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Extreme rainfall in the Arunachal Himalaya has the
potential to create floods in the downstream regions of
Assam, with the rivers in the region exceeding their
capacity and competence. High-intensity rainfall also
leads to higher sediment generation in the sub-
Himalayan catchment. Though floods have been in-
curring huge losses to both life and property frequently
in Assam, there are only a few studies on the meteoro-
logical and orographic dynamics of such extreme rain-
fall events and their potential to create a flood. The
present study highlights the pre-flood and post-flood
scenario in the Lower Subansiri Basin (LSB) in
Brahmaputra valley, Assam, through satellite data
analysis and ground field surveys to establish linkages
between extreme rainfall events and a subsequent ma-
jor flood event that occurred during September 2012.
We observed that the flood was mostly triggered by
the extreme rainfall induced by orographic lifting of
moisture-laden winds from the south. In addition to
submerging an area of ~1900 km? the flood also
brought along fragile Neogene clastics that increased
barren soil over the floodplains by ~47% compared to
the pre-flood period, thus disrupting the agrarian
economy of the region for several cropping sea-
sons. These findings demonstrate the need for a relia-
ble meteorological forecast for extreme rainfall as a
prerequisite for developing effective flood-forecasting
models in the Brahmaputra valley, which will positively
contribute towards flood hazard management in the
region.

Keywords: Extreme rainfall, flood, meteorology, oro-
graphy, sand aggradation.

ON a global basis, deaths caused by floods are the highest
(~26%) followed by those due to tropical cyclones
(~19%)"*. The causative factors for such devastating
floods need to be understood to prioritize planned mitiga-
tion strategies. The Lower Subansiri Basin (LSB), a sub-
catchment of the Brahmaputra basin in the frontal areas
of the Arunachal Himalaya, is vulnerable to disastrous
floods that have led to loss of life and property. With a
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population of ~1.5 million (ref. 3), the high vulnerability
of LSB to natural disaster is a risk to the socio-economic
balance of the region®.

Most of the tributaries of the Brahmaputra are rainfed
and there is a direct linkage between rainfall intensity and
floods in the North Eastern Region (NER) of India. High-
intensity rainfall is also linked to higher sediment genera-
tion due to erosion in the upper catchment, particularly in
the Arunachal Himalaya. Very high sediment flux into
the rivers originating in Arunachal Himalaya triggers
cascading effects downstream of the mountain exits in
north Brahmaputra plain namely, floodplain and riverbed
aggradation, large scale channel changes, bank erosion
and flooding. In addition, increasing trend of both fre-
quency and magnitude of extreme rainfall events has
been observed over Central and North East (NE) India>®,
which will have implications for high-intensity hydrolo-
gical events. Also, many studies using satellite and field
observations, have highlighted the vulnerability of flood
and sand aggradation in Assam®’'*. However, the link
between meteorological dynamics and post-flood impact
on land cover is rarely addressed and necessitates urgent
analysis. This study is an attempt in that direction in
LSB. We have chosen a part of the LSB in Assam which
was heavily affected by major floods in 2012 during
June—July—August—September (JJAS) (Figure 1 a). It may
be mentioned that as much as ~4.65 lakh hectare area had
been submerged by the July 2012 flood event affecting
~2.3 million people and 3829 villages'*. We will discuss
some of the meteorological factors that may have contri-
buted to intensifying the heavy rainfall leading to floods
in the LSB and the subsequent changes to land cover.

Data and methodology

The daily Tropical Rainfall Measuring Mission (TRMM)
rainfall datasets (TRMM_3B42 Daily v7) were used to
evaluate the changing rainfall characteristics over LSB.
First, we show the spatial climatology of annual rainfall
over NE India (Figure 1 a). In Figure 1 a, LSB is identi-
fied as the small red polygon within Box 1. Rainfall over
the whole catchment area encompassing LSB influences
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Figure 1. a, The 15-yr climatological rainfall (mm) using TRMM dataset (1998-2012) over North East India. Box 1 shows the region of

highest rainfall which contributes immensely to river discharge in the downstream regions of Assam. The study area, Lower Subansiri
Basin (LSB) is shown inside Box 1 as the area of interest. b, Annual accumulated rainfall (mm) over Box 1. ¢, Daily rainfall over Box 1

during JJAS of 2012. Source: TRMM 0.25° x 0.25° Satellite Product.

Table 1. Details of datasets used in this study
Dataset Spatial resolution Source
Level-1 surface reflectance 30mx 30 m LANDSAT 4/5,7
(for LULC analysis)
Rainfall 0.25° % 0.25° TRMM
Wind speed (u, v and w 0.25°x 0.25° ERAS
components)
Field observations In situ -
Topography 1 km x | km NGDC, NOAA

run-off in this basin, though the amount of rain over the
basin itself is not the highest with respect to the whole
NER of India. Figure 15 shows the yearly accumulated
rainfall during monsoon season (June—September) over
LSB since 1998. Though there is a slight decrease in the
overall rainfall over the region, it is found that 2012 wit-
nessed one of the highest rains in recent times. We have
therefore chosen this year and the ensuing floods for our
analysis. Figure 1 ¢ shows the daily rainfall during JJAS
2012. There were two episodes of heavy/extreme rainfall
during the period with one starting on 15 June and anoth-
er on 15 September 2012. The rainfall continued to in-
crease for about 6 days before peaking on 21 June and 19
September 2012 respectively. The first event occurred in
June, which is climatologically the early monsoon season.
The second event occurred in September during the re-
treating phase of the monsoon. Satellite imageries with
clear-sky scenes are difficult to obtain during the early/
peak monsoon owing to cloud cover and rainfall. There-
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fore, considering the availability of both LANDSAT and
other available supplementary datasets required for our
analysis, we chose to analyse the second peak in extreme
rainfall that occurred during the period 19 to 21 Septem-
ber 2012. This rainfall event was also exceptional as dur-
ing this period the Indian Summer Monsoon (ISM) starts
retreating, resulting in a decrease in rainfall intensity.
Thus, this extreme rainfall event provided an excellent
case for undertaking a study linking meteorological con-
ditions to rainfall that further led to floods downstream
and altered the land type, thereby affecting agrarian acti-
vities in the floodplains.

Land-use classification

In order to quantify the changes in land use and land
cover (LULC) before and after the flood, we have used
NASA’s LANDSAT Level-1 satellite reflectance. Four
categories, namely water, dense forest (DF), light vegeta-
tion/agriculture (LV/Agri) and barren/sand/uncultivated
were classified/identified in the LSB from LANDSAT
reflectance using maximum likelihood classifier (MLC)
supervized algorithm and post-flood changes were ana-
lysed for these land types. The classification was then
authenticated with detailed field photographs and mul-
tiple field surveys of the flood hazard zones carried out
during October 2012 by a team of researchers from Gau-
hati University. Table 1 provides details of the all data-
sets used in this work. The meteorological analyses were
carried out using the different components of winds
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Rainfall anomaly with respect to the 15-yr daily climatological mean covering LSB and Arunachal Pradesh on (a) 19, (b) 20,

(¢) 21 and (d) 22 September 2012. Red box shows the study area in the plains of Assam. Source: TRMM 0.25° x 0.25° Satellite Product.

extracted from the European Centre for Medium-Range
Weather Forecasts’ (ECMWF) ERAS5 products, which
have high accuracy and fidelity. In addition, we have also
used the elevation/topography model data from the
National Geophysical Data Center (NGDC), NOAA,
USA, available at a resolution of 1 km to characterize the
orography of the region and its influence on regional
rainfall"’.

Results and discussion
Rainfall analysis

Figure 1 ¢ shows that rainfall over Box 1 is higher than
the climatological mean (1998-2012) during 19 to 22
September 2012. Figure 2 shows the daily rainfall anomaly
or departure from the 15-yr climatological mean (1998—
2012) during 19 to 22 September 2012. It was observed
that rainfall during the same period over the Lower Hima-
layan Region in the eastern part of Arunachal Pradesh
exceeded 250 mm on 19 September (Figure 2). Thus, the
rainfall was extreme according to the definition of India
Meteorological Department (IMD; >244.5 mm; http://
imd.gov.in/section/nhac/termglossary.pdf). It may be
mentioned that the region with highest rainfall is also one
where several tributaries of the Brahmaputra converge.
Therefore, increased rainfall during any time over this
region is expected to cause floods if it exceeds the carry-
ing capacity of the river. The rainfall amount that peaked
during 19 September gradually decreased in a few days
(Figure 2 a—d). It is known that rainfall in the Lesser
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Himalaya plays a significant role in determining the river
discharge and thereby the flood downstream. Therefore,
rainfall quantification and prediction is a prerequisite for
skillful mitigation measures.

The NER of India is expected to experience significant
orographic rainfall due to its undulating topography. We
have therefore explored the convergence of winds, their
direction and hence the resultant rainfall over this region.

Convergence and horizontal wind direction

Rainfall during ISM is mostly influenced by the cross-
equatorial flow' and hence there is moisture convergence
over the Indian region. Studies have suggested that NE
India is also influenced by extra-tropical cyclones from
the northwest bringing rainfall to this region'’. We ana-
lysed the spatial pattern of winds at 850 hPa over the
region with highest rainfall (Figure 3). It was found that
most of the winds blow from the southwesterly direction,
thereby negating the possibility of any influence from the
extra-tropics. It may also be noted that only a portion of
Figure 3 shows the wind vectors corresponding to
850 hPa level. This is due to the complex topography of
the region that often exceeds 850 hPa pressure level to
the north. It is also clear that the region is encompassed
by high mountains to the north, east and southeast, there-
by forming a closed topographic structure capable of
blocking any winds from the southwest which forms the
only channel for any meteorological disturbance to enter
the mountain range. It is clear from Figure 3 that the
winds converge over the northeastern edge of the closed
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Figure 3. Convergence and wind direction at 850 hPa over LSB and Arunachal Pradesh on (a) 19, (b) 20, (c¢) 21 and (d) 22 September
2012. Red box shows the study area (Lower Subansiri Basin) in the plains of Assam. Source: ERAS5 0.25° x 0.25° Reanalysis Product.

structure leading to potential orographic lifting of air
mass laden with moisture leading to heavy rainfall. How-
ever, to obtain a clear picture regarding the orographic
uplift of air mass due to the complex terrain, we analysed
the vertical velocity (omega).

Orographic effect

It is well known that orographic lifting plays a significant
role in rainfall over mountainous terrain'®*'. To establish
this, we analysed ERAS5 vertical velocity over Box 1
(Figure 1 a) along 26°-30°N (Figure 4 a—d). It is ob-
served that the vertical velocity (omega) is negative (i.e.
upward motion) coinciding with the location where the
topography (data source: NGDC, NOAA, | km x 1 km)
changes from the plains to the hills at ~28°N (Figure 4 e).
It is our contention that this lifting provided by orography
also imparts the conditions favourable for heavy rainfall
observed over this region (Figure 2). The higher vertical
velocity, convergence and heavy rainfall all coincide spa-
tially, pointing to the possibility of orographic rainfall. It
may be mentioned that orographic rainfall is not a sur-
prising aspect over this region. However, extreme preci-
pitation occurred during the retreating phase of the
monsoon. The wind direction (southwesterly), conver-
gence, and orographic lifting are all typical of the mon-
soon period leading to the exceptionally high rainfall
event. With an understanding of the meteorological fac-
tors that led to heavy rainfall, we explored the impact of
upstream rainfall on the flood situation and hence quanti-
fication of flood inundation over LSB using high-
resolution LANDSAT imageries.
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Inundation and flood-induced changes to land type

The LANDSAT imageries clearly show the extreme in-
undation caused by the September 2012 flood over LSB
(Figure 5 b). Due to the 16 days repetition cycle of the
satellite and its inability to scan at night, factors like the
exact time of flooding and lag time between rainfall and
inundation could not be established. However, the
LANDSAT imagery on 26 September 2012 clearly shows
that most parts of LSB are inundated by flood waters
(Figure 5 b). Depending upon the spectral reflectance by
which the classes are best represented, we have used sev-
eral optimal band combinations to extract and categorize
the LULC classes. Using MLC supervized algorithm, the
retrieved LANDSAT level-1 data have been classified
into four categories, namely: (i) water, (ii) dense forest,
(i) light vegetation/agriculture and (iv) barren/sand/
uncultivated.

Considering the preceding and succeeding years of the
event, classified LULC data were quantified. It was found
that during 2012 water bodies increased by ~1900 km®
compared to 2010. It was also found that just after the
flood event in October 2012, the area under the light
vegetation/agriculture class decreased by ~18% (with re-
spect to 2010) and this decrease persisted with an area
coverage of ~12% in October 2013. However, the most
concerning fact that has been identified from the space is
the significant increase of barren soil after the flood
event. It was observed that barren soil had increased by
~47% after the flood event (Figure 6 b). This indicates
massive sand-casting in the low-lying areas (which mainly
include agricultural lands). After the post-flood
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Figure 4. Longitude-averaged vertical velocity (omega) over LSB and Arunachal Pradesh on (a) 19, (b) 20, (¢) 21 and (d) 22 September
2012. e, Longitude-averaged topography along latitude. Source: ERAS5 0.25°x 0.25°. Topography data source: NGDC, NOAA
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Figure 5. Land use and land cover (LULC) classification using maximum likelihood classifier (MLC) method over LSB of (a)
2010 (October), (b) 2012 (September), (c) 2012 (October) and (d) 2013 (October). Legend denotes LULC classes, (A) barren/
sand/uncultivated, (B) cloud, (C) dense forest, (D) light vegetation/agriculture and (E) water. Source: LANDSAT (30 m x 30 m)

dataset.

sand aggradation, which destroyed the agricultural fertili-
ty of the region, no further field visits were undertaken as
to know how much time it took to regain its lost fertility.
However, barren/sand class showed ~21% increase in
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area (with respect to 2010) even in October 2013 (Figure
6 b). This shows that recovery did not happen even a year
after the floods. This may have significant impact on
agricultural economy of the region.
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a, Year wise LULC classification over LSB. b, Change in LULC classes with respect to 2010 (normal year/pre-flood) in per-

centage. The classes classified using MLC supervised algorithm are: (i) water, (ii) dense forest (DF), (iii) light vegetation/agriculture
(LV/Agri) and (iv) barren/sand/uncultivated (barren/sand). Source: LANDSAT (30 m x 30 m) dataset.

Have the areas inundated by floods been converted to
barren soil post-flood sand aggradation? To verify this,
we have used field-survey evidences collected during
2012. It may be noted that the largest increase in barren
land does not coincide with the inundation shown in Fig-
ure 5 b. This may be possible due to the following rea-
sons. Figure 5 b may not necessarily show all the areas
inundated during the floods, since the imagery corres-
ponds to 26 September 2012. It is possible that the floods
may have receded from the low-lying areas by this time.
It is also possible that due to errors in classification or
due to the time lag in the data retrieval, there may be
misrepresentation of the light vegetation class and this
may be considered as one of the limitations.

It may be pointed out that, in the first phase of the
flood during July 2012, water had exceeded the danger
level and was approximately close to highest flood level
in several places like Dibrugarh and Naharkatiya in
Assam'®. Thus, the 2012 flood event is one of the most
severe that occurred in the Brahmaputra basin. In addi-
tion, there are several studies that emphasize upon the
vulnerability and frequency of flood over the Brahmapu-
tra basin, where enhanced intensity of monsoon rainfall
over the region, low gradient and flat terrain are desig-
nated as the prime factors causing floods*”??.

Field verification of floods and their impact

It was observed that post-flood and aggradation is very
high in the region. The source of these sediments is likely
to be primarily from the Arunachal Himalaya. The friable
bank materials of the rivers also yield a part of the
total sediment load due to very high erosion rate (Figure
7 e).

Field surveys during October and December after the
flood event of 2012 revealed thick layers of white sand
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without organic matter encrusting fertile agricultural
lands and destroying their productivity (Figure 7 d and
f). Studies carried out to assess the post-flood economic
conditions of local people have highlighted the severity
of sand deposition and its role in decreasing the fertility
of agricultural lands®. The post-flood survey clearly
shows that submerged regions are under a thick/thin layer
of sand that largely impacts agricultural activities on the
banks of the river. No studies have been conducted as yet
on the time required to regain the lost soil fertility after
such flood events.

Several studies have already assessed and quantified
the impact of floods using different observational and
remote sensing techniques'>'***?’. However, studies that
have linked meteorology, and flood and post-flood im-
pacts are scanty over the Brahmaputra basin. Therefore,
in this study we link causes of floods, their immediate
impact on inundation and post-flood damage assessment
downstream.

Summary

This study aims at establishing the significant role of
meteorology in the severe flood of September 2012 in the
north Brahmaputra plain. However, this necessitates
developing a more robust and validated flood forecast
model coupled with a reliable meteorological model for
the Brahmaputra basin. Uneven topography which is seen
to modulate and intensify the monsoon necessitates re-
quirement for very high spatial resolution numerical
model simulations with parameterization developed spe-
cifically for mountainous terrains. In addition, this study
also proposes close coordination between the various dis-
ciplines such as those dealing with high-resolution re-
gional climate modelling, remote sensing, hydrology,
geology and policy-making for a better understanding of
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Figure 7. Flood damage in LSB. a, b, Extensive erosion (near Bihpuria). ¢, Abandoned settlement following re-
curring floods and erosion. d, A makeshift medical store in the midst of a sheet of sand left over by the floods
during 2012 (near Maricha Pathar). e, Section of a bank in LSB (near Mora Dikrang) showing loose sediments in
the bank. f, Failed cultivation after sand deposition/aggradation following the flood. Source: Ground field surveys

done by the present authors during October 2012.

extreme rainfall events and the resulting floods, their
mitigation and adaptation.

The major findings of the present study can be summa-
rized as follows:

(1)
(ii)
(i)

(iv)

)

784

Daily rainfall increased by ~250 mm over LHR
upstream of LSB during 19 to 22 September 2012.
Orographic effect played an important role in the in-
tensification of rainfall during this period.

Severe floods occurred in LSB, further downstream
of LHR, submerging an area of >1900 km?, thereby
increasing barren soil by ~47% after the floods.

The floods also brought along massive amount of
sand eroded from the loosely composed banks of
fragile Neogene clastics.

As the floods receded, productivity of agricultural
lands decreased due to sand deposits during the

floods, thereby disrupting the agrarian economy of
the region for many cropping seasons.
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