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Introduction

• Coupling surface processes (models) to 
geodynamics (models)


• Present basic parameterization of surface 
processes


• Assuming that they are a fair/usable 
representation of the natural world, derive 
consequences/behaviour that are relevant to 
coupling between tectonics, erosion and 
climate (and life?)



1. Response of surface processes 
to tectonic forcing 



Growth Steady-state
Jamieson and Beaumont, 1988

Howard, 1984Orogenic cycle



Southern Alps, New Zealand

An orogen in “steady-state”

Orogenic cycle
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Figure 1 | Tectonic setting and topography of the South Island of New
Zealand. a, Topography, major structures and plate tectonic setting. The
Maitai Terrane (JMA, Junction Magnetic Anomaly) is offset by 480 km
across the Alpine Fault and curved in the north island and southern part of
south island suggesting distributed deformation over a zone wider than the
Alpine Fault1,2,23. b, Relief map of the Southern Alps with major river basins
(black), main drainage divide (orange) and river orientation (blue). Eastern
river basins 1–10 are transverse to the orogen close to the junction between
the Hope and the Alpine Faults, and progressively rotated clockwise
southwards. Western basins 11–29 maintain an orogen-perpendicular
orientation from north to south.

Two scenarios are tested for the horizontal velocity field
to the east of the fault. In scenario A (Fig. 2a), the fault-
parallel horizontal velocity, u, decreases linearly from a far-field
value of uP = 35mmyr�1 at the mountain front to a value of
uF = 23mmyr�1 at the boundary fault. This is in agreement with
average relative plate motions32 and estimates of quaternary slip
rates on the Alpine Fault24,25. There is no boundary-normal velocity
(v = 0) so the strain rate field represents a condition of simple
shear. Simulation results show that the river basins rotate clockwise,
without significant reorganization, as deformation proceeds and,
thus, are true passive deformationmarkers. The river pattern shows
uniform shear on both sides of the mountain belt, and progressive
fanning to the south resulting from the increased duration of
deformation accompanying lengthening of the fault (Fig. 2a).

In the second scenario, B, a plate-boundary-perpendicular
component of horizontal velocity is added. This component,
v , decreases linearly from a far-field, mountain front value of
vP = 6.8mmyr�1 to a value of vF = 4.5mmyr�1 at the fault. vP
represents the convergent component of the relative plate velocity32
and vF is chosen to keep the ratio of u/v constant. The introduction
of v adds a constant shortening strain rate to the domain. The
zone of deformation remains constant in size in the y direction,
so the shortening is accompanied by a flux of material into the
mountain belt at the mountain front. Scenario B shows several
important differences with respect to scenario A (Fig. 2b and
Supplementary Movie S1): the eastern basins fan from ↵ = 0� in
the north, to a maximum and steady value of ↵ = 40–45� at the
centre of the model (↵ is the orientation of the main river with

respect to an orogen-normal orientation). The western basins do
not show fanning, but rather, random orientations with an average
↵ = 11�. The main divide migrates westward to a distance of 23 km
from the fault, producing a strongly asymmetric mountain range,
with shorter westward-flowing rivers. All three of these model
predictions are in agreement with the natural planform drainage
pattern of the SANZ. A difference between scenario B and the SANZ
is that eastern river basins are narrower in the experiment than in
nature. The natural width of eastern river basins may be modified
by processes of avulsion and merging in the alluvial plains in front
of the orogen before they are incorporated into the SANZ (refs 33,
34). These processes are not included in our model. Although the
effect of this difference on river orientation may not be trivial, it
imposes a smaller variability of river orientations in the model with
respect to nature (compare the modelled orientation of the eastern
rivers in Supplementary Fig. S2 with the natural orientation of the
eastern river in Fig. 3).

The pattern of fanning and curvature of the eastern rivers
results from two processes produced by the combination of the
plate-boundary-parallel (u) and -perpendicular (v) velocity fields.
First, the accretion of new material at the mountain front adds
new, unrotated, segments to the rivers. These segments spend less
time in the deforming zone and thus experience less overall shear
(scenario B, Fig. 2b). Second, when the main divide reaches its
steady-state position, the continuous loss of rotated segments at
the heads of the eastern basins takes place at the same rate as new
material is added at the mountain front and thus imposes a limit
for the rotation of the rivers and a steady orientation in spite of
additional shear deformation. In the zone between the mountain
front and the divide where reorganization occurs, the rivers are
passively deformed and provide a faithful record of strain.

The orogen-perpendicular orientation of the western basins in
scenario B is achieved by two additional processes (Fig. 2c and
Supplementary Movies S1 and S2). First, when the range divide
attains a steady position, the headwaters of the eastern basins
that are advected across the divide in the positive y direction
progressively become headwaters of the western catchments (area
capture), forming new low-order tributaries with an orientation
that is on average normal to the divide (Fig. 2c, frames 1–5).
The second reorganization process is the trimming of entire high-
order, rotated sub-basins along the Alpine Fault, which acts as an
erosional front separating the uplifting mountains and the alluvial
plains. Rotated segments are trimmed at higher rates because of
their nearly fault-parallel orientation (Fig. 2c, frames 4 and 5 and
Supplementary Movie S2). Given the narrowness of the western
flank, these two processes effectively neutralize the rotation of
the western channels that otherwise takes place over the distance
between the divide and the plate boundary.

We conclude from the simulations that in this setting both
the eastern and western rivers dynamically rearrange in response
to the imposed strain rate field. However, eastern rivers are
reliable strain markers in their central reaches, away from the
main loci of reorganization (mountain front and main divide).
Western basins on the contrary are so short that the reorganization
processes prevailing at their heads and outlets destroy any
record of strain. Sensitivity tests presented in the Supplementary
Discussion demonstrate that similar river dynamics arise also
in the absence of differential uplift and orographic effects on
precipitation, suggesting that the dominance of these processes is
robust (Supplementary Fig. S2).

Deformed and undeformed catchments in the SANZ
We use these principles of river dynamics to analyse the modes and
rates of deformation along the SANZ. The rivers on the western side
of the SANZ (Fig. 1) are short (⇠25 km), closely spaced (⇠10 km)
andoriented sub-perpendicular to theAlpine Fault (and to themain
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M. Mouchené et al.: Controls on fluvial megafan–mountainous catchment 127

Figure 1. The Lannemezan megafan and Neste catchment in the central northern Pyrenees (inset map shows location in southern France).

3 Model description

We use a recent version of the CIDRE code, which models
landscape evolution in a continental setting (Carretier et al.,
2015). We recall here the main characteristics of the code
and refer the reader to Carretier et al. (2015) and references
therein for further details.

At the beginning of each time step, a specified volume of
water is distributed homogeneously over the cells making up
the model surface. The propagation of water and sediment
is performed in cascade, from the highest to the lowest cell
and following decreasing elevation, to ensure mass conser-
vation. A multiple-flow algorithm is used to propagate the

water flux to downstream cells proportionally to the slope
in each direction (Murray and Paola, 1997; Coulthard et al.,
2002; Carretier et al., 2009), allowing a distributary drainage
pattern to develop.

3.1 Mass balance

During a time step @t , the elevation z of a grid cell changes
as follows:

@z

@t

= �✏ + D + U, (1)

www.earth-surf-dynam.net/5/125/2017/ Earth Surf. Dynam., 5, 125–143, 2017

Mouchene et al, 2017
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Te (km) U

(km/Myr) h0 (m) L (km) T (Myr) P       

(m/yr)
Rock 
Type

NZ west coast 1 8 2000 15 6 10.00 3

West Taiwan 14 3 3500 60 6 2.50 2

East Taiwan 14 5 3500 50 6 3.50 4

West Cascades 35 0.4 1000 75 10 4.00 4

East Cascades 35 0.15 1000 150 10 1.00 4

Apennines 17 0.7 800 35 5 1.40 2

Zagros 43 0.35 2200 150 12 0.20 2
Bolivian Andes 71 0.7 4500 200 12 1.00 2

Colombia East 30 1.7 2500 30 3 4.00 4

Colombia West 30 0.2 2000 50 15 1.20 4

Western Bhutan 25 2 5000 200 5 3.00 5

Eastern Buthan 25 1 5000 195 5 1.50 5

Sikkim 20 3 5500 130 10 2.00 3
Nepal 25 3 5000 80 10 2.50 4
Alaska (St Elias) 20 1.2 2300 75 12 1.30 3

Western Caucasus 40 1 3500 40 20 1.25 2

Orogenic response times
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Non-linearity of SPL - option 1: best n value
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Optimum SPL expressions for coupling to 
a geodynamical model 

(should give the right rate and topography to create and 
“average” or “Earth-like” mountain belt.

Non-linearity of SPL - option 2: best n and K values

n = 1.35 
K = 4.22 10-6



Non-linearity matters
n = 1 n = 2
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The null hypothesis: globally steady rates of erosion,
weathering fluxes and shelf sediment accumulation during Late
Cenozoic mountain uplift and glaciation

Jane K. Willenbring and Douglas J. Jerolmack
Department of Earth and Environmental Science, University of Pennsylvania, 240 South 33rd Street, Philadelphia, PA 19104-6316, USA

ABSTRACT

At the largest time and space scales, the pace of erosion and
chemical weathering is determined by tectonic uplift rates.
Deviations from equilibrium arise from the transient response
of landscape denudation to climatic and tectonic perturbations.
We posit that the constraint of mass balance, however, makes
it unlikely that such disequilibrium persists at the global scale
over millions of years, as has been proposed for late Cenozoic
erosion. We synthesize weathering fluxes, global sedimentation
rates, sediment yields and tectonic motions to show a
remarkable constancy in the pace of Earth-surface evolution

over the last 10 Ma and support the null hypothesis – that glo-
bal rates of landscape change have remained constant over this
time period, despite global climate change and mountain build-
ing events. This work undermines the hypothesis that increased
weathering due to mountain building or climate change was
the primary agent for a decrease in global temperatures.

Terra Nova, 28: 11–18, 2016

FORUM: The Editors of Terra Nova invite readers to contribute to a discussion of this topic on our forum at https://terranova-
debates.wordpress.com/

Introduction

The evolution of the Earth’s surface
occurs through the erosion of rock
and redistribution of mass. This is
ultimately driven by energy from two
sources: tectonics, which contributes
to erosion indirectly through uplift;
and climate, which influences erosion
and weathering via temperature and
precipitation. Global changes in tec-
tonic motions or climate might be
expected to produce global changes
in the rate of landscape evolution;
however, feedbacks among climate,
tectonics and geomorphology may
enhance or obscure the relation
between ‘signal’ and ‘response’. For
example, although the engine for
plate tectonics is mantle convection,
researchers have proposed that rates
of tectonic uplift may depend and
feedback on global climate through
silicate weathering (which draws
down CO2 and leads to cooling)

(Berner, 1991; Berner and Caldeira,
1997; Maher and Chamberlain, 2014)
and physical erosion (which causes
unloading that can induce a tectonic
response; Montgomery, 1994; Whip-
ple, 2009). In order to unravel these
feedbacks and linkages, many
researchers have turned to global
datasets of the relevant parameters.
Of particular interest has been the

late Cenozoic period, when a global
cooling trend, of unknown origin,
began at 50 Ma and culminated in
continental glaciations during the last
2–3 Ma in Eurasia and North and
South America (Ruddiman, 2010).
Global rates of tectonic motion have
been either constant over this inter-
val, as determined from ages of crust
(Fig. 1; Rowley, 2002, 2013), or
decreasing, as determined from slab
flux models that incorporate the
geometry of the subduction zone
(Van Der Meer et al., 2014). Obser-
vations also point to an apparent
increase (c.f. Sadler, 1981) in land-
scape denudation over the same time
period, as indicated by global sedi-
ment accumulation curves from the
world’s oceans and sedimentary
basins (Hay et al., 1988; Molnar,
2004) and, more recently, a global
compilation of mountain erosion

rates (Herman et al., 2013).
Researchers have attempted to cau-
sally link these trends to global cool-
ing with two related hypotheses. In
the first, rapid erosion associated
with Himalayan uplift acted to drive
Cenozoic cooling by reducing CO2

levels through increased silicate
weathering (Raymo and Ruddiman,
1992). The second reverses the arrow
of causality: in this case it is argued
climatic cooling and glacial-intergla-
cial swings acted to increase denuda-
tion rates, perhaps even inducing
enhanced mountain uplift (Molnar
and England, 1990; Zhang et al.,
2001; Molnar, 2004).
The climatic cooling trend of the

late Cenozoic is not in dispute. We
challenge the premise that global
rates of landscape denudation have
changed, however, on both concep-
tual and empirical grounds. There
are numerous possibilities for feed-
backs and linkages among climate,
tectonics, erosion and weathering.
However, mass balance places a con-
straint on the magnitude and persis-
tence of denudation rates. Enhanced
weathering and erosion reduces
slopes and grows valleys, which act
to decrease denudation back towards
being in balance with tectonic uplift

Correspondence: Dr. Jane Kathryn Wil-
lenbring, Department of Earth and Envi-
ronmental Science, University of
Pennsylvania, 240 South 33rd Street,
Philadelphia, PA 19104-6316, USA. Tel.:
+001 215 746-8197; e-mail: erosion@sas.
upenn.edu
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of sediment accumulation (Zhang
et al., 2001; Molnar, 2004). However,
the scatter in the plot and uncertain-

ties in the behaviour of beryllium at
the neutral pH of the oceans (Boschi
and Willenbring, 2013) would allow

for a modest (20%) increase in the
weathering flux. Moreover, since 9Be
does not directly measure erosion, it
is indeterminate regarding an erosion
rate increase. The 9Be weathering
proxy is also not sensitive to basalt
or carbonate weathering, and the
10Be flux is assumed to be quasi-
constant but also depends on the
ocean basin where the samples are
taken because of latitudinal varia-
tions in the delivery of 10Be from the
atmosphere (Willenbring and von
Blanckenburg, 2010b). The d7Li val-
ues over the last 10 Ma are invariant
within the range of variability and
uncertainty in the measurements
(Fig. 2D). Interpreting how the d7Li
record relates to chemical weathering
fluxes is more complex (Misra and
Froelich, 2012; Torres et al., 2014).
Nonetheless, the 10Be/9Be ratio (Wil-
lenbring and von Blanckenburg,
2010a) and the original interpretation
of the d7Li record (Misra and Froe-
lich, 2012) support the view from
palaeo-CO2 proxies that there has
been no large change in the silicate
weathering flux from the continents
over the last 10 Ma.

Measuring erosion, weathering
and denudation

The apparent increase in global
denudation rates is coincident with
the onset of northern hemispheric
glaciation. Enhanced glacial erosion
in response to global cooling has thus
been invoked as the major process
responsible, fuelled by a much-cited
view that glaciers can be more effec-
tive erosive agents than rivers (Hallet
et al., 1996), even limiting the height
of mountains regardless of tectonics
(the glacial buzzsaw hypothesis; Bro-
zovi!c et al., 1997; Mitchell and Mont-
gomery, 2006). This climate-driven
erosion hypothesis has the potential to
feed back to long-term climate:
increased denudation and glacial
grinding of debris creates fresh min-
eral surfaces, accelerating weathering
rates and thus causing the sequestra-
tion of atmospheric CO2, which fur-
ther decreases temperatures. Data
show, however, that while glacial
cover may induce a rapid pulse of ero-
sion, it is not sustained (Koppes and
Montgomery, 2009). Further, only
some climates produce high rates of
glacial erosion (Yanites and Ehlers,
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Plio-Pleistocene increase of erosion rates in mountain belts in
response to climate change

Fr!ed!eric Herman1 and Jean-Daniel Champagnac2
1Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland; 2Free University of Leysin, Leysin, Switzerland

ABSTRACT

Here, we review an ensemble of observations that point
towards a global increase of erosion rates in regions of ele-
vated mountain belts, or otherwise high relief, since the
onset of Northern Hemisphere Glaciation about 2–3 Ma.
During that period of Earth’s history, atmospheric CO2 con-
centrations may have dropped, and global climate cooled and
evolved towards high-amplitude oscillating conditions that
are associated with the waxing and waning of continental ice
sheets in the Northern Hemisphere. We argue for a correla-
tion between climate change and increased erosion rates and
relief production, which we attribute to some combination of

the observed cooling, onset of glaciation, and climatic oscilla-
tion at orbital timescales. In our view, glacial erosion played
a major role and is driven by the global cooling. Furthermore,
analyses of the sedimentary fluxes of many mountain belts
show peaks of erosion during the transitions between glacial
and inter-glacial periods, suggesting that the variable climatic
conditions have also played a role.

Terra Nova, 28: 2–10, 2016

FORUM: The Editors of Terra Nova invite readers to contribute to a discussion of this topic on our forum at https://terrano-
vadebates.wordpress.com/

Introduction

Understanding the linkages among
climate, erosion and tectonics has
been the subject of an active debate
over the past three decades, espe-
cially since Molnar and England
(1990) raised the possibility that cli-
mate change, erosion and isostatic
rebound might interact in a system
of positive feedbacks. One key aspect
of that system is that erosion could
promote removal of CO2 from the
atmosphere, mainly through silicate
weathering of rocks and sequestra-
tion of terrestrial organic carbon, to
ultimately bring the Earth’s climate
into an icehouse world (Raymo and
Ruddiman, 1992) and, in turn, fur-
ther enhance erosion. Therefore, cen-
tral to that discussion has been to
establish whether the observed cool-
ing of the Earth’s climate during the
Late Cenozoic has led to enhanced
erosion of mountain belts (Molnar
and England, 1990; Zhang et al.,
2001; Molnar, 2004; Herman et al.,
2013) or not (Willenbring and von

Blanckenburg, 2010). Here, we
review some of the recent arguments
suggesting that both climate and
mountain erosion have changed
globally during the Plio-Pleistocene
and discuss some of the causal impli-
cations of the observed temporal
connection between the observed
changes. Ultimately, we argue that
observations are consistent with the
hypothesized positive feedback mech-
anisms between climate and erosion.

Plio-Pleistocene climate change

Using oxygen isotopes, scientists have
highlighted a long-term progressive
global cooling over the past 50 Ma,
punctuated by phases of relatively
rapid changes since the Eocene (e.g.
Miller et al., 1987; Zachos et al.,
2001; Lisiecki and Raymo, 2005,
2007; Fig. 1d). Amongst them, the
best-documented change probably
corresponds to the onset of Northern
Hemisphere Glaciation during the
Plio-Pleistocene transition, i.e. since
about 3 Ma (Shackleton and Opdyke,
1977; Shackleton et al., 1984; Lisiecki
and Raymo, 2005, 2007). A wealth of
data now shows that the global cli-
mate was vastly different before and
after approximately 3 Ma and
included a wide array of changes.

There was only sparse glaciation in
the northern hemisphere and high-
altitude regions during the Pliocene,
which was followed by an icehouse
world since 2.7 Ma, with extensive
glaciation that increased towards the
present. This is attested by an increase
in the variance of the oxygen isotope
record (Fig. 1d; e.g. Lisiecki and
Raymo, 2005, 2007). Also, the domi-
nant periodicity of the glacial
response changed from 41 to 100 ka
at the Mid-Pleistocene Transition
(MPT), at about 0.9 Ma (Lisiecki and
Raymo, 2007). Finally, most recent
studies (Fedorov et al., 2013;
Mart!ınez-Bot!ı et al., 2015) based on
various proxies report that this cli-
mate shift was maybe associated with
a permanent drop of 50–100 (! 100)
p.p.m. of atmospheric CO2 (Fig. 1c;
see Fedorov et al., 2013 for a review),
which may have played a primary role
in the development of large ice sheets
in the northern hemisphere (e.g.
Crowley and Hyde, 2008; Lunt et al.,
2008). It is, however, worth noting
that uncertainties associated with cur-
rent pCO2 proxies are large and that
not all proxies agree, especially going
back further in time. For instance,
Beerling and Royer (2011) compiled
proxies over the entire Cenozoic. They
showed that some proxies, but not all,

Correspondence: Dr. Fr!ed!eric Herman,
Institute of Earth Surface Dynamics, Uni-
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Fig. 2 (a) Change in erosion rates between 0–2 and 4–6 Ma (modified from Herman et al. (2013)). (b) Estimates of rates of
relief change from a global compilation of studies that focused on relief (modified from Champagnac et al. (2014)). Locations
and relief-change quantification for the different studies are found in Champagnac et al. (2014). Note that most of the studies
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abrasion might become the dominating process
over quarrying for fast-flowing glaciers over weak
rocks, such as the Franz Josef Glacier.
The nonlinear glacial erosion law may explain

why glacial erosion rates span several orders of
magnitude, from polar dry regions to temperate
alpine glaciers and from soil-mantled hillslope
landscapes to steep, tectonically active mountain
ranges (4, 17, 18). Atmospheric circulation controls
global precipitation, with precipitation increasing
from the poles to the equator. In addition, the
polar jet stream and its associated westerly winds
have a major influence on glacial access to pre-
cipitation as they bringmoisture onto continents.
Several observations suggest that they migrate
toward the equator during glacial periods (32).
These effects, combined with the nonlinear re-
sponse of glacial erosion to precipitation changes,
would provide an appealing explanation for why
the impact of glaciation was more pronounced in
mid-latitude regions with steep topography dur-
ing the Quaternary (4).
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Fig. 3. Constraints on abra-
sion law. (A) Erosion rate
versus sliding velocity. The
blue dots represent measured
velocities and integrated ero-
sion rates using a 1-km bin
size. Red and black lines cor-
respond to the erosion rate
predictions with l = 2.02 and
Kg= 2.7 10−7 (m1-l/year1-l)
and l = 1 and Kg = 10−4,
respectively. The magnitude
of the error bars comes from
the variability of erosion rates
through time. (B) Erosion
exponent l versus the natural
logarithm of erosion constant
Kg. Each dot represents
sampling of the maximum-
likelihood solution, with dots
being colored according to their
likelihood (from blue to red,
with red being most likely) (23).
The black star is the estimated
value when integrating erosion
and velocity over the entire
glacier. The white star indicates
values obtained with the non-
linear least-squares fit (23).The
quality of fit to data for each
dot in (A) is shown in fig. S2.
(C and D) Probability density
functions for Kg and l, respec-
tively (23). Black and red bars indicate 90 and 60% confidence intervals.
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Erosion by an Alpine glacier
Frédéric Herman,1* Olivier Beyssac,2 Mattia Brughelli,1 Stuart N. Lane,1

Sébastien Leprince,3 Thierry Adatte,4 Jiao Y. Y. Lin,5

Jean-Philippe Avouac,3 Simon C. Cox6

Assessing the impact of glaciation on Earth’s surface requires understanding glacial
erosion processes. Developing erosion theories is challenging because of the complex
nature of the erosion processes and the difficulty of examining the ice/bedrock
interface of contemporary glaciers. We demonstrate that the glacial erosion rate is
proportional to the ice-sliding velocity squared, by quantifying spatial variations in
ice-sliding velocity and the erosion rate of a fast-flowing Alpine glacier. The nonlinear
behavior implies a high erosion sensitivity to small variations in topographic slope and
precipitation. A nonlinear rate law suggests that abrasion may dominate over other erosion
processes in fast-flowing glaciers. It may also explain the wide range of observed glacial
erosion rates and, in part, the impact of glaciation on mountainous landscapes during the
past few million years.

G
laciers and icecaps played a major role in
shaping the morphology of mid- to high-
latitudemountain rangesduring theQuater-
nary period, spanning the past 2.6 million
years of Earth’s history. Observations sug-

gest that they have also played a fundamental role
in the evolution of Earth’s climate through a system
of positive feedbacks that involves climate, tec-
tonics, and erosion (1–4). Glaciers erode their
underlying bedrockmainly through abrasion and
quarrying, which theories predict to be propor-
tional to ice-sliding velocity raised to some power
(5–7). Numerical models reproduce typical glacial
landscape features, such asU-shaped valleys (3,8),
hanging valleys (9, 10), glacial cirques (10, 11), or
fjords (12, 13), by implementing these relation-

ships. Despite great advances in the sophistica-
tion of these models through the inclusion of
high-order ice dynamics (10), subglacial hydrology
(10, 11, 13–15), or thermodynamics of water flow
(14, 16), they also include poorly constrained
parameters. Erosion laws’ proportionality con-
stants and velocity exponents are particularly
uncertain (5–8, 11, 13).
Estimates of glacial erosion rates ranging from

annual to million-year time scales come from
monitoring the sediment yield fromglacial streams
(17–21) andusing geochronometricmethods (4, 18),
respectively. Despite providing key information
about the pace at which glaciersmay shapemoun-
tainous landscapes, these studies have not es-
tablished an accurate law for glacial erosion.
Furthermore, estimates of glacial erosion rates vary
by four orders of magnitude from polar to tem-
perate regions onEarth (4, 17, 18). Existing theories
do not reproduce such variations. Therefore, our
current understanding of the link between climate
and glacial erosion suffers from poor constraints
on what controls spatial and temporal erosion var-
iability in response to global changes in precipita-
tion and temperature.
We designed this study to specifically constrain

how glacial erosion relates to ice-sliding velocity.
We simultaneously quantified erosion rates and
sliding velocity during a 5-month period, from

November 2013 toApril 2014, over the entire Franz
Josef Glacier, New Zealand. This glacier exhibits
surface velocities that are largely dominated by
high sliding velocities on the bedrock (22), up to
about 3m/day.Wemeasured these high velocities
accurately from remote sensing and expected to
find large erosion rates. The analysis of continu-
ous suspended sediment load indicated very high
erosion rates (about 10mm/year), whereas glacial
sediment production remained lower than the
transport capacity of the glacial system (23). We
also found that the glacial sediments come pre-
dominantly from under the glacier, based on the
mineralogy, fossil organic carbon, and the very
low fraction of modern organic carbon found in
the glacial stream (23). These observations imply
that sediments collected at the glacier front can
be used to constrain the glacial erosion law.
We introduce here a method to measure sur-

face displacement in three dimensions at a 1-m
ground resolution and centimetric accuracy, using
DigitalGlobe Worldview stereopair images (23).
The results confirm fast velocities for most parts
of the glacier (Fig. 1) dominated by sliding (22, 23).
In addition, we observed similar velocity patterns
during the austral summers 2012–2013 and 2013–
2014, indicating steady spatial patterns of sliding.
Extremely high snow accumulation rates of 4 to
8 m/year (water equivalent) (24) and steep topog-
raphy account for such high velocities (22).
We exploited the geology of the Southern Alps

of New Zealand to determine how erosion varies
spatially. This smallmountain range resulted from
the continental collision between the Australian
and Pacific Plates, along a major plate boundary
named the Alpine Fault (25), which led to a sharp
metamorphic gradient within a 15-km distance
(Fig. 2). Rocks adjacent to the Alpine Fault have
experienced peakmetamorphic temperatures up
to about 650°C, whereas rocks about 15 km far-
ther southeast have only experienced 300°C. The
Franz Josef Glacier flows almost parallel to this
temperature gradient. The rocks are highly frac-
turedbuthaveuniform, steepbeddingand foliation
(60° to 80°) without kilometer-scale variations in
strength or erodability across the catchment. The
rocks also contain fossil organic carbon (26), which
can quantify the peakmetamorphic temperature
conditions based on Raman spectroscopy of car-
bonaceous material (RSCM) (27). By comparing
RSCM temperature data in samples collected from
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Fig. 1. Franz Josef Glacier surface velocity. The
Franz Josef Glacier (Ka Roimata o Hinehukatere in
Māori) is located in Westland Tai Poutini National
Park on the west coast of New Zealand's South
Island. (A) Surface velocity measured in summer
2013 (integrated over 10 days). (B) Surface veloc-
ity measured in summer 2014 (integrated over
12 days).The three-dimensional (3D) velocities were
derived from the measurements of the 3D displace-
ment derived from Worldview stereo images (23).
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Figure 2: Steady state topography. (A) Topography and ice profiles for two di↵erent rock up-
lift rates of 0.5 and 5 mm/yr, respectively. The maximum accumulation rate is set equal to 1
m(w.e.)/yr. (B) Topography and ice profiles for two di↵erent maximum accumulation rates of 0.1
and 3 m(w.e.)/yr, respectively. The rock uplift rate is set equal to 1 mm/yr. All models are run
using l=2 and K

g

=7 10�6 yr/m. E, the position of the ELA, is equal to 1250 m.

the topograhic gradient, glacial erosion increases and balances rock uplift rates.208

Varying the maximum accumulation rates has the opposite e↵ect of varying the rock uplift209

rate (Figure 2B). Topography becomes steeper when the accumulation rate decreases. At low210

accumulation rate, which is equivalent to dry conditions, the ice flux and sliding velocities are low211

and the slope must increase to reach steady state.212

An implication of these simple modeling results is that at high uplift rates and/or low accu-213

mulation rates the glacier must be steep and thin, and thus long, for erosion to balance uplift.214

Therefore, there exists a relationship between glacier length and rock uplift or maximum accumu-215

lation rates. In Figure 3A, we show how the glacier varies with increasing uplift rate. It shows216

that the glacier as a function of uplift rate follows a logistic function. The glacier grows rapidly for217

uplift rates between 0 and 2 mm/yr and reaches a maximum length for uplift rates higher than 4218

mm/yr. Given that for most mountainous areas, the uplift rate is less than 4 mm/yr, this e↵ect is219

not negligible. In Figure 3B, we observe the inverse relationship with the maximum accumulation220

12
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Figure 4: Erosion response to a drop of ELA for di↵erent uplift and maximum accumulation
rates. (A) Erosion rate vs. time for a drop of ELA from 1250 to 1000 m for di↵erent rock uplift
rates. Blue, red and magenta is for a rock uplift rate equal to 0.35, 1 and 3 mm/yr, respectively.
All models are run for l=2 and K

g

=7 10�6 yr/m. (B) Erosion rate vs. time for a drop of ELA
from 1250 to 1000 m for di↵erent maximum accumulation rates. Blue, red and magenta is for an
accumulation rate equal to 1, 5 and 0.1 m (w.e.)/yr, respectively. All models are run using l=2
and K

g

=7 10�6 yr/m.

experiments show that the response time is inversely proportional to the maximum accumulation298

rate, and ranges from about 1 Myr at high rates to several million years under dry conditions.299

The change in response time is much larger than for a changing uplift rates, which also consistent300

with the analytical solution that predicts the characteristic time to be inversely proportional to301

the accumulation rate raised to the power of 2/3.302

Finally, we investigate the response to a change in ELA for di↵erent glacial erosion constants,303

K
g

, and erosion rule exponents, l. The results show that the response time varies greatly with K
g

304

(Figure 5A). It is worth stressing here that K
g

is only constrained within an order of magnitude.305

Therefore, we must keep in mind that the response time can only be estimated within an order306

of magnitude. In any case, the numerical experiments show that ⌧
e

increases when K
g

decreases,307

regardless of l (Figure 5A). This result confirms the prediction of the analytical solution (Equa-308
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Figure 6: Gain as function of the forcing period. (A) Gain calculated at di↵erent forcing periods
for two di↵erent uplift rates. Blue squares are for a rock uplift rate equal to 0.5 mm/yr, and
red diamonds are for a rock uplift rate equal to 3 mm/yr. The accumulation rate is equal to 1
m(w.e.)/yr. (B) Gain calculated at di↵erent forcing periods for two maximum accumulation rates.
Blue squares are for a maximum accumulation rate equal to 1 m (w.e.)/yr (same as (A)), and red
diamonds are for a maximum accumulation equal to 0.1 m (w.e.)/yr. The rock uplift rate is equal
to 0.5 mm/yr. All models are run using l=2 and K

g

=7 10�6 yr/m.
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Figure 7: Glacial erosion response to late Cenozoic cooling. (A) Glacial erosion response for
di↵erent rock uplift rates. The blue, black and red curves are for uplift rates of 0.1, 0.35 and
1 mm/yr, respectively. (Note that at low uplift rate, glacial erosion very rapidly erodes the
topography above the ELA, and glacial erosion only happens once the ELA is su�ciently low.)
(B) Glacial erosion response for di↵erent maximum accumulation rates. Blue, black and red are
for an accumulation rate 0.1, 1 and 5 m (w.e.)/yr, respectively. (C) Prescribed ELA history. All
models are run for l=2 and K

g

=7 10�6 yr/m.

The model responds very similarly for di↵erent maximum accumulation rates. Erosion rates345

become insensitive to the ELA drop under very dry conditions. This is also because the glacier346

is steep and insensitive to changes in the position of the ELA, even though the response time is347

very long. In contrast, the glacial erosion response increases by about a factor of two when the348

maximum accumulation rate is higher than 1 m(w.e.)/yr.349

An alternative approach to examine the erosion response to some forcing is to compare the350

power density spectrum of forcing and erosion rate for di↵erent uplift and accumulation rates.351

Here we compute the power density spectrum using a discrete wavelet transform with the Morelet352

wavelet. The wavelet power spectrum is then calculated following the approach described in353

Torrence and Compo (1998) and implemented in MATLAB (Torrence and Compo, 1998; Grinsted354

et al., 2004).355

We compare models with an ELA that is progressively lowering (blue curves in Figure 8) with356

one that has been detrended from the long term cooling (red curves in Figure 8) and report three357

examples with varying rock uplift and maximum accumulation rates. The two forcings are shown358

in the inset of Figure 8A. The forcings’ power spectra show that the power is maximized around359
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Response to Late Cenozoic cooling

Lisiecki and Raymo, 2005
Herbert et al, 2016
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Analytical expressions for surface processes response 
to periodic climatic forcing



3. Response of surface processes 
to weather conditions 



covered much of the area up to 15 ky ago. Another
possibility has been pointed out by Montgomery and
Brandon [65]. In rapidly uplifting areas relief often
exceeds 1000 m. In this case the interfluve height is
limited by mass-wasting, and denudation rates are
independent of relief.

Hillslope gradient is a much more meaningful pa-
rameter than catchment relief. It relates directly, and in
a predictable way to the rate of denudation [65]. How-
ever, it has been shown that the calculation of slopes is
highly resolution-dependent [65], with 10-m-spaced
grids yielding useful and reproducible slopes. Such
data is not always readily available. In a study of
seven Sierra Nevada catchments, high-resolution topog-
raphy data was compared with cosmogenic nuclide-
derived denudation rates [6,17]. Four catchments have
rather uniform denudation rates over a range of hill-
slope gradients, three catchments from within the prox-
imity of active fault scarps or young canyons yielded up
to 15 times higher denudation rates that also correlate
with hillslope gradient (Fig. 6). Riebe et al. have
explained the latter with the effects of active tectonic
faulting, that would result in a lowering of the local
base level, and a readjustment of the drainage network.
The ensuing hillslope processes would result in elevat-

ed physical denudation, and also elevated chemical
weathering [18]. In contrast, the four catchments that
are not in the proximity of any young tectonic features
appear to be in a geomorphic steady state, and all
sections of the landscape erode at the same rate. This
is in line with the concepts explained above and shows
that active tectonic forcing exerts a dominant control
over denudation.

5. Climate, erosion and rates of chemical weathering

The relationships between climate, erosion, and rock
weathering have been much debated, with one school
of thought arguing that they are subject to an internal,
CO2 pressure-driven feedback mechanism [67], while
others have argued that any climate control over rock
weathering is completely overriden by tectonic effects
such as mountain building [68].

Cosmogenic nuclides now allow us to directly mea-
sure denudation rates in various climate regimes. A first
compilation of the results from catchment studies in
granitic lithologies obtained to date [30,31] spans a
mean annual precipitation range of 30 to 5000 mm
year!1, and a temperature range of !0.4 to 25 8C
(Fig. 7). Apparently, denudation is not correlated with

Fig. 7. Global compilation of catchment-wide denudation rates from cosmogenic nuclides as a function of precipitation and temperature. Only

granitic catchments have been included, to avoid the introduction of lithology-dependent effects. Figure reprinted from [31]. Copyright 2004

American Geophysical Union. Reproduced by permission of the American Geophysical Union.
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Erosion rate and rainfall



• Bedrock incision 
• Channel head initiation 
• Fluvial transport of bed-load sediments 
• Debris flows 
• Shallow landsliding 
• Solifluction 
• Soil creep

Climate variability matters…

Because surface processes depend on rainfall 
and are characterized by thresholds



• Low variability systems are more 
clustered around the mean 

• Erosion frequency is the 
probability of exceeding the 
erosional threshold 

• Erosion efficiency = erosion rate/
mean forcing (precipitation)

Mean and variability

• Erosion efficiency should depend on the 
value of the threshold 

• It should depend on forcing (climate) 
variability 

• It should depend on the tail of the forcing 
distribution 

• It should depend on the nonlinearity of the 
erosional process 

• (to the forcing)



Climate variability matters…
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Figure 4. An example streamflow recession that has been fit with equation (7) (solid black line, b = 1.5,

⌧ = 10 days). (A) The e�ect changing recession exponent b has on the shape of the streamflow recession is

shown. (B) Same as in (A), but for changes in response time ⌧.
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377

378

2.5.1 The recession exponent379

The recession exponent b determines the response of a river basin to a single storm380

impulse by dictating the shape of the recession curve (see Figure 4a). When b is one, the381

recession follows a decreasing exponential function of time. When b is greater than one,382

the response of the basin to an impulse is more dramatic, with a faster drop from the ini-383

tial high streamflow state to a slower decay at low streamflows. This means that for higher384

values of b, the peak of the storm impulse is larger relative to the mean. This leads to a385

heavier tailed distribution of daily streamflow, as seen in equations (8)-(10).386

While there are some theories as to precisely what determines b in a river basin387

[e.g. Rupp and Selker, 2006; Harman et al., 2009; Biswal and Marani, 2010], there is388

not yet a general consensus [Harman et al., 2009; Chen and Krajewski, 2016]. Empirical389

datasets show that it is likely influenced by climate [Berghuijs et al., 2014], ecohydrology390

[Szilagyi et al., 2007], land use [Bogaart et al., 2016] and basin geology/geomorphology391

[Tague and Grant, 2004]. For now we consider b to be an externally defined parameter.392

Despite uncertainties due to di�erent approaches used for fitting b [Chen and Krajewski,393

2016], empirical distributions from bulk analysis (rather than individual recessions) point394

to values which mostly fall between 0.5 and 2.5, with values above 3.5 rare [Ye et al.,395

2014; Bogaart et al., 2016; Berghuijs et al., 2016] (Figure 6).396

–15–

Recession curve “fitting”

Confidential manuscript submitted to JGR-Earth Surface

Daily discharge magnitude

P
ro

ba
bi

lit
y 

de
ns

ity

A B

Figure 3. (A) The empirical exceedance probability of 3 USGS stations (colored points) are compared

to the best fit b and ⌫ (colored dashed lines). Blue corresponds to summer streamflow (JJA) over the period

1980 to 2014 from USGS station 02298123 (Prairie Creek near Fort Ogden, FL). Yellow corresponds to

spring streamflow (MAM) over the period 1980 to 2014 from USGS station 02235200 (Blackwater Creek

near Cassia, FL). Black corresponds to summer streamflow (JJA) over the period 1980 to 2014 from USGS

station 09430500 (Gila River near Gila, NM). Inset panel shows the same, but as probability densities instead

of exceedence probabilities, note both left- and right-hand tails are well fit. (B) Exceedance distributions of

streamflow for di�erent recession exponents, b. All lines correspond to variability index of 1.
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2.5 Streamflow variability364

Daily streamflow variability refers how often and by how much the daily streamflow365

deviates from the mean, and can be measured in many ways. In the context of landscape366

evolution we are concerned in particular with the frequency and magnitude of streamflow367

events significantly larger than the mean.368

The hydrological model used here idealizes hydrographs as being made up of storm369

impulses followed by streamflow recessions that last until the next impulse. In this ide-370

alized case, the variability is controlled by the specifics of streamflow recessions. We371

model streamflow recessions using equation (7). As a result, streamflow variability is con-372

trolled by two factors: the shape of the recessions, determined by the recession exponent373

b, and the speed of the recessions relative to the mean time between streamflow generating374

storms, determined by hydrological response time ⌧ and flood frequency !�.375
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is perhaps not surprising as there are several confounding factors such as river slope,991

catchment area, and spatially varying lithology and uplift rate. In general, comparisons992

of the steepness index against long-term erosion rates yield clearer trends [Wobus et al.,993

2006; DiBiase et al., 2010; DiBiase and Whipple, 2011], however, they still exhibit consid-994

erable spread. Spatially varying lithologies can be responsible for this spread, but spatial995

variation of climatic and hydrological boundary conditions (b, ⌧, �, s⇤) can also cause996

this spread. It should be expected that comparisons of mean rainfall rate, specific stream997

power or channel steepness index against the long-term erosion rate over large regions of998

the Earth do not yield a clear relationship, even when the landscape is expected to be at999

steady state and the spatial distribution of uplift rate is known and accounted for. Di�er-1000

ent hydrological conditions can give rise to di�erent fluvial responses to the same climatic1001

forcing, and therefore di�erent long-term erosion rates.1002
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Figure 14. The distribution of two million Monte Carlo simulations of the long-term erosion rate for a wide

range of hydrological and climatic conditions plotted against normalized erosion rate. Contours encompass

given percentage of all simulations, in 10% steps. Additionally, we have shown a small sub-sample of the

simulations as black dots. The trend of the normalized erosion rate or steepness index for a selected set of

hydroclimatic parameters according to equation (25) is shown as black lines, the simulations with parameters

falling with ±10% of the selected set are shown as yellow points.
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This is demonstrated by the results of 2 million Monte Carlo simulations of the long1009

term erosion rate are shown for a wide range of hydrological and climatic conditions (Fig-1010

ure 14). The river slope S, catchment area A, erodibility coe�cient K , and the exponents1011
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DecreasingSub-linear

Super-linear

• High vs low variability systems diverge 
when the threshold is close to the 
mean 

• This is almost independent on the 
erosion process law  

• This is independent of the type of the 
forcing PDF (heavy-tailed vs light-
tailed) 

• Nonlinearity of erosional response to 
forcing matters slightly 

• Our results confirm previous work by 
Tucker, 2004, Lague et al, 2005, Rossi 
et al 2016, etc. and generalizes it

The effect of climate variability is independent of process
Deal and Braun, subm



Implications for the way surface processes respond to climate change

• Climate change affects both mean 
and variability of rainfall 

• Regions with high rainfall or river 
discharge tend to exhibit low 
variability and vice-versa 

• Intensity of rainstorms increases 
with increasing temperature 

• Low thresholds systems will 
respond to changes in mean annual 
rainfall 

• High thresholds systems will 
respond to changes in mean annual 
rain fall AND temperature 

• Thresholds decease in high relief/
slope environments 

• Steep landscapes are less sensitive 
to variability



4. Flexure, drainage basins, 
co-evolution of life and landforms 



From Wilme et al, 2006 

panel of four or 10 taxa often failed to amplify in multiple taxa,
though no consistent pattern emerged.

PCR and sequencing
Standard PCR assays were conducted using ∼50–150 ng DNA as
template and Platinum Taq High Fidelity (Invitrogen) enzyme
(for details, see Supplemental material). PCR products were di-
rectly sequenced using both forward and reverse PCR primers
and BigDye Terminator v3.1 (Applied Biosystems) (for details, see
Supplemental material). PCR products failing to produce high-

quality sequence by direct sequencing methods were ligated us-
ing the pGEM-T Easy Vector System II (Promega) with ∼20–40 ng
PCR product as insert (for details, see Supplemental Material).
Sequence quality was assessed using either phred/phrap/consed
(Gordon et al. 1998) or Sequencher (Gene Codes Corporation).
Base calls with a phred quality score of less than 30 were scored as
Ns. Accession numbers corresponding to each sequence are de-
posited in GenBank (Supplemental Table 6). Outgroup sequences
(human, chimpanzee, macaque) were obtained using PSL map
(http://hgdownload.cse.ucsc.edu/downloads.html) based
on the human coordinates.

Figure 3. Divergence time estimates for the strepsirrhine lineages. An ultrametric tree with divergence time estimates resulting from the combined
posterior distribution of four independent BEAST analyses (see Methods) of the combined nuclear data set. The results are based on prior date estimates
of (1) the 6 Mya (5–7 Mya) split between Homo sapiens and Pan troglodytes (Kumar et al. 2005) and (2) the 40 Mya (38–42 Mya) split between the
Lorisidae and Galagidae (Seiffert et al. 2003). Shaded gray boxes and numbers within brackets span the 95% highest posterior density of divergence
time estimates. The scale bar is divided up by time (in millions of years before present) according to the Cretaceous, Tertiary, and Quaternary periods.
The Tertiary period is shown according to epochs (Pa indicates Paleocene; Eo, Eocene; Ol, Oligocene; Mi, Miocene; Pl, Pliocene). Full details of time
estimates from all BEAST analyses are presented in Table 4.

Horvath et al.

496 Genome Research
www.genome.org
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verse forested zone between Fandriana and
Marolambo and to the south of Ranomafana. The
retreat-dispersal watersheds are also poorly
represented, but in several cases these are regions
with little remaining natural forest cover.
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Fig. 2. The summital regions of the island are surrounded by highland areas and are the sources of major
river drainages that serve as routes of retreat into refugia and subsequent dispersion (white; labeled with
letters). Centers of endemism are assemblages of the smaller watersheds delimited between retreat-dispersion
watersheds (colored; labeled with numbers) and with their sources at lower elevations. Recent distributions of
diurnal lemurs (Eulemur, Indri, Lemur, Propithecus, and Varecia) show largely concordant patterns with the
centers of endemism proposed here at the level of species or subspecies. In a few cases, the distribution of
certain taxa crossover centers of endemism and these are designated with split coloration. Potential retreat-
dispersion watersheds are labeled a2, d6, and e6. The complex of E. f. fulvus—E. f. rufus is broadly
distributed across the retreat-dispersion watersheds and demonstrates broad regional genetic complexity.
The newly recognized taxa in the genus Microcebus from the western portion of the island (outlined in
black) show also consistent distribution with the centers of endemism presented here.

Fig. 3. Overlay between the centers of endemism,
natural forest cover, and the existing protected
areas system of Madagascar. The dark north-south
line running the length of the island is the
continental divide between eastern and western
draining watersheds. Forest cover figures are from
the 1994 ‘‘Inventaire Ecologique et Forestier
National’’ assessment (23). See Fig. 2 for the
key to the names of the centers of endemism.
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Micro-endemism in Madagascar
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Rifting

Escarpment retreat

Flexural isostasy

Dynamic 
Drainage

Stable 
Drainage

Dynamic 
Drainage

Stable 
Drainage

Flexure and watersheds form and evolution



• Orogenic systems are complex 
systems 

• They respond to changes in 
tectonic forcing and reach steady-
state within a few million years 

• If erosion rate is a non-linear 
function of height (slope, 
curvature, …) their erosional 
decay lasts much longer than their 
growth 

• The response of erosional systems 
to variations in climate depends 
on the nature of the process, the 
size and the state of the system 
(climate, uplift rate) 

• We should not expect a 
synchronous response of all parts 
of the Earth’s system

Conclusions (1)



• Climate variability matters in 
erosional systems where 
thresholds exist AND when the 
threshold is close to the mean 
forcing 

• This is independent of the 
erosional process 

• There is a link between basin 
geometry, size and evolution, 
and biodiversity (species 
endemism and richness) 

• Isostasy and flexure exerts a 
strong control on the shape and 
evolution of watersheds

Conclusions (2)



Thank you



Effect of sedimentation
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How important is isostasy?



Low uplift rate (U = 50 m/Myr, D=0.001 m2/yr) High uplift rate (U = 500 m/Myr, D=0.001 m2/yr)

Weathering model


