural Land ® Forest-Mixed

Figure 2.11: Land Use of Satsam (S) Chu
Table 2.2 shows area coverage of each landuse type of Satsam (S) Chu catchment

Table 2.2: Land-use type of Satsam (S) Chu catchment

Landuse type ‘ INCEYNEY
Forest Mixed 127.695
Agricultural Land 32.0931
Pasture 2.2016
Water 0.8468

Figure 2.12 shows the area elevation curve for the Satsam (Shu. It is observed that overall elevation
in this catchment ranges between 2400 to 2800 m maintaining slight variation in altitudes.
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Area Elevation Curve for the Satsam (S) Chu
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Figure 2.12: Area Elevation Curve for the Satsam (S) Chu

Figure 2.13 illustrates the longitudinal profile of Satsam (S) Chu. The profile shows a slightly varying
steep slope having an altitude variation of 100 m in about 1.1 km.
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Figure 2.13: Longitudinal Profile of Satsam (S) Chu

Satsham Chu (Northside): This stream flows from upper Satsam Village and runs down through the

middle of agriculture land and finally joins the Pa Chu. Both South and North Satsam Chu falls under
the Tshento Gewog.

The pie chart illustrated below shows the existing land-use to the surroundings of Satsam (N) Chu.
Figure 2.14 shows that Water, Pasture and Agricultural land contributed least to the overall land -use
type of Satsam (N) Chu. The Mixed forest occupies about 90 percent of the area. In spite of having no
human settlement, a little portion of the agricultural area is observed.
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Dominant Landuse of Satsam (N) Chu by Percentage of Area
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Figure 2.14: Land Use of Satsam (N) Chu
Table 2.3 shows area coverage of each landuse type of Satsam (N) Chu catchment.

Table 2.3: Land-use type of Satsam (N) Chu catchment

Landuse type Area [ha]

ForestMixed 944.5164
Range-Grasses 53.5223
Pasture 30.4874
Agricultural Land 17.6149
Water 1.7784

Figure 2.15 shows the area elevation curve for the Satsam (N)Chu. Satsam (N) shows a rapid variation
in elevation which ranges between 2400 m to 4000 m. Altitudes of more than 50% of total catchment

vary in between 3000 m to 3500m.
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Area Elevation Curve for the Satsam (N) Chu
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Figure 2.15: Area Elevation Curve for Satsam (N) Chu

Figure 2.16 shows a longitudinal profile of Satsam (N) chu. The profile shows a very steep slope of 19%
in just 1.3 km of length.
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Figure 2.16: Longitudinal Profile of Satsam (N) Chu

Dakhorong Chu: This stream runs down via Lamgong MS School, LamgongTown area and then joins
Pa Chu. Agricultural lands have been mostly affected due to the Dakhorongchu flooding.

The pie chart describes the existing land use of Dakhorong Chu catchment. According to Figure 2.17,
Pasture and Water contributed least to the overall land-use type of Dakhorong Chu while the Mixed
Forest contains more than 90 percent of the area. Besides, Agricultural land contains about 5 percentof
the total land -use type and no human settlement in the surroundings.
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Dominant Landuse of Dakhorong Chu by Percentage of
Area
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Figure 2.17: Land Use of Dakhorong Chu

Table 2.4 shows area coverage of each landuse type of Dakhorong Chu catchment.

Table 2.4: Land-use type of Dakhorong Chu catchment

Landuse type ANCEREY
Pasture 9.485
Water 1.9478
Agricultural Land 46.578
Forest-Mixed 900.903

Figure 2.18 shows an Area Elevation Curve for the Dakhorong Chu. According toFigure 2.16, it is
observed that a dominant percentage of the area contains an elevation rangesbetween 2800 to 3600
by maintaining a steep slope. Figure 2.19 shows the longitudinal profile of Dakhorong Chu which
illustrates a steep profile of stream.
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Area Elevation Curve for the Dakhorong Chu
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Figure 2.18: Area Elevation Curve for the Dakhoro ng Chu
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Figure 2.19: Longitudinal Profile of Dakhorong Chu

Ri Chu: This stream flows from Rinchending Village and down towards the Dopshari Village and
adjacent to the gewog administration office. Before joining Do Chu the stream also flows through
agriculture land and some settlements of Shari Village. The stream falls under the DopshariGewog.

The pie chart illustrates how different land-use type contributes to the surroundings of Ri Chu.
According to Figure 2.20, Arid Range and EvergreenForest contributed least to the overall land -use
type of Ri Chu while the Mixed Forest contains the most significant part. Besides, Agricultural land
contains more than one-tenth to the total land -use type.
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Dominant Landuse of Ri Chu by Percentage of Area
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Figure 2.20: Land Use of Ri Chu
Table 2.5 shows area coverage of each landuse type of Ri Chu catchment.

Table 2.5: Land-Use Type of Ri Chu catchment

Landuse type Area [ha]

Pasture 37.6011
Arid Range 0.2541
Agricultural Land 199.0149
ForestEvergreen 4.4884
ForestMixed 1621.929

The line graph of Figure 2.21 gives information about elevation concerning the area of the Ri Chu. The
overall elevation of surrounding regions varied from 2200 m to 3800 m in between more than 70% of
the area lies in the elevation ranges from 2600 to 3400 m. Besides, about 20% area lies in between
elevation ranges from 2200 to 2600 m, and the rest one-tenth portion of the total area lies in high er
altitude, ranges from 3400 to 3800m.
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Area Elevation Curve for the Ri Chu
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Figure 2.21: Area Elevation Curve for the Ri Chu

Figure 2.22 shows the longitudinal profile of the Ri Chu. Profile illustrates a steep slope having a slope
of 7% where the elevation falls from 2400 m to 2275 m in about 1700 m of length.
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Figure 2.22: Longitudinal Profile of Ri Chu

Ngoborong Chu: It flows though the Meta Resort, Tenzin HS School and few of the settlemens and
then joins Pa Chu. Agricultural lands have been mostly affected due to the flooding. The present area
below the Kichu Lhakhangs was mostly inundated during the flooding.

The pie chart illustrates how different land-use type contributes to the surroun dings of Ngoborong Chu.
According to Figure 2.23, Water and Pastureland type contributed least to the overall land-use type of
Ngoborong Chu while the Mixed forest contains the most significant part. Besides, Agricultural land
contains abdout 4 percent of the total land -use type.
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Dominant Landuse of Ngoborong Chu by Percentage of
Area
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Figure 2.23: Land Use of Ngobarong Chu
Table 2.6 shows area coverage of each landuse type of Ngobarong Chu catchment.

Table 2.6: Land-Use Type of Ngobarong Chu catchment

Landuse type ANCENEY

ForestMixed 1482.111
Agricultural Land 63.6848
Pasture 40.8192
Water 0.5081

Figure 2.24 shows an area elevation curve for the Ngoborong Chu, it shows the overall elevation of
Ngoborong cat chment ranges between 2800m to 3600m. About 80% of the entire catchment area lies

under this elevation range.
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Area Elevation Curve for the Ngoborong Chu
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Figure 2.24: Area Elevation Curve for the Ngobarong Chu

Figure 2.25 shows the longitudinal pro file of Ngoborong Chu. The profile shows a 1% steep slopewhere
the elevation falls from 2550 m to 2300 m in about 2500 m of length .
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Figure 2.25: Longitudinal Profile of Ngobarong Chu

Jew Chu: Under Lungnyi Gewog, Jew Chu flows through the villages, agricultural land, town and the

Gewog administration office before joining Pa Chu. Jew Chu and Gatanarong Chu both fall under the
Lungnyi Gewog.

The pie chart describes the existing land use to the surroundings of Jew Chu. According to Figure 2.26,
Arid Range and Evergreen forest contributed least to the overall land-use type of Jew Chu while the
Mixed forest contains the most significant part. Besides, Agricultural land contains about 5 percent of

the total land -use type. Around 20 percent area surrounding the Chu has settlement having medium or
low density
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Dominant Landuse of Jew Chu by Percentage of Area
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Figure 2.26: Land use of Jew Chu
Table 2.7 shows area coverage of each landuse type of JewChu catchment.

Table 2.7: Land-Use Type of Jew Chu catchment

Landuse type ANCENEY

Pasture 77.4041
Arid Range 12.449
Range-Grasses 64.7857
Agricultural Land 147.4404
ForestEvergreen 554.7012
ForestMixed 1939.168
Residential-Med/Low Density 2.1172

The line graph of Figure 2.27 gives information about elevation concerning the catchment area of the
Jew Chu. The overall elevation of surrounding regions varied from 2200 m to 3800 m in between more
than 70% of the area lies in the elevation ranges from 2600 to 3400 m. Besides, about 20% area lies in
between elevation ranges from 2200 to 2600 m, and the rest one-tenth portion of the total area lies in
higher altitude, ranges from 3400 to 3800m. Overall the area obtained a dominant altitude of 3000m to
3600m where the overall slight variation of altitude is observed from the curve.
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Area Elevation Curve for the Jew Chu
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Figure 2.27: Area Elevation Curve for Jew Chu

Figure 2.28 shows the longitudinal profile of the Jew Chu. Profile illustrates a varying steep slope having
a slope of 7.5% where the elevation falls from 2400 m to 2275 m in about 2700 m of length.
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Figure 2.28: Longitudinal Profile of Jew Chu

Gatanarong Chu: Flows through the villages behind the Bondey Town along with the present AMC
office. Hence, its impact has also been mostly on the agricultural lands in the past. In 1994, the stream
flooding washed away a policeman. It is also a tributary to Pa Chu.

The pie chart illustrates how different land-use type contributes to the surroundings of Gatanarong Chu.
Figure 2.29 indicates that Forest Evergreen and Pasture contributed least to the overall landuse type
of Nephu Chu. The Mixed forest occupies about90 percent of the area. The human settlement comprises
less than 1 percent and around 10 percentof agricultural land exists.
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Dominant Landuse of Gatanarong Chu by Percentage of Area
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Figure 2.29: Longitudinal Profile of Gatanarong Chu
Table 2.8 shows area coverag of each land-use type of Gatanarong Chu catchment.

Table 2.8: Land-Use Type of Gatanarong Chu catchment

Landuse type Area [ha]

Pasture 17.869
Arid Range 19.8168
Water 0.2541
Agricultural 263.8853
Foreg-Evergreen 20.6637
ForestMixed 2633.01
Residential Med/Low Density 3.5569

The line graph of Figure 2.30 illustrates Area Elevation Curve of the Gatanarong Chu where the overall
elevation of surrounding regions varied from 2200 m to 3800 m in between more than 70% of the area
lies in the elevation ranges from 2600 to 3400 m. Besides, about 20% area lies in between elevation
ranges from 2200 to 2600 m, and the rest approximate 10% of the total area lies in higher altitude,
ranges from 3400 to 4000m
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Area Elevation Curve for the Gatanarong Chu
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Figure 2.30: Longitudinal Profile of Gatanarong Chu

Figure 2.31 shows the longitudinal profile of Gatanarong Chu and the profile illustrates a varying steep
slope having a slope of 6.5% where the elevation falk from 2330 m to 2200 m in about 2200 m of length.
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Figure 2.31: Longitudinal Profile of Gatanarong Chu

Nephu Chu: It flows through the Nephu Village adjacent to Shaba Primary School, some residential
area, and joins to Pa Chu. The stream falls under the Shaba Gewog.

The pie chart illustrated below shows the existing land-use of Nephu Chu catchment. Figure 2.32 shows
that Range Grasses contributed least to the overall landuse type of Nephu Chu. The Mixed forest

occupies about 80 percent of the area. There is no human settlement but a little portion of the
agricultural area does exist
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Dominant Landuse of Nephu Chu by Percentage of Area
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Figure 2.32: Longitudinal Profile of Nephu Chu
Table 2.9 shows area coverageof each land-use type of Nephu Chu catchment.

Table 2.9: Land-Use Type of Nephu Chu catchment

Landuse type ANCENEY

ForestMixed 2190.858
Pasture 119.4937
Arid Range 149.727
Agricultural Land 98.0678
Range-Grasses 76.7266
Water 0.5081

The line graph of Figure 2.33 shows the area elevation curve for the area of the Nephu Chu. According
to the curve, it is observed that the overall elevation of the catchment varied from 2200 m to 3800 m
where more than 70% of the area lies in the elevation ranges from 2600 to 3400 m. Besides, about 20%
area lies in between elevation ranges from 2200 to 2600 m, and therest one-tenth portion of the total
area lies in higher altitude, ranges from 3400 to 3800m.
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Area Elevation Curve for the Nephu Chu
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Figure 2.33: Area Elevation Curve for the Nephu Chu

Figure 2.34 shows the longitudinal profile of Nephu Chu. Profile illustrates a varying steep slope where
the elevation falls from 2300 m to 2200 m in about 1000 m of length having a slope of 10%
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Figure 2.34: Longitudinal Profile of Nephu Chu
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Figure 2.35: River and stream system in the study area
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Combined Area Elevéion Curve of Streams

The line graph of Figure 2.36 illustrates the area elevation curves of the eight streams. All the streams
except Balaka Chu and Satsam (SouthChu represent a steady steep slope where a gentle variation of
altitude is observed with respect to the percentage of area. But soaring of Balaka Chu is observed in the
graph. BalakaChu also experienced a wide range of altitude varieties compared to other streams while
Satsam (South) illustrated a very steady slope and gentle variation of altiude over the catchment area.
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Figure 2.36: Area Elevation Curves of Streams

Combined Longitudinal Profile of Streams

The line graph of Figure 2.37 illustrates a combination of the longitudinal streams. Overall the profile
of Jew Chu, Ghatanarong Chu, Satsam (S) u and Ri Chu streams has shown a gentle slope. Ri Chu and
Ghatanarong Chu have shown almostthe same profile over the length. On the other hand, Balaka Chu,
Dakhorong Chu, and Nephu Chu show a steep slope. Dakhorong Chu shows a most dramatic fall over
the distance.
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Figure 2.37: Combined Longitudinal Profile of Streams

2.5.2 Glacier Lake

The Wang Chu basin constitutes Pa Chu, Ha Chuand Thim Chu Sub-basins. According to the Glacier
Lake Inventory of Bhutan (NCHM 2019a), the Pa Chu, Thim Chu, and Ha Chu have a total of 31, 13, and
3 glaciers respectively. The inventory for the glacier lakes of the Paro Basin is given irAnnex-1. While
Pa Chu subbasin has the highest glacier area (28.39 sg. km) and Ha Chu subasin has the smallest
(0.27 sg. km). The glaciers in this region are mostly mountain glaciers and small ice apron and valley
glaciers having aspects in various directions. Glacier tongue elevation rangs from 4,799 to 6,862 m
above sea level.

Glaciers in the Bhutan Himalaya are less well studied than those in other countries. Nonetheless, there
is some indication of glacier retreat in the Bhutan Himalaya. Ageta et al. (2000) found that the rate of
retreat of some selected large debris-covered glaciers associated with large lakes by comparing archived
photographs, satellite images, and maps of previous years. Using lake expansion rates upvalley to
calculate retreat rates for the related glaciers, the authors reported retreat rates in the range of 30835m
per year. The Tarina Glacier retreat rate was 35m per year from 1967 to 1988 (Ageta et al. 2000).

However, the rates were found to be variable with time, a phenomenon attributed to irregular calving
at the tongue of the mother glacier, which is in contact with the lake water (Ageta et al. 2001). Debris
free or 0cl aype) ére aprsideced maressengit@e to climate change than debris-covered
(D-type) ones. Karma et al. (2003) examinedhe terminus variation for 103 debris-free glaciers in the
Bhutan Himalaya over a period of 30 years (from 1963 to 1993). Retreat rates (on the horizontal
projection) as high as 26.6 m/year were reported for these glaciers.

A ground survey of the C-type, Jichu Dramo Glacier was conducted in the Bhutan Himalaya as part of
fieldwork in 1998; the glacier was resurveyed in 1999 to assess the changes. Naito et al. (2000) recorded
a 12m retreat (from 1998-1999) and estimate that the surface was lowered by 23m. The retreat rates
for C-type glaciers in the Bhutan Himalaya were compared with retreat rates for some glaciers inEastern
Nepal. Karma et al. (2003) report that the retreat rates were higher for glaciers in the Bhutan Himalaya
than for glaciers in Eastern Nepal; attributing the sensitivity of these glaciers to the intensity of the
monsoon. Karma et al. (2003) studied 66 glaciers by comparing 1963 topographic maps with 1993
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satellite images and found that the glaciers had retreated by 8 percent. The glacier area fromthe 1963
data was 146.87 sq.km and from the 1993 data only 134.94 sg.km a considerable decrease in 30 years.
Smaller glaciers retreat at a higher rate than larger ones; some of the smaller glaciers.

Potentially dangerous glacial lakes in Bhutan Twentyfour (24) lakes were identified as potentially

dangerous based on a set of criteria such as water level rise, the associated mother glacier, and the

conditions of the dams and topographical features of the surroundings. Considering these criteria, five

(5) lakes in the Mo Chu Sub-basin, eight (8) lakes in Pho ChuSub-basin, seven(7) lakes in the Mangde

Chu Sub-basin, three (3) lakes in the Chamkhar ChuSub-basin and one (1) lake in the Kuri Chu Sub-

basin were identified as potentially dangerous. Having said al these, none of the 31 glacier lakes that
gracethePaChuBasin falls within t hateganp(NGHMR2GI9AI | y danger ous

2.5.3 Stream Flow

Figure 2.38 illustrates the average monthly discharge of Paro Bondey for the year 2014 to 2019. In
Bhutan, dry season is considered from October to April whereas the wet season is considered from May
to August. Paro Bondey Station recorded about 50 m3/s of flow during the wet season with a maximum
of 74.5 m%/s while in the dry season, about 13.5 m?%/s of flow with a ma ximum of 28 m?/s. In the month

of July and August, Paro Bondeyrecorded the maximum discharge of 72-75 m¥/s.
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Figure 2.38: Average Monthly Discharge of Paro Bondey (2014 -2019)

The Box and Whisker plot of the monthly flow distribution of Pa Chu is shown in Figure 2.39 . The boxes
are bound by the 25th and 75th percentiles of the datasets, while the heavy mid-line displays the median
value. The graph indicates that streamflow is high from July to October as the streamflow is above the
median level during these months. The maximum streamflow is observed from July to August which are
above 120 cumec. During the month from November to February the dispersion of stream is small also
the maximum and minimum stream flo w lies close to where the whisker ends, whereas April to May
shows that despite the smaller dispersion of stream values wherethe maximum value is far away from
the whisker end. The month of May to June also indicates that the streamflow data is clustered about
the median where the long tails represent a large dispersion of the relative outliers which includes the
maximum and minimum streamflow.
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Figure 2.39: Variability of streamflow at Paro station (Bondey) during 2014 -2019

The analysis of skewness forms this dataset represents that January, Marghand April the median is
shifted upward portion of the box shows negative skewness. These months indicate the rainfall dataset
is approached closer to the median in the positive direction with a wider range of observations in the

lower quartile as compared to the upper quartile. The month of March and April represents the positive
skewness ofthe dataset. From May to October, the datasets mostly distributed symmetri cally about the
median.

2.6 Land Use

Eight major land-use types are found in this study area: 1) Agriculture, 2) Glacier/Snow, 3) Landslips, 4)

Rock Outcrops, 5) Forest, 6) Plantations, 7) Settlements, and 8) Water Spreads. e total land-use area

in Bhutan is 1,264 km?. Paro Dzongkhag has an altitudinal range between 2000m to 5600 m asl and has

a temperate climatic condition with warm summer and cold and dry winter. The Dzongkhag lies in the

temperate zone, where conifer species (23.61%) dominant forest type.The Broadleaf Forest, however,

constitutes only about 0.12%. The Northern part of Dzongkhag falls under the Jigme Dorji National Park.

Paro Valley is also considered asthec ount ryds most fertile agricultural
use types are Chuzhing, Kamzhing and horticulture. Rice, apple, wheat, potatoes and other vegetables

are grown as important crops.

Agricultural land and Horticulture account for 3.9% and 0.4% respectively. TheSnow Cover constitutes
5. 5% and Rocky Outcrops 1.28% whie water bodies cover 0.3% of the total land area. Landslides
constitute 8% of the total land cover. Table 2.10 shows the landcover and Figure 2.40 illustrates the
Land Use practices for the study area.
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Table 2.10: Land cover of the study area

Category Sub-category INCENE 1)) INCENC)
Agriculture Agriculture 49.4 3.9
Horticulture 5.2 0.4
Blue pine 2419 19.1
Broadleaf 15 0.1
Broadleaf with Conifer 14.2 1.1
Forest
Fir 45.2 3.6
Mixed Conifer 298.5 23.6
Scrub forest 77.7 6.1
Glacier/Snow 69.7 55
Plantations 25 0.2
Landslips 101.3 8.0
Rock Outcrops 16.27 1.28
Marshy Areas 128.86 10.19
Meadows 207.24 16.39
Settlements 0.2 0.0
Water Spreads 4.3 0.3
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Figure 2.40: Land use practices in the study area
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2.7 Soil Condition

The terrain of the study area consists of steep, long, and complex southern slopes and consists of
monsoon climate and steep gradients which results in unfavorable conditions for undisturbed soil
formation. Soil profiles of the study area resemble that of the overall soil characteristics of Bhutan. Types
of soils are different from the High Himalayas to the southern foothills which result in polygenetic soil
profiles across the country. Only about 8% of the country is cultivated because high altitudes, harsh
climate, and steep slopes limit cropping. The soil type of Bhutan varies along different altitudes. The
main soils up to about 3,000m in the inner valleys are moderately weathered and leached and have
bright subsoil colors with dark topsoils. According to FAO/ UNESCO, about 27% fall under either
Cambisols (mid-altitude) or Fluvisols (southern belts), 45% soils are Acrisols (on steep slopes) and the
remaining 21% soils are Lithosols on steep slopes. Some nonrvolcanic andosols are present in few
pockets across the country. The chemical properties of soil change mainly with the biophysical setting
and the land use pattern. The pH value soil lies within the low to medium range. The status of organic
matter content in the soil is moderate. The ration of Carbon and Nitrogen in the soil varies between 11
to 14.1, which is typical for the agricultural soils. The Phosphorus and Potassium contentis low in most
soils. The cation exhange capacity for most of the soils is also low. Variation in soil nutrient status
changes with the variation of land use and agro-ecological zones. The dryland soils mostly have a
higher soil nutrient than the wetland soils. Again, warm temperate and dry subtropical soils have the
most favorable soil nutrient status, while humid and wet subtropical soils have low nutrient status.
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3.1 Flash Flood

Over the past year, catastrophic rain events characterized as oncen-100 year or even more frequent
events have flooded Bhutan sweeping in billions of dollars of property damage and deaths along with
the flash flood. These extreme weather events are forcing many communities to confront what could
signal a new climate change normal. Bhutan sawseveral significant water-induced disasters in the last
10 years. Three significant events stand out: the 2009 Cyclone Ailanduced floods, the 2015 Lemthang
Lake outburst flood, and the 2016 Southern Bhutan monsoon floods. These disasters not only resulted
in the loss of several human lives, but also displaced people and wiped out homes. They caused damage
to major public infrastructures, including roads and bridges. It leads climate scientists to believe that
today& 100 years flood might be tomorrows 70 years flood because of climate change.

Flash floods are typically associated with short, high intensity rainstorms. As such, they are characterized
by short response time and have the potential to severely impact and damage communities in different
climatic settings all over the world. Despite their scientific and social importance, the fundamental
processes triggering a flash-flood response are poorly understood. This contribution aims to provide a
review of the hydrological mechanisms driving hill slope runoff response to intense rainfall and to
characterize runoff response from selected extreme flash floods in Bhutan.

A flash flood can be characterized by a rapid stream rise with depths of water that can reach well above
the banks of the creek. Flash food damage and most fatalities tend to occur in areas immediately

adjacent to a stream or arroyo. Additionally, heavy rain falling on steep terrain can weaken soil and

cause mud slides, damaging homes, roads and property. Flash floods can be produced whenslow

moving or multiple thunderstorms occur over the same area. When storms move faster, flash flooding

is less likely since the rain is distributed over a broader area. Occasionally, floating debris or ice can
accumulate at a natural or man-made obstruction and restrict the flow of water. Water held back by

the ice jam or debris dam can cause flooding upstream. Subsequent flash flooding can occur
downstream if the obstruction should suddenly release.

Figure 3.1: Typical Flash Flood at Bhutan
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Figure 3.2: Typical Flash Flood at Wangchu tumbling down from the Lungtenzampa Bridge

Bhut ands vul ne-mdubted disasteys istwell knowart. Historically, rivers and streams have
overflown their banks, causing destruction. GlI
sloppy and mountainous terrain makes for natural surface runoff, and the rivers, running through deep

gorges and ravines, receive vat volumes of surface runoff during monsoon. All these set up a perfect
backdrop for water-induced disasters like flash flood. Against this backdrop, it is imperative to
investigate the underlying causes of flood. The causes of floods can be broadly divided into several
categories like the amount, timing, and duration of rainfall over a catchment or watershed area, an

increase in surface runoff following a rain event and a decrease in water-carrying capacity of natural
drainage network within the watershed to accommodate the surface run-off, and a reduction in land

elevations in floodplain in comparison to riverbed and sea level. But flash floods posses different

characteristics than usualmonsoon flooding, which can occur within a few minutes or hours of e xcessive
rainfall, a dam or levee failure, or a sudden releae of water held by an ice jam. Flash floods can roll
boulders, tear out trees, destroy buildings and bridges, and scour out new channels. Rapidly rising water
can reach heights of 30 feet or more.

Warming trends and melting glaciers pose severe threats to the nation and its inhabitants. Research
reveals that temperatures increase more dramatically in mountain areas, which translates into faster
glacier retreat and more Glacial Lake Outburst Hoods (GLOFs). Further, monsoon variability is now an
established fact for Bhutan. Putting global warming in the broader perspective, the 5" Assessment
Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) estimates that by 2100, South
Asian oountries, including Bhutan, will experience an increase in average temperatures, with increases
in daily minimum and maximum temperatures, mostly taking place at higher altitudes. A 5 % decrease
in rainfall is expected during the dry season, and an 11% increase during the wet season is expected in
the long term. As a result, Bhutan will experience more extreme weather events with increased
frequency. The ADB identifies flood risk, and particularly flooding from torrential downpours and GLOFs
(of 2,794 glacid lakes in the country, 22 are potentially dangerous) as one of the critical climate threats
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for Bhutan. Extreme flood events such as the one in 2016 could become more frequent and severe,
putting homes, businesses, and public infrastructure at higher risk.

3.2 Encroachments

Encroachment is a term that describe the advancement of structures, roads, railroads, improved paths,
utilities, and other development, into natural areas including floodplains, river corridors, wetlands, lakes
and ponds, and the buffers around these areas. The term encroachment also encompasses the
placement of fill, the removal of vegetation, or an alteration of topography into such natural areas.
These encroachments cause impacts to the functions and values of those natural areas, such asdecline
in water quality, loss of habitat, disruption of equilibrium conditions, loss of flood attenuation, or
reduction of ecological processes.

Constructed encroachments within river corridors and floodplains are vulnerable to flood damages.

Placing structures in flood prone areas results in a loss of flood storage in flood plains and wetlands

and heightens risks to public safety. Moreover, protection of these encroachments often result in the

use of river channelization practices including bank armoring, berming, dredging, floodwalls, and

channel straightening to protect these investments. The removal of vegetation to improve viewscapes

or access, and the removal of woody debris from rivers to facilitate human use can increase resource
degradationandt he propertyfs susceptibility to flood damage
described in the channel erosion stressor chapter, such practices result in greater channel instability,

excessive erosion, and nutrient loading by concentrating flows and increasing stream velocities and

power.

Encroachment increases impervious cover adjacent to lakes, rivers and wetlands, thereby increasing the
rate and volume of runoff, loading of sediment and other pollutants, and temperature of the receiving
water. The cumulative loss of wetlands that provide water quality protection to adjacent surface waters
can result in ongoing reduction in water quality. The extent of encroachment, the cumulative effects of
impervious cover, and the degree to which natural infiltration has been compromised can also
contribute to the instability of the stream channel.

Encroachment in lake shorelands usually is comprised of residential development and associated

vegetation removal; it can also include roads, parks and beaches ad urban areas. Recent development
patterns on | akeshores have seen replacement -of s ma l
round use. This new development generally is accompanied by substantial lot clearing, lakeshore bank

armoring and an overall increase in lawn coverage and impervious surface. Research in Vermont and

nationally has shown this land conversion and development results in degraded shallow water habitat

and increased phosphorus and sediment runoff. Encroachments into the lake itsef include docks,

retaining walls, bridges, fill and dredging. The table below documents the effects of encroachment upon

surface waters. Figure 4 and 5 illustrates the typical and schematic diagram of river encorachment.
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” h |

Figure 3.3: Typical Encroachment at Nephu Chu
3.3  Scour Depth and Gabion Failure

Scouring can be judged as a process due to which the particles of the soil or rock around the amplitude
of the pier of the highway bridge spanning over a water body , gets eroded and removed over a certain
depth called scour depth. Scouring usually occurs when the velocity of the flowing water crosses the
limited value that the soil particles can easily handle.

Scouring can be executed during the flood being passed through that water body. Scouring is initiated
at the nose of the piers or at the sharp bends. Estimation of scour depth is very important for the design
of foundation for pier. Scouring compromises the structural integrity and thus causes failure of the
structure. It has been estimated that over 60 % of the highway bridges are being collapsed due to
scouring.

When the discharge within the water body passes the allowed discharge, which is usually the case when
flood is there, the scour is initiated, the scour depth can easily be obtained after the flood by finding
the depth of the scour in reference with the surroundings or existing structures. If this is not possible
the mean depth of scour may be easily obtained by a mathematical formula for natural streams in the
alluvial depth

Ygs = Ymax [(0.0685 Vnf®) / (YhO4 Se03)-1]
Where,
Ygs = general scour depth (ft),
Ymax iS maximum depth of flow,
Vm is the average velocity of flow(ft/sec),
Yh is hydraulic depth of flow (ft) and
Se is the energy slop (ft)
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From actual field measuring scour depth charts to estimate scour depth,This method is applicable only
for coarser sands where the bed slope ranges from 0.004 ft to 0.008 ft. Other empirical methods are
also there like Neil, Blench and Lacey for estimation ofthe scour depth
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Figure 3.4: Schematic Diagram of Local Scouring

3.4  Problems and | ssues for River/Streams within S tudy Region

Balaka Chu

Balaka Chu originated from relatively uphill terrain which outfalls at Pa Chu. Traverse steep slope has
been observed before it discharges into Pa Chu. An old bridge with inadequate opening constricted the
flow in the upstream. Monsoon water comes to the bridge level often. Substantial flow has been diverted
via irrigation canals which can reduce flood risk. Vegetation around both the banks included forest trees
and bushes need to be cleared. Boulders need to be removed from the flow path to increase conveyance

capacity.
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Figure 3.5: Balakha Chu

Jew Chu

The flow of Jew Chu is obstructed due to unplanned settlements, regular farming practices and heavy
sediment depositions. Passage of flow has been constricted due to abutments and pipes with
inadequate diameter. Clearing of boulders may provide some immediate solution for smooth flow
passage. Roads need to be elevated in designated portion. Impact of erosion results in failure of right-
bank gabion in the u/s and d/s of the structure. Streams seemed to be widened up substantially in the
d/s. Clearing of dense vegetation and bushes need to be done. It is recommended to construct a box
culvert with guide wall at designated portion. Furthermore, adequacy of channel section will be checked
via hydro dynamic model simulations.
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Figure 3.6: Jew Chu

Gatanarong Chu

Flow of Upstream portion of Gatanarong Chu is being constricted due to heavy siltation and random
landslides. In some portion intentionally bed filling to accommod ate vehicular and pedestrian crossing
is observed which is highly recommended to be replaced by bridges or culverts. Box culvert is
recommended at some places. An irrigation canal is observed at d/s portion which helps to reduce the
vulnerabilities of floo d. Some bridges with no railing has been observed and recommended to repair.
Near d/s approximate 150 m to 200m of channel should be guided with retaining wall on both banks
for protection against encroachment. Downstream portion is covered by dense bushes which are
recommended to be cleared for reducing increased roughness co efficient.
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Figure 3.7: Gatanarong Chu

Nephu Chu

The streams started with the combination of wild vegetation and settlements which causes severe
narrowing of flow passage at the up streams. Steep slopes have been observed. Unplanned
development in association with unsafe hill cuts for construction works causing imminent landslide risks.

Encroachment along d/s right-bank from unplanned settlements severely constricting flow passage
which is recommended o demolish to increase the conveyance capacity. Stream is observed narrowed
in d/s, which is incapable of conveying design discharge. Debris near outfall where stream traverses
highway bridge need to be cleared.
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Figure 3.8: Nephu Chu

Satsam (North) Chu

Upstream of Satsam (North) Chu is being generated debris from temporary stone grinding site which
causes siltation of stream bed and banks. This portion is crisscrossed across road where flow is
accommodated via pipe culverts. Cross drainage structures reduced the cross section of streams which
results in constricted flow passage. Someconstruction site obstructed the flow via filling up bed for
vehicle passage which is recommended to be re-sectioned. A local resort block entirely of flow passage
via illegal expansion of property is recommended to demolish immediately. Dense bushes in d/s are
recommended to be cleared. Narrow highway culvert at out fall is recommended to be widened.
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http://www.bhutannewsnetwork.com/2020/04/world-bank-cuts-growth-forecast-for-bhutan/
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