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Precipitation in the form of rain and snowfall throughout the Himalaya controls river discharge and erosional
processes and, thus, has a first-order control on the fluvial sediment flux. Here, we analyze daily precipitation
data (1998–2007) of 80 weather stations from the northwestern Himalaya in order to decipher temporal and
spatial moisture gradients. In addition, suspended sediment data allow assessment of the impact of
precipitation on the fluvial sediment flux for a 103-km2 catchment (Baspa). We find that weather stations
located at the mountain front receive ∼80% of annual precipitation during summer (May–Oct), whereas
stations in the orogenic interior, i.e., leeward of the orographic barrier, receive ∼60% of annual precipitation
during winter (Nov–Apr). In both regions 4–6 rainstorm days account for ∼40% of the summer budgets,
while rainstorm magnitude–frequency relations, derived from 40-year precipitation time-series, indicate a
higher storm variability in the interior than in the frontal region. This high variability in maximum annual
rainstorm days in the orogenic interior is reflected by a high variability in extreme suspended sediment
events in the Baspa Valley, which strongly affect annual erosion yields. The two most prominent 5-day-long
erosional events account for 50% of the total 5-year suspended sediment flux and coincide with synoptic-
scale monsoonal rainstorms. This emphasizes the erosional impact of the Indian Summer Monsoon as the
main driving force for erosion processes in the orogenic interior, despite more precipitation falling during the
winter season.
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1. Introduction

The spatiotemporal distribution of precipitation in mountain belts
is highly complex and difficult to map (Barros and Lettenmaier, 1994;
Roe, 2005; Bookhagen and Burbank, 2006), yet a key parameter for
erosion processes (Reiners et al., 2003; Bookhagen et al., 2005a). In
many studies, the precipitation pattern is invoked as a first-order
control on short- and long-term erosion rates (e.g. Thiede et al., 2004;
Gabet et al., 2008). However, the complex coupling of precipitation
and erosion is difficult to quantify, as precipitation patterns may vary
and affect different erosion processes (Bookhagen et al., 2005a).
Therefore, it is essential to decipher precipitation gradients and their
variations, as these partly govern the efficacy of hillslope processes
next to fluvial and glacial dynamics (Gabet et al., 2004; Owen et al.,
2005). Unfortunately, reliable high-elevation precipitation data
covering several years in the Himalaya remain limited to few locations
(Barros et al., 2000; Winiger et al., 2005). In particular, winter
precipitation amounts are largely unknown due to the remoteness
and difficult access of high elevations in the orogenic interior
(Putkonen, 2004).

Here, we analyze the spatiotemporal distribution of precipitation
in the vicinity of the Sutlej Valley in the northwestern Himalaya, based
on 80 weather stations (Fig. 1). These stations provide a unique
opportunity to investigate climate conditions over several decades
and a wide range of elevations (0.4–4.1 km) and topographic settings,
i.e., from the wet frontal to the dry interior parts of the orogen.
Importantly, the stations cover an area that is influenced by both
summer monsoonal and winter westerly precipitation (Lang and
Barros, 2004; Bookhagen and Burbank, submitted for publication).
This condition allows us to compare the impact of the two contrasting
atmospheric circulation regimes on erosion processes, which we
observe by responses in suspended sediment load in the Baspa River.

Our analysis addresses three objectives: (1) to quantify precipita-
tion (rainfall and snowfall) gradients in space and time, (2) to analyze
the magnitude–frequency relations of rainstorms in different oro-
graphic settings, and (3) to relate storm events to erosional processes
in the orogenic interior by a case study of river and sediment discharge
from the Baspa catchment. Based on these analyses, we are able to test
the hypothesis of whether monsoonal rainfall dominates the annual
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Fig. 1. Shaded-relief and elevation map of northern India (Himachal Pradesh in the Northwest Himalaya). Weather stations represented by blue symbols are situated in the lee of the
main orographic barrier (orogenic interior), whereas red symbols indicate stations located to the south of the barrier (orogenic front). Circle- and square-shaped symbols indicate
the Indian Meteorological Department (IMD) and the Bhakra Beas Management Board (BBMB), respectively, as operators of these stations. Letters (a–d) and numbers (1–9) refer to
weather stations analyzed in Figs. 3 and 5, respectively. Star denotes the snow water equivalent values reported by Wagnon et al. (2007). We point out that the Sutlej River slices
through the main orographic barrier and forms a potential conduit for transport of moist air into the orogenic interior. However, the mean summer rainfall recorded by weather
stations in this corridor (label 5, 6, 7 and 9) is typically low (0.4–0.2 m), as substantial amounts of the monsoonal moisture are drained at previous orographic barriers. Thus we
consider these stations as part of the orogenic interior.
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precipitation andfluvial sedimentfluxbudget across the northwestern
Himalaya.

2. Precipitation patterns, orographic barriers, and river discharges
in the northwestern Himalaya

Precipitation in the northwestern Himalaya is controlled by two
atmospheric circulation systems (Gadgil, 2003; Lang and Barros,
2004). First, the Indian Summer Monsoon draws moisture from the
Bay of Bengal in the southeast and lasts from June to September.
Summer monsoon rainfall amounts decrease from ∼1.5 m at the
mountain front to ∼0.1 m north of the orographic barrier. Rainfall
magnitudes vary considerably within short distances as a result of
convective, localized monsoonal storms (Barros et al., 2006). Second,
the Northern-Hemisphere westerlies supply moisture during Decem-
ber toMarch, derived from theMediterranean, Black, and Caspian seas.
This winter westerly precipitation is coupled to mid/upper tropo-
spheric, synoptic-scale low-pressure systems, known as Western
Disturbances, and is thought to be of stratiform type, i.e., less intense,
more prolonged, and encompassing a larger area, than the commonly
convective monsoonal rainfall (Putkonen, 2004; Dimri, 2006).

The Himalayan mountain chain forms a pronounced orographic
barrier, which separates the southern windward, wet frontal regions
from the northern leeward, summer-dry interior parts. This barrier
forces moist monsoonal air masses to ascend, which enhances
condensation and cloud formation, and ultimately controls the
triggering, duration, and intensity of precipitation events (Bookhagen
et al., 2005a). Thus, it typically prevents the migration of moist
monsoonal air masses leeward of the orographic barrier and creates
an orographic rain shadow in the semi-arid to arid orogenic interior.
In our study area the main orographic barrier ranges between 4.0 and
6.6 km in elevation and it coincides with drainage divides of large
river systems draining frontal and interior parts of the orogen (Fig. 1).
In contrast to the monsoonal air masses, winter westerly moisture is
transported at higher tropospheric levels (Weiers, 1995). Thus, the
winter westerlies predominantly undergo orographic capture at
higher elevations in the orogenic interior, where intense snowfall
occurs in areas of high elevation and pronounced relief (Lang and
Barros, 2004).

In non-glaciated catchments at the orogenic front, river discharge
is closely coupled to summer rainfall, which dominates annual
precipitation in these areas (Putkonen, 2004; Craddock et al., 2007).
In contrast, within the orogenic interior, snow and glacial melt waters
may contribute more than 50% to the annual runoff (Singh and Jain,
2002; Immerzeel et al., 2009; Bookhagen and Burbank, submitted for
publication). Thus, in both compartments of the orogen, peak river
discharge occurs in summer, although the precipitation timing and
spatial gradient of the main moisture-bearing circulation regimes
differ fundamentally.

3. Data set and methods

We processed daily precipitation data spanning 10 years (1998–
2007) from 80 meteorological stations located within the state of
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Himachal Pradesh in NW India (Fig. 1). Snowfall is reported in snow
water equivalent (SWE), which has been measured by melting daily
snow accumulations. This data-set comprises 63 weather stations
from the Indian Meteorological Department (IMD) and 17 high-
elevation stations from the Bhakra Beas Management Board
(BBMB). At nine stations (Fig. 1: labels 1–9) longer time-series
(1961–2007) were available, which we analyzed for summer-
rainstorm magnitude–frequency relations. We checked the precipi-
tation data for plausibility according to quality-control measures
introduced by Einfalt andMichaelides (2008) and excluded unreliable
values from subsequent analyses. Further details on the data location
and quality are given in Table A1. The probability density function
(PDF) of daily monsoonal rainfall events can be characterized by a
gamma distribution (May, 2004). We used the corresponding
cumulative density function (CDF) to assess the fraction of total
summer rainfall delivered by heavy rainstorms. The magnitude–
frequency analysis of maximum summer rainfall days plots the
ranked daily rainstorm amounts against their recurrence intervals,
which represent the time span between two successive rainfall days
of that particular magnitude at that weather station. Gumbel (1958)
defined the recurrence interval as:

ri = ðn + 1Þ= r ð1Þ

where ri is the recurrence interval, n is the length of the time-series
and r is the ranking number of the event.

We consider the precipitation during the summer (May–October)
as predominantly monsoonal in origin, and precipitation during the
winter (November–April) as mainly derived from winter westerlies.
In the spatial domain we distinguish between the orogenic interior
and front of the mountain range. The orogenic interior is located
entirely in the lee (∼northeast) of the main orographic barrier and is
characterized by high elevations at the river level, i.e., N2 km asl, a
high degree of glaciation, low summer precipitation (b0.4 m), and
sparse to no vegetation. The orogenic front represents areas that are
located southwest of the main orographic barrier and are character-
ized by high summer rainfall (N0.4 m), various dense vegetation
types, and a low degree of glaciation.

To decipher the impact of precipitation on fluvial sediment flux
within the orogenic interior, we analyzed daily river discharge and
suspended sediment concentration (SSC) from 2004 to 2008 of the
Baspa River, the second largest tributary of the Sutlej River. These data
were provided by the Baspa-II hydropower station of JayPee Group
and sampled at the location of Sangla (Fig. 1: label 8). The SSC values
represent the daily average of four filtered and weighed water
samples. River discharge is measured once daily, based on a stage-
discharge rating curve, which is recalculated each year due to scour-
and-fill of the channel bed. We assume a 20% uncertainty in these
Table 1
Ten-year average precipitation and intense precipitation days in the Northwest Himalaya (Hi
were included in this analysis (orogenic front n=41, interior n=10). We defined storm thr
10% of the cumulative distribution function of precipitation (see Fig. 4). Storm days, magnit
threshold, their cumulative precipitation, and the percent of average storm magnitudes on
function of summer rainfall and its respective proportion of total summer precipitation
interseasonal variations in precipitation, which are most pronounced in the orogenic interi

Precipitation 10% tail of th

Magnitude
(mm/season)

Days
(#)

storm thresh
(mm/day)

Orogenic front
Summer 977±182 53±6 44±6
Winter 252±71 20±5 30±6

Orogenic interior
Summer 268±128 39±7 16±7
Winter 354±106 31±6 27±5
data, which arises from (1) changes of the river cross-section caused
by scour-and-fill during high discharges and (2) near-shoreline
sampling of the SSC data that underestimates the average SSC. To
estimate bedload contributions, we analyzed sedimentation rates in
the sedimentation reservoir before the water enters the hydropower
tunnel. Based on its large initial storage capacity (1.38×10−3 km3),
we assume that the majority of the Baspa bedload flux is captured in
the reservoir over a ∼500 m-long and 300 m-wide area, about 2 km
downstream of Sangla. The sedimentation rates were derived from
three depth soundings of the hydropower reservoir in January 2003,
October 2004, and April 2007. Flushing of the reservoir took place
during a flood from the 5th to 10th of July, which excavated ap-
proximately 80% of the reservoir fill (D. P. Goel, Senior General
Manager of the Baspa-II hydropower station, personal communica-
tion, September 11, 2008). Additional daily SSC measurements
downstream of the reservoir allow us to account for accumulation
of suspended sediment in the reservoir due to reduced flow velocities.
The confidence interval for mean values throughout this study is ±1σ.

4. Results

4.1. Precipitation gradients

At the orogenic front, summer precipitation accounts, on average,
for 79±6% (0.98±0.18 m/summer) of the mean annual precipitation
(1.23 m/year), while winter precipitation in these low-elevation areas
is only 21±6% (0.25±0.07 m/winter). In contrast, the orogenic
interior receives on average 42±14% (0.27±0.13 m/summer) of its
mean annual precipitation (0.62 m/year) during summer and 58±
14% (0.35±0.11 m/winter) during winter (Table 1). These pro-
nounced regional distinctions in precipitation during both seasons
are illustrated in more detail by the distribution of mean monthly
precipitation (Fig. 2). The most pronounced precipitation gradient
occurs during summer, when monsoonal rainfall decreases by more
than one order of magnitude within 100 km. Mean summer rainfall
magnitudes of up to 2.5 m at high relief sites at the orogenic front
decrease sharply to ∼0.3 m leeward of the main orographic barrier
and reach values of ∼0.1 m in the Spiti Valley, 30 km northeast of the
orographic barrier (Fig. 1). This negative orogenward precipitation
gradient is reversed during winter, when precipitation increases
gradually from ∼0.2 m over lower elevations (∼0.5 km asl) at the
orogenic front to ∼0.4 m over high elevations (∼3 km) in the orogenic
interior. As a result, snow water equivalent (SWE) as well as the
winter fraction of the annual precipitation increases linearly with
elevation (Fig. 3). Weather stations in valley locations within the
orogenic interior (Fig. 1: labels a–c), which are shielded by high relief,
are less representative, as these are characterized by lowmean annual
SWE (b0.1 m) irrespective of their elevation (Fig. 3).
machal Pradesh, India). Only weather stations with aminimum of four continuous years
esholds for each station by the respective daily precipitation amount of the uppermost
udes, and percentages represent the seasonal average number of storms exceeding the
the average precipitation magnitude, respectively. The entire cumulative distribution
are shown in Fig. 4. The given standard deviation (±1σ) indicates the significant
or.

e precipitation probability distribution (storms)

old Days
(#)

Magnitudes
(mm/days)

Percentages
(%)

6.0±0.6 393±64 40±2
2.6±0.5 97±27 39±3

4.6±0.7 121±77 44±7
3.8±0.8 140±44 40±4



Fig. 2. Average monthly precipitation from 1998 to 2007 of weather stations in the
orogenic interior and front. Precipitation during the winter season (November–April)
derives predominantly from the winter westerlies, whereas most summer precipitation
(May–October) derives from the Indian SummerMonsoon. The error bars represent the
annual standard deviation (±1σ) of the monthly precipitation mean.
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4.2. Precipitation intensity and variability

Frequency analyses of the 10-year precipitation data show that
duringboth seasonsand inboth regions themost intense 10% and20%of
the probability distribution of all precipitation days account for
approximately 40% and 60% of the total seasonal precipitation, re-
spectively (Fig. 4). For example, ∼40% of the summer rainfall is derived
fromonly4–6high-magnitude rainfall days throughout thewhole study
area (Table 1). Total precipitation during both seasons, in particular
within the orogenic interior, is characterized by large interseasonal
variations. To verify this regional contrast in summer rainfall variations
we analyzed a 40-year precipitation time-series from nine stations in
theorogenic interior andat the front (Fig. 1: labels 1–9). In thesedatawe
Fig. 3. (A): Relation of snow water equivalent (SWE) and elevation. Annually measured min
variations we excluded data from two locations with less than three continuous years (d of F
Spiti confluence which are characterized by unrepresentative low annual precipitation. T
determination (r2=0.65) with the following linear model: y=0.24* x−0.42. (B): Fraction
stations with less than four continuous years to account for high annual variations. The robus
both figures the robust correlation was weighted by the number of measurement years and
observe an increase in interseasonal summer-rainstorm variabilitywith
elevation. Themagnitude–frequency distribution of maximum summer
rainfall days reveals that the rate of increase in storm magnitude with
respect to return time is higher in the orogenic interior than at the
orogenic front (Fig. 5). As a result, themagnitudeof a 2-year rainstorm is
3.8 times smaller in the interior region than compared to the frontal
region, whereas the 20-year rainstorm is only 1.9 times smaller.
Furthermore, 10-year peak rainstorms in the orogenic interior are
comparable in strength to annual peak rainstorms at the orogenic front.
4.3. Case study: Rainfall and erosion in the Baspa Valley

The Baspa River is the second largest tributary of the Sutlej (Fig. 1).
Its 1102-km2 catchment is situated in the orogenic interior and
glaciers cover 20% of the catchment area. Based on the Shuttle Radar
Topographic Mission (SRTM) Version 2 topographic data with a 90-m
grid-cell size, the hillslopes of the Baspa valley are on average 27°
steep and basin elevations range from 1.8 to 6.4 km. Three valley-
weather stations in Sangla (2.7 km asl), Rakchham (3.1 km), and
Chhitkul (3.4 km) indicate 0.31±0.06 m mean summer precipitation
and 0.37±0.13 m mean winter precipitation. Throughout the year,
precipitation increases with elevation at a rate of ∼0.12 m/km. River
discharge and suspended sediment concentrations start to rise in
April/May due to snow and glacier melt, and peak in July/August due
to additional monsoonal rainfall. Low-flow conditions are regained by
mid- to late October. Due to low river transport capacities and
suspended sediment concentrations during winter, more than 99% of
the fluvial sediment transport takes place during summer (Table 2).

Daily SSC correlate by a power-lawwith daily river discharge (Q) as
described by the sediment rating curve (Campbell and Bauder, 1940):
SSC [g l−1]=3.8×10− 4 [g l−1 s m− 3]×Q1.6 [m3 s−1], r2=0.77
(Fig. 6). This correlation suggests increased reworking of sediment
storage in the riverbed as the river discharge increases. A clockwise
hysteresis loop in the suspended sediment flux is weakly pronounced
and indicates slightly more suspended sediment transport on the
rising limb of the hydrograph (May, June) than on the falling limb
(September, October) for a given discharge. Within the 5-year SSC
record we identified eight peak events with anomalously high
suspended sediment concentrations (SSCN2 g l–1), which are
imum SWE values above 5 km are taken fromWagnon et al. (2007). Due to high annual
ig. 1), as well as three orographically shielded valley stations (a–c of Fig. 1) at the Sutlej–
hese three stations (a–c of Fig. 1) affect the regression by a reduced coefficient of
of winter precipitation on annual precipitation vs. elevation. We excluded data from
t linear fit implies an increasing dominance of winter precipitation in high elevations. In
error bars reflect ±1σ.



Fig. 4. Percentage of the cumulative distribution function of summer rainfall, its
respective proportion of total summer precipitation, and the rainfall days, which
account for these fractions in the orogenic interior and the orogenic front. Two sketches
on the gamma probability density function (PDF) of summer rainfall and the
corresponding cumulative distribution function (CDF) illustrate the derivation of the
x- and y-variables using the example of the 20% heaviest rainfall days, which account
for approximately 60% of the total summer precipitation. In both regions, only a few
rainfall days account for large proportions of the summer precipitation budget. Precise
numbers for the case of the 10% heaviest precipitation days are given in Table 1.

Fig. 5.Maximum daily summer precipitation at the orogenic front (open symbols, 1–4)
and at the orogenic interior (filled symbols, 5–9), see Fig. 1 for locations. Data cover the
period 1961–2007; years with missing data were excluded. The trend lines represent a
power-law fit to all data within a recurrence interval of 2 to 20 years in both spatial
regions. The coefficient of determination (r2) represents the mean fit of individual
station correlations within each region. The orogenic interior shows a steeper increase
in recurrence interval with respect to rainfall rate that indicates a higher intensity
variation of rainstorms as compared to the orogenic front.
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characterized by large residuals from the sediment rating curve. These
eight peak SSC events lasted for 1–5 days and occurred almost
exclusively during June to August (Fig. 7). In total, they account for
62% (3×106 t) of the total 5-year suspended sediment load. The two
most prominent of these eight events (starting 5th July 2005 and 11th
August 2007) coincided with several day-long and extensive mon-
soonal rainstorms and account for 50% (2.4×106 t) of the total 5-year
suspended sediment load. Maximum daily rainfall in the Baspa Valley
during these two events (1st and 7th events in Fig. 7) amounted to
54 mm and 35 mm, respectively. Based on the magnitude–frequency
relation ofmaximumsummer rainstorms in the orogenic interior, such
daily rainstorms re-occur at intervals of 3 to 5 years (Fig. 5). Additional
analyses of all 80 weather stations in Himachal Pradesh reveal that
these two storms were characterized by a large spatial extent
(N100 km), lasted 2–3 days in most records, and migrated from the
orogenic front across the main orographic barrier into the orogenic
interior. The 10-year record indicates that 17 such rainstormsoccurred
at the orogenic front, but only ten reached the orogenic interior.

An example of the hillslope processes that took place during the
first event, starting on 5th July 2005, is a 2.5×105-m3 landslide, which
occurred 4 km downstream of Sangla (Fig. 1: label 8) and is therefore
not included in our SSC data. On 5th July 2005 the rainstorm mag-
nitude in Sangla culminated with 41 mm day–1 and triggered slope
failure along a 0.5 km reach (Fig. 8). The landslide eroded parts of a
fan, which was covered by sparse vegetation and subject to previous
slope failures, as indicated by its morphology. The only road to Sangla
and into upstream villages crossed this landslide area and was
subsequently cut off. Access to the Baspa Valley was inhibited for
3 months (Sandhu, 2005; Sharma, 2006).
We estimate modern erosion rates in the Baspa Valley by ac-
counting for suspended sediment load (SSL) and bedload flux. The
average erosion rate derived from suspended sediment load, ESSL, is
calculated according to

ESSL = ðρ× AÞ−1 × ΣiðSSCi × QiÞ ð2Þ

where SSCi is the mean daily suspended sediment concentration, Qi is
the daily Baspa river discharge, ρ is the density of the suspended
sediment (1.4 t m-3), and A is the drainage area (989 km2) of the
Sangla sub-catchment. We estimate bedload contributions based on
reservoir sedimentation rates of the hydropower plant within the
Baspa valley (Table 3). The two periods analyzed (1st period: Jan 2003
to Oct 2004; 2nd period: Oct 2004 to Apr 2007) exhibit large
differences, which are mostly related to the occurrence of high SSC
events during the second period. For example, during the flood in June
2005 the high SSC increased the daily SSL by a factor of 19.3, whereas
river discharge, which controls the quantity of bedload transport,
increased only by a factor of 1.3. Thus, high SSC events increase the SSL
several times more than bedload, which consequently increases the
SSL–bedload-ratio. Since high SSC events occurred frequently from
2005 onwards, we assume that the approximate 2:1 SSL–bedload-
ratio of the second period is a reliable estimate for the entire 5-year
SSL time-series (2004–2008). The average modern erosion rate of the
Baspa River based on SSL and bedload from 2004 to 2008 is 1.05±
0.8 m year–1 (Table 2). The pronounced variability relates in large part
to the occurrence of peak SSC events, which vary strongly in
magnitude. For example, the two most prominent peak events (1st
and 7th events in Fig. 7) account for 61% and 77% of the high annual
SSL in 2005 and 2007, which translate into 0.67 mm/5 days and
1.09 mm/4 days erosion rates, respectively (Table 2).

http://www.tribuneindia.com/2005/20050910/himachal.htm#4


Table 2
Annual suspended sediment load, runoff, and erosion rates of the Baspa catchment from 2004 to 2008. Suspended sediment load during summer accounts for N99% of the annual
budget. Peak SSC events, as shown in Fig. 7, account for large fractions of the annual suspended sediment load budget and high erosion rates. Annual runoff reflects variations in
annual precipitation and temperatures. Annual erosion rates, which account for suspended sediment load and bedload, vary significantly due to varying magnitudes of peak SSC
events.

Year Suspended sediment load (SSL) Runoff Modern erosion rate

Annual Summer Summer/annual Peak SSL/annual Peak SSL erosion Annual SSL Bedload
(2:1 ratio)

Combined load

105 t 105 t % % mm/events m/year mm/year mm/year mm/year

2004 2.06 2.05 99.6 0.0 0.00 0.83 0.15 0.07 0.22
2005 15.27 15.24 99.8 63.0 0.67 1.37 1.10 0.55 1.65
2006 5.12 5.07 99.0 35.6 0.13 1.24 0.37 0.18 0.55
2007 19.60 19.56 99.8 81.3 1.15 1.07 1.42 0.71 2.12
2008 6.22 6.21 99.7 48.2 0.21 0.92 0.45 0.22 0.67
Mean 9.65 9.62 99.6 45.6 0.43 1.09 0.70 0.35 1.05
Std 7.43 7.42 0.3 30.7 0.47 0.22 0.54 0.27 0.80
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5. Discussion

Our analysis shows that the spatially and temporally varying
moisture fluxes have very different effects on the hydrologic and
erosional regime of the Baspa Valley. In the high-elevation areas of the
orogenic interior, winter snowfall is higher than summer rainfall and
thus leads to significant glacial accumulation. Studies by Bookhagen and
Burbank (submitted for publication) and Singh and Jain (2002) show
that snow and ice melt during summer contribute significantly (N50%)
to river discharge in the Sutlej Valley but high-magnitude/low-
frequency monsoonal rainstorms dominate our historic short-term
records of fluvial sediment flux. Similar observations on extreme events
have been made in other semi-arid to arid mountainous environments
(Wolman and Miller, 1960; Coppus and Imeson, 2002). The rare
occurrence of these events in the orogenic interior implies that reliable
estimates of mean erosion rates derived from SSC data need to be based
on longer observation periods as compared to the orogenic front (cf.
Gabet et al., 2008).

In frontal regions, intensemonsoonal rainfall accounts for vigorous
fluvial incision and mass wasting on an annual basis (e.g. Gabet et al.,
2004; Craddock et al., 2007; Burtin et al., in review). The large spatial
Fig. 6. Sediment rating curve of the Baspa River showing suspended sediment
concentration (SSC) as a function of daily river discharge (Q). Events with anomalously
high SSC values (N2 g l–1) are analyzed further and shown in Fig. 7. SSC variance is
typically of the order of two magnitudes for a given discharge level due to annually
varying sediment availability, seasonal hysteresis effects, and sudden sediment delivery
events caused by landslides, snow avalanches or glacial sediment discharges. Note that
the rating curve underestimates sediment flux as it does not capture the peak SSC
events adequately. The power-law fit is based on the least square method.
extent (N100 km) andduration (N2 days) of the two intense rainstorm
events that triggered vast sediment discharges in the Baspa Valley is
characteristic for synoptic-scale rainstorms, which intrude far into the
interior of the orogen and are, therefore, different from typically more
localized convective rainfall events (Barros et al., 2004).We argue that
such extensive rainstorms are able to mobilize large amounts of
sediment material in the orogenic interior, which is characterized by
steep vegetation-free hillslopes and numerous bare alluvial fans that
provide readily erodible sediment sources. Indeed, a study by Book-
hagen et al. (2005a) shows that during an abnormally strong rainfall
year in 2002, erosion on non-vegetated hillslopes mostly occurred
through debris flows.

We found that maximum annual rainstorm events in the orogenic
interior exhibit strong variations in rainfall intensity (Fig. 5). This
implies that peak erosional events, which are linked to heavy rainstorm
events, also undergo large variations, as reflected by the large deviations
in annual suspended sediment flux (Table 2). Precipitation data from
the central Himalaya, suggest similar differences in the variability of
monsoonal storm intensity between the orogenic interior and the
orogenic front (Craddock et al., 2007). This regional contrast in
monsoonal storm variability between frontal and interior regions
throughout the Himalaya is presumably related to the main orograph-
ic barrier. In a similar setting further west in the Karakoram, rare
occurrences of summer monsoon rainfall far behind the main
orographic barrier have been associated by Weiers (1995) to the
coincidence of monsoonal depressions with southerly air flows at the
500 hPa level. This synoptic configuration during summer is givenwhen
troughs in the upper tropospheric westerly jet are located above the
Hindu Kush–Pamir region and divert the westerlies southwards
(Weiers, 1995). However, the interaction of westerly airflow and
monsoonal depressions, which leads to large annual variations in
rainstorm magnitude, is restricted to the western end of the Himalaya.

Slope failure induced by significant monsoonal rainstorms is a
common phenomenon in the orogenic interior, as documented by
Bookhagen et al. (2005a) and witnessed by the authors in the years
2002, 2005, 2007 and 2009. Based on these observations, we deduce
that heavy monsoonal rainfalls triggered two of the eight peak SSC
events and infer that these were linked with hillslope processes as
shown in Fig. 8. During the remaining six peak SSC events the
recorded daily rainfall amounts in the Baspa Valley were moderate to
low (Fig. 7) and no earthquakes occurred in the region. It is likely that
rainfall amounts in the valley locations underestimate the rainfall at
higher elevations and that convective monsoonal rainstorms vary
considerably in intensity within short distances (Barros et al., 2006).
Antecedent moisture may also increase the regolith field capacity
such that moderate rainfall amounts produce positive pore pressures,
which reduce slope stabilities (Gabet et al., 2004). Alternatively,
transiently stored sediments in the riverbed could have been
remobilized due to increased discharge by snow and glacial melt.



Fig. 7. Days with suspended sediment concentration (SSC) ≥2 g l–1 in the Baspa River. Daily rainfall represents the mean of three stations in the Baspa Valley, 17 in the orogenic
interior, and 63 at the orogenic front. Note the coincidence of heavy precipitation, lasting for 2–3 days, and the two most significant SSC events (1st and 7th events).
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Most notably here is the effect of rain-on-snow, which results in
rapidly rising river discharges that occasionally reach flood levels
(Singh et al., 1997; McCabe et al., 2007). In addition, Gabet et al.
(2008) also found a dependence of high sediment flux on high tem-
peratures during the absence of rainfall in July and August and suggest
a sub-glacial origin as a potential sediment source.

Ourmodern erosion rate estimates, based on SSL and bedload data,
reflect the erosion of fluvial sediment storage and possibly include
sediments from hillslope erosion, which is suggested by the rapid
increase in SSC levels of more than one magnitude during the two
major rainstorm events. Thismodern erosion rate does not necessarily
reflect the average catchment-wide erosion, as the river could be in a
stage of aggradation or incision and thus under- or over-represent the
amount of erosion. Furthermore, we acknowledge that our estimated
bedload rates, which were derived from reservoir sedimentation
rates, contain interpolated SSL data and missing bedload flux due to
the reservoir flushing during the flood in July 2005. However, the
bedload component of the sedimentary flux in Alpine rivers is typ-
ically difficult to measure (Leopold and Emmett, 1976). Given the
scarce bedload data from the Himalaya, we rely on these locally
derived estimates. The applied 2:1 SSL–bedload-ratio is also consis-
tent with mapped lacustrine (SSL) and deltaic (bedload) deposits
from a mid-Holocene landslide-dammed lake in the upper Marsyandi
Fig. 8. Landslide area in the Baspa Valley 4 km downstream of Sangla shown by Advanced Sp
event (5th July 2005).
catchment, a similar environment in the central Himalaya (Pratt-
Sitaula et al., 2007). Nevertheless, this ratio might underestimate the
real bedload, as Galy and France-Lanord (2001) suggest that bedload
fluxes in the Himalayas may be of the same magnitude as suspended
sediment fluxes. If this were the case for the Baspa Valley, the modern
erosion rate increases by 33% to ∼1.4 mm year–1.

Gabet et al. (2008) analyzed modern mean erosion rates from
individual catchments in the Marsyandi Valley in the central
Himalaya, which range from 0.1±0.1 to 2.0±0.6 mm year–1, and
found an increase in modern erosion rates with increasing average
monsoonal rainfall amounts. Tributary catchments from the Mar-
syandi region, which are comparable to the Baspa Valley, show lower
mean erosion rates (0.5±0.3 mm year–1), as those catchments are
characterized by less annual runoff and moderate magnitudes of peak
SSC events (Gabet et al., 2008). To evaluate the impact of monsoonal
precipitation on erosion rates within a 104-year time-scale, we
compare our modern estimate (1.05±0.8 mm year–1) with Holocene
erosion yields in the context of varying monsoonal strength.
Volumetric analyses of lake sediments behind an early to mid-
Holocene landslide deposit in the Baspa Valley indicate upstream
erosion yields of 4.3±0.4 mm year–1, about four times higher than
present-day average yields (Bookhagen et al., 2005b). This period was
characterized by intensified monsoon rainfalls and highlights the
aceborne Thermal Emission Reflection Radiometer (ASTER) images before and after the



Table 3
Estimation of the Baspa River bedload. The reservoir sedimentation volumes were derived from depth soundings. We converted these volumes into mass by assuming a reservoir fill
bulk density of 2 t m–3. On average, 14% of suspended sediment load influx during summer accumulates in the reservoir due to reduced flow velocities. The suspended sediment–
bedload-ratio differs considerably, which is in large part due to peak SSC events that occurred during the second period. We consider both SSL–bedload ratios as end members of a
possible range. It is likely that the SSL during the first period would further increase, due to increased river discharge following pronounced snowfall during the winter 2002/03
(0.5 m SWE in Chhitkul at 3.4 km asl). During the second period, the bedload component is underestimated, as bedload was not captured during the flood in July 2005.

Period Reservoir accumulation Reservoir accumulation Reservoir SSL Reservoir bedload River SSL SSL/bedload Bedload/combined load

105 m3 105 t 105 t 105 t 105 t Ratio %

Jan 2003–Oct 2004 7.2 14.4 0.8 13.6 5.8a 1:2.3 70
Oct 2004–Apr 2007 5.3b 10.6 1.5 9.0c 20.4 2.3:1 31

a SSL was not recorded between Jan–Jul 2003 and is replaced by an average SSL amount from 2004–2008 (excluding all peak SSC events during that period).
b We accounted for an estimated reservoir–fill excarvation of 80% (personal communication, D.P. Goel) due to reservoir flushing during the flood from 5th to 10th July 2005.
c Bedload flux during the flood (5th–10th July 2005) is not included.
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susceptibility of semi-arid regions behind the orographic barrier to
millennial-scale monsoonal strength variations.
6. Conclusions

Precipitation data from 80 weather stations from the western
Himalaya reveal that summer precipitation from May to October
accounts for ∼80% of the mean annual precipitation at the orogenic
front, whereas winter precipitation from November to April accounts
for ∼60% of the annual budget in the orogenic interior. Although 40%
of summer precipitation falls during 4–6 rainstorm events in both
regions, rainstorm intensity in the orogenic interior varies consider-
ably more than at the orogenic front. Analysis of a 40-year time-series
indicates that on average, peak rainfall magnitudes vary significantly
more between years in the orogenic interior than at the front. Not
surprisingly, these rainstorm events have a large impact on sediment
flux: during a 5-year period the two highest suspended sediment load
(SSL) events lasted a total of nine days and accounted for ∼50% of the
total suspended sediment flux of the Baspa Valley. These high SSL
events coincide with extensive, synoptic-scale rainstorms that last on
average for 2–3 days. Such peak erosional events, which re-occur at
intervals of 3 to 5 years, account for large variations of modern erosion
rates in the Baspa Valley (1.05±0.8 mm year–1). Thus, despite the
great importance of winter westerly-derivedmoisture for glaciers and
river discharge in the orogenic interior, sporadic heavy monsoonal
rainstorms dominate the fluvial sediment flux.
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