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[1] Pronounced rainfall gradients combined with spatially uniform exhumation of rocks at
Quaternary timescales and uniform rock strength make the upper Marsyandi River valley
in central Nepal a useful natural laboratory in which to explore variations in bedrock
channel width. We focus on small catchments (0.6—12.4 km?) along a more than tenfold
gradient in monsoon rainfall. Rainfall data are gathered from a dense weather network and
calibrated satellite observations, the pattern of Quaternary exhumation is inferred from
apatite fission track cooling ages, and rock compressive strength is measured in the field.
Bedrock channel widths, surveyed at high scour indicators, scale as a power law function
of discharge (w av Q%*%%%%) that is estimated by combining rainfall data with 90-m
digital topography. The results suggest that power law width scaling models apply (1) to
regions with pronounced rainfall gradients, (2) to tributary catchments distributed across a
climatically diverse region, and (3) to large, rapidly denuding orogens. An analysis of
rainfall data indicates that the regional gradient of rainfall during storms that drive erosive
discharge events is about half as large as the gradient of seasonal rainfall across the
same area. Finally, numerical models in which the maximum rainfall is displaced
significantly downstream from the headwaters predict a midcatchment zone of relatively
rapid decreases in channel gradient and increases in channel concavity that are driven by
locally enhanced discharge. Because differential rock uplift can produce analogous
changes in gradients, the influence of rainfall gradients should be assessed before tectonic

inferences are drawn.

Citation: Craddock, W. H., D. W. Burbank, B. Bookhagen, and E. J. Gabet (2007), Bedrock channel geometry along an orographic
rainfall gradient in the upper Marsyandi River valley in central Nepal, J. Geophys. Res., 112, F03007, doi:10.1029/2006JF000589.

1. Introduction

[2] Observations of concurrent late Cenozoic climate
change and uplift of rocks across the globe inspired a debate
about whether rock uplift led to climate change or vice versa
[Molnar and England, 1990; Raymo and Ruddiman, 1992].
The debates soon gave way to modeling studies investigat-
ing geodynamic and surface-process coupling [Howard et
al., 1994; Small and Anderson, 1995; Kooi and Beaumont,
1996; Willett, 1999]. Within the last 5 years, several
empirical studies have attempted to test some of the
predictions of coupled geodynamic-surface process models
[Burbank et al., 2003; Dadson et al., 2003; Reiners et al.,
2003; Wobus et al., 2003, 2005]. Mountain river networks
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play an integral role in coupling surface processes to geo-
dynamics because they route water, delivered as precipita-
tion, through a landscape, erode bedrock, and redistribute
sediment [Howard et al., 1994]. Over geologic timescales
(10°~10% years), the removal of mass from the top of
actively deforming orogens alters the distribution of stress
across the range [Willett, 1999]. Moreover, rivers set the
local base level of erosion for adjacent hillslopes, thereby
modulating hillslope angles and stability. In rapidly denud-
ing landscapes, the rate of river lowering dictates the overall
rate of hillslope erosion [Burbank, 2002]. Consequently,
knowledge of the characteristics, controls, and processes of
mountain river systems underpins understanding of land-
scape evolution [Whipple, 2004].

[3] In this study, we combine meteorological records
from the Marsyandi valley in Nepal, detailed measurements
of bedrock channel width, and numerical models in order to
address three problems concerning the geometry of moun-
tain river channels and the evolution of rapidly denuding
orogenic landscapes characterized by pronounced rainfall
gradients. First, we examine spatial changes in bedrock
channel width across a more than tenfold rainfall gradient.
Most recent studies that assessed the width of bedrock
channels as a function of discharge [Montgomery and Gran,
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2001; Snyder et al., 2003a; Duvall et al., 2004; Wohl et al.,
2004] did so in regions with subdued or poorly known
spatial gradients in rainfall. With a focus on small tributary
catchments, we find systematic, discharge-related changes
in width, such that narrower channels in drier areas effec-
tively focus the erosive power of rivers onto a smaller area
of the channel bed, tending to increase the rate of vertical
fluvial incision.

[4] Second, in the context of a simple stream power
model, we compare spatial patterns of erosion driven by
(1) individual storms and (2) rainfall averaged over several
years. The pronounced gradient in annual monsoon rainfall
across the Marsyandi valley has led past researchers to
predict corresponding large gradients in erosion rates
[Burbank et al., 2003]. Given that moderate to large floods
generally do the bulk of the geomorphic work [e.g., Leopold
and Maddock, 1953], spatial gradients in the magnitude and
frequency of such large events are more likely than average
seasonal rainfall to control landscape evolution [e.g., Gabet
and Dunne, 2003]. Thus the erosion of a landscape should
be set by the distribution of large storms and not average
rainfall. Nonetheless, in many studies of mountainous
regions for which climatic data are available, annual or
seasonal averages are used to characterize spatial variations
in rainfall [e.g., Reiners et al., 2003] and hence both
discharge and stream power. In this study, we use rainfall
records, typically 5 or 6 years long, with half hourly data at
18 sites from the Marsyandi valley to investigate the
distribution of rainfall during storms in the central
Himalaya. We show that, during 5-day storms that recur
1-5 times per year, spatial gradients in rainfall are about
half as large as those found for average monsoon rainfall.
This difference suggests that apparent contrasts across the
Himalaya in predicted erosion as a function of stream power
are not as great as previously described [e.g., Burbank et al.,
2003].

[5] Third, we examine the theoretical impact on longitu-
dinal river profiles of a rainfall maximum that is displaced
significantly downstream of the catchment headwaters.
Previous work has explored river longitudinal profiles in
the context of rainfall that either increases or decreases
toward the headwaters of catchment [Roe et al., 2002,
2003]. In large orogens, rainfall maxima tend to correlate
with thresholds in topographic relief and can be displaced
many kilometers upwind of drainage divides [Roe et al.,
2003; Anders et al., 2006; Bookhagen and Burbank, 2006].
Using idealized catchments and rainfall distributions from
the Himalaya, we predict a rapid decrease in the slope of the
trunk stream in and around the zone of maximum precip-
itation. Whereas such a trend might be interpreted to result
from differential rock uplift or variations in rock strength
[Snyder et al., 2000; Kirby et al., 2003; Duvall et al., 2004],
our results show that these changes can also derive solely
from rainfall gradients.

2. Marsyandi Valley Field Area

[6] The Marsyandi River is a transverse river that flows
perpendicular to the strike of the Himalaya (Figure 1). The
headwaters are located on the southern margin of the
Tibetan Plateau, which is composed of Paleozoic and
Mesozoic sedimentary rocks and low-grade metasedimen-
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tary rocks [Hodges et al., 1996; Searle and Godin, 2003]
(Figure la). Downstream, the river crosses two strands of
the South Tibetan Detachment Fault (STD): one which is
represented by the Chame Detachment and the other by the
Phu Detachment (PD) in the eastern part of the study area
(Figure 1a). The latter circumscribes a large portion of the
Nar drainage basin [Searle and Godin, 2003] (Figure 1b).
After crossing the STD, the Marsyandi cuts the Proterozoic
and lower Paleozoic Greater Himalayan Sequence (GHS)
and is flanked to either side by 8000-m peaks. The GHS is
subdivided into three units: the lowest unit, Formation I, is a
micaceous gneiss; the middle unit, Formation II, is a
calcareous gneiss; and the highest unit, Formation III; is
an augen gneiss [Searle and Godin, 2003]. Finally, after
crossing the Main Central Thrust (MCT), the Marsyandi
flows through the Lesser Himalayan Sequence (LHS) and
then joins the Trisuli River. The MCT was originally
mapped on the basis of lithologic and metamorphic facies
criteria [Colchen et al., 1986]. In the Marsyandi region, the
Main Central Thrust was active from the Oligocene to the
Miocene [Searle and Godin, 2003]. Subsequently, major
thrusting was transferred into the Lesser Himalaya in the
middle to late Miocene. Geomorphic, structural, and ther-
mochronologic evidence, however, suggest Quaternary de-
formation on the Main Central Thrust [Huntington et al.
2006; Blythe et al., 2007] and in its proximal footwall
[Wobus et al., 2003, 2005; Hodges et al., 2004]. Evidence
for post-Miocene deformation has prompted some to define
a second, more southerly Main Central Thrust II (Figure 1b)
[Searle and Godin, 2003]. Diverse and highly fractured
metasedimentary rocks crop out in the LHS, dominantly
schist and quartzite. Apatite fission track (AFT) cooling
ages [Burbank et al., 2003; Blythe et al., 2007] have been
interpreted to reflect rapid and generally spatially uniform
rates of exhumation during the last 1 Ma from the MCT to
the Phu Detachment (Figure 2b). Increasingly old AFT ages
are found to the south of the MCT (Figure 2b).

[7] A weather network consisting of 18 stations measur-
ing rainfall half hourly was in place from 1999 to 2003 with
more limited data from 2004 in and near the Marsyandi
drainage basin [Barros et al., 2000]. Roughly three quarters
of the total annual rainfall at any given station falls during
the monsoon. Limited data suggest that rainfall totals in the
southern margin of the study area are ~1.0 m during the
summer monsoon months (June—September) (Figure 2c).
As moist air is orographically lifted at the High Himalayan
topographic front, mean annual monsoon rainfall abruptly
increases to ~3.5 m at an average elevation of ~2000—
3000 m. A key feature of the orographic gradient is that the
rainfall maximum is offset to the south of the crest of the
Himalaya by ~15 km (Figure 2c). North of the rainfall
maximum, rainfall steadily decreases to ~0.3 m per mon-
soon. Thus monsoon rainfall totals decrease by over an
order of magnitude over ~30 km distance. If the fission
track ages across the Greater Himalaya [Blythe et al., 2007]
can be viewed as a proxy for long-term erosion rates, then
the absence of a significant south-to-north gradient in
cooling ages stands in sharp contrast to the pronounced
rainfall gradient across the same area (Figure 2). This
apparent decoupling of patterns of modern rainfall from
gradients in long-term erosion [Burbank et al., 2003] poses
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Figure 1.

(a) Geologic map of Annapurna region after Brewer et al. [2006] and Searle and Godin

[2003]. Study area shown in box. PD, Phu Detachment; CD, Chame Detachment; MCT, Main Central
Thrust. (b) Marsyandi catchment with locations of weather stations (stars), channel width measurement
sites (boxes), and rock strength measurement sites (circles). Numbers inside black circles/white boxes
indicate the number of rock strength measurement sites/channel width measurement sites in the area. Nar,
Khudi, and upper Marsyandi catchment and the towns of Khudi and Chame are shown.

a challenge to models and interpretations in which rainfall
and erosion rates are correlated [e.g., Reiners et al., 2003].

[s] A network of 10 stream gauges provides water
discharge data along the Marsyandi and for a few tributar-
ies. For most of the year, the discharge at each station is low.
Discharge increases as the monsoon begins to intensify in
May, maximizes during the monsoon months of June—
September, and, beginning in October and November,
tapers to winter base flow levels. About 1—10 times during
the monsoon season, discharges >50% larger than mean
monsoon flows occur. Such events typically correspond to
consecutive rainy days. In relatively small catchments,
storms cause more pronounced discharge spikes than in
larger catchments.

[9] Numerous small catchments (<30 km?) drain the
slopes adjacent to the Marsyandi. Hillslopes throughout
the landscape are steepened to critical angles for failure
[Burbank et al., 1996] as indicated by abundant field
evidence of bedrock landslides [Gabet et al., 2004b] and
correlations of hillslope angles with rainfall amounts [Gabet
et al., 2004a]. On the basis of 90-m SRTM and DTED
digital elevation models (DEMs), an analysis of channel
segments >500 m long in 3—20 km? catchments demon-
strates that the channels are very steep, with reach-average
slopes commonly >0.35 m/m [Burbank et al., 2003]. The
channels are bedrock or mixed bedrock-alluvial, and at low

flow are most commonly mantled with a sediment veneer
ranging from sand to boulders. Whereas erosion at Quater-
nary timescales appears rather uniform across the breadth of
Greater Himalaya [Burbank et al., 2003], tributaries to this
stretch of the Marsyandi receive strikingly different
amounts of monsoon rainfall, making the upper Marsyandi
River valley an intriguing location, well suited for a study of
channel geometry along a climate gradient.

3. Erosion and Scaling in Bedrock Rivers

[10] In some natural settings, the suite of processes
responsible for eroding bedrock channels may be repre-
sented by models based on unit stream power [Howard et
al., 1994; Hancock et al., 1998; Whipple and Tucker, 1999;
Whipple et al., 2000]. In its simplest expression, the stream-
power model states that rates of bedrock river incision (E)
are linearly related to stream power per unit area of channel
bed using the following expression:

E = kpg0OS/w, (1)

where k is a coefficient related to the erodibility of the
substrate, p is the density of the water in the river channel, g
is gravitational acceleration, Q is the discharge of the
channel, S is the channel slope, and w is channel width. This
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Figure 2. Data for cross-Himalaya transect oriented 15°E through the study area. (a) Mean Schmidt
hammer measurements with 1o errors plotted against topography and main lithotectonic zones.
(b) Apatite fission track cooling ages [Blythe et al., 2007] plotted above maximum, minimum, and mean
topography along a 15° trend. (c) Mean annual monsoon rainfall (dots) plotted above maximum, mean,
and minimum topography along a 15° trend. Error bars on rainfall are 1o and greater error bars reflect
greater seasonal variations. GHS, Greater Himalayan Sequence; LHS, Lesser Himalayan Sequence; TSS,

Tibetan Sedimentary Series; PD, Phu Detachment.

model is often simplified by subsuming the constants, &, p,
and g into one constant, K, and by expressing w as a
function of Q [Leopold and Maddock, 1953]. By adding
exponents, m and n, to the discharge and slope terms
respectively, the assumption that river incision is related to
unit stream power can be relaxed, and the commonly
applied model for river incision is obtained,

E=KQ"S". ()

[11] In landscape-scale fluvial studies that are relevant to
orogenic evolution, several assumptions are typically
employed to facilitate estimates of the erosive role of rivers.
Width is assumed to scale as a power of discharge,

w = kab’ (3)
where k,, and b are empirical constants. In alluvial channels
and in varying climatic regimes, b is typically ~0.5
[Knighton, 1998, and references therein]. Because discharge
in individual rivers is poorly known in many landscape
studies, discharge is commonly expressed as a function of
upstream drainage area, 4, such that

Q = kch7 (4)
where k, and c are empirical constants. For drainage basins
with limited orographic effects and homogeneous vegeta-

tion, the value of c is assumed to be ~1, and &, is assumed
to be uniform on a regional scale, such that discharge and
drainage area are linearly related and roughly interchange-
able [Knighton, 1998; Snyder et al., 2003a]. Most recent
studies that assessed the width of bedrock channels as a
function of discharge [Montgomery and Gran, 2001; Snyder
et al., 2003a; Duvall et al., 2004; Wohl et al., 2004] did so
in regions with subdued or poorly known spatial gradients
in rainfall, such that it was reasonable and/or necessary to
use A4 as a proxy for Q. In individual, small drainage basins
(<15 km?), such as those studied here, orographic rainfall
gradients are commonly modest, and ¢ may be ~1.
However, k, cannot be the same for two nearby catchments
draining an equal area, but receiving strikingly different
amounts of rainfall. Moreover, in larger catchments draining
100s to 1000s km?® and displaying pronounced rainfall
gradients, the value of ¢ will depart from 1. Given the
reasonable expectation that drainage area and discharge are
not related linearly in the Himalaya and high-resolution
rainfall measurements, we compare width to discharge in
this study.

4. Methods
4.1. Field Methods

[12] The texture of an orogenic landscape requires that a
large portion of the total erosion occurs within small
drainage basins. Therefore river incision laws should be
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Table 1. Smallest and Largest Floods Likely to Set High Scour
Marks in the Marsyandi Valley®

Temang Danaque Khudi
Qs week, M*/day 480000 130000 6500000
Q2 year, m/day 670000 190000 17000000
Q3 week/QZ year 0.72 0.68 0.38
Q3 week JG/QZ vcaraz6 0.92 0.90 0.78

“The 3-week monsoon season and 2-year flood are used as estimates of
the smallest and largest events likely to set high scour marks in a channel.
The magnitude and channel width of the two floods are compared for three
rivers: the Temang Khola (19 km?), the Danaque Khola (6 km?), and the
Khudi Khola (130 km?).

calibrated to small basins. We restricted our channel-width
measurements to sites in tributary catchments draining
between 0.6 and 12.4 km?®. Following Montgomery and
Gran [2001], width measurements were made at the highest
level on the channel margin showing evidence of recent
scour, commonly indicated by vegetation trimlines, but also
by sediment trimlines, staining, and/or tool marks. A clear
indication of high scour and the nature of the bank were key
criteria for site selection. Although most measurements of
channel width were made at bedrock sites, some mixed
bedrock-alluvial sites were included if the bank material
appeared to be stationary on timescales much greater than
the mean annual flood. Thus, where boulders exceeded
~3 m diameter on one bank and the other wall was bedrock,
the channel was considered as a bedrock channel. At each of
71 sites, 3—4 channel width measurements were made with
a laser range finder and/or a tape measure. Width measure-
ments at a site were generally reproducible to within 10 cm.
At each site, 2—3 longitudinal river profiles were surveyed
along the water surface, usually over a distance of ~2-10
channel widths, such that each profile contains ~20-50
points and its upstream and downstream limits are defined
by breaks in channel slope. The survey points were pro-
jected onto a line and a linear regression was used to define
channel gradient. For a few sites, a hand inclinometer was
used to measure slope.

[13] In order to constrain spatial variations in rock
strength, rock compressive strength was quantified with a
Schmidt hammer on relatively unweathered bedrock surfa-
ces at channel-width sites and other outcrops, generally
steep cliff faces. Individual measurements returning values
<10 R probably indicate highly weathered or fractured rock
and were discarded. Consequently, intact, but weak rock
was not measured with this method. At each site, 40 mea-
surements were made at 10- to 20-cm intervals, along
4 transects containing 10 measurements each.

4.2. Uncertainty in Channel Width Measurements

[14] The validity of channel-width measurements is af-
fected by measurement error, along-channel width variabil-
ity, and uncertainties about the reference discharge. Given
that laser-ranger measurements are reproducible to ~10 cm
and channel width measurements were 1—10 m, we estimate
the measurement error to be <10% for a single cross-
channel profile. Given the diverse width-depth ratios of
mountain rivers [Montgomery and Buffington, 1997], we
tried to reduce uncertainties by avoiding pools, choosing
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reaches of relatively uniform width, and making replicate
measurements. The mean standard deviation for 3—4 width
profiles at a site is 12%. Uncertainty also results from the
difficulty of defining a reference discharge, such as the
mean annual flood, at which to measure bedrock channel
width [Montgomery and Gran, 2001]. Unfortunately, find-
ing an indication of a flow with a known return time is
exceedingly difficult in ungauged bedrock rivers. In order to
assign an uncertainty to discharges that formed channel
scour lines, we use an empirical relationship for at-a-station
channel width derived from gauged rivers to estimate the
width of the largest and smallest flood likely to set observed
high scour marks. At-a-station channel width (w,) is mod-
eled by the following:

Wa = ka 0", (5)

where &, and a are empirical constants. The maximum value
of a is 0.26 for alluvial channels [Knighton, 1998, and
references therein]. Given that bedrock rivers should have
smaller widths due to greater bank strength, we consider
this exponent to be an upper limit on width estimates that
maximizes the sensitivity of width to discharge. At three
sites, we calculate the width of the largest event likely to
establish high scour indicators using the maximum
discharge for 2001-2002. The 2001 and 2002 monsoon
seasons are selected because they are they only years for
which complete discharge data are available at two of the
three sites. The calculation is done for two catchments
similar in size to those measured for width scaling, Danaque
and Temang (6 and 19 km? respectively), and a larger
catchment, Khudi (130 km?) (Figure 1). Given the rapidly
growing vegetation and consistent summer rainfall in Nepal,
most of our indicators of high scour are likely to have been
established within the last 2—3 years, such that it is
reasonable to use this 2-year discharge record. The
discharge with a return time of three weeks during the
monsoon is used to estimate the width of the smallest event
likely to establish a high scour mark. The selection of the
3-week discharge is somewhat arbitrary, but given the
observed frequency of high discharges (<10 events/
monsoon season: see below), this defines an acceptable
lower boundary. We estimate a 10-20% difference in
width between the large and small discharge events
(Table 1). Because this is the largest source of error, we
assign a 20% total uncertainty to channel width
measurements.

4.3. Estimating Discharge

[15] Although discharge data are available at 10 gauging
stations in the Marsyandi catchment, only two were on
small tributaries of the size studied for width variations.
Given that variation in bedrock channel width is more likely
related to discharge than drainage area, we developed a
method for estimating average monsoon discharge at a
channel-width measurement site based on point rainfall
data. First, the correlation between rainfall and discharge
was verified in the Khudi catchment using data from a dense
network of 9 weather stations in the 130 km? catchment and
from a stream gauge at the outlet. Half-hourly rainfall data
were initially converted to daily rainfall data which were
then areally averaged using a Thiessen weighted average
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Figure 3. (a) X, Y, and Z represent rain gauges in mountainous terrain. Because rainfall varies with

elevation, areally averaged rainfall is more accurate if missing point data are estimated. When no data
exist for station Y, interpolating between X and Z will overestimate valley precipitation.
(b) Representative correlation between a ridgetop station (Telbrung: elevation 3168 m) and a valley
bottom station (Probi: elevation 1495 m). Each station is correlated with three others, with the best

correlation used to replace missing station data.

[Dunne and Leopold, 1978]. Because many stations had at
least a few days with missing rainfall data, each station was
correlated to three nearby stations, and the best correlation
was used to estimate missing data (Figure 3). When areally
averaging rainfall, estimating missing data is preferable to
simply omitting a station and interpolating among the
remaining stations because of the dependence of rainfall
on topography in the study area. Commonly, rainfall on
ridges was 10—-20% greater than in nearby valleys
(Figure 3). Rainfall was also smoothed temporally. Five-
day rainfall is strongly correlated to discharge on the sixth
day (Figure 4a). Smoothing rainfall over periods longer than
5 days initially yields negligible improvement, and eventu-
ally weakens the correlation between rainfall and discharge
(Figure 4c). Most rainfall events occur at night, explaining
why the optimal window spans at least 2 days [Barros et al.,
2000]. The length of the optimal window most probably
reflects the fact that runoff processes take place over a
handful of days, that prolonged rains exceed the regolith
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Figure 4.

field capacity [Gabet et al., 2004a], and therefore that
consecutive rainy days lead to the highest discharges. The
Khudi catchment is much larger (130 km?) than the catch-
ments studied for channel-width scaling, and runoff pro-
cesses are likely to be at least as rapid in the smaller
catchments because of shorter runoff pathways.

[16] After establishing the relationship between rainfall
and discharge, an isohyetal map was used to assign a mean
annual monsoon rainfall to each drainage basin. The mean
monsoon rainfall rate gL/T) and drainage area, extracted
from the 90-m DEM, (L°) are combined and used as a proxy
for mean monsoon discharge (L*/T) [Dunne and Leopold,
1978]. An analogous technique was used to calculate
discharge during individual 5-day storms. We reduced the
rainfall-dependent discharge estimate for the entire mon-
soon by subtracting a volume of water lost owing to
evapotranspiration based on eclevation-dependent values of
evapotranspiration for Nepal [Lambert and Chitrakar,
1989]. Because the large storms we examined deliver at

0.8
0.7
0.6+ *
>
©
©
0.5 0
04 T T T T T T T
0 4 8 12 16

Length of smoothing window (days)

(a) Five-day areally averaged precipitation in the Khudi catchment for the period 1999-2003

compared to discharge on the 6th day. (b) Map of Khudi catchment (130 km?) showing 9 weather stations
(circles) and a stream gauge at the outlet (star). (c) Length of rainfall smoothing window compared to
strength of correlation with discharge. Rainfall was smoothed over 1—-15 days and compared to discharge
on the subsequent day.
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Figure 5. (a) Mean of the largest storm in each of 5 years and the mean of the five largest storms in each
of 5 years, 1999-2003, plotted above maximum, mean, and minimum topography along a 15° trendline.
Error bars represent 1 standard deviation. (b) Largest annual maximum 5-day storm from 1999 to 2003
divided by the smallest annual maximum 5-day storm from the same time period. Also shown is mean
annual monsoon rainfall. Hand-drawn thick gray lines highlight the spatial trend in the data.

least a few tens of millimeters of rainfall per day and
<3.5 mm/day of rainfall is lost to evapotranspiration, no
correction was made for evapotranspiration when estimating
daily discharge from 5-day rainfall.

5. Results
5.1. Monsoon Rainfall: Seasonal Averages and Storms

[17] Fluvial geomorphic work is ultimately driven by
precipitation. The arithmetic average of monsoon rainfall
varies by over an order of magnitude along the upper
Marsyandi River valley for the 5- or 6-year monitoring
period (Figure 2c). The standard deviation in monsoonal
rainfall at a site is, on average, 20% of the total monsoon
rainfall.

[18] Given that channel-forming discharges most likely
occur during moderate to large storms [e.g., Leopold and
Maddock, 1953; Snyder et al., 2003b], we also investigated
the spatial distribution of rainfall during large storms. As a
proxy for discharge during these storms, rainfall (1) during
the single storm that delivered the largest total rainfall over
a 5-day interval in each of 5 years (i.e., 5 storms in all) and
(2) during the five storms that delivered the largest to the
fifth-largest 5-day total rainfall in each of 5 years (i.e.,
25 storms) was averaged over the length of the record
(Figure 5a). One striking result, when viewed across the
strike of the Himalaya, is that the south-to-north gradient of
storm rainfall varies only by a factor of ~4, whereas it
varies at the same stations by a factor of >11 for total
monsoon rainfall. The standard deviation in annual maxi-
mum storm rainfall at a site is, on average, 30%. The data

indicate that large storms penetrate deeper into the moun-
tains than do average storms, thereby reducing discharge
differences across the Greater Himalaya in comparison to
differences based on the mean monsoonal rainfall.

[19] We also measured interannual storm variability by
calculating the ratio of the largest to smallest annual
maximum storm at a station over the duration of the rainfall
record. The resultant ratios increase sharply at the northern
margin of the Marsyandi valley, such that the driest catch-
ments are characterized by the most interannual storm
variability (Figure 5b). Additionally, annual maximum
series constructed with over 30 years of annual maximum
24-hour storm data from rain gauges at Chame and Khudi
(Figure 1b) [Department of Hydrology and Meteorology,
1977, 1982, 1984, 1986, 1988, 1997, 1999, 2001, 2002,
2005a, 2005b] demonstrate that the rate of increase in storm
magnitude with respect to return time is more rapid in the
north (Figure 6). Thus the 2-year storm is 4—5 times smaller
in the drier region compared to the wetter region, whereas
the 20-year storm is only 2 times smaller.

[20] The >30-year record also suggests that rainfall dur-
ing the period from 1999 to 2003 was representative of
rainfall patterns on decadal timescales. For any 5-year
window that encompasses a given year and the four
preceding years, the ratio of the largest to smallest annual
maximum storm between 1971 and 2003 can be compared
to the equivalent ratio from our 1999-2004 network data
(Figure 7). At Chame (Figure 1b), where mean monsoon
rainfall is ~0.8 m, ratios of 24-hour storms in a 5-year
window vary from 1.6 to 5.3 with a mean of 3.0 + 1.2. At
Khudi (Figure 1b), where mean monsoon rainfall is much
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Figure 6. Annual maximum series for 24 hour storms at
Khudi (1971-2003) and Chame (1978—-2003) Data from
Nepalese Department of Meteorology and Hydrology.
Average annual monsoon rainfall at Khudi is ~2.8 m and
~0.8 m at Chame. The rate of increase in storm size with
respect to return time is higher in relatively dry catchments.

higher (~2.8 m), these ratios only vary from 1.2 to 2.5 with
a mean of 1.9 £ 0.5. Encouragingly, for the period from
1999 to 2003 that coincides with the rainfall data that we
exploit in our analysis, year-to-year storm variability hovers
near the 30-year mean for both stations (Figure 7), indicat-
ing that our data do not include years with anomalously
large or small annual maximum storms. Furthermore, the
data highlight the far greater interannual variability of the
most intense rainfall in relatively dry catchments.

5.2. Rock Strength

[21] Channel narrowing may be expected to occur over
reaches with stronger rocks because they can support higher
wall stresses. Although the Greater Himalayan gneisses in
the study area are considered to have relatively uniform
strength [Lavé and Avouac, 2001], Schmidt hammer mea-
surements were made in order to assess compressive rock
strength across the study area (Figure 2a). Strength meas-
urements (reported in Schmidt hammer units, R) at any
given site typically vary widely, such that the standard
deviation in at-a-site strength is, on average, 7.5 R in the
Greater Himalaya. Despite such variability, average rock
strength across the Greater Himalaya, where most bedrock
channel width measurements were made, is fairly uniform
(44.2 £ 4.4 R) (Figure 2b). Rock strength varies more in the
Tibetan Sedimentary Series (TSS), ranging from 20 to 50 R.
For the sites where we made width measurements in the
TSS, more than half yielded Schmidt hammer measure-
ments equivalent to the Greater Himalayan rocks. Six TSS
sites have a mean value of 32.1 R; somewhat lower than in
Greater Himalayan rocks. Where studied, the Lesser Hima-
layan rocks have mean Schmidt hammer measurements of
44.8 £ 8.9 R which are indistinguishable from the Greater
Himalaya. At two Lesser Himalayan channel-width sites,
mean rock strength is 30.2 R for foliated schists constituting
the banks of the channel, and a measured channel at a
nearby site flows over still weaker rock (17.5 R). The vast
majority of channels measured in this study, however, flow
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over rocks with uniform strength to within 10%. Where
rock strength is more variable, as in the Tethyan and Lesser
Himalaya, we expect channel widths to also display greater
reach-scale variation.

5.3. Channel Width

[22] On the basis of measurements at 71 sites, we find
that bedrock channel width scales as a power law function
of mean monsoon discharge with a scaling exponent of 0.38
+0.092/—0.094 (20 error) (Figure 8a). When width is scaled
by drainage area, a width scaling exponent of 0.33 £ 0.17
(Figure 8b) is obtained. The 2o errors on this exponent are
considerably larger because at any given drainage area, a
wide range of mean monsoon discharges occur owing to
rainfall differences between catchments (Figure 8d). For the
studied channels, the estimated average monsoon discharges
span a factor of ~65 (0.02 to 1.3 m>/s), whereas drainage
areas span a factor of ~20 (0.6—12.4 km?). When storm
discharge is compared to channel width, a similar width-
scaling exponent of 0.40 +0.20/—0.17 is obtained
(Figure 8c). The 20 errors for channel width versus storm
discharge are greater than for channel width versus mean
monsoonal discharge because of the larger errors associated
with storm rainfall (Figure 5). Although no statistically
significant difference exists among any of the three scaling
exponents, the correlation coefficients show notable varia-
tion: both storm discharge and mean monsoon discharge are
significantly better predictors of width than is drainage area
(Figure 8).

6. Denudation Rates in the Marsyandi
6.1. Impact of Channel Width on Predicted
Modern Erosion Rates

[23] In order to estimate how channel characteristics
affect erosion across the Marsyandi catchment, we created
maps that use specific stream power as a proxy for modern

(o]

| |®Chame
@ Khudi

increasing
variability

Largest/smallest storm in six years

1980 1985 1990 1995 2000

Year

1970 1975 2005

Figure 7. Year-to-year variability in annual maximum
storms within a moving 5-year window for two locations,
Khudi (1971-2003) and Chame (1978—-2003). Each point
represents the largest annual maximum 24-hour storm to
occur in 5 years divided by the smallest annual maximum
24-hour storm to occur in 5 years. The data reported for any
given year represent that year and the four previous years.
Average annual monsoon rainfall at Khudi is ~2.8 m and
~0.8 m at Chame. The horizontal lines represent the
average of each series.
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Figure 8. (a) Channel width plotted against mean
monsoon discharge. X-error bars are the mean standard
deviation for total monsoon rainfall at a station (20%). Y-
error bars are +20%. (b) Channel width plotted against
drainage area. X-error bars are 5%. Y-error bars are the
same as Figure 8a. (c) Channel width plotted against annual
maximum discharge. X-error bars are the mean standard
deviation for the annual maximum storm at a station (30%).
Y-error bars are the same as Figure 8a. (d) Mean monsoon
discharge plotted against drainage area. At any given
drainage area, discharge varies widely owing to spatial
patterns of precipitation. Because of this, width is more
accurately scaled by discharge than drainage area. Note that
> values calculated assuming no error in width and
discharge/drainage area.

erosion rates. After accounting for bedrock channel width
variations, an approximately sixfold south-to-north gradient
in specific stream power emerges (Figure 9a), although this
same area displays a >11-fold change in monsoon rainfall
and relatively uniform channel gradients in small (<20 km?)
catchments [Burbank et al., 2003]. Because discharge
related to individual multiday storms may be more appro-
priate for defining specific stream power (Figures 9b
and 9c), we also model specific stream power during mean
annual maximum discharges.
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6.2. Probable Channel-Forming Discharge
in the Marsyandi Valley

[24] Although we have measured channel widths at recent
scour lines, we have no direct proof that the flows that
created the scour lines are analogous to those responsible
for forming and eroding the channel. Instead, we use
erosion rate and discharge data to argue that approximately
annual maximum discharges provide reasonable approxi-
mations of the channel-forming flows. Erosion rates of 2—
4 mm/yr have been measured at millennial scales [Neimi et
al.,2005] and at Ma scales [Blythe et al., 2007; Whipp et al.,
2007] in the Khudi River watershed (Figure 1b): a wet
tributary catchment (~3.5 m rainfall/monsoon) to the Mar-
syandi. A time series of water and suspended-sediment
discharge from this catchment (Figure 10a) displays 1 to
10 flooding events per monsoon season with water dis-
charge >6 x 10° m*/day. The floods frequently correspond
to high sediment discharges, and roughly 2—8 times/yr,
sediment discharge exceeds 1 x 10* m*/day. Although these
thresholds are chosen arbitrarily, the key observation is that
each year, ~1—-10 events that have a similar magnitude
transport most of the sediment through the channel. In the
Khudi catchment, the average sediment discharge over the
5 years of observation is equivalent to a catchment-averaged
lowering rate of ~3 mm/yr [Gabet et al., 2004a; Neimi et
al., 2005] when estimates of bed load [Pratt-Sitaula et al.,
2007] are added to the observed suspended load. The
equivalence between the modern, millennial, and Ma ero-
sion rates suggests that today’s high discharges should be
proxies for channel-forming events; that is, the channels are
adjusted to convey an amount of sediment equal to the long-
term sediment load.

[25] Despite fewer high-discharge peaks in drier, more
northerly catchments (Figure 10b), the modern sediment
discharge is equivalent to an erosion rate of ~1 mm/yr (E. J.
Gabet et al., Modern erosion rates in the High Himalayas of
Nepal, submitted to Geomorphology, 2007): a rate
approaching the long-term rate inferred from fission track
dating [Blythe et al., 2007; Whipp et al., 2007]. Hence we
argue that, in both wet and dry catchments, modern chan-
nels convey sediment loads analogous to long-term loads
and that the observed high-discharge events (1 to 10 per
year) are the same ones that shape the channel. There is no
need to invoke or expect flows significantly larger than
those observed to represent the appropriate channel-forming
events.

[26] For rivers that are eroding into bedrock at rapid rates
(>2 mm/yr), the overall channel erosion is unlikely to be
done by floods larger than those observed nearly every year.
Even when Supertyphoon Bilis drenched the rapidly erod-
ing (>2 mm/yr) Taroko Gorge in Taiwan, the average
bedrock lowering in the channel was 6—9 mm [Hartshorn
et al., 2002]. Bilis was 5 times larger than any other storm in
the previous 17 years: an interval over which >35 mm of
bedrock would be predicted to have been eroded from the
channel. Consequently, Hartshorn et al. [2002] inferred
that, in Taiwan, several large floods per year are required
to sustain or approach the long-term rate of a few mm/yr.
We invoke a similar rationale in our Nepalese study: the
storms observed over a 5-year period determine the geom-
etry and erosion of the channels that we measured.
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Fi%ure 9. (a) Specific stream power (SSP) across the Marsyandi valley for the mean monsoon discharge
(m’/s). (b) SSP across the Marsyandi valley for the annual maximum discharge (m’/s). (c) Difference
between SSP during annual maximum discharge and mean monsoon discharge, showing greater relative
stream power (positive anomalies) in the north during large storms. Annual maximum stream power is
normalized to mean monsoon stream power by reducing each pixel in the annual maximum grid by the
ratio of (1) the sum of all pixels in mean monsoon grid to (2) the sum of all pixels in the annual maximum
grid, such that both grids have equivalent total stream power. The anomaly map is then created by
subtracting mean monsoon stream power from normalized annual maximum stream power. Even after
accounting for bedrock channel width adjustments and storm rainfall, significant gradients persist in

specific stream power across the Himalaya.

[27] Whereas debris flows are argued to influence, if not
control, channel erosion in some steep (0.03—0.10) chan-
nels elsewhere [Stock et al., 2005; Stock and Dietrich,
2006], we argue that they have a lesser role in the mon-
soon-dominated Himalaya. From 1999 to 2004, only 3
debris-charged, high-flow events were observed in the 10
monitored channels in the Marsyandi valley. Although some
flows displaced boulders >2—-3 m in diameter, the channel
erosion that they caused is unknown. However, as with
Supertyphoon Bilis, these infrequent events would have to
cause much greater erosion than has been documented for
them elsewhere: ~0.1 mm/yr [Stock et al., 2005]. Hence we
deem it unlikely that relatively rare large debris flows can be
primarily responsible for carving steep Himalayan channels.

6.3. Erosion Rates Based on Storm Rainfall

[28] We have previously demonstrated that maximum
annual storms show an across-strike gradient in rainfall that
is less than half as large as that of mean monsoon rainfall
(Figure 5), and we interpret that ~1-year floods are likely to
drive geomorphic work. Compared to mean monsoon flows,
specific stream power during annual maximum storms is
more uniformly distributed across the Marsyandi catchment
(Figure 9b). To compare the map patterns of stream power
quantitatively, we scale the two maps such that sum of all
pixels in either map yields the same total stream power.
Then an anomaly map is created by subtracting the mon-
soon stream power from the normalized storm stream
power. The entire northern portion of the catchment is
characterized by a positive stream-power anomaly (1—
17%: Figure 9c), indicating that intense storms penetrate
farther into the mountains and reduce the deficit that is
predicted on the basis of average monsoon rainfall in the

drier areas. The southern flank of the Greater Himalaya
(near Khudi: Figures 1b and 8) is characterized by a
strikingly negative stream-power anomaly (—50 to
—16%), again emphasizing the more even distribution of
specific stream power during annual maximum floods.
Nonetheless, a pronounced stream-power gradient persists
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Figure 10. (a) Water and suspended sediment discharge

for the Khudi catchment (130 km?). One to ten floods per
monsoon season have water discharge >6 x 10° m*/day and
two to eight sediment discharge events exceed 1 x 10 m?/
day. (b) Water and suspended sediment discharge for the
Nar catchment (840 km?). One to eight floods per year have
water discharge >6 x 10°® m*/day, and zero to one sediment
discharge events exceed 1 x 10* m*/day.
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